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To optimize simulations of CW EPR spectra for high-spin Fe(lll) with zero-field splitting comparable to the
EPR quantum, information is needed on the factors that contribute to the line shapes and line widths.
Continuous wave electron paramagnetic resonance (EPR) spectra obtained for iron transferrin carbonate from
4 to 150 K and for iron transferrin oxalate from 4 to 100 K did not exhibit significant temperature dependence
of the line shape, which suggested that the line shapes were not relaxation determined. To obtain direct
information concerning the electron spin relaxation rates, electron spin echo and inversion recovery EPR
were used to measuig and T, for the high-spin Fe(lll) in iron transferrin carbonate and iron transferrin
oxalate between 5 and 2B0 K. For comparison with the data for the transferrin complexes, relaxation
times were obtained for tris(oxalato)ferrate(lll). The relaxation rates are similar for the three complexes and
do not exhibit a strong dependence on position in the spectrum. Extrapolation of the observed temperature
dependence of the relaxation rates to higher temperatures gives values consistent with the conclusion that the
CW line shapes are not relaxation determined up to 150 K.

Introduction Fe(ox}®~ was prepared by method 2 of Collison and Powell.
For high-spin Fe(lll) with zero-field splitting (zB compa- Solutions for EPR studies contained 1 mM potassium oxalate

rable to or greater than the EPR quantum some, but not all, and 0.3 or 1'2_ mM Fe(ozﬁ. n _1:1 viv water-glycerol.
transitions are EPR-observable. Therefore, to quantitate over- A 200 L aliquot of solution in 4 mm o.d. quartz tubes was
lapping contributions to EPR spectra for these systems, it is degassed by three freezeump-thaw cycles, and the tubes
necessary to computer simulate the spectra. Quantitation therivere back-filled with helium gas. Samples were stored in liquid
is limited by the accuracy of the simulatiohsin designing nitrogen and kept frozen during insertion into the EPR cryostat.
the simulations, it is important to assess factors that determine  Continuous wave (CW) and pulsed EPR data at ca. 9.4 GHz
line shapes and line widths. In simulations of CW EPR spectra and temperatures between 5 and 30 K were obtained on a Bruker
of FeTfoxalate and FeTfC{ine shape details were interpreted ESP380E spectrometer equipped with a split-ring resonator and
in terms of a distribution in zero-field splittings* Another an Oxford CF935 liquid helium cryostat. The Oxford temper-
factor that could potentially contribute to the observed line ature readout was calibrated with a Lakeshore 820 readout
widths is electron spin relaxation. To determine the extent to connected to a TG-120PL GaAlAs diode immersed in silicone
which electron spin relaxation contributes to the line widths in oil in a 4 mmo.d. quartz EPR tube that replaced the sample
the X-band CW spectra, the electron spin relaxation rates for tube. For spin echo and inversion recovery experiments the
FeTfoxalate and FeTfC{wvere measured by electron spin echo  split-ring resonator was overcoupled tQaf about 150, which
and inversion recovery at temperatures between 5 ar8@0 permitted echo decays to be recorded starting 64 ns after the
K. For comparison with the data for the transferrin complexes, second pulse. The value §f was calculated from the cavity
electron spin relaxation rates also were obtained for tris(oxalato)- ring-down time®
ferrate (I1l) (Fe(oxy*"). Two-pulse echo decays were recorded with/a—t—s—
t—echo sequence and 40 and 80 ns pulses. These pulses are
more selective and therefore excite less proton modulation than
Samples of FeTfoxalate and FeTfg@ mM) were prepared  shorter pulses, which facilitates determination of the spin echo
from Sigma holotransferrin by dialysis into buffers containing phase memory timel,,. The microwave power was adjusted
0.4 M HEPES and either 140 mM sodium oxalate or 20 mM to give maximum echo intensity at the magnetic field that gave
sodium carbonate. Nitrogen was bubbled through the oxalatethe strongest echo, which was about 1600 G. The pulse turning
buffer to remove carbon dioxide. The dialysis solution was angle depends o8 for the paramagnetic center and for a
changed once for each solution, and the samples were mixediransition, as well as the length of the pulse and the microwave
with an equal volume of glycerol (Sigma molecular biology magnetic fieldB;.”~® When the zfs is of the order of the EPR
grade) to give final concentrations of 2 mM FeTf with 70 mM quantum, as is the case for FeTfoxalate, FeTfC@nd
oxalate or 10 mM carbonate. Fe(ox}3", there is extensive mixing of states with different
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values ofms and transitions cannot be identified with individual strated that obtaining estimates Bf, from spin echo experi-
values ofms. The microwave powerB;, required to give ments with deep modulation requires simulation of the experi-
maximum echo intensity for these Fe(lll) samples was about mental data as a product of echo modulation and the decay
1/ of that required for arS = 1/, organic radical, which is function.
reasonable fo§ = >,. The B, required for maximum echo For the case oB = 5/, with zero-field splitting much less
intensity was not strongly dependent upon position in the than the EPR quantum and with weakly interacting protons,
spectrum, which is consistent with the expectation that the ESEEM is similar to that foB = /,, | = 1,814 When the zfs
transitions involve combinations of values. A field-swept is much greater than the EPR quantum, the ESEEM can be
echo-detected spectrum of a sample containing buffer in water approximated by the equations f& = %/, and effectiveg
glycerol demonstrated that background signals were negligibly values!® although the pulse turning angle still dependsSn
small under the conditions used to record the spectra of The zero-field splittings for FeTfoxalate, FeTfg@nd Fe(ox?~
FeTfCQ;, FeTfoxalate, or Fe(ox . are of the same order of magnitude as the EPR quantum so
Inversion recovery data were recorded withra T—m/2— neither the zfs nor the Zeeman interaction dominates. Analysis
t—a—t—echo sequence in whichwas varied. Pulse lengths  of the ESEEM in terms of physically meaningful electron
were 16 and 24 ns, anB; was adjusted to give maximum  nuclear distances is therefore more complicated than when either
intensity of the two-pulse echo at the magnetic field that gave the zfs or the Zeeman interaction dominates. In the present
the strongest echo, which was at about 1600 G. At each study the ESEEM was calculated 8= Y/, using the full forms
magnetic fieldr was selected to correspond approximately to a of the equations given in ref 16, and values afere adjusted
maximum echo intensity in the modulated two-pulse echo decay. to fit the observed modulation patterns. This is an approximate
Analysis of Time Domain Data. The time constant$, and analysis of the modulation, but it is sufficient for our goal of
T1 were obtained from the experimental data as described in determiningT,, from data with echo modulation. The values
the following paragraphs. In describing the temperature de- of r and numbers of protons are not taken literally. The
pendence, it is useful to refer to the rate constants, ahd experimental modulation patterns were simulated by including
T, in the calculation a shell of protons extending out from 4.0
Inversion Receery Data. Inversion recovery data were fitted A, plus eight protons at 3.4 A (FeTfoxalate), six protons at 3.4
to a sum of exponentials using the algorithm developed by A (FeTfCQ;), or four protons at 3.2 A (Fe(o¥)).
Provenchet? The fit to the data was significantly better for
the sum of two exponentials than for a single exponential. For Results and Discussion
other Fe(lll) complexes we have shown that there is good
agreement between the time constants obtained by long-pulse  CW Spectra. CW spectra of FeTfC@and FeTfoxalate at
saturation recovery and inversion recovésp the time constant 2 K exhibited signals between about 700 and 1700 G that are
obtained from the inversion recovery data is interpreted as a N 9ood agreement with previous spectr&Comparison of the
close approximation td@; for the iron. intensity of thgg ~ 4.3 signal &5 K in thg spectrum of
Spin Echo Data.At magnetic fields greater than about 3500 FeTfoxalate with the spectrum of FeTfG@dicated that the
G, echo envelope modulation was shallow and value¥,of FeTfoxalate sample contained about 7% FeT{COhis level

were obtained by fitting the data to eq 1 using a Levenberg of impurity does not cause a significant difficulty for the

Marquardt least-squares algorithm. relaxation time measurements. CW spectra were measured from
4 to 240 K for FeTfCQ and from 4 to 100 K for FeTfoxalate.
Y(7) = Y(0) exp[-(27/T,,)’] (1) For FeTfCQ the line shape was unchanged from 4 to 150 K.

Between 150 and 170 K, spectra of the FeT§C&@mplex

Y(7) is the intensity of the echo as a function of timbetween ~ changed substantially, and the microwave bridge had to be
the two pulses.Y(0), echo intensity extrapolated to time zero, retuned, suggesting a phase transition in the wagcerol
andY(z) are in arbitrary units that depend on the concentration mixture. The line shape for FeTfoxalate was unchanged
of the sample, resonat@@, and instrument settings. The time between 4 and 100 K. The intensity of the spectra for 2 mM
constanfT, includes all processes that lead to echo dephasing. FeTfoxalate was not sufficient for measurements at higher
The parametex describes the shape of the echo decay and is temperatures.
determined by the mechanism of dephasi. Field-Swept Echo-Detected Spectra.Field-swept echo-

For FeTfoxalate, FeTfC§and Fe(ox§~, the depth of proton detected spectra of FeTfG@nd FeTfoxalate obtained with two-
echo envelope modulation increased with decreasing magneticpulse echoes exhibited intensity at magnetic fields between about
field and made significant contributions at fields less than about 1500 and 12 500 G (Figures 1 and 2). The spectra extend
3500 G. To test the impact of the modulation on procedures beyond 12 500 G, but that is the maximum field value accessible
to determineT,, a series of calculations were performed in on our ESP-380E spectrometer. The observation of EPR signal
which a decay calculated with eq 1 was multiplied by a intensity extending beyond 12 500 G is consistent with simula-
calculated echo envelope modulation pattern, and a value oftions and is characteristic of high-spin Fe(lll) with zfs of the
T was estimated by fitting eq 1 to the peaks in the resulting order of the EPR quantuff. The echo-detected spectra for
function. When the depth of proton modulation was less than these samples exhibit signal over a much wider range of
about 20% of the maximum echo amplitude ahgwas long magnetic fields than is apparent in the typical first-derivative
enough that there were multiple modulation cycles within the CW spectra. The absorption spectrum changes so slowly with
decay time, fitting a decay function to the maxima in the magnetic field that the slope is close to zero and is indistin-
modulated decay gave values Bf in good agreement with  guishable from baseline in the first-derivative spectra, although
the value used to calculate the original curve. However, as thethe signals can readily be observed in the field-swept echo-
depth of the modulation increased or the valu& gtiecreased, detected spectrum that displays the absorption signal or in rapid
there was increasing discrepancy between the vallg osed passage spectra.
to generate the curve and the valuelgfobtained by fitting a At 4000 G shallow nitrogen modulation is observed in the
decay to the peaks in the curve. These calculations demon-two-pulse spin echo decay data for FeT#dhd FeTfoxalate.
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Figure 1. Field-swept echo-detected spectra of FeT§Obrained with Figure 3. Field-swept echo-detected spectrum of Fefoxpbtained

40 and 80 ns pulsed¢ & K with constantr = 112 ns ) or 152 ns with 40 and 80 ns pulses at 10 K with constarst 160 ns {-) or 200
(---). The microwave power was adjusted to give maximum echo ns (- - -). The microwave power was adjusted to give maximum echo
intensity at about 1600 G. intensity at about 1600 G.

on 7 was much greater at low field than at high field (Figures
1 and 2) because of the greater depth of the modulation at lower
magnetic fields. Spin echo signals for FeTfC@ere not
observed below about 1600 G. Simulations using parameters
for FeTfCQ; show that, in an X-band EPR scan from low field,
the first magnetic field at which the conditions of both (1) low
anisotropy and (2) high transition probability are met is near
1600 GY7 so it is not surprising that spin echo signals were not
observed at lower field. Although the CW spectra of FeTfox-
alate exhibit transitions between about 900 and 1700 G, the
low-field portions of the spectra were not detectatil® & by

spin echo (Figure 2). Echo envelope modulation may be so
deep at lower field that echo detection is difficult.

The zfs for Fe(ox®~ depends strongly on host, varying
betweenD = 0.09 and 0.20 cmt for a series of crystalline
lattices® Due to the smaller zfs for Fe(aX) than for
FeTfCQOP~ or FeTfoxalate, the echo-detected spectrum for
Fe(ox}®" is essentially down to baseline by about 12 000 G
(Figure 3), whereas the spectra for FeT#0or FeTfoxalate
extend beyond 12 500 G (Figures 1 and 2). Spin echoes for
Fe(ox}®*~ could be observed down to about 1000 G, which is
lower than for FeTfC@~ or FeTfoxalate. At the same
magnetic field, the proton modulation is not as deep for
Figure 2. Field-swept echo-detected spectrum of FeTfoxalate obtained Fe(ox)3~ as for FeTfC@~ or FeTfoxalate, and there is no
with 40 and 80 ns pulsed & K with constantr = 120 ns () or 152 interacting nitrogen in Fe(o®d~. Both of these factors may
ns (- - -). The microwave power was adjusted to give maximum echo g o
intensity at about 1600 G. also cqntnbute to the ability to qletect echoes for Fefoxat

lower field than for the transferrin complexes.
At magnetic fields below about 3500 G proton and nitrogen  Iron Tn. Tm for the iron in FeTfCQ, FeTfoxalate, and
echo modulation is observed in the data for FeT{Cihd Fe(ox)}®~ was determined by two-pulse electron spin echo. At
FeTfoxalate. The modulation pattern in the two-pulse decays magnetic fields above about 4000 G echo envelope modulation
is dominated by the protons and the modulation becomes deepewas negligible, and the spin echo decay data were fitted directly
as magnetic field is decreased. Since the proton modulationto eq 1. At lower magnetic fields the data were analyzed as
frequency depends on magnetic field, the valuerothat the product of a decay function and an echo modulation pattern
corresponds to maximum echo intensity varies with magnetic as described in the data analysis section. When the echo
field. Thus, in a field-swept echo-detected spectrum at constantmodulation was taken into account, the variatiornjnacross
7, deep nuclear modulation causes the echo-detected spectrurthe spectrum was:35% for FeTfCQ, <40% for FeTfoxalate,
to vary with field in ar-dependent fashion. The dependence and<30% for Fe(ox}®~. The apparent variation with magnetic

echo-detected EPR signal
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Figure 4. Temperature dependence of relaxation rates for FeZfCO
Average of 1T, at 4-8 magnetic fields between 1700 and 12 500 G
(®), /T, from single-exponential fi>), and long ) and short Q)
components from fits to two exponentials. Values &f, Hre averages
for data at 4-10 magnetic fields between 1700 and 12 500 G. Dashed
lines are least-squares fits to the data: loggl~ 0.90 log{l) + 5.5;
single component, log(T{) = 2.2 log(T) + 2.8; long component, log-
(1/T;) = 2.1 log(M) + 2.7; and short component, logTd) = 2.0 log-

(T) + 3.4.
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Figure 5. Temperature dependence of relaxation rates for FeTfoxalate.
Average of 1T, at 4-7 magnetic fields between 1500 and 9000 G
(®), 1/T; from single-exponential fit®), and long ) and short )
components from fits to two exponentials. Values df,Hre averages
based on data at-3 magnetic fields between 1600 and 10 000 G.
Dashed lines are least-squares-fits to the data: g% 1.1 log(T)

+ 5.3; single component, log(l) = 2.0 log(T) + 2.9; long component,
log(1/T1) = 1.9 log(T) + 2.8; and short component, logTi) = 1.8
log(T) + 3.5.

field was observed predominantly at magnetic fields below 4000
G and is less than the uncertainty of estimaftiigfrom spin
echo decays with deep echo modulation. Thus, within the
uncertainty in analyzing the data, there is no evidence for
dependence of, on position in the spectrum. To determine
the temperature dependence ©f (Figures 4-6), values
obtained at 48 magnetic fields between 1500 and 12 500 G

were averaged. Within the set of points that were averaged complexed! in 1:1 water-glycerol.
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Figure 6. Temperature dependence of relaxation rates for Fg(ox)
Average of 1T, at 4-8 magnetic fields between 1700 and 8000 G
(@), 1T, from single-exponential fit®), and long ) and short({)
components from fits to two exponentials. Values df; Hre averages
based on data at-410 magnetic fields between 1500 and 8000 G.
Dashed lines are least-squares fits to the data: ldg(H 1.2 log(T)

+ 5.0; single component, log(ly) = 2.9 log(T) + 1.8; long component,
log(1/T1) = 2.9 log(T) + 1.6; and short component, logd) = 2.3
log(T) + 3.0.

the majority of the data points were obtained at magnetic fields
where echo envelope modulation had negligible impact on the
value of T,. Between 5 and 2630 K, T, exhibited significant
temperature dependence. Slopes of plots of I1dg{lvs log-

(T) (Figures 4-6) were 0.90 for FeTfC@ 1.1 for FeTfox, and

1.2 for Fe(ox}3".

Transferrin and lactoferrin have similar structdfé$—both
proteins have two lobes with one metal binding site in each
lobe. For iron-saturated lactoferrin the distance between the
iron atoms in the two lobes is 42 R. The proximity of the
two iron atoms in FeTf raises the possibility that ireinon
interaction might contribute to the valuesf. Values ofT,
for Fe(ox}®~ were the same for 1.2 and 0.3 mM solutions, which
indicates that in this concentration range ir@ron interaction
does not dominatd&,, for Fe(ox}®~. Since the values of,
between 5 and 20 K are similar for Fe(gk), FeTfCQ;, and
FeTfoxalate, it is probable that interaction between the iron
centers in the two lobes of transferrin is not the dominant
contribution toTy, for the transferrin complexes in this tem-
perature and concentration range.

The similarity in Ty, values for Fe(oxf~, FeTfCQ, and
FeTfoxalate suggests that the spin echo dephasing mechanism
is the same for these three samples. For nitroxide radi€als,
at temperatures below about 60 K is dominated by solvent
protons and is approximately independent of temperdfure.
Three observations indicate that protons are not the dominant
contribution in the echo dephasing for these high-spin Fe(lll)
complexes. (1) The temperature dependence of the values of
Tm for the high-spin Fe(lll) complexes (Figures-8) is in
contrast with the temperature-independence Tgf that is
observed whef, is dominated by solvent protoA%. (2) For
each of the high-spin Fe(lll) complexes the valuex ¢éq 1)
were 0.9-1.0, which is significantly different fronx = 2.3—

2.6 that is observed when solvent protons dominate the
dephasing for nitroxyl radical$,Cr(V) complexeg! or vanadyl
(3) Values ofTy, for
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Fe(ox)3~ in 1:1 D,O—glyceroldg were indistinguishable from  1/T; and 1T, was approximately linear on a ledog scale, so
values in 1:1 HO—glycerol, which indicates that removal of least-squares fits to these plots (Figures6} were used to
essentially all solvent protons from the sample did not have a extrapolate the relaxation rates to higher temperature for
significant impact ol comparison with the CW spectra, as discussed below. The
Iron Ti. In solids, most studies of electron spikattice uncertainty of the slopes of the le¢pg plots is about 10% for
relaxation have been performed on species in crystalline lattices,the single-component fits. Uncertainties are somewhat higher
where interpretation is based primarily on lattice phonons. New for the two-component fits.
models need to be developed to interpret data for molecular If, as we propose, spirlattice relaxation is dominated by
species, including metalloproteins, in the solid phase. In fluid fluctuations in zfs, the temperature dependence of dfould

solution it is generally accepted that electron spattice reflect the temperature dependence of these fluctuations. The
relaxation of metals witl > 4, is due to fluctuations in zf&23 literature values of zfs (see above) and the extent of the echo-
In the following paragraphs our data for FeTf¢GeTfoxalate, ~ detected spectra (Figures-3) indicate that zfs is smaller for
and Fe(oxy*~ are compared with that obtained for 3Fein Fe(ox}®~ than for FeTfCQ or FeTfoxalate. However, the

metmyoglobid*25and for F&* enterobactin (FeEnt) bound to ~ values of 1Ty for Fe(ox)® are more temperature dependent
iron proteinA (FepA¥® in glassy solution. The data are than for FeTfCQ or FeTfoxalate, which indicates that the
consistent with relaxation via fluctuations in zfs. fluctuations are more temperature dependent.

Values of T; were measured by inversion recovery as a The slopes of theiplots for log(Ly) vs log(T) for FeTICQy,
function of temperature for FeTfGOFeTfoxalate, and Fe(ax®). FeTfoxalate, Fe(oxj are greater than 'the .slo'pes of the plots
The fits to the experimental data were better for the sum of for Iog(lfl'm_) vs log(T) (F|gures 3-6), which |nd|cates_ that the
two or three exponentials than for a single exponential, which value of T is not d(_atermmed solely by, _aIthougth IS short_
suggests that there is a distribution of valuesTef The enough to _have an impact 5. Perturbation treatments pzrggllct
weightings of the two components were approximately equal a quad(atlc .dependence Qlelon fluctuatlons. in 282 .
and did not vary significantly with position in the spectrum or Fluctuations in zfs can contribute to echo d_ephasmg by changing
with temperature. Deviations from single-exponential fits for the resonance energy for the electron spin.  For small fluctua-

saturation recovery data for heme proteins have been attribute ir?ns itn zfs th; etffects r?.nhﬂ‘ arel dlikely :bet: clf[)setrhto Iinealrl

to a distribution in zero-field splitting%}, and it is likely that ¢ an 1o tquadra IC, dW Ic f(I:'Ol/Jth cor; r1|7ru eF' 0 e4_5éna er
this is also the case for the complexes studied here. For emperature dependence o A/than of 1 ( Igures )-
FeTfCQ, FeTfoxalate, and Fe(o¥) the values off; decreased The fl_uctuatl_ons in zis are likely to occur on atime scal(_a that
slowly with increasingly magnetic field, and the values at the is rapid relative to the time scale of the spin echo experiment,
high-field end of the spectrum were abOl,JHBD% of the values which is consistent with the observation that fitting of the spin
observed between 1500 and 2500 G. This variationTof echo dl";lta for Fe_TfCQFeTfoxaIat_e, and Fe(og) to eq 1 gave
through the spectrum is much smaller than was observed for a* ™ L. . Thus, It appears p_Iau3|bIe that both the sgiattice
single crystal of aquometmyoglobin (aquo-metMb) near % K. relaxation times and the spin echo decays for these non-heme

- L Fe*™ complexes are dominated by fluctuations in the zfs.
For aquo-metMb the value @f along the principal axis is about . ) . ;
a factor of 5 longer than in the perpendicular plane and varies Relationship between Observed Relaxation Rates and Line

e . Shapes of CW Spectra. Throughout the temperature range
by about a factor of 3 within the perpendicular pléheThe ; -
s?/naller magnetic field dependencer')l'qftl))bserved fo?FeTfCQ examined,T; for FeTfCG; and FeTfoxalate was significantly

FeTioxalate, and FeTICQNan for aquo-meti may be due _|209% AT 0 e conrbuton 9 e fne v Fom =
to the lower symmetry of these complexes or to the presencethat take spins off resonance on.themtime scale oth)he spin echo
of overlapping transitions in the powder spectra. Weak P P

dependence df; on position in the spectrum also was observed expenment and represents a lifetime f(?r a spin packgt in the
for FeEnt bound to Fepe rotating frame. It can be used as an estimate of the spin packet

) . L line width for the CW experimentsT; is greater than or equal
The values ofT; obtained by single-exponential fits to the T. If spin echo data are fitted to eq 1 with= 1, the
data for FeTfCQ@and FeTfoxalatetsb K are between 35 and | o|axation-determined contribution to the CW line width is
55us. The zero-field splittings for these complexes are .25 45ted toT by

0.27 cn1327 For FeEnt zfs= 0.50 cnt! 28and in the complex
of FeEnt with FepAT1 at 6 K is 31us2® For aquo-metMb the line width (s = 1/(22T.) )
zero-field splitting is about 8 cnt, and the values oF; at about "

5 K are of the order of ks?> The substantially shorter values  For the high-spin Fe(lll) complexes the valuescafiere 0.9 to
of Ty for aguo-metMb than for FeTfCOFeTfoxalate, or FeEnt 1.0 so eq 2 can be used to reldig to line width. The value
bound to FepA are consistent with the expectation that fluctua- of T, observed for FeTfC@is about 0.7s at 5 K and decreases
tion of the zero-field splitting is a major contributionT@and o about 0.2us at 20 K, which corresponds to line widths of
that relaxation rates are faster for complexes with larger zero- ghout 0.2 MHz 85 K and 0.8 MHz at 20 K. For FeTfoxalate
field splitting. Ty also depends on the details of the local T is about 0.8s at 5 K and decreases to about Aslby 30

motions that cause the fluctuations in zfs. K, which corresponds to line widths of 0.2 and 1.6 MHz,
The temperature dependence of the relaxation rates forrespectively. These line widths are negligible compared with
FeTfCQ, FeTfoxalate, and Fe(o®) is shown in Figures 46. the line widths that are required to match the experimental

Since the variation off; across the spectrum was small, the spectra at 530 K,2~4 which indicates that the line widths are
average ofT; for all magnetic fields examined is displayed as not relaxation determined. If we assume, as a first approxima-
a function of temperature in Figures-8. Similar temperature tion, that the temperature dependence of,dnd 1T, observed
dependence is exhibited by the fits to a single exponential and between 5 and 30 K persists up to 90 K, the estimated relaxation-
by the long and short components obtained by fitting the data time-determined line widths would be 3 MHz for FeTfgand

to the sum of two exponentials. Within the temperature range 6 MHz for FeTfoxalate. Continued extrapolation to 170 K gives
over which data were obtained, the temperature dependence ofstimated relaxation-determined line widths of 7 MHz for
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FeTfCG; and 14 MHz for FeTfoxalate. Even with substantial

margins of error for the extrapolations, the estimated values at
90 and 170 K still are small compared with the apparent line |

widths in the CW spectra, which indicates that the line widths
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170 K. This conclusion is consistent with the observation tha

the line widths are approximately independent of temperature gg

up to about 150 K for FeTfC® and up to the highest
temperature examined (100 K) for FeTfoxalate.
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