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The solvent and temperature dependence of the rate constant
for spin echo dephasing, 1/T,,, for 0.2 to 1.2 mM glassy solutions
of chromyl bis(1-hydroxy-cyclohexanecarboxylic acid), CrO-
(HCA);; aquo vanadyl ion, VO?* (aq), and vanady! bis(trifluoro-
acetylacetonate), VO(tfac), were examined. At low temperatures
where 1/T, < UT,, 1T, in 1:1 H,O:glycerol is dominated by
solvent protons. At low temperature 1/T,, increases in the order 1:1
H,0O:glycerol or 9:1 CF;CH,OH:ethyleneglycol (no methyl groups)
< 9:1 i-PrOH:MeOH (hindered methyl groups) < 9:1 n-PrOH:
MeOH (less hindered methyl groups). This solvent dependence of
1/T,, is similar to that observed for nitroxyl radicals, which indi-
cates that the effect of solvent methyl groups on spin-echo dephas-
ing at low temperature is quite general. At higher temperatures the
echo dephasing is dominated by spin-lattice relaxation and is
concentration dependent. As the glass softens, echo dephasing is
dominated by the onset of molecular tumbling. © 1999 Academic Press

Key Words: chromium(V); methyl groups; proton spin diffusion;
spin echo dephasing; vanadyl ion.

INTRODUCTION

. . . . e

A wide variety of processes can contribute to dephasing gﬁ
two-pulse spin echoes in systems that contain a single type o
paramagnetic center. An understanding of these processes
mits interpretation of the rate constant for spin echo dephasi
1/T,,, in terms of the dynamics of a system. It is customary to

dephasing for nitroxide spin labels at temperatures below abo
60 K depends upon the type of protons in the solvéds (5.
Echo dephasing occurs more rapidly for solvents that conta
methyl groups than for solvents that do not contain methy
groups and depends upon the type of methyl grdup 15. It
is of interest to determine whether comparable solvent depe
dence is observed for other paramagnetic centers.
Relatively little information is available concerning the
mechanism of spin echo dephasing drtransition metals in
the concentrations ranges that typically would be considere
magnetically dilute. For 1.6 to 100 mM VO in glassy sul-
furic acid at 77 K, echo dephasing was found to be concentr:
tion dependent and attributed to spectral diffusign At 50 K
molecular librations cause a dependence df1dn position in
the spectrum for a vanadyl porphyrin in glassy organic solver
(17). For 2 and 27 mM Cr(V) doped into CawQecho
dephasing is due to instantaneous diffusion at low temperatu
and to spectral diffusion at temperatures above 20 to 308 (
For Cr(V) complexes of ligands that contain a methyl group
ho dephasing in 1:1J@:glycerol solution between about 80
fd 160 K is dominated by rotation of the methyl groups at
rate comparable to the magnitude of the electron—nuclear co

Egﬁg to the methyl protonsj.

To determine the relative importance of various dephasin
nAechanisms as a function of temperature fof* 3ransition

refer to spins that are excited by the microwave pulses as _ )
spins and all other spins as B spit3. Echo dephasing resultsMetal complexes in 0.2 to 1 mM glassy solutions, two-puls
from processes that change the resonance frequency of aff @Ctron spin echo data were obtained for chromyl bis(1-hy
spin such that it is not refocused by the second pulse. proces@rég(y-cycloh+exanecarboxyl|c acid), CrO(HCA)aquo vana-

that have been demonstrated to contribute to echo dephasingfhion, VO** (ag), and vanadyl bis(trifluoroacetylacetonate).
glassy solutions include instantaneous diffusia@)) (ynamic VO(tfac). The Cr(V) complex was selected because it is
averaging of electron—nuclear coupling to inequivalent protoflatively stable §) and the ligand does not contain a methyl
within the molecule 3-7), low-amplitude molecular motions group. For the vanadyl complexes the values of ,1ivere

(librations) B, 9), onset of molecular tumbling as the glasgheasured for then = —%transition because this transition has
softens 10), electron spirT, (10-19, electron spinT, (13), the least anisotropy and therefore is less sensitive to the effe
and nuclear spifT,-induced dipolar field fluctuations (nuclearof librations than transitions for other valuesrof. The effects

spin diffusion) 0, 14—18. Dephasing due to electron spip-  of instantaneous diffusion were minimized by working at con:
and T,-induced dipolar field fluctuations sometimes is calledentrations that give small numbers of spins per gauss and
spectral diffusion Z). We have recently shown that spin echaising relatively small microwave magnetic field3,. This

.
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permits us to examine dephasing by mechanisms other thafror representative samples, echo decays were recorded ¢

instantaneous diffusion. series of turning angles that were obtained by varying th
microwave power at constant pulse length. These experimer
EXPERIMENTAL provide a test for the impact of instantaneous diffus®nQ).
In protiated solvents, at the concentrations used in these stt
Sample Preparation ies, only a minor dependence of echo decay on turning ang

CrO(HCA); (6) and VO(tfac) (19) were prepared by liter- was observed, which indicates that the contribution to depha
ature methods. Solutions of \FO (aq) in 1:1 waterglycerol ing from instantaneous diffusion is small, even for 90° anc
were prepared by dissolving vanadyl sulfate (A. D. Macka 80 pulges. The echo decays in the flg.ures and paramefu
Inc.) in water, with subsequent addition of an equal volume ?ported |n'the text and tables were obtained at small turnin
glycerol. Solvents were reagent grade and were used with&€'€S: Wpllcalli/hll ﬁor t22 ffpr tthetflrst puls;icfAt.these small
further purification. Solvent mixtures were selected that gi grning angies the etiects of instantaneous difiusion are neg
good low-temperature glasses to prevent the locally high Cog{ple in protiated solvents, but are significant in deuterate
centrations that can occur when solvents crystallizg @nd solvents. In protiated solvents the estimated uncertainties
glycerol-dg (Cambridge Isotope Laboratories) were 99.9% aABW turm&g aéwglelareio.l us for T, and +0.1 for the
>98% enriched, respectively. Solutions were freshly prepargéponen. in Eq. 1] .
with concentrations between 0.2 and 1.2 mM, and 150800 _ "Version recovery data were recorded withr-af—m/ 27—
of solution was pipetted into 4 mm OD quartz EPR tube —7—echo sequence in whujhwas Va”?d' PU|S? Ienths were
Air/oxygen contained in the solvent was removed by three 6,(2”? 24 nsl anBlhwaZtadJuited to g;yefm l;;(lmun: mtteg?lty
four freeze—pump—thaw cycles. For experiments at liquid hg- ¢ WWO-PUISE €Cho. Al each magnetic fieldias selected to

lium temperatures EPR tubes were back-filled with helium aﬁé{ﬁi&r&dt\?v%p;?])l(ggegee::ya;[/o ﬁ]\%?:;gnnu2:00\?;;%2?:%;?;2
laced directly into the cryostat without thawing. ! '
P y y g ted to Eq. [1] withx = 1.

Electron Spin Echo Experiments .
Saturation Recovery Measurements

Data were obtained on a Bruker ESP380E spectrometer - )

equipped with a Bruker split-ring resonator and an Oxford The Bruker ESP380E was modified to permit long-pulse
CF935 flow cryostat. The microwave frequency was betwe&gturation recovery experiments by adglia 2 W amplifier,

9.3 and 9.5 GHz. The Oxford temperature readout was cafffich permits the use of longer saturating pulses than can |
brated with a Lakeshore 820 readout connected to a TG-120@¢hieved within the duty cycle of the 1 kW TWT. Data were
GaAlAs diode immersed in silicone oihia 4 mm ODquartz signal-averaged in a Lecroy 9410 digital oscilloscope, tran:
EPR tube that replaced the sample tube. For spin echo dfded foa PC, and fitted to Eq. [1] with= 1. Values ofT,

inversion recovery experiments the resonator was overcoupf@iVO™" (2q) were obtained by long-pulse saturation recover
to a Q of about 150, which permitted echo decays to pd Dy inversion recovery. Good agreement was observe
recorded starting 64 ns after the second pulse. Two-pulse e@f§Veen inversion recovery and saturation recovery measu
decays were obtained with 40 and 80 ns pulses Bnavas ments for values of ; shorter than about 10@s. However for

adjusted to give 90°~180° turning angles, or less. The 40, golAgger values off (_observe_d at temperatures lower than abou
low-power pulses were used to reduce excitation of protdf® K), values obtained by inversion recovery were systemat
modulation relative to that which would be observed with thgdlly shorter than values obtained by long-pulse saturatio

shorter (ca. 16 and 24 ns) pulses frequently used in E&EEOVEry. For the longer spin-lattice relaxation times, the
experiments. longer saturating pulses (1Qs) of the long-pulse saturation

Spin echo data were fitted to a stretched exponential; ~ T€COVery method are needed to overcome the effects of spect
diffusion processes. Values of T/ for VO?* (aq) in 1:1
_ X D,0:glyceroldg were indistinguishable from those in 1: 1@
Y(1) = Y(0)exd —(27/T "], 1 2 L8 o
() (O)ex =(27/Tw)'] 1) glycerol, which indicates that solvent protons play a negligible
role in the spin-lattice relaxation mechanism between 10 ar

whereY(7) is the intensity of the echo as a function nfthe 80 K

time between the two pulse¥(0), echo intensity extrapolated
to time zero, andr(r) are in arbitrary units that depend upo
the concentration of the sample, resona@rand instrument
settings. The parametexsand T,,, describe the shape of the Milov et al. (20) proposed a model for the effect of nuclear
echo decay and depend upon the dephasing mechangsm diffusion on electron spin echo dephasing, based c
(10, 19. 1/T,, is the rate constant for echo dephasing for thequations derived by Zhidomirov and Salikho®1). The

time interval accessible on the Bruker ESP380E. ESE datalculation of the change in dipolar coupling to the electror
were fitted to Eq. [1] using a Levenberg—Marquardt algorithnspin that occurs due to a proton flip-flop that is used in th

"Model of Nuclear Spin Diffusion
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7.0 4 1/T,, fall in several regimes defined by solvent and by the
relationship between T4 and 17T, Different processes dom-
inate the echo dephasing within these different regimes.

6.0 — 1T, < 1T, in 1:1 H,O:glycerol. At low temperatures
where 1T, < 1/T,, 1/T,, is approximately independent of
temperature (Figs. 1 and 2). This regime extends up to abo
100 K for CrO(HCA), and up to about 40 K for V&' (aq). In
this temperature interval I/, in 1:1 H,O:glycerol is substan-
tially faster than in 1:1 DO:glycerol, which indicates that
solvent protons play a major role in echo dephasing in th
protiated solvent. The fit of the spin echo data to Eqg. [1] gav
X = 2.4 to 2.6 (Table 1), which is in good agreement with the
values ofx obtained for nitroxyl radicals under conditions
where dephasing is dominated by nonmethyl protdris. (At
the low concentrations used in these studies and at $jall
(i.e., negligible impact of instantaneous diffusion),T}/is
2.0 . I . I - | independent of concentration. These observations support
1.20 1.60 2.00 240  signment of proton spin diffusion as the dominant spin ech
log(temperature) dephasing mechanism.

FIG. 1. Temperature dependence of relaxation rates for CrO(HCa) 1/T; < 1T, in 1:1 D,O:glycerol. In 1:1 D,O:glyceroldg
X-band (9.1 to 9.4 GHz):() 1/T,, for 0.3 mM solution in 1:1 HO:glycerol, 1/T,, was much more strongly dependentBnthan in H,0:
(O) 1/T,, for 0.3 mM solution in BO:glyceroldg, (®), 1/T, obtained by g|yce|—0|, and fits of the data to Eq. [1] gaxe- 1. The smaller
long-pulse saturation recovery for 1.0 mM solution in 1:iCkglycerol. The : -
lines through the data for T/, connect the data points. The line through themagnetlc _moment of a deuteron than .Of a proton predlcts
1/T, data is a least-squares fit: logTL} = 3.63+log(T) — 2.72.Data were decrease in T, of about a factor of 50 if deuteron flip-flops

recorded in the center of the spectrum. The data at temperatures above 1@tninate the dephasing in deuterated solvents. These rates
are taken from Ref.q). so much slower than in protiated solvents that instantaneol

log(1/Tyy , 1T s°1)

present paper was modified from that of Ref. 20 to explicitly g0 —
include the dependence on the orientation of the proton m
pair with respect to the external magnetic fielitb)y, Cal- .—.~——F/4//'.A
culations of the echo decay curves were performed with 5,00 g
Mathcad. For solvents that do not contain methyl groups Dg

the proton flip-flop frequency is proportional to proton OA
concentration. In solvents that contain methyl groups thg
proton flip-flop frequency is independent of methyl proton
concentration, but dependent on the type of methyl groub_:. L
It is proposed that the enhanced echo dephasing by metI’g‘I PY
groups in the solvent is due to quantum mechanical tunne  3.00
ing (15). The radius of the spin diffusion barrieR?) < ®
was held at 5.8 A, which is the value determined for
nitroxyl radicals by comparison of the spin echo dephas- 200 ®
ing with that observed for a sterically encumbered trityl
radical (L5).

100 l T ' l T | T I
0.80 1.20 1.60 2.00
log(temperature)

RESULTS AND DISCUSSION

The electron spin relaxation rate,T}/ and the rate constant
for echo dephasing, T/, for CrO(HCA), and V& (aq) in FIG. 2. Temperature dependence of relaxation rates ofVQaq) at
1:1 water:glycerol are summarized in Figs. 1 and 2, respecband (9.4 GHz): &) 1/T, for 1.2 mM solution in 1:1 BO:glycerol, (J)

tively. For both metal ions 17, is strongly temperature depen-1/Tm for 0.3 mM solution in RO:glycerolds, (®), 1/T, obtained by long-
e saturation recovery for 0.9 mM solution in 1:3QHglycerol, &) 1/T,

. |
dent. Throughout the temperature range that VXaS examined zg‘éined by inversion recovery for 0.3 mM solution in@glyceroldg. The
to 158 K for CrO(HCA}, and 11 to 79 K for V3™ (aq)), 17T, jines through the data for T/, connect the data points. Data were recorded for
for VO?* (aq) is faster than for CrO(HCA) The data for them, = fg line.
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TABLE 1
Solvent Dependence of Spin Echo Dephasing at 40 K*

9:1 CR,CH,OH:

Solvent  1:1 H,0O:glycerol ethylene glycol 9:1-PrOH:MeOH 9:1n-PrOH:MeOH

Sample Tm X Tm X Tm X Tm X
Temponé 4.6 2.3 6.4 2.1 2.1 2.2 0.7 0.8
CrO(HCA), © 4.6 24 2.2 2.0 0.7 0.8
VO?* (aqyf 46 2.4
VO(tfac),® 5.6 2.0 18 1.7 0.7 0.9

2Values of T, in us.

£0.2'to 0.4 mM.

€0.2 mM.

90.3to 1.2 mM.

€0.9to 1.1 mM.

diffusion makes a larger contribution in the deuterated solvespins (B spins) cause changes in the dipolar field of the A spil
which is consistent witkx ~ 1. As B; was decreased, I/, which causes echo dephasing. This contribution depends
approached limiting values that were about 20 to 50 timesncentration.
slower than in protonated solvents. Residual protons in theThe previously reported results for VO at 77 K in glassy
nominally perdeuterated solvents may contribute to fasteulfuric acid @) fall in this regime. The high concentrations of
dephasing than predicted for a proton-free environment. Tharamagnetic centers and the low concentrations of protons
limiting value of 1/T,, was independent of concentration bethe solvent caused intermolecular electron—electron interactic
tween 0.2 and 1.0 mM. (denoted as spectral diffusion) to dominate the dephasin
The previously reported data for Cr(V) in CaVWy@t low Similarly, the relaxation for Cr(V) in CaWgat higher tem-
temperature also fall in the regime wher@ 1< 1/T,,(18). In  peratures falls in this regimel.§).
that host there are no protons and the W nuclei have small
magnetic moments, so fluctuations of nuclear spins make a
negligible contribution to echo dephasing and the dephasing is
dominated by instantaneous diffusioh8). Because of the
higher concentrations of paramagnetic centers in those exper-
iments (2 and 27 mM), the limiting value of T}, at smallB,
for the Cr(V) in CaWQ was dominated by electron—electron
interaction and was concentration dependégj.(

1T, ~ 1T, With increasing temperature T/ ap-
proaches the value of T/, determined by the solvent protons
in 1:1 H,O:glycerol and 1T,,, becomes temperature dependent.
This occurs above about 100 K for CrO(HGARNd above
about 40 K for VG (aqg). As metal 1T, begins to play an
increasingly important role in echo dephasing, the valug of
(Eq. [1]) decreases. For CrO(HCAX decreased from 2.0 at
113 Kto 1.7 at 134 K, and for V& (aqg)x decreased from 1.9
at 70 K to 1.5 at 100 K. In this regime T}/, is concentration
dependent. Because of the slower rate of low-temperature
dephasing in the absence of protonsT,lbegins to dominate
the echo dephasing at lower temperatures in 1,0:Blyc-
erol-dg (about 70 K for CrO(HCA) and 30 K for V&) than 00
in 1:1 H,O:glycerol. time (microsec.)

Short electron spi; affects the echo decay in two ways.
The spin-lattice relaxation for an A spin causes a time depenf!C: 3. Electron spin echo decays for 0.20 mM Cro(HGAJt 40K, 9.44

. . s . GHz, and magnetic fiele&= 3405 G in (A) 1:1 HO:glycerol, (B) 9:1i-PrOH:
dence qf magqetlzathn, V.Vhlc.h is indistinguishable from e(}h\?eOH, and (C) 9:In-PrOH:MeOH. The dashed lines are fits to the proton
dephasing. This contribution is independent of concentratiof¥usion model with the same parameters that were used to fit data for tt

In addition, eithefT, or T, processes of surrounding electromitroxyl radical tempone in these solventsy,

echo amplitude




SPIN ECHO DEPHASING FOR Cr(V) AND VANADYL COMPLEXES 67

the same solvents are shown as dashed lines superimposed or
decays for the Cr(V) and vanadyl complexes (Figs. 3-5). Th
agreement between experimental and calculated curves f
CrO(HCA), (Fig. 3) and V3™ (aq) (Fig. 4) is as good as that
obtained for temponelf). For VO(tfac), (Fig. 5) the experimen-
tal echo decayed more quickly than the decay calculated based
the solvent spin diffusion parameters that fit the data for tempon
It is proposed that this discrepancy is due to contributionsTg 1/
from librations. Librations have a larger effect o J/for vana-
dyl than for Cr(V) or nitroxyl radicals because of the much large!
anisotropy ing andA values for the vanadyl iorL{). For Cr(V)
and nitroxyl radicals I, andx are independent of temperature,
within experimental uncertainty, between 20 and 40 K. For th
vanadyl complexes, T/, increased slightly and decreased
slightly between 20 and 40 K, which is consistent with increasin
contributions from librations with increasing temperature. The
proposal that librations contribute toT}{ for VO(tfac), is sup-
ported by the observation thatT}{ varies through the spectrum,
' | even at 40 K. However, for they = —% transition the effect of
0.0 20 4.0 6.0 librations is small relative to the large effect of changing solven
time (microsec.) at 40 K. The effect of librations on the decays for ¥Q(aq) in
FIG. 4. Electron spin echo decays for 1.2 mM ¥0(aq) in 1:1 Ho: 11 HO:glycerol is smaller than for VO(tfag)n 9:1 CRCH,OH:
glycerol at 40 K, 9.422 GHz, and magnetic field 3341 G (them, = —= ethylene glycol because the multiple hydrogen bonds per solve
transition). The dashed line is the fit to the proton diffusion model with thmolecule and hydrogen bonding between water molecules
same parameters that were used to fit data for the nitroxyl radical tempong jgy2-+ (aqg) and the solvent make the sample more rigid than fc
1:1 H.O:glycerol (9. VO(tfac), in the organic alcohol mixture.

The similarity between the values ©f, andx as a function of
Dephasing dominated by onset of molecular tumbling.

Above about 160 K the water:glycerol glass begins to softdrp, 1/
for CrO(HCA), becomes strongly temperature dependentxand
(EQ. [1]) decreases from 1.4 at 169 K to 1.2 at 192 K.

Solvent dependence of 1{in the regime where protons
dominate dephasing. Because of the limited solubility of V&
in solvents other than water, the complex VO(tfaeps used for
the studies of solvent dependence @f,1/The comparisons in the
prior paragraphs indicate that in proton-containing solvents, solg
vent nuclei dominate the echo dephasing at temperatures bela#
about 40 K for both vanadyl ion and CrO(HCA)Studies of the
solvent dependence ofT} for nitroxyl radicals {5) have shown
substantial differences betweerT }/in 1:1 H,O:glycerol or 9:1
CF;CH,OH:ethylene glycol, which contain no methyl groups, in
9:1 i-PrOH:MeOH, which contains relatively hindered aliphatic
methyls, and in 9:1-PrOH:MeOH, which contains less-hindered
aliphatic methyls. The values @f, andx obtained as a function
of solvent for the Cr(V) and vanadyl complexes at 40 K are
compared in Table 1 with data for the nitroxyl radical tempone
(15). These values demonstrate strong similarities in the solvent
dependence of;, and x for the three types of paramagnetic g _
centers. time (microsec.)

Examples of the spin echo decay curves for CrO(HGA)

VO2+ (aq) and VO(l'faC?) at 40 K are shown in Figs. 3-5. To FIG. 5. Electron spin echo decays for 1.1 mM VO(tfa& 40 K, 9.434
’ GHz, and magnetic field= 3343 G (them, = -1 transition) in (A) 1:1

analyze the nitroxyl dephasing data, @ model of the nuclear SpiRy .\ cerol. () 9:1i-ProH:MeOH, and (C) 9:b-PrOH:MeOH. The dashed
diffusion was developedLp). Curves calculated from the paramiines are fits to the proton diffusion model with the same parameters that we

eters that were used to simulate the nitroxyl spin echo decaysusad to fit data for the nitroxyl radical tempone in these solvetfis (

echo amplitude

echo amp
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solvent (Table 1) and the similarity between experimental angl G. M. Zhidomirov and K. M. Salikhov, Sov. Phys. JETP 29, 1037
calculated curves in Figs. 3-5 indicate that the solvent effects on (1969)-

T,, observed for nitroxyl radicals also pertain to the Cr(V) and* L- D- Kispert, M. K. Bowman, J. R. Norris, and M. S. Brown,
vanady! complexes. We suggest that this effect of solvent methyl - €hem- Phys. 76, 26 (1982).

. p S. A. Dzuba, A. G. Maryasov, K. M. Salikhov, and Yu. D. Tsvetkov,
groups on echo dephasing is a general phenomenon that |IIJ. Magn. Reson. 58, 95 (1984); Yu. D. Tsvetkov and S. A, Dzuba.

affect dephasing whenever nuclear spins dominate. Appl. Magn. Reson. 1, 179 (1990).
6. K. Nakagawa, M. B. Candelaria, W. W. C. Chik, S. S. Eaton, and
CONCLUSIONS G. R. Eaton, J. Magn. Reson. 98, 81 (1992).
7. J.-L. Du, G. R. Eaton, and S. S. Eaton, Appl. Magn. Reson. 6, 373
In the temperature regime whereT}/< 1/T,, there is (1994).

substantial similarity between the spin echo dephasing fay. s. A. Dzuba, Yu. D. Tsvetkov, and A. G. Maryasov, Chem. Phys.
nitroxyl radicals (4, 19, Cr(V) complexes, and vanadyl com-  Lett. 188, 217 (1992).

plexes. In this regime (1) echo dephasing is dominated b§: J.-L.Du, K. M. More, S. S. Eaton, and G. R. Eaton, Isr. J. Chem. 32,
solvent nuclei and is substantially faster in protiated solvents 351 (1992).

than in deuterated solvents, (2) at the same concentrationt®f!- M. Brown, in “Time Domain Electron Spin Resonance” (L. Kevan
paramagnetic solute instantaneous diffusion plays a larger role 3¢ R- N- Schwartz, Eds.), Chap. 6, Wiley, New York (1979).

in deuterated solvents than in protiated solvents, (3) in tfi& S:S: Eaton, A Kee, R.Konda, G. R. Eaton, P. C. Trulove, and R. T.
absence of the effects of instantaneous diffusion, echo deph g.carin, J. Phys. Chem. 100, 6910 (1996).

. .. . . . 12° J.-L. Du, G. R. Eaton, and S. S. Eaton, J. Magn. Reson. A 119, 240
ing is independent of solute concentration, and (4) in protiate (1996). g

solvents echo dephasing is enhanced by methyl groups in 1'%9;\ D. Milov, K. M. Salikhov, and Yu. D. Tsvetkov, Sov. Phys. Solid
solvent, and these effects depend upon both the concentrationstate 15, 802 (1973) (p. 1187 in Russian).

and types of methyl groups. The upper limit for this temperaz. m. Lindgren, G. R. Eaton, S. S. Eaton, B.-H. Jonsson, P. Ham-

ture regime increases in the order vanadyl complex&3r(V) marstrom, M. Svensson, and U. Carlsson, J. C. S. Perkin Trans. 2,
< nitroxyl radicals because of differences betwdgrfor the 2549 (1997).

paramagnetic centers. Dephasing for other organic radicals-3s A Zecevic, G. R. Eaton, S. S. Eaton, and M. Lindgren, Mol. Phys.,
likely to be similar to that for nitroxyl radicals. I press.

16. W. B. Mims, in “Electron Paramagnetic Resonance” (S. Geschwind,
Ed.), Chap. 4, Plenum Press, New York (1972).
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