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The solvent and temperature dependence of the rate constant
or spin echo dephasing, 1/Tm, for 0.2 to 1.2 mM glassy solutions
f chromyl bis(1-hydroxy-cyclohexanecarboxylic acid), CrO-
HCA)2

2; aquo vanadyl ion, VO21 (aq), and vanadyl bis(trifluoro-
cetylacetonate), VO(tfac)2 were examined. At low temperatures
here 1/T1 ! 1/Tm, 1/Tm in 1:1 H2O:glycerol is dominated by

olvent protons. At low temperature 1/Tm increases in the order 1:1

2O:glycerol or 9:1 CF3CH2OH:ethyleneglycol (no methyl groups)
9:1 i-PrOH:MeOH (hindered methyl groups) < 9:1 n-PrOH:

eOH (less hindered methyl groups). This solvent dependence of
/Tm is similar to that observed for nitroxyl radicals, which indi-
ates that the effect of solvent methyl groups on spin-echo dephas-
ng at low temperature is quite general. At higher temperatures the
cho dephasing is dominated by spin–lattice relaxation and is
oncentration dependent. As the glass softens, echo dephasing is
ominated by the onset of molecular tumbling. © 1999 Academic Press

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

INTRODUCTION

A wide variety of processes can contribute to dephasin
wo-pulse spin echoes in systems that contain a single ty
aramagnetic center. An understanding of these processe
its interpretation of the rate constant for spin echo depha
/Tm, in terms of the dynamics of a system. It is customar
efer to spins that are excited by the microwave pulses
pins and all other spins as B spins (1). Echo dephasing resu
rom processes that change the resonance frequency of
pin such that it is not refocused by the second pulse. Proc
hat have been demonstrated to contribute to echo dephas
lassy solutions include instantaneous diffusion (2), dynamic
veraging of electron–nuclear coupling to inequivalent pro
ithin the molecule (3–7), low-amplitude molecular motion

librations) (8, 9), onset of molecular tumbling as the gla
oftens (10), electron spinT1 (10–12), electron spinT2 (13),
nd nuclear spinT2-induced dipolar field fluctuations (nucle
pin diffusion) (10, 14–16). Dephasing due to electron spinT1-
nd T2-induced dipolar field fluctuations sometimes is ca
pectral diffusion (2). We have recently shown that spin ec
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ephasing for nitroxide spin labels at temperatures below a
0 K depends upon the type of protons in the solvent (14, 15).
cho dephasing occurs more rapidly for solvents that co
ethyl groups than for solvents that do not contain me
roups and depends upon the type of methyl group (14, 15). It

s of interest to determine whether comparable solvent de
ence is observed for other paramagnetic centers.
Relatively little information is available concerning t
echanism of spin echo dephasing ford1 transition metals i

he concentrations ranges that typically would be consid
agnetically dilute. For 1.6 to 100 mM VO21 in glassy sul

uric acid at 77 K, echo dephasing was found to be conce
ion dependent and attributed to spectral diffusion (2). At 50 K
olecular librations cause a dependence of 1/Tm on position in

he spectrum for a vanadyl porphyrin in glassy organic sol
17). For 2 and 27 mM Cr(V) doped into CaWO4, echo
ephasing is due to instantaneous diffusion at low temper
nd to spectral diffusion at temperatures above 20 to 30 K18).
or Cr(V) complexes of ligands that contain a methyl gro
cho dephasing in 1:1 H2O:glycerol solution between about
nd 160 K is dominated by rotation of the methyl groups
ate comparable to the magnitude of the electron–nuclear
ling to the methyl protons (6).
To determine the relative importance of various depha
echanisms as a function of temperature for 3d1 transition
etal complexes in 0.2 to 1 mM glassy solutions, two-p
lectron spin echo data were obtained for chromyl bis(1
roxy-cyclohexanecarboxylic acid), CrO(HCA)2

2; aquo vana
yl ion, VO21 (aq), and vanadyl bis(trifluoroacetylacetona
O(tfac)2. The Cr(V) complex was selected because i

elatively stable (6) and the ligand does not contain a met
roup. For the vanadyl complexes the values of 1/Tm were
easured for themI 5 21

2
transition because this transition h

he least anisotropy and therefore is less sensitive to the e
f librations than transitions for other values ofmI. The effects
f instantaneous diffusion were minimized by working at c
entrations that give small numbers of spins per gauss a
sing relatively small microwave magnetic fields,B . This
1
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64 EATON AND EATON
ermits us to examine dephasing by mechanisms other
nstantaneous diffusion.

EXPERIMENTAL

ample Preparation

CrO(HCA)2
2 (6) and VO(tfac)2 (19) were prepared by lite

ture methods. Solutions of VO21 (aq) in 1:1 water:glycero
ere prepared by dissolving vanadyl sulfate (A. D. Mack

nc.) in water, with subsequent addition of an equal volum
lycerol. Solvents were reagent grade and were used w

urther purification. Solvent mixtures were selected that
ood low-temperature glasses to prevent the locally high
entrations that can occur when solvents crystallize. D2O and
lycerol-d8 (Cambridge Isotope Laboratories) were 99.9%
98% enriched, respectively. Solutions were freshly prep
ith concentrations between 0.2 and 1.2 mM, and 150–20ml
f solution was pipetted into 4 mm OD quartz EPR tub
ir/oxygen contained in the solvent was removed by thre

our freeze–pump–thaw cycles. For experiments at liquid
ium temperatures EPR tubes were back-filled with helium
laced directly into the cryostat without thawing.

lectron Spin Echo Experiments

Data were obtained on a Bruker ESP380E spectrom
quipped with a Bruker split-ring resonator and an Ox
F935 flow cryostat. The microwave frequency was betw
.3 and 9.5 GHz. The Oxford temperature readout was
rated with a Lakeshore 820 readout connected to a TG-1
aAlAs diode immersed in silicone oil in a 4 mm ODquartz
PR tube that replaced the sample tube. For spin echo

nversion recovery experiments the resonator was overco
o a Q of about 150, which permitted echo decays to
ecorded starting 64 ns after the second pulse. Two-pulse
ecays were obtained with 40 and 80 ns pulses andB1 was
djusted to give 90°–180° turning angles, or less. The 40,

ow-power pulses were used to reduce excitation of pr
odulation relative to that which would be observed with

horter (ca. 16 and 24 ns) pulses frequently used in
xperiments.
Spin echo data were fitted to a stretched exponential:

Y~t! 5 Y~0!exp@2~2t /Tm!x#, [1]

hereY(t) is the intensity of the echo as a function oft, the
ime between the two pulses.Y(0), echo intensity extrapolate
o time zero, andY(t) are in arbitrary units that depend up
he concentration of the sample, resonatorQ, and instrumen
ettings. The parametersx and Tm describe the shape of t
cho decay and depend upon the dephasing mech
10, 14). 1/Tm is the rate constant for echo dephasing for
ime interval accessible on the Bruker ESP380E. ESE
ere fitted to Eq. [1] using a Levenberg–Marquardt algorit
an
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For representative samples, echo decays were recorde
eries of turning angles that were obtained by varying
icrowave power at constant pulse length. These experim
rovide a test for the impact of instantaneous diffusion (2, 10).

n protiated solvents, at the concentrations used in these
es, only a minor dependence of echo decay on turning a
as observed, which indicates that the contribution to dep

ng from instantaneous diffusion is small, even for 90°
80° pulses. The echo decays in the figures and param
eported in the text and tables were obtained at small tu
ngles, typically 11° or 22° for the first pulse. At these sm

urning angles the effects of instantaneous diffusion are n
ible in protiated solvents, but are significant in deuter
olvents. In protiated solvents the estimated uncertainti
ow turning angle are60.1 ms for Tm and 60.1 for the
xponentx in Eq. [1].
Inversion recovery data were recorded with ap–T–p/ 2–t–

–t–echo sequence in whichT was varied. Pulse lengths we
6 and 24 ns andB1 was adjusted to give maximum intens
f the two-pulse echo. At each magnetic fieldt was selected t
orrespond approximately to a maximum echo intensity in
odulated two-pulse decay. Inversion recovery data wer

ed to Eq. [1] withx 5 1.

aturation Recovery Measurements

The Bruker ESP380E was modified to permit long-p
aturation recovery experiments by adding a 2 W amplifier,
hich permits the use of longer saturating pulses than ca
chieved within the duty cycle of the 1 kW TWT. Data w
ignal-averaged in a Lecroy 9410 digital oscilloscope, tr
erred to a PC, and fitted to Eq. [1] withx 5 1. Values ofT1

or VO21 (aq) were obtained by long-pulse saturation reco
nd by inversion recovery. Good agreement was obse
etween inversion recovery and saturation recovery mea
ents for values ofT1 shorter than about 100ms. However fo

onger values ofT1 (observed at temperatures lower than ab
0 K), values obtained by inversion recovery were system
ally shorter than values obtained by long-pulse satur
ecovery. For the longer spin–lattice relaxation times,
onger saturating pulses (100ms) of the long-pulse saturatio
ecovery method are needed to overcome the effects of sp
iffusion processes. Values of 1/T1 for VO21 (aq) in 1:1

2O:glycerol-d8 were indistinguishable from those in 1:1 H2O:
lycerol, which indicates that solvent protons play a neglig
ole in the spin–lattice relaxation mechanism between 10
0 K.

odel of Nuclear Spin Diffusion

Milov et al. (20) proposed a model for the effect of nucl
pin diffusion on electron spin echo dephasing, base
quations derived by Zhidomirov and Salikhov (21). The
alculation of the change in dipolar coupling to the elec
pin that occurs due to a proton flip-flop that is used in
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65SPIN ECHO DEPHASING FOR Cr(V) AND VANADYL COMPLEXES
resent paper was modified from that of Ref. 20 to explic
nclude the dependence on the orientation of the pr
air with respect to the external magnetic field (15). Cal-
ulations of the echo decay curves were performed
athcad. For solvents that do not contain methyl gro

he proton flip-flop frequency is proportional to prot
oncentration. In solvents that contain methyl groups
roton flip-flop frequency is independent of methyl pro
oncentration, but dependent on the type of methyl gr
t is proposed that the enhanced echo dephasing by m
roups in the solvent is due to quantum mechanical tun

ng (15). The radius of the spin diffusion barrier (22)
as held at 5.8 Å, which is the value determined
itroxyl radicals by comparison of the spin echo deph

ng with that observed for a sterically encumbered tr
adical (15).

RESULTS AND DISCUSSION

The electron spin relaxation rate, 1/T1, and the rate consta
or echo dephasing, 1/Tm, for CrO(HCA)2

2 and VO21 (aq) in
:1 water:glycerol are summarized in Figs. 1 and 2, res

ively. For both metal ions 1/T1 is strongly temperature depe
ent. Throughout the temperature range that was examine

o 158 K for CrO(HCA)2
2 and 11 to 79 K for VO21 (aq)), 1/T1

or VO21 (aq) is faster than for CrO(HCA)2. The data fo

FIG. 1. Temperature dependence of relaxation rates for CrO(HCA2
2 at

-band (9.1 to 9.4 GHz): (■) 1/Tm for 0.3 mM solution in 1:1 H2O:glycerol,
h) 1/Tm for 0.3 mM solution in D2O:glycerol-d8, (F), 1/T1 obtained by
ong-pulse saturation recovery for 1.0 mM solution in 1:1 H2O:glycerol. The
ines through the data for 1/Tm connect the data points. The line through
/T1 data is a least-squares fit: log(1/T1) 5 3.63plog(T) 2 2.72.Data were
ecorded in the center of the spectrum. The data at temperatures above
re taken from Ref. (6).
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/Tm fall in several regimes defined by solvent and by
elationship between 1/T1 and 1/Tm. Different processes dom
nate the echo dephasing within these different regimes.

1/T1 ! 1/Tm in 1:1 H2O:glycerol. At low temperature
here 1/T1 ! 1/Tm, 1/Tm is approximately independent

emperature (Figs. 1 and 2). This regime extends up to a
00 K for CrO(HCA)2

2 and up to about 40 K for VO21 (aq). In
his temperature interval 1/Tm in 1:1 H2O:glycerol is substan
ially faster than in 1:1 D2O:glycerol, which indicates th
olvent protons play a major role in echo dephasing in
rotiated solvent. The fit of the spin echo data to Eq. [1] g
5 2.4 to 2.6 (Table 1), which is in good agreement with
alues of x obtained for nitroxyl radicals under conditio
here dephasing is dominated by nonmethyl protons (15). At

he low concentrations used in these studies and at smaB1

i.e., negligible impact of instantaneous diffusion), 1/Tm is
ndependent of concentration. These observations suppo
ignment of proton spin diffusion as the dominant spin e
ephasing mechanism.

1/T1 ! 1/Tm in 1:1 D2O:glycerol. In 1:1 D2O:glycerol-d8

/Tm was much more strongly dependent onB1 than in H2O:
lycerol, and fits of the data to Eq. [1] gavex ; 1. The smalle
agnetic moment of a deuteron than of a proton predic
ecrease in 1/Tm of about a factor of 50 if deuteron flip-flo
ominate the dephasing in deuterated solvents. These rat
o much slower than in protiated solvents that instantan

FIG. 2. Temperature dependence of relaxation rates of VO21 (aq) at
-band (9.4 GHz): (■) 1/Tm for 1.2 mM solution in 1:1 H2O:glycerol, (h)
/Tm for 0.3 mM solution in D2O:glycerol-d8, (F), 1/T1 obtained by long
ulse saturation recovery for 0.9 mM solution in 1:1 H2O:glycerol, (‚) 1/T1

btained by inversion recovery for 0.3 mM solution in D2O:glycerol-d8. The
ines through the data for 1/Tm connect the data points. Data were recorded
he m 5 21 line.

0 K
I 2
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66 EATON AND EATON
iffusion makes a larger contribution in the deuterated solv
hich is consistent withx ; 1. As B1 was decreased, 1/Tm

pproached limiting values that were about 20 to 50 ti
lower than in protonated solvents. Residual protons in
ominally perdeuterated solvents may contribute to fa
ephasing than predicted for a proton-free environment.

imiting value of 1/Tm was independent of concentration
ween 0.2 and 1.0 mM.

The previously reported data for Cr(V) in CaWO4 at low
emperature also fall in the regime where 1/T1 ! 1/Tm (18). In
hat host there are no protons and the W nuclei have s
agnetic moments, so fluctuations of nuclear spins ma
egligible contribution to echo dephasing and the dephas
ominated by instantaneous diffusion (18). Because of th
igher concentrations of paramagnetic centers in those e

ments (2 and 27 mM), the limiting value of 1/Tm at smallB1

or the Cr(V) in CaWO4 was dominated by electron–electr
nteraction and was concentration dependent (18).

1/T1 ; 1/Tm. With increasing temperature 1/T1 ap-
roaches the value of 1/Tm determined by the solvent proto

n 1:1 H2O:glycerol and 1/Tm becomes temperature depend
his occurs above about 100 K for CrO(HCA)2

2 and above
bout 40 K for VO21 (aq). As metal 1/T1 begins to play a

ncreasingly important role in echo dephasing, the valuex
Eq. [1]) decreases. For CrO(HCA)2

2 x decreased from 2.0
13 K to 1.7 at 134 K, and for VO21 (aq)x decreased from 1
t 70 K to 1.5 at 100 K. In this regime 1/Tm is concentratio
ependent. Because of the slower rate of low-temper
ephasing in the absence of protons, 1/T1 begins to dominat

he echo dephasing at lower temperatures in 1:1 D2O:glyc-
rol-d8 (about 70 K for CrO(HCA)2

2 and 30 K for VO21) than
n 1:1 H2O:glycerol.

Short electron spinT1 affects the echo decay in two wa
he spin–lattice relaxation for an A spin causes a time de
ence of magnetization, which is indistinguishable from e
ephasing. This contribution is independent of concentra

n addition, eitherT or T processes of surrounding elect

TAB
Solvent Dependence of Sp

Sample

1:1 H2O:glycerol
9:1 CF3CH
ethylene

Tm x Tm

emponeb 4.6 2.3 6.4
rO(HCA)2

2c 4.6 2.4
O21 (aq)d 4.6 2.4
O(tfac)2

e 5.6

a Values ofTm in ms.
b 0.2 to 0.4 mM.
c 0.2 mM.
d 0.3 to 1.2 mM.
e 0.9 to 1.1 mM.

Solvent
1 2
t,

s
e

er
e

all
a
is

er-

t.

re

n-
o
n.

pins (B spins) cause changes in the dipolar field of the A
hich causes echo dephasing. This contribution depend
oncentration.
The previously reported results for VO21 at 77 K in glassy

ulfuric acid (2) fall in this regime. The high concentrations
aramagnetic centers and the low concentrations of proto

he solvent caused intermolecular electron–electron intera
denoted as spectral diffusion) to dominate the depha
imilarly, the relaxation for Cr(V) in CaWO4 at higher tem
eratures falls in this regime (18).

FIG. 3. Electron spin echo decays for 0.20 mM CrO(HCA)2
2 at 40 K, 9.44

Hz, and magnetic field5 3405 G in (A) 1:1 H2O:glycerol, (B) 9:1i -PrOH:
eOH, and (C) 9:1n-PrOH:MeOH. The dashed lines are fits to the pro
iffusion model with the same parameters that were used to fit data f
itroxyl radical tempone in these solvents (15).

1
Echo Dephasing at 40 Ka

H:
ol 9:1i -PrOH:MeOH 9:1n-PrOH:MeOH

x Tm x Tm x

2.1 2.1 2.2 0.7 0
2.2 2.0 0.7 0.

2.0 1.8 1.7 0.7 0.
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2O
glyc
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67SPIN ECHO DEPHASING FOR Cr(V) AND VANADYL COMPLEXES
Dephasing dominated by onset of molecular tumbl
bove about 160 K the water:glycerol glass begins to soften,Tm

or CrO(HCA)2
2 becomes strongly temperature dependent, ax

Eq. [1]) decreases from 1.4 at 169 K to 1.2 at 192 K.

Solvent dependence of 1/Tm in the regime where proton
ominate dephasing.Because of the limited solubility of VO21

n solvents other than water, the complex VO(tfac)2 was used fo
he studies of solvent dependence of 1/Tm. The comparisons in th
rior paragraphs indicate that in proton-containing solvents
ent nuclei dominate the echo dephasing at temperatures
bout 40 K for both vanadyl ion and CrO(HCA)2

2. Studies of the
olvent dependence of 1/Tm for nitroxyl radicals (15) have shown
ubstantial differences between 1/Tm in 1:1 H2O:glycerol or 9:1
F3CH2OH:ethylene glycol, which contain no methyl groups
:1 i-PrOH:MeOH, which contains relatively hindered aliph
ethyls, and in 9:1n-PrOH:MeOH, which contains less-hinde
liphatic methyls. The values ofTm andx obtained as a functio
f solvent for the Cr(V) and vanadyl complexes at 40 K
ompared in Table 1 with data for the nitroxyl radical temp
15). These values demonstrate strong similarities in the so
ependence ofTm and x for the three types of paramagne
enters.
Examples of the spin echo decay curves for CrO(HCA2

2,
O21 (aq), and VO(tfac)2 at 40 K are shown in Figs. 3–5. T
nalyze the nitroxyl dephasing data, a model of the nuclear
iffusion was developed (15). Curves calculated from the para
ters that were used to simulate the nitroxyl spin echo deca

FIG. 4. Electron spin echo decays for 1.2 mM VO21 (aq) in 1:1 H2O:
lycerol at 40 K, 9.422 GHz, and magnetic field5 3341 G (themI 5 21

2
ransition). The dashed line is the fit to the proton diffusion model with
ame parameters that were used to fit data for the nitroxyl radical temp
:1 H2O:glycerol (15).
.

l-
low

e
e
nt

in

in

he same solvents are shown as dashed lines superimposed
ecays for the Cr(V) and vanadyl complexes (Figs. 3–5).
greement between experimental and calculated curve
rO(HCA)2

2 (Fig. 3) and VO21 (aq) (Fig. 4) is as good as th
btained for tempone (15). For VO(tfac)2 (Fig. 5) the experimen

al echo decayed more quickly than the decay calculated bas
he solvent spin diffusion parameters that fit the data for temp
t is proposed that this discrepancy is due to contributions toTm

rom librations. Librations have a larger effect on 1/Tm for vana-
yl than for Cr(V) or nitroxyl radicals because of the much la
nisotropy ing andA values for the vanadyl ion (17). For Cr(V)
nd nitroxyl radicals 1/Tm andx are independent of temperatu
ithin experimental uncertainty, between 20 and 40 K. For
anadyl complexes, 1/Tm increased slightly andx decrease
lightly between 20 and 40 K, which is consistent with increa
ontributions from librations with increasing temperature.
roposal that librations contribute to 1/Tm for VO(tfac)2 is sup-
orted by the observation that 1/Tm varies through the spectru
ven at 40 K. However, for themI 5 21

2
transition the effect o

ibrations is small relative to the large effect of changing sol
t 40 K. The effect of librations on the decays for VO21 (aq) in
:1 H2O:glycerol is smaller than for VO(tfac)2 in 9:1 CF3CH2OH:
thylene glycol because the multiple hydrogen bonds per so
olecule and hydrogen bonding between water molecule
O21 (aq) and the solvent make the sample more rigid tha
O(tfac)2 in the organic alcohol mixture.
The similarity between the values ofTm andx as a function o

e
in

FIG. 5. Electron spin echo decays for 1.1 mM VO(tfac)2 at 40 K, 9.434
Hz, and magnetic field5 3343 G (themI 5 21

2
transition) in (A) 1:1

2O:glycerol, (B) 9:1i -PrOH:MeOH, and (C) 9:1n-PrOH:MeOH. The dashe
ines are fits to the proton diffusion model with the same parameters tha
sed to fit data for the nitroxyl radical tempone in these solvents (15).
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68 EATON AND EATON
olvent (Table 1) and the similarity between experimental
alculated curves in Figs. 3–5 indicate that the solvent effec

m observed for nitroxyl radicals also pertain to the Cr(V)
anadyl complexes. We suggest that this effect of solvent m
roups on echo dephasing is a general phenomenon tha
ffect dephasing whenever nuclear spins dominate.

CONCLUSIONS

In the temperature regime where 1/T1 ! 1/Tm there is
ubstantial similarity between the spin echo dephasing
itroxyl radicals (14, 15), Cr(V) complexes, and vanadyl co
lexes. In this regime (1) echo dephasing is dominate
olvent nuclei and is substantially faster in protiated solv
han in deuterated solvents, (2) at the same concentrati
aramagnetic solute instantaneous diffusion plays a large

n deuterated solvents than in protiated solvents, (3) in
bsence of the effects of instantaneous diffusion, echo de

ng is independent of solute concentration, and (4) in proti
olvents echo dephasing is enhanced by methyl groups
olvent, and these effects depend upon both the concent
nd types of methyl groups. The upper limit for this temp

ure regime increases in the order vanadyl complexes, Cr(V)
nitroxyl radicals because of differences betweenT1 for the

aramagnetic centers. Dephasing for other organic radic
ikely to be similar to that for nitroxyl radicals.
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