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Continuous wave EPR spectra of the nitroxyl signals for four
spin-labeled high-spin (h.s.) Fe(111) porphyrins showed partially
resolved splittings at temperatures near 4 K. Axial ligands were
fluoride, chloride, or bromide. As temperature was increased to
20 to 30 K the iron—nitroxy! splitting collapsed due to increasing
rates of iron relaxation. Electron spin-echo (ESE) spectroscopy
showed that above about 6 K collapse of the iron—nitroxyl spin—
spin splitting caused a dramatic increase in the nitroxyl phase
memory relaxation rates. Electron spin relaxation rates were deter-
mined for Fe(tetratolylporphyrin)X, X = F, Cl, Br, in toluene
solution by ESE or inversion recovery at 4.5 to 6 K and by analysis
of the temperature-dependent contributions to the continuous
wave EPR linewidths between about 10 and 120 K. Above about
10 K iron relaxation rates increase in the order X = F < Cl <
Br, which is the order of increasing zero-field splitting. Saturation
recovery data for two spin-labeled h.s. iron(I11) porphyrins be-
tween about 15 and 120 K and for two additional spin-labeled h.s.
iron(111) porphyrins between about 85 and 120 K demonstrated
that interaction with the h.s. iron enhanced the electron spin relax-
ation rate of the spin label. The saturation recovery curves for the
nitroxyl were analyzed to determine interspin distances using a
modified version of the Bloembergen equation and independently
determined iron relaxation rates. Interspin distances were between
11.6 and 15.0 A, were independent of axial ligand, and were in
good agreement with values obtained previously for low-spin
Fe(111) and Cu(1l) analogs. © 1998 Academic Press

INTRODUCTION

There is a significant number of proteins that contain, in
accessible oxidation states, two native paramagnetic centers
(1, 2). This list includes a growing number of metalloen-
zymes that involve interaction between two inequivalent
paramagnetic centers, including, for example, Co(Il) with
organic radicals in B,,-dependent enzymes (1), iron—sulfur
cluster with the Ni—C center in nickel-containing hydroge-
nase (2, 3), iron oxo-dimer with tyrosyl radical in ribonucle-
otide reductase (1), and heme with flavin radical in nitric
oxide synthase and NADPH cytochrome P450 reductase
(4). In these types of systems determination of the distance
between the two paramagnetic centers provides a crucial
clue to the spatial layout of the interacting partners.

Continuous wave (CW) electron paramagnetic resonance
(EPR) has been used to obtain electron—electron interspin
distances primarily via analysis of lineshape changes due to
spin—spin splitting (5) or by measurement of the relative
intensity of the half-field transition (6). The intensity of the
half-field transition falls off asr ~® so it isuseful primarily for
relatively short interspin distances. Dipolar splittings have an
r —3 dependence. The longest distances for which resolved
lineshape changes can be observed depends upon linewidths,
but 12—15 A is a generous upper limit, except for systems
with very narrow lines. To observe resolved spin—spin split-
tings the relaxation rate of both spins must be slow relative
to the splitting, which limits the application of these methods
to dowly relaxing metals. Electron spin relaxation times are
expected to be sensitive to interaction with arapidly relaxing
spin over longer distances than can be detected by changes
in CW lineshapes.

Impact of spin—spin interaction on nitroxyl T,. Equation
[1], which is based on the NMR work of Bloembergen and
colleagues (7-9), and is sometimes referred to as the
Bloembergen equation, describes the effect of a rapidly re-
laxing electron spin on the relaxation rate for a more slowly
relaxing spin due to dipolar coupling in rigid media. It has
been applied to mixtures of radicalswith paramagnetic metal
ions (10, 11) and to pairwise interaction between paramag-
netic centers (3, 4, 10, 12—23). One early study (11) made
the assumption that Ty; = T,; and replaced T,; in Eq. [1]
by Ti;. That version of the equation was subsequently used
in situations where T may not have been equa to Ty
(12, 13). Initially CW power saturation was used to measure
Tis (10, 12-14, 16, 17). More detailed information can be
obtained by examining the full shape of the saturation recov-
ery (SR) curve for the slowly relaxing partner. The dipolar
interaction is anisotropic. In addition, for most metals, there
is anisotropy in w; due to g anisotropy, A anisotropy, or
zero-field splitting which causes significant anisotropy in w;
— ws. IN some cases there is anisotropy in T1; and/or T;.
The net effect of these anisotropies is that Ty is different
for different orientations of the molecule with respect to the
external magnetic field. The resulting saturation curve is a
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superposition of responses from different orientations and is
not asingle exponential decay (4, 18—23). Simplified forms
of Eq. [1] assume that the dipolar interaction is the only
source of anisotropy in Ty (3, 4, 18-21), which is not valid
for metal ions with anisotropy, including the anisotropy for
S > 1/2 with substantial zero-field splitting (ZFS).

Ti = Tio + S(S+ 1)
1s 1s
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where “‘f”" and ‘'S’ denote the fast and slowly relaxing
spins, respectively; Ti is T, for the Slowly relaxing spin in
the absence of spin—spin interaction; T, is T, for the slowly
relaxing spin perturbed by the fast relaxing spin; S is the
electron spin on the faster relaxing center; w; and w; are the
resonant frequencies for the fast and slowly relaxing spins,
respectively; r is the interspin distance; and 6 is the angle
between the interspin vector and the external magnetic field.

Equation [1] includes only the dipolar contribution to the
spin—spin interaction. Exchange interaction also can contrib-
ute to enhanced relaxation of the slowly relaxing partner. In
some reports the exchange contribution was added to Eq.
[1] as a separate term in J? (3, 4, 18—21). However, the
exchange interaction contributes to the same S,. S, matrix
elements of the spin—spin interaction Hamiltonian that are
the basis for the B term in Eq. [1]. Since, in generd, the
sum of the squares is not equa to the square of the sum,
the exchange contribution should be included by modifying
b? as shown in the following equation (22, 23) rather than
having a separate term involving J?.

8 J 1 1 — 3 cos?) |?
b2=—[—§—zgsgfﬂz%] [2]

where J in units of s7* is the electron—electron exchange
interaction for the Hamiltonian written as —JS;- S,.

For systems in which the EPR spectra of the rapidly and
slowly relaxing spins overlap, the factor of w; — ws in the

denominator of the B term can become very small for some
orientations of the molecule. To ensure that T,s approaches
Ty in the limit as w; — ws becomes small, we proposed
modification of the B term (22, 23) as

b2T,;

Modified B term: .
l + (LA.)f — wS)ZTgf + szlszf

[3]

Equation [1] is the rigid-lattice version of the Solomon
equation that is widely used to interpret NMR spectra of
paramagnetic molecules in fluid solution (24). To obtain
the Solomon equation from Eq. [1] the angular-dependent
terms are replaced by spherical averages because it is as-
sumed that tumbling isfast enough to average the orientation
dependence of the dipolar interaction.

The factor of S(S + 1) in Eq. [1] and in the Solomon
equation relies on the assumption that the Curie law is
obeyed (25). For S> 1/2 thiswill be valid at temperatures
where KT is significantly greater than the ZFS. In NMR
studies it has been observed that proton relaxation enhance-
ment for metals with large ZFS is not as large as predicted
by the Solomon equation (24). We have also observed that
the impact on nitroxyl relaxation of h.s. Fe(111) porphyrins
(S = 5/2) is not as much greater than for low-spin (I.s.)
Fe(I11) porphyrins (S = 1/2) as expected for the differences
in magnetic moment (26). For a metal with S = 5/2 and
ZFS greater than the EPR quantum, them, = +1/2 transition
has w; approximately equal to the EPR quantum, but other
transitions have w; of the order of 2D and 4D. The large
values of w; for these transitions result in such large denomi-
nators for the B and E terms in Eqg. [1] that these other
transitions do not contribute effectively to enhanced relax-
ation. To take account of the ineffectiveness of these transi-
tions in enhancing the relaxation of the slowly relaxing spin
we propose, as a first approximation, to add a weighting
factor to the B and E terms. The weighting factor is the
fraction of fast relaxing spinswith my, = =1/2 at a particular
temperature and zero-field splitting calculated from the
Boltzmann populations of the three Kramers' doublets. It is
assumed that other transitions make such a small contribu-
tion to the B and E terms that to first approximation they
can be neglected. A similar factor does not apply to the C
term because the denominator depends only on wg and not
on wgs.

Impact of spin—spin interaction on nitroxyl T,,. Inrigid
media the iron—nitroxyl interaction a so impacts the nitroxyl
Tm. In mixtures of organic radicals with more rapidly re-
laxing centers the impact of spin—spin interaction on ESE
decay curves has been analyzed to determine the spatial
distributions of the paramagnetic centers (27). For pairwise
interaction between inequivalent paramagnetic centers the
dominant effect on T, for the slowly relaxing center is analo-
gous to the effects of a dynamic physical process that aver-
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ages inequivalent nuclei to which the unpaired electron is
spin-coupled (22, 23). As temperature is increased and the
relaxation rate of the more rapidly relaxing center becomes
comparable with the splitting of the EPR signal due to spin—
spin interaction there is an uncertainty in the resonance fre-
guency and a decrease in T, for the slowly relaxing center.
Further increase in the relaxation rate of the faster relaxing
center gives an averaged signal and an increase in T, for
the slowly relaxing center. Equations for analyzing the effect
of atwo-site averaging process on the ESE decay were de-
rived by Zhidomirov and Salikhov (28) and have been used
to analyze the effects of rotation of methyl groups in acetate
anion (29) and in nitroxyl radicals (30). When these equa-
tions were used to analyze the decays for spin-labeled I.s.
Fe(l11) complexes as a function of temperature it was ob-
served that the effective correlation time was VT4 To¢
(22, 23). The involvement of both T,; and T,; reflects the
fact that either a T, flip or a T, flip for the rapidly relaxing
center causes a change in the resonant frequency of the
sowly relaxing center to which it is spin-coupled and
thereby constitutes a dephasing mechanism.

To examine the effects of high-spin Fe(ll1) on nitroxyl
relaxation SR and ESE data were obtained for high-spin
Fe(111) complexes of the spin-labeled porphyrins shown be-
low. The axia ligands were fluoride, chloride, and bromide,
which span a range of values of ZFS. These spin-labeled
porphyrins were selected for the initial study of h.s. Fe(lll)
to permit comparison with previous determinations of in-
terspin distances for the low-spin Fe(ll1) analogs by time-
domain EPR (22) and for Cu(ll) analogs by CW EPR of
doped single crystals (31).

SL=
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EXPERIMENTAL

Preparation of compounds. Fe(TPP)CI (22), Fe(TTP)Cl
(22), Fe(cissTPP-SL)CI (22), Fe(trans-TPP-SL)CI (22),
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Fe(sat'd-TPP-SL)CI (22), [Fe(p-TTP-SL)].0 (22, 32),
Fe(trans- TPP-ester) Cl (33), H,(trans-TPP-SL) (33), and
H,(p-TTP-SL) (33) were prepared by literature methods.
Products were characterized by visible and EPR spectros-
copy (22, 33).

Preparation of solutionsfor EPR studies. The solid (iso-
lated) samples of the iron porphyrin chlorides typically con-
tained some oxo-bridged dimer. To ensure that al of the
iron existed as the 5-coordinate monomer, each complex
was treated with base to form the 5-coordinate hydroxide
which spontaneously converts to the oxo-bridged dimer.
Then the dimer was treated with a dilute agueous acid solu-
tion to make the 5-coordinate halide. In preparing samples
from isolated solids that were predominantly oxo-dimer,
samples were shaken with base to ensure that all of the
porphyrin was in the oxo-dimer form before being shaken
with acid. The organic and agqueous phases were mixed by
shaking by hand as reported previously (22) or by shaking
with a WigLBug (Crescent Dental Co.) as described below.
Compared to shaking samples by hand, the use of the
WigLBug gave essentially complete and reproducible con-
version of axial ligand while reducing the contact time of
the organic solution with the acid solution from several min-
utes to 0.5 to 1.0 min and reducing the acid concentration
from 2 to 1%. Samples were prepared and studied in toluene
instead of the 2:1 toluene:chloroform mixture that was used
to study the low-spin analogs (22) because residual HCI
present even in carefully purified chloroform madeit difficult
to avoid contamination with axial chloride complexes.

In a 2.0-mL plastic microfuge tube 1.0 mL of 0.05 M
aqueous NaOH was added to 1.0 mL of 1.0 mM iron(l1)-

Ri Ry R3
SL CH3 H p-TTP-SL
cis
H H -CH=CH-SL cis-TPP-SL
trans
H H -CH=CH-SL trans-TPP-SL
trans
H H -CH=CH-COOEt trans-TPP-ester
H H  -CHp-CHz-SL satd-TPP-SL
H H H TPP
CH3 CHj H TTP

porphyrin chloride in toluene. The tube was taped to the
plate of the WigLBug where it was shaken for 2 min. The
green toluene layer was removed with a glass pipet and
transferred to a clean tube and the procedure was repeated.
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After the second shaking with base, the toluene layer was
again transferred to a clean tube, 1.0 mL of 1% agueous H X
(X = F, Cl, Br) was added, and the mixture was shaken
with the WigLBug. Times for shaking were 0.5 min for HCI
and 1.0 min for HBr or HF. After the shaking, the toluene
solution was transferred to a clean, dry tube. In each transfer
care was taken to separate the toluene solution from the
aqueous layer. An aliquot of the final solution was trans-
ferred to a 4-mm EPR tube. The remainder of the solution
could be stored in a glass container for up to 2 weeks at 0°C
without degradation. Samples for relaxation time measure-
ments were degassed by a minimum of three freeze—pump—
thaw cycles, and then the tube was back-filled with a partial
pressure of helium.

Below about 10 K the EPR spectra of FeTTPF and
FeTTPBr in glassy solution exhibit characteristic splitting
of the g’ = 2 signal due to coupling to the nuclear spin of
the F (I = 1/2, doublet) or Br (I = 3/2, quartet). The g’
= 2 signa for FeTTPCI is a singlet. Complete conversion
of axial ligand was indicated by the absence, within experi-
mental uncertainty, of the singlet for FeT TPCI superimposed
on the characteristic doublet (F) or quartet (Br) in the EPR
spectra at liquid helium temperatures. Visible spectra as a
function of axia ligand for FETTPX in toluene were as
follows with A\, in Nnanometers and log(e) in parentheses:
X = F, 417 (5.19), 597 (3.78), 636 (3.73); X = Cl, 372
(4.76), 421 (5.10), 508 (4.17), 571 (3.61), 690 (3.61);
X = Br, 388 (4.88), 422 (5.03), 512 (4.21), 576 (3.58),
699 (3.57).

Continuous wave EPR spectra. Spectra were obtained
in the CW mode on locally constructed spin-echo (34) or
saturation recovery (35) spectrometers with Varian TE,,
resonators and an Oxford ER900 flow cryostat or on a Bruker
ESP 380E with a split-ring resonator and Oxford ER935
cryostat. Temperatures for each system were calibrated by
replacing the sample-containing tube with a tube containing
a thermocouple immersed in 1:1 water:glycerol or a Lake-
shore TG-120PL GaAl As diode immersed in silicone oil.
Temperatures were measured with a L akeshore readout that
was calibrated with liquid nitrogen and liquid helium. The
uncertainty in temperature is estimated to be =1 K.

Saturation recovery measurements. A localy con-
structed spectrometer (35) operating at 9.2 GHz was used
for the SR measurements. Temperatures between 5 and 70
K were obtained with liquid helium and an Oxford ER900
flow cryostat. Temperatures between 80 and 120 K were
obtained with liquid nitrogen and a Varian Dewar flow as-
sembly. To test for spectral diffusion the pump time was
increased until further increase gave no detectable change
in the recovery time constant. Pump times used for data
collection were >T,. Typically 5000 to 10,000 recovery
curves were signal averaged in aLeCroy digital oscilloscope
or with an EGG 9825 digitizer and stored in a PC. SR
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data for the spin-labeled high-spin Fe(111) porphyrins were
recorded in the center of the nitroxyl spectrum at tempera-
tures between about 10 and 120 K. The dependence of the
SR data on position in the spectrum was examined at
100 K.

Electron spin-echo measurements.  Two-pulse spin-echo
experiments were performed either on a locally constructed
spectrometer (34) operating at ca. 9.2 GHz with an over-
coupled Varian V4531 TE,, resonator and an Oxford ER900
flow cryostat or on a Bruker ESP380E with a split-ring reso-
nator and an Oxford ER935 cryostat. Datafor theiron signals
were recorded on the ESP380E using 16- and 24-ns pulses
and incident power selected for maximum echo intensity.
On the locally constructed system nitroxyl data were col-
lected with 20- and 40-ns pulses and a dead time of 200 ns.
On the ESP380E pulse widths for the nitroxyl samples were
40 and 80 ns and the dead time was about 100 ns. Typically,
echo decays of 256 to 512 data points were recorded ex-
tending for 2 to 15 us. On the locally constructed spectrome-
ter the boxcar aperture was set to encompass the full width
at half-height of the echo. On the ESP380E an integrator
module was used to digitize the echo.

The time constant for the ESE decay is referred to as T,,,
to encompass al processes that result in echo dephasing,
including the collapse of iron—nitroxyl splitting by the iron
electron spin relaxation. The values obtained directly from
experiment are typically cited as decay time constants. In
the ensuing discussion it is often more direct to refer to
relaxation rates, which are the reciprocals of the time con-
stants. For 1 mM glassy solutions of nitroxyl radicals at the
temperatures and pulse lengths examined in these studies,
T, is weakly dependent upon pulse turning angle, which
indicates that instantaneous diffusion (36) makes only a
minor contribution to T,,. To the extent that this process
contributes to T,,, it will be about the same for H,(trans-
TPP-SL), for H,(p-TTP-SL) and for the spin-labeled iron
complexes and does not contribute to differences between
them.

To determine the temperature dependence of echo inten-
sity for Fe(p-TTP-SL) X the echo amplitude at 100 ns was
measured on a LeCroy 9410 oscilloscope at arepetition time
that was long relative to the nitroxyl T,. For samples of
Fe(trans- TPP-SL) X, Fe(cis-TPP-SL) X, and Fe(sat'd-TPP-
SL) X the echo amplitude at long repetition time, I.., was
estimated using the relationship I, = L.[1 — e Y™], where
t is the pulse repetition time.

Direct measurements of T, and T, for high-spin Fe(lll)
by inversion recovery or ESE, respectively, were performed
at 4.5to 6 K and the data were fitted to a single exponential.
Inversion recovery measurements were performed on the
ESP380E with a 71—T—7/2—7—7—7—echo sequence. For
FeTTPX, and for the iron signals in the spin-labeled com-
plexes, the value of T,, was independent of pulse turning
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angle which indicates that instantaneous diffusion (36)
makes a negligible contribution to the dephasing process.
The high-spin Fe(l11) EPR signal extends over about 2300
G so the probability that a neighboring Fe(l11) is flipped
by the second microwave pulse and thereby changes the
resonance of the observed iron is negligibly small. There
were no indications of processes other than T, that might
contribute to T,, for the iron so T,, was assumed to be a
reasonable estimate of T,.

ANALYSIS OF EXPERIMENTAL DATA

Analysis of CW spectra of high-spin Fe(ll1) to determine
T,. The powder spectra of the high-spin Fe(l11) complexes
were simulated with a locally written program (SATMON)
in which the lineshape is a Gaussian distribution of Lo-
rentzian spin packets characterized by T,. Simulations were
based on fictitious S = 1/2 and the effective g values ob-
tained by the simulations are denoted as g’. The widths
of the Gaussian distributions and the values of T, can be
orientation dependent. At low temperature the orientation-
dependent T, values were defined by the ESE experiments
and the g’ values, hyperfine splittings, and widths of the
Gaussian distribution were adjusted to fit the spectra. Hyper-
fine splitting and the widths of the Gaussian distributions
were assumed to be independent of temperature. The temper-
ature-dependent contribution to the linewidths at tempera-
tures above about 10 K were simulated by varying the value
of T,.

The g’ vaues for the my = +1/2 transitions of the high-
spin Fe(l11) were approximately 6.0 and 2.0 for al of the
complexes, within the uncertainty in field-sweep calibration.
For FeTTPX and Fe(trans-TPP-ester) X g’ anisotropy in the
X,y plane (| gx — gy|) increased in the order X = Br (0.0)
< Cl (0.02) < F (0.2). Resolved hyperfine splittings along
g, were AF" = 0.00205 cm™* for Fe(trans-TPP-ester)Br,
FeTPPBr, and FETTPBr and AF = 0.0041 cm™* for Fe(trans-
TPP-ester)F and FeTTPF. These hyperfine splittings are
comparable to values reported in the literature: A% =
0.00261 cm™* for Fe(deuteroporphyrin dimethylester) Br in
THF-chloroform (37) and 0.00256 cm™* for Fe(protoporph-
yrin dimethylester)Br in THF-chloroform (37); Af =
0.0042 cm™* for FETPPF in solid H,TPP (38) and 0.0044
cm* for Fe(protoporphyrin dimethylester) F or Fe( deutero-
porphyrin dimethylester) F in THF-chloroform (37) . Hyper-
fine splitting was not resolved along g’ ~ 6. Hyperfine
splittings in the perpendicular plane were adjusted along
with the width of the Gaussian distribution to fit the observed
low-temperature linewidths. The values of A5 that were used
in the simulations were 28 x 10~* cm™ for X = Br and 40
X 107* em™ for X = F. The widths (w;) of the Gaussian
distributions that were used in the simulation for FETTPX
wereX =Br;w,=w,=20G,w,=7G; X=Cl, w =9,
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w,=40,w, =7G; X=F, w,=w, = 25w, =8G. Similar
widths of the distributions were used for the unsymmetrically
substituted porphyrins, including the spin-labeled porphy-
rins.

Simulation of nitroxyl spectrumat 100 K. CW spectra
of H,(trans-TPP-SL) and H,(p-TTP-SL) at 100 K were
analyzed using the locally written program MONMER,
which is based on perturbation calculations, assumes that
the principal axes of the g and A matrices are collinear,
and treats hyperfine interactions to second order (39).
Nitroxyl parameters were g, = 2.0095, g, = 2.0053, and
g, = 2.0025; A, =4 x 10*, A, =6 x 107%, and A, =
335 x 10 *cm™™.

Analysis of saturation recovery data for spin-labeled com-
plexes. The nitroxyl SR data were simulated using Egs.
[1] -[3] and the weighting factor for the B and E terms
described in the Introduction. A random distribution of mo-
lecular orientations with respect to the externa magnetic
field was included. For each molecule there is a defined
angle, ¢, between the interspin vector and the z axis of the
Fe(l11) ZFS tensor. Since the rhombic distortion of g’ is
very small, asecond angleis not heeded to define the orienta-
tion. Since the true g values for the high-spin Fe(ll1) are
approximately isotropic and the anisotropy of the g values
for the nitroxyl isvery small, there is insignificant anisotropy
of gs and g; in the calculation of the dipolar interaction and
the anisotropy of the dipolar splitting is determined by the
dependence on 6 in Eq. [1]. For each orientation of the
molecule w; — ws Was calculated using the principal compo-
nents of g’, ¢, and the orientation of the interspin vector
relative to the external magnetic field. The anisotropy of w;
— wsisamagjor contribution to the anisotropy of Tis. Since
the dipolar interaction falls off as r ~° and the average inter-
molecular distanceinal mM solution, for arandom distribu-
tion (40), isabout 66 A, it was assumed that the intramolec-
ular iron—nitroxyl interaction (r = 10 to 15 A, see below)
dominated and that intermolecular interaction could be ne-
glected. The nitroxyl T, at each orientation was calculated
and the contributions to the SR curve were summed using
the appropriate solid angle weighting, analogous to what is
done in simulating CW powder spectra.

If one could obtain orientation-selective relaxation time
information it could be used to separate exchange and dipolar
contributions to the spin—spin interaction. However, in the
spin-labeled complexes the nitroxyl T, showed little varia-
tion with position in the EPR spectrum at 100 K. At X band,
possibilities for orientation selection based upon position in
the nitroxyl spectrum are limited by the orientation depen-
dence of the nitroxyl nitrogen hyperfine splitting (about 30
G). The selectivity is decreased by unresolved proton hyper-
fine splitting which contributes about 7 G to the linewidths
in glassy solution. The interspin distances observed for these
complexes (10—15 A) result in maximum dipolar splittings
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that are of the same order of magnitude as the nitroxyl hyper-
fine splitting, which obscures orientation selection at these
interspin distances. The interspin distances were calculated
from data obtained in the middle of the nitroxyl spectrum
where there is maximum overlap of transitions from multiple
orientations. Orientation selection was not included in the
calculations because it was judged to have less impact than
experimental error.

Input parameters for analysis of nitroxyl SR data. The
values of TY were obtained from SR measurements on
H,(trans-TPP-SL) or H,(p-TTP-SL). Vaues of T,; at tem-
peratures above about 10 K were obtained by anaysis of
the temperature-dependent contributions to the iron CW
lineshapes as discussed above. Between 4 and 6 K the tem-
perature dependence of T,; is greater than for T,; and the
data suggest T, ~ T,; above about 10 K. The values of ¢,
the angle between the interspin vector and the ZFS axes of
the Fe(l1l), that were used in the simulations were based
on the known geometries of the complexes and the values
observed in the single-crystal EPR studies of Cu(trans-TPP-
SL) and Cu(cisTPP-SL) (31): Fe(sat'd-TPP-SL)X, € =
45° Fe(cisTPP-SL) X, € = 60°; Fe(transTPP-SL) X, € =
90°; Fe(p-TPP-SL)X, ¢ = 90°. The simulated SR curves
were weakly dependent on the value of €. Values of the ZFS
splitting parameter D for FeTPPCI determined by a variety
of techniques are between 6.0 and 8.0 cm™* (41-45) so0 7.0
cm ™ was taken as an average. For FETPPBr, D = 12.5cm™*
(46). For FePX, D increasesin the order F < Cl < Br (47)
and typically issmaller for FeTTPX than for Fe( protoporph-
yrin IX dimethyl ester) X. Since the value of D for Fe(proto-
porphyrin IX dimethyl ester)F is 5.0 cm™* (47), the value
of D for FETTPF was estimated as 4 cm™*. The simulated
SR curves at temperatures above 15 K were insensitive to
changes of =1 cm™* in the value of D. The remaining un-
knowns in Egs. [1] —[3] are r and J. The vaue of r was
adjusted to give the best fit to the experimental data with J
= 0. The use of nonzero values of J did not improve the fit
to the data. As discussed below, the CW spectra indicate
that the value of J in these complexes is significantly less
than the z component of the nitroxyl nitrogen hyperfine split-
ting, i.e. J < 35 G. To estimate the magnitude of the error
in r that could occur due to neglect of exchange interaction
of this magnitude, simulations of the SR data for Fe(trans-
TPP-SL) X were performed with |J| = 5 G. The resuiting
values of r were longer by about 0.5 A than when exchange
was not included. Thus for interspin distance of the magni-
tude observed in this study, neglect of an exchange interac-
tion of the order of 5 G is not a major source of error.

Analysis of spin-echo data for nitroxyl in spin-labeled
complexes. The analysis of the spin-echo data was the
same as that used for the low-spin analogs (22, 28) except
that the factor of 2 used in the calculation of dipolar splitting
for S = 1/2 was replaced by the more general S(S + 1).
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Although the collapse of splitting due to interaction with
the high-spin Fe(l11) is more complicated than a two-site
exchange, the approximation as two-site is comparable to
the approximation of methyl group rotation as a two-site
exchange. Only orientations of the nitroxyl that result in
resonance within +3 to 5 G of the center of the nitroxyl
spectrum were included in the calculation (22). Parameters
for the analysis of the ESE data for Fe(p-TTP-SL) X were
the same as in the analysis of the SR data. Asin the analysis
of the SR data it was assumed that intermolecular iron—
nitroxyl interaction could be neglected.

The values of T, and T,; between 5 and 10 K were
interpolated between the values obtained by ESE and inver-
sion recovery below 6 K and the values obtained by analysis
of theiron CW lineshapes above 10 K. In the slow averaging
limit (Eq. [5] of Ref. 22), the effect of the iron on the
nitroxyl T,, is independent of the splitting that is collapsed
and depends only on the rate of the dynamic process. For
spin-labeled low-spin Fe(111) porphyrins the observed tem-
perature dependence of the dynamic process was that of
VT4T2 (22). A similar dependence was observed for the
high-spin complexes reported here.

RESULTS

CW spectra of high-spin Fe(Ill). The CW spectra of
FeTTPX, X = F, Cl, Br, exhibited characteristic turning
pointsatg’ ~ 6andg’ ~ 2duetothem; = =1/2 transitions.
Near 4 K the linewidths were independent of temperature
and are attributed to a distribution in g’ values and unre-
solved hyperfine splitting, which is assumed to be indepen-
dent of temperature. The temperature-dependent contribu-
tion to the linewidths at higher temperatures is attributed to
increasing rates of electron spin relaxation with increasing
temperature. The low-temperature linewidths for the g’ ~2
signals were narrower (7—10 G, depending on axial ligand)
than the linewidths for the g’ ~ 6 signals (20—40 G). In
addition, the conversion between 1/T, in s and linewidth
in gauss depends inversely on the g’ value. Because of these
two factors the contribution to the linewidth from electron
spin relaxation was observable above 8 (X = Br) to 10 K
(X = F) for the g’ ~ 2 turning point whereas significant
changesintheg’ ~ 6 linewidth were observable only above
15 (X = Br) to 20K (X = F). Dueto the lower populations
a the g’ ~ 2 turning point, the g’ ~ 2 signal became
indistinguishable from background at a lower temperature
than did theg’ ~ 6 signal, so the width of theg’ ~ 6 signd
could be measured at higher temperatures than the width of
the g’ ~ 2 signal.

The values of T, for FETTPX, X = F, Cl, Br, determined
by simulation of the CW spectraof them, = =1/2 transitions
are shown in Fig. 1. In the temperature range in which elec-
tron spin relaxation made an observable contribution to the
CW lineshapes the values of T, dongg’ ~ 2and g’ ~ 6
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FIG. 1. Electron spinrelaxation rates for Fe(l1l1) my = =1/2 transitions

of FETTPX in toluene as a function of temperature. Values of T, between
4 and 6 K were obtained by ESE and values at higher temperature were
obtained by simulation of the temperature-dependent contributions to the
CW lineshape. Values of T, between 4 and 6 K were measured by inversion
recovery. (A) X =F, To; (O) X =F, Ty; (A) X =F, Ti; (), X =
F, Ty; (O) X =Cl, Ton; (+), X =Cl, Ty; (W) X =Cl, Ty (X) X =
Cl, Ty; (V), X =Br, Toy; () X=Br, Ty; (V) X=Br, Tig; (») X =
Br, Ty. The lines on the graphs connect the data points.

were the same within experimental uncertainty. In the spin-
labeled complexes the nitroxyl signal obscured the g’ ~ 2
turning point for the Fe(111). However, for each axial ligand,
iron T, values calculated fromtheg’ ~ 6 Fe(ll1) signalsasa
function of temperature for Fe(p-TTP-SL ) X were the same,
within experimental uncertainty, as the values obtained for
FeTTPX. The values of T, determined from the CW line-
shapes for Fe(trans-TPP-ester)Br and Fe(TPP)Br were
within experimental uncertainty of the values for Fe(TTP)Br.
Thus, for these complexes, the substituents on the phenyl or
pyrrole rings do not appear to have significant effects on the
rate of iron electron spin relaxation. The values of T, for
Fe(TTP) X (Fig. 1) were used in the analysis of the SR and
ESE data for the spin-labeled complexes with the same axial
ligand.

Time-domain measurements of iron(111) relaxation times.
At4to 6 K T,, and T, for the iron signal were measured by
ESE and inversion recovery, respectively. It was assumed
that T,, ~ T,. In this temperature interval the relaxation
times decreased monotonically as g’ increased from 2 to 6
and T, was significantly longer than T, (Fig. 1). For exam-
ple, for FETTPCI in toluene a 4.5 K Ty = 0.4 us, T, =
0.1 us, Ty = 5 us, and T, = 0.5 ps. For high-spin Fe(l1)
in methemoglobin and metmyoglobin at temperatures near
4K power saturation studies and time-domain measurements
indicated longer relaxation times along the parallel axis than
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in the perpendicular plane (48—50) . The absence of asimilar
orientation dependence at higher temperatures suggests that
the dominant relaxation mechanism changes with tempera-
ture.

Since the ZFS for the h.s. Fe(l1l) porphyrins is greater
than the X-band EPR quantum, only transitions between the
m, = +1/2 levels are observed. Electron spin relaxation
times may be different for different values of m;. Relaxation
between m, = +1/2 and m, = +3/2 as well as relaxation
between the m; = +1/2 levels contributes to the tempera-
ture-dependent linewidths and to the time-domain measure-
ments for the my, = +1/2 transition. As discussed in the
Introduction, for the B and E terms in Egs. [1] —[3] we
assume that the iron my = +1/2 transitions are the only
transitions that make significant contributions to the en-
hanced relaxation of the nitroxyl. Thus the approximation
that the measured values are adequate estimates of the iron
relaxation times for al values of my introduces uncertainty
only for the C term.

CW nitroxyl spectra. At 6 to 8 K the nitroxyl regions
of the CW spectra of the spin-labeled high-spin Fe(111) com-
plexes exhibited partially resolved splittings due to iron—
nitroxyl interaction (Figs. 2—4). In the absence of iron—
nitroxyl interaction, the nitroxyl relaxation time at 6 to 8 K
is so long that CW spectra at the lowest microwave powers
and modulation frequencies available on commercial spec-
trometers are serioudly distorted by passage effects. The de-
crease in relaxation time due to interaction with the Fe(l11)
makes it possible to obtain CW spectra of the nitroxyl in the
spin-coupled complexes. Spectra were checked for passage
effects.

In spin-labeled high-spin Fe(l11) porphyrins with J that
is large relative to w; — ws, EPR signals are observed at
average g values (51). If Jislessthan w; — ws but larger
than the nitroxyl hyperfine splitting, large splittings of the
iron and nitroxyl signals are observed at low temperature
(52). Unlike those cases, the nitroxyl spectra in Figs. 2—4
are characteristic of much weaker iron—nitroxy! interaction.
Scans wider than those shown in Figs. 2—4 indicated the
absence of additional signals dueto stronger spin—spin inter-
action. The spectra in Figs. 2C and 3C show partialy re-
solved splittings of about 18 G on the high-field Az line,
reduced relative intensity in the center of the spectrum, and
a sharp component in the center. If an exchange interaction
dominated, the splittings would be approximately isotropic,
which is not the case for any of the samples examined in
this study. The observed |ow-temperature spectra are charac-
teristic of an interaction that is dominated by an anisotropic
dipolar interaction. Although the spectra are not well enough
resolved to determine the exchange and dipolar contribu-
tions, the value of J must be much smaller than the nitrogen
hyperfine splitting. The smaller splittings in the low-temper-
ature spectrum of Fe(p-TTP-SL)Br (Fig. 4C) than in the
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spectrum of Fe(trans-TPP-SL ) Br (Fig. 2C) indicate weaker
electron—electron interaction for Fe(p-TTP-SL) Br than for
Fe(trans-TPP-SL) Br. The apparently greater broadening for
the high-field and low-field A; lines than in the center of the
spectrum again indicates that there is a large anisotropic
contribution to the electron—electron interaction for this
sample.

As the temperature was increased the splittings of the
nitroxyl spectra collapsed due to increasing rates of iron
electron spin relaxation (Figs. 2—4). Above about 30 K
the nitroxyl regions of the CW spectra of the spin-labeled
iron(111) porphyrins were typical of immoabilized spin label.
Collapse of the iron—nitroxyl splitting occurs when
1/NT4T,: in st is of the same order of magnitude as the
iron—nitroxyl spin—spin splitting expressedins™* (22). The
collapse occurs at lower temperature when the axial ligand
is Br~ (Fig. 2) than when it is F~ (Fig. 3) because at the
same temperature the iron relaxation rate is faster in the
complexes with axial bromide than with axia fluoride
(Fig. 1).

In toluene solution at room temperature the CW spectra

A 22K
B 13K
c 7K
L I L
3200 3250 3300 3350

Magnetic Field (G)

FIG. 2. CW spectra of Fe(trans-TPP-SL)Br in toluene at 9.24 GHz.
Spectra were recorded in the CW mode of the SR spectrometer with 1 G
modulation amplitude at 100 kHz and (A) 0.5 yW power at 22 K, (B)
0.15 uW power at 13 K, and (C) 0.15 uW power at 7 K.
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FIG. 3. CW spectra of Fe(trans-TPP-SL)F in toluene at 9.24 GHz.
Spectra were recorded in the CW mode of the SR spectrometer with 1 G
modulation amplitude at 100 kHz and (A) 4 W power at 32 K, (B) 0.5
uW power at 13 K, and (C) 0.5 uW power at 8 K.

of the spin-labeled high-spin Fe(111) complexes exhibited a
characteristic three-line nitroxyl signal. At this temperature
the iron relaxation rate is so fast that there is no evidence
in the unsaturated CW spectra of iron—nitroxyl interaction
although power saturation curves show small effects of the
Fe(l11) on the nitroxyl relaxation rates (53). Except for two
cases that are discussed below, double integration of 100-G
CW spectra at room temperature or 200-G CW spectra at
100 K and comparison with integrals for standard samples
of 4-0x0-2,2,6,6-tetramethylpiperidin-1-oxy! (4-oxo-tempo)
obtained under comparabl e conditions showed that the inten-
sity of the sharp characteristic nitroxyl signal accounted for
all of the spin label in the sample.

In contrast, in a 0.4 mM toluene solution of Fe(p-TTP-
SL)F at room temperature the integrated intensity of a 100-
G scan corresponded to about 70% of that expected for the
total nitroxyl in the sample. The fraction of the nitroxyl
intensity observed in a 100-G scan decreased with increasing
concentration of the solution (32). Since 100% of expected
nitroxyl intensity was observed when the complex was pres-
ent as[Fe(p-TTP-SL)], O, Fe(p-TTP-SL)Cl, or Fe(p-TTP-
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FIG. 4. CW spectraof Fe(p-TTP-SL)Br in toluene at 9.24 GHz. Spec-
trawere recorded in the CW mode of the SR spectrometer with 1 G modula-
tion amplitude at 100 kHz, 0.15 uW power and temperatures of (A) 19 K,
(B) 11 K, and (C) 6 K.

SL)Br the low fraction of the nitroxyl intensity observed
for Fe(p-TTP-SL)F is not due to incomplete spin labeling.
Underlying the sharp nitroxyl signal in the spectra of Fe(p-
TTP-SL)F there was a broad poorly defined component that
is attributed to a species with stronger iron—nitroxyl interac-
tion. When concentration was increased, the relative inten-
sity of the broad component increased and the integrated
intensity of the sharp signal decreased. It is proposed that
thereis an equilibrium with a dimeric speciesin which inter-
molecular interaction provides a pathway for stronger iron—
nitroxyl interaction than the intramolecular pathway in the
monomer (32). Addition of 5% by volume of the strong
hydrogen-bonding agent 2,2,2-trifluoroethanol (CF;CH,OH)
caused the integrated intensity of the sharp nitroxyl signal
to return to 97% of the total nitroxyl present in the sample.
Similarly, for a1.2 mM solution of Fe(sat’d-TPP-SL)F the
integrated intensity of a 200-G scan at 100 K was about
18% of that expected for the total nitroxyl concentration.
Addition of 5% CF;CH,OH caused an increase in the inte-
grated intensity to 44% of the expected value. These results
suggest that the pathway for astronger iron—nitroxyl interac-
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tion involves hydrogen bonding to the axia fluoride, which
is possible for certain porphyrin—nitroxy!l linkages. In reac-
tions of FeETPPX, X = F, Cl, with imidazole it has been
observed that hydrogen bonding to the axial ligand played
a mgjor role for X = F but not for X = Cl (54). This
observation is consistent with our proposal that the differ-
ence in behavior of Fe(p-TPP-SL)X, X = F and Cl, is due
to stronger hydrogen bonding with the axial F than with
axia Cl. Due to the presence of more than one species in
the solutions of Fe(p-TTP-SL)F and Fe(sat'd-TPP-SL)F,
these samples were not included in the time-domain studies.

Electron spin—lattice relaxation for spin-labeled porphy-
rins. For H,(trans-TPP-SL) between 25 and 120 K a plot
of log(1/T,) vs log(temperature) (Fig. 5) has a slope of
2.33 which is in the range observed for a wide variety of
nitroxyl radicals in this temperature interval (55). For a 1.2
mM toluene solution of H,(p-TTP-SL) in the same tempera-
ture interval the slope of an analogous plot was 2.21 (Fig.
6). However, below about 25 K the values of log(1/T,) for
the 1.2 mM solution of H,(p-TTP-SL) decreased less rap-
idly than predicted by thisline (Fig. 6) and the decays could
not be fit with a single exponential. Aggregation is known
to occur for porphyrins (56) and might contribute to in-
creased rates of electron spin—lattice relaxation. To test for
aggregation a toluene solution that contained 0.3 mM H,(p-
TTP-SL) and 1.0 mM H,(p-TTP-NH,) was examined. To
the extent that aggregation occurs in this sample the nearest
neighbor is more likely to be a diamagnetic porphyrin than
a spin-labeled porphyrin. At 95 to 120 K the values of T,

log [11T, 167
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FIG.5. Nitroxyl relaxation rates as a function of temperature in toluene
solution for () Ha(trans-TPP-SL); the least-squares fit line islog(1/T,)
= 233 log(T) — 0.76.; (M), Fe(transTPP-SL)F; (A) Fe(trans-TPP-
SL)CI; () Fe(trans-TPP-SL ) Br. The lines through the data for Fe(trans-
TPP-SL) X connect the data points.
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FIG. 6. Nitroxyl relaxation rates as afunction of temperature in toluene
solution for (0) 1.2 mM H,(p-TTP-SL); the least-squares fit line is log-
(1/T,) = 221 log(T) — 0.47; (A) 0.3 mM Hy(p-TTP-SL) + 1.0 mM
H,(p-TTP-NH,); the least-squares fit to data below 30 K islog(1/T,) =
3.06 log(T) — 1.8; (A) Fe(p-TTP-SL)Cl; (#) Fe(p-TTP-SL)Br. The
lines through the data for Fe(p-TTP-SL )X connect the data points.

for the nitroxyl in the mixed porphyrin sample differed by
less than 20% from values obtained for 1.2 mM H,(p-TTP-
SL), which is consistent with prior observations that T,
values for 0.1 to 1 mM solutions of nitroxyl radicals at
temperaturesin thevicinity of 100 K are not strongly concen-
tration dependent (55). Below about 20 K the values of T,
obtained for the nitroxyl in the mixed porphyrin sample were
significantly longer than those for H,(p-TTP-SL), which
suggests that for this porphyrin aggregation has a significant
impact on T, at temperatures below about 20 K. The effect
of iron—nitroxyl interaction on the nitroxyl relaxation rates
was analyzed at temperatures above 20 K.

Effect of Fe(I11) on nitroxyl spin—lattice relaxation rate.
The nitroxyl SR curves are not single exponentials. As dis-
cussed in the Introduction, the SR curves are sums of contri-
butions from molecules with different orientations with re-
spect to the external magnetic field and different resulting
values of Tis. To give a qualitative picture of the effect of
the iron on the nitroxyl relaxation the SR data were fit to a
single exponential and these relaxation rates are plotted as
afunction of temperature in Figs. 5 and 6. The enhancement
of the nitroxyl relaxation rate due to interaction with the
Fe(l1l) increases in the order X = F < Cl < Br (Figs. 5,
6), which correlates with the increasing rates of iron relax-
ation (Fig. 1).

The nitroxyl SR data were analyzed using Egs. [1] —[3].
The value of r was adjusted to fit the experimenta curves
at each temperature and the results are summarized in Table
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1. The uncertainties listed in Table 1 are the standard devia-
tions of the values of r obtained as a function of temperature.
Examples of the fits to the SR curves are shown in Figs. 7
and 8. SR curves were analyzed between about 20 and 120 K
for Fe(trans- TPP-SL) X and Fe(p-TTP-SL) X and between
about 85 and 120 K for Fe(cisTPP-SL)X and Fe(sat'd-
TPP-SL)X.

Electron spin echoes. For magnetically dilute nitroxyl
radicals, including H,(trans-TPP-SL) or H,(p-TTP-SL) in
glassy solution below about 60 K, the ESE decays exhibit
little temperature dependence and can be fit to a single expo-
nential with T,,, about 3 to 4 us (30). This relaxation is due
to interaction with matrix nuclei. Above about 60 K the
nitroxyl Ty, is decreased due to rotation of the methyl groups
at rates comparabl e to the magnitude of the unresolved elec-
tron—proton couplings (30, 57, 58).

ESE data for Fe(p-TTP-SL)Br in toluene as a function
of temperature are shown in Fig. 9. As the temperature was
increased from 4.7 to 6.9 K the apparent time constant for the
decay decreased and the maximum echo intensity decreased
much more rapidly than predicted by Boltzmann popula-
tions. As the temperature was increased further, the maxi-
mum echo amplitude (corrected for the temperature depen-
dence of the Boltzmann population) increased gradually and
the apparent time constant increased (Fig. 9).

For the low-spin analogs of the complexes examined in
this study we have shown that when the iron relaxation rate
is of the same order of magnitude as the iron—nitroxyl
splitting, expressed in the same units, there is a dramatic
enhancement in the phase memory relaxation rate, 1/T,,
(22). The effects on T,, are dramatic even for distances at
which the changes in the CW lineshape are so small that
they are difficult to detect. The dipole—dipole splitting is
proportional to vS(S + 1) so for the same iron—nitroxyl
distance, larger splittings are observed for high-spin Fe(l11)
(S = 5/2) than for low-spin Fe(l1l) (S = 1/2). The en-
hancement in 1/T,, in the temperature interval where the
iron relaxation rate is comparable to the spin—spin splitting
increases as the dipolar splitting increases. Thus for the
same interspin distance the effect on nitroxyl 1/T,, islarger
for the high-spin complexes than for the analogous low-
spin complexes. In fact, the effect is so large for the high-
spin complexes examined in this study that at some temper-
atures, for many orientations of the molecule with respect
to the external magnetic field, 1/T,, is so fast that most of
the contributions to the ESE curve occur during the instru-
ment ‘‘dead time'’ and the primary effect on the observed
echo is a decrease in echo intensity even at times as short
as 100 ns.

The simulations shown in Fig. 9 were based on a two-
site approximation. Because the effective value of T,, for
S0 many orientations of the molecule becomes too short to
measure on this spin-echo time scale it would be difficult to
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TABLE 1

Interspin distances (A) obtained from time-domain measurements of nitroxyl relaxation rates*

Porphyrin X: F Cl Br (Melm),
Fe(cis TTP-SL)X 116 = 0.1 11.7 = 0.2 120 = 0.2 105+ 1°
Fe(sat’d-TTP-SL)X 119 = 0.2 123 + 0.2 125+ 1°
Fe(trans-TTP-SL)X 135 + 0.2 136 = 0.3 133+ 04 13 +1°
Fe(p-TTP-SL)X 153 + 0.2 15.0 = 0.2 15 +1°

Interspin distances (A) from CW spectra of doped single crystals

Cu(cis- TPP-SL)¢ 9.2t0 125
Cu(trans-TPP-SL)® 13.0t0 15,5

2Values for X = F, Cl, Br were obtained by SR in toluene, this work. Uncertainties are standard deviations for values determined at a series of

temperatures as listed in the text.

® Values obtained by SR in 2:1 toluene:chloroform solution, Ref. (22). Vaues obtained by ESE and SR agreed within 0.5 to 1 A.

¢Values obtained by ESE in 2:1 toluene:chloroform solution, Ref. (22).
9Values obtained by single-crystal EPR of doped solids, Ref. (31).

obtain a unique value of r based solely on the ESE data
Within the limitations of the two-site approximation, the
relative intensities and apparent decay constants observed
for Fe(p-TTP-SL)Br (Fig. 9) and Fe(p-TTP-SL)CI (data
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FIG. 7. 9.2-GHz SR data for Fe(trans-TPP-SL ) Br in toluene solution
at 122, 59, and 13 K showing the fit calculated with Egs. [1] —[3], theiron
relaxation rates shown in Fig. 1, and r = 13.3 A (Table 1).

not shown) are consistent with r = 15 A as obtained from
the analysis of the SR data.

For the spin-labeled complexes with interspin distances
shorter than 15 A, even larger fractions of the molecules
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FIG. 8. 9.2-GHz SR data for Fe(trans-TPP-SL)F in toluene solution
at 122, 59, and 22 K showing the fit calculated with Egs. [1] —[3], theiron
relaxation rates as shown in Fig. 1, and r = 13.5 A (Table 1).
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Echo amplitude * temperature
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FIG. 9. Temperature dependence of ESE decay for Fe(p-TTP-SL)Br
in toluene solution at 9.5 GHz: (A) 47 K, (B) 6.9K, (C) 10K, (D) 20
K, (E) 62 K. Echo amplitude was multiplied by temperature to correct for
changing Boltzmann populations of the nitroxyl energy levels. The dashed
lines were calculated using r = 15 A and iron relaxation times as shown
in Fig. 1. See discussion in the text for additional parameters.

have T,, that is short relative to the time scale of the ESE
measurements over a significant range of temperatures. For
several of the samples the echo intensity, corrected for
changes in Boltzmann populations with temperature, be-
tween 6 and 50 K was less than 10% of that expected for
the known nitroxyl concentration. No attempt was made to
determine the interspin distance from the ESE data for the
samples with interspin distances <15 A.

DISCUSSION

Iron relaxation rates. Above about 10 K the rate of
Fe(111) electron spin relaxation increases in the order X =
F < Cl < Br (Fig. 1), which isthe order of increasing ZFS.
This trend is consistent with the expectation that the iron
relaxation is dominated by modulation of the ZFS. In the
temperature interval between 4.5 and 120 K the relaxation
rates for the high-spin complexes FeETTPX, X = F, Cl, Br,
are faster than was observed for FETTP(Melm)3 (22). Be-
cause of the faster relaxation rates for the high-spin Fe(ll1)
than for low-spin Fe(111) the collapse of the iron—nitroxyl
splitting in the CW spectra (Figs. 2—4) and the correspond-
ing increase in 1/T,, for the nitroxyl (Fig. 9) occur at lower
temperatures for the complexes with high-spin iron than for
the analogous complexes with low-spin iron (22).
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Interspin distances. The interspin distances determined
from analysis of the nitroxyl SR data using Egs. [1] —[3]
are summarized in Table 1. For each of the iron—nitroxyl
linkages r is approximately independent of axial ligand,
which seems reasonable since it is unlikely that the confor-
mation of the complex will depend strongly on these axia
ligands. The values of r obtained for the high-spin com-
plexes (Table 1) also agree well with values obtained for
the low-spin Fe(lll) analogs (22) and analogous Cu(ll)
complexes (31). For each of the axial ligandsthe iron relax-
ation rate changes by about an order of magnitude between
20 and 120 K. In this temperature interva the relaxation
rate is about an order of magnitude faster for X = Br than
for X = F (Fig. 1). The agreement between values of r
obtained over this wide range of temperatures and variation
in axial ligand indicates that Egs. [1] —[3] provide reason-
able descriptions of the dependence of the nitroxyl relaxation
rate on the iron relaxation rate as measured from the m; =
+1/2 transitions that can be observed in the CW spectra at
X band. Further refinements of the model to explicitly con-
sider the zero-field splitting of the iron energy levels and
interaction with each m; of the iron are in progress.

Prognosisfor longer distances. The present set of com-
plexes was selected for initial study to permit comparison
of the interspin distances determined for the high-spin
Fe(111) complexes with interspin distances obtained pre-
viously for the same spin-labeled porphyrins coordinated
to low-spin Fe(l11) (22) and Cu(l1) (31). Comparison of
the values of r in Table 1 indicates good agreement for
the three different cases. The metal —nitroxyl distancesin
this set of complexes are toward the upper limit of what
can be determined from resolved splittingsin CW spectra.
The effects of the Fe(I11) on the nitroxyl SR data are large
for the interspin distances observed in these complexes,
particularly when the Fe(111) relaxation rate is as rapid as
for FeTTPBr. Calculations were performed with Egs. [1] —
[ 3] to estimate the maximum distances that could be de-
termined from the effect of the Fe(111) on the nitroxyl SR
data. For the relaxation rates of FETTPBr the maximum
change in nitroxyl relaxation rate [log(1/Ty) —
log(1/T%)] occurred near 35 K (Figs. 5, 6). At this tem-
perature the maximum interspin distance for which detect-
able change in nitroxyl T, could be observed was esti-
mated as 35 to 40 A, depending upon the signal-to-noise
in the experimental data. If the metal relaxation times at
lower frequency are similar to those at X band, longer
interspin distances will have observable effects at lower
microwave frequency due to the decrease in w; — ws.

The effects of the Fe(111) on the ESE data at the relatively
short interspin distances examined in this paper were so
large that T,,, for many orientations of the molecule with
respect to the external field, was so short that the echoes had
largely decayed away during the dead time of the instrument.
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Analysis of the temperature dependence of the ESE datawill
be more straightforward for interspin distances greater than
15 A. Thus the dramatic effects of the high-spin Fe(lll)
on the nitroxyl relaxation times should make it possible to
measure much longer interspin distances by ESE than are
feasible by analysis of CW spectra. At longer intramolecular
interspin distances it may be necessary to include the effect
of intermolecular electron—electron interaction on the ESE
decay curves as has been done for random mixtures of metal
ions with organic radicas (27).

CONCLUSIONS

Iron—nitroxyl interspin distances obtained by anaysis of
the effect of the rapidly relaxing high-spin Fe(l1l1) on SR
data for the nitroxyl radical in four spin-labeled porphyrins
were between 11.6 and 15.3 A and were independent of
axia ligand: fluoride, chloride, or bromide. Values of r were
in good agreement with those obtained previously for the
analogous low-spin Fe(l11) complexes by ESE and SR and
for analogous Cu(ll) complexes by analysis of resolved
dipolar splittings in doped single crystals. Large effects of
the iron—nitroxyl interaction on the nitroxyl ESE data also
were observed. For Fe(p-TTP-SL) X, X = Cl, Br, the tem-
perature-dependent changes in the ESE were consistent with
the interspin distance obtained by SR. These time-domain
measurements are expected to be useful for interspin dis-
tances at least as long as 35 to 40 A for metal ions with
relaxation rates similar to those for Fe(TTP)Br.
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