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Recent technical developments in this laboratory in the areas of pulsed Saturation Recovery Electron
Paramagnetic Resonance (SR-EPR) and Saturation Recovery Electron-Electron Double Resonance (SR-ELDOR)
have enabled experiments with these two techniques to be done with high sensitivity. We have studied the mech-
anisms of the relaxation rates of spin labels. The electron spin-lattice relaxation rate Tic '1 and the nitrogen spin-
lattice relaxation rate (Tin"1) of per-deuterated 15N TEMPOL in glycerol-water solutions have been measured by
SR-EPR and SR-ELDOR. The motional range covered is from a few picoseconds to hundreds of nanoseconds and
the motion is characterized by simple Brownian dynamics. The dependence of T i e 1 upon the rotational
correlation time is explained by a combination of spin rotation and electron -nuclear dipolar coupling mechanisms
plus a proton spin diffusion process. Tin-1 is explained by the electron-nuclear dipolar mechanism and proton
spin diffusion.

1 Introduction
Given the utility of nitroxide spin labels as a probe
of molecular motion in the biological and physical
sciences for the past 25 years it is somewhat sur-
prising that a clear understanding of their relax-
ation mechanisms is still unknown. The quantities
desired are the spin-lattice relaxation rates both
electronic (Tie-i) and nuclear (TV1 - 14N or 15N)
of the nitroxide label. Pulsed EPR can be used to
monitor such relaxation processes directly regard-
less of T/2e or line inhomogeneity. In a pulsed
Saturation Recovery (SR) experiment a high rf
field pump pulse is applied for a short time and the
recovery of the magnetization is measured with a
low power observer at the same frequency. The
pulsed Electron-Electron Double Resonance (SR-
ELDOR) experiment has the pump and observer
frequencies quite different (commonly pump and
observer are set to resonate on different spin mani-
folds). Huisjen and Hyde [1] pioneered the use
of the SR-EPR technique in liquids and applied it
to a number of systems [2], [3], [4], [5], [6]. The
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Hyde group has used SR-EPR in conjunction with
Continuous Wave (CW) - ELDOR to measure lat-
eral diffusion of 14N labelled lipids in bilayers [7],
[8], [9]. Hyde et al. [10] have observed the trans-
fer of energy from one line to another line in a
CTPO 14N spin label with pulsed SR-ELDOR.
They clearly saw that cross relaxation took place,
and measured the cross-relaxation rate. We dis-
cuss this experiment below.

Freed and co-workers [11], [12], [13], [14] ana-
lyzed the EPR spectra of peroxylamine disulphon-
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ate (14N-PADS) and deuterated 2,2,6,6-tetra-
methyl-4-piperidinone-l-oxyl (pd-TEMPONE) in
glycerol-water mixture solvents. The linewidths
as a function of temperature were obtained,
corrected for inhomogeneous broadening, and
analyzed according to: l/T2e(M)= A+ B • M +
C - M 2 where l/T2e(M) is the homogeneous
line width of the Mth line (M= -1 , 0, +1) in the
three line spectrum. Spectral simulations and
calculation of the A, B and C parameters were
done using Redfield theory [15]. The best
simulated EPR spectral fits to the experimental data
for correlation times (TR) slower than 10"8 sec
used a non-Brownian spectral density function
This extremely detailed and careful study took the
linewidth analysis method to its limits, but this
alone was not sufficient to completely determine
the motion. The molecular dynamics was inferred
from plots of the A, B, and C parameters versus
each other or viscosity and temperature. Subtle
changes in slopes indicated deviations from
isotropic motion. The simulations to test motional
models were not able to unequivocally determine
the type of motion either. This work presents an
independent test of the relaxation rates and the cor-
relation times, as estimated by the CW-EPR line-
shape analysis.

2 Experimental
Spectrometer The 9.3 GHz (X-band) pulsed
EPR spectrometer for these studies follows pub-
lished designs [16], [17]. There are three arms -
pump, observer and detector bias. The observer
and bias arms act as a conventional high sensitivity
spectrometer for both linear EPR and ST-EPR ex-
periments. The pump arm. klystron is phase
locked to the observe klystron. For Free Induction
decay (FID) measurements the frequency differ-
ence is zero. SR-EPR and SR-ELDOR experi-
ments have the pump-observer frequency differ-
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ence phase locked to a low frequency (MHz) oscil-
lator. SR-ELDOR operation was simplified by the
use of a Loop Gap Resonator (LGR) [18] instead
of a bimodal EPR cavity. The Q of the LGR is
approximately 300 which gives a 3 dB resonator
bandwidth of 30 MHz. Figure 1 shows the mea-
sured value of rf field versus offset from the 9.3
GHz resonant frequency of the LGR. It is clear
that at the 60 - 70 MHz offset needed for SR-
ELDOR the rf field in the resonator is about 50%
of maximum
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Figure 1 Plot of 1 mm Loopgap Resonator Bandwidth.
The data are the relative heights of the FID produced by
a short pulse of rf power on the resonator at the fre-
quency offset from LGR resonance as indicated on the
abscissa. The solid line is the relative rf field amplitude
produced by a resonator with a Q of 300.

The small size of the LGR produces a high power
density leading to high rf fields for moderate pow-
ers (less than 1 Watt).Typical experimental condi-
tions were: pump power of 200 mW, observer
power 100 nWatt, dead time 50 nanoseconds, ac-
quisition time 2 nanoseconds/point (or longer) for
1024 points. The pulse repetition rate was about 3
kiloHertz. The decay curves took about 50
seconds to obtain.

CW-EPR We have carried out a CW-EPR and
pulsed EPR study of per-deuterated 15N TEMPOL
in glycerol-water mixtures. The EPR linewidths in
the fast motion region were measured and corrected

18 Medical Advances, Milwaukee, Wis Loopgap
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Figure 2A. Pulsed ELDOR response of l 5N TEMPOL in 40 % glycerol- 60% water at a TR of 0.015 nanoseconds High field
line pumped with a 250 mW 100 nanosecond duration pulse and the low field line observed with 100 microwatts in the LGR.

Figure 2B. Pulsed. Saturation Recovery. Same experimental conditions as 2A except that pump and observer are both set to
the low field line.

for inhomogeneous broadening using Bales'
method [19] to obtain the motionally dependent
Lorentzian linewidths. These line widths when
subtracted gave the B term of the A(M) = A + B
M + C • M^ expression. (Taking the difference
removed residual Lorentzian effects common to
both lines - such as Heisenberg exchange [20]).
To obtain longer correlation times the high glycerol
percentage samples (> 85%) were cooled to sub-
zero temperatures and the rotational correlation
time (xR) was estimated from the Stokes-Einstein
equation: t R = V • TJ/T where r\ and T are the

19 B. Bales in Spin Labeling: Theory and Applications,
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and J. Reuben. Plenum Press NY 1989 Chapter 3.

20 S. Lee and A. Shetty. J. Chem. Phys., 83, 499-505,
1985.

viscosity and temperature of the solvent, and V is
the hydrodynamic volume of the spin probe. This
information calibrates the motion and connects TR
with the temperature and percent glycerol.

Time Domain EPR An example of a pulsed
ELDOR experiment is shown in Figure 2A. The
magnetization from the pumped manifold arrives at
the observer field position at rate Tin-l and then
decays slowly to thermal equilibrium at rate Tie'1-
A Saturation Recovery decay is shown in Figure
2B. Some of the magnetization leaves for the
other manifold (at the same rate as it arrived in the
pulsed ELDOR experiment) and the remainder re-
turns to thermal equilibrium by the Ti e process.
The opposite sign of the faster rate in the two ex-
periments shows that it arises from cross-relax-
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ation between the nuclear manifolds. Super-
imposed on the data are the least-squares, best fits
which assume two independent exponential
relaxation components and a baseline. The re-
laxation rates of each component, the amplitudes
and the baseline were adjusted using a Marquardt
non-linear least squares algorithm [21].

The electron and the nitrogen spin-lattice relaxation
rates of per-deuterated 15N TEMPOL in glycerol-
water have been measured with pulsed ELDOR
and SR. The TR range covered is from a few pi-
coseconds to tens of nanoseconds as indicated on
Figure 3. Also plotted are electron spin-lattice re-
laxation rates of * % TEMPOL obtained in the
early pulsed experiments of Percival and Hyde [2].

The Tje"1 are similar for similar correlation times,
despite the fact that glycerol-water mixtures be-
tween room temperature and -20°C were used in
our experiments, and the Percival and Hyde results
were obtained between -20°C and -90°C with the
label in sec-buty\ benzene. This similarity suggests
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Figure 3 Plot of electron and the nitrogen spin-lattice
relaxation rates of per-deuterated 15N TEMPOL in glyc-
erol-water mixtures versus correlation time. The lines
are results of the theoretical predictions as indicated on
the Figure and explained in the text.
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that the relaxation mechanisms depend only upon
the value of the rotational correlation time; and that
the temperature and solvent have little independent
effect

3 Discussion
The observed Tie'1 dependence on TR seems well
explained by a sum of three tR-dependent pro-
cesses as indicated in Figure 3:

i / n r T O T A L = i / x S R + 1 / r E N f D + 1 / T S D ( ] \
•it/ lv 1C 1C

where the g-tensor spin-rotation [22] term is:

(2)

with ge equal to the free electron g-value.

The electron-nuclear dipolar coupling (END) [23]
term is:

1 / T END = a 2 ( A ) .

where a2(A) is a known function of the A tensor
elements and o>e is the spectrometer frequency.
Spin diffusion represents the coupling of a param-
agnetic center to the relaxation of distant spins in
the solvent [24], most often protons, and in liquids
the expression has the weak dependence on the
rotational correlation time [25]:

11 jSD = fi / x^ (4)

where P is an adjustable constant The nuclear
spin-relaxation rate is explained with just the elec-
tron-nuclear dipolar mechanism plus proton spin
diffusion:

lln1 / T TOTAL= 1 / TEND

with the END term:

( ( l / x R ) 2
+ ( Y e . A / 2 ) 2 )

(5)

(6)
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where A is the average of the A tensor. The spin
diffusion term is identical in form to Tie"1 wi*h a

larger value for p.

We believe that the present interpretation
of the spin lattice relaxation rates, in
large measure, solves the the long-stand-
ing mystery of the nature of Ti e and T i n
in spin labels. All the theoretical curves in
Figure 3 assumed simple Brownian motion; there
was no need for modified spectral density func-
tions. It is important to note that virtually all the
measured values of Tie-i and T i n

4 lie above the
theoretical predictions. It is possible that residual
oxygen in the glycerol-water solutions and spin-
label concentration effects may have slightly in-
creased the observed rates.

The maximum rate of T^"1 (upper curve ) occurs
when^ the motional frequency TR*1 is equal to
Ye • A / 2. Any deviation from Brownian motion
would have reduced this maximum rate from the
value found. The maximum value thereby be-
comes an extremely sensitive indicator of the type
of motional process. The shape of the nuclear re-
laxation curve is quite different from that found by
Hyde et al. [10] in their pulsed ELDOR work.
The value of Tin"1 found by them was about one
MegaRadian/sec and was approximately indepen-
dent of correlation time. Unfortunately these
workers used a high Q EPR cavity which put an
upper limit of a few MHz on the response band-
width of their spectrometer, rendering the fast
Tin 1 unobservable. Our pulsed ELDOR results
show that the actual Tin'1 is about a factor of ten
shorter and clearly varies dramatically with the
motion.

In the study of Yin et al. [9] the lipids were
moving sufficiently fast (TR about 50 picoseconds)
that the Tin-1 (~ 1.3 usec1) was competitive with
T i e 1 and with the 0 . 1 - 1 MHz exchange rate
typical of lateral diffusion. The three rates differ
by about factors of two and the data contains all
three decays with the same sign. However,
slower motion of the lipids (such as due to a phase
transition) would lead to a rapid increase in Tin1

and make the faster exponentials difficult to
distinguish. The only way to overcome this
difficulty would be to perform pulsed ELDOR
experiments, thereby changing the signs of one of
the faster exponentials.

A comment on using CW progressive saturation
techniques for obtaining Tie1: CW-EPR assumes
slow passage through the resonance line. The
typical 100 kHz Zeeman modulation frequency
used for detection must be much slower than
Tie"1. The long Tie's found for motions slower
than 10 nanoseconds violate this condition. This
is one of the reasons why CW-EPR saturation ex-
periments are difficult to perform: the modulation
acts as a relaxation mechanism. Knowledge of the
correct spin-lattice relaxation rate is important in
order to avoid operating in saturation.

4 Conclusions
We have determined the electron and nuclear spin-
lattice relaxation rates in a nitroxide spin label.
The rates found agree well with those predicted as-
suming isotropic Brownian motion. The mecha-
nisms of spin rotation, proton spin diffusion and
electron-nuclear dipolar coupling appear to explain
the spin label spin-lattice relaxation mechanisms
quite satisfactorily. Instrumental development is
clearly at a stage where the full range of Tie"1 and
Tin"1 rates can be studied with relative ease. We
note that in this fast motional regime both spin lat-
tice relaxation rates are approximately simply pro-
portional to the correlation time but have opposite
functional dependencies: T,"1 «= T R and T^" 1 «=
TR"1. Pulsed SR-ELDOR is much more directly
able (than CW-EPR) to connect the experimentally
determinable parameters (spin lattice relaxation
rates) to the general and powerful methods of
interpretation in terms of motional correlation
functions and the associated spectral density
functions.


