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Molecular Dynamics in Liquids: Spin-Lattice
Relaxation of Nitroxide Spin Labels

Bruce H. Robinson, Duncan A. Haas, Colin Mailer

Time domain pulsed saturation recovery and electron-electron double resonance spec-
troscopies were used to measure the spin-lattice relaxation rates of the electron and the
nitrogen nucleus in nitroxide spin labels in liquids. The rotational correlation time range
covered is from picoseconds to milliseconds. These rates are quantitatively explained by
isotropic rotational Brownian dynamics, which modulate the interactions between the
electron spin and the molecular angular momentum; the nitrogen and electron spins; and
the solvent protons with both the electron and the nitrogen spins. This solves a 20-year-old
problem that has limited scientific applications of nitroxides.

Nitroxide spin labels have been used as
probes of molecular motion in the biologi-
cal and physical sciences for the past 25
years (1). Electron paramagnetic resonance
(EPR), in conjunction with the spin-label
methodology, is a very powerful technique
for the study of dynamics over a range from
picoseconds to milliseconds in rotational
correlation times. One uses indirect infor-
mation, such as spin-lattice relaxation rates
(T{,)) or motionally induced changes in
spectral line shapes, to make a statement
about the dynamics of the system of inter-
est. Continuous wave (CW)-EPR, with use
of spectral line widths and slow-motion
theory (2), gives information on motion on
the picosecond to nanosecond time scale.
The technique of CW-saturation transfer
(ST)-EPR (3) produces spectra whose
shapes are determined by competition
among spin relaxation rates, magnetic field
modulation, and motional rates in the sub-
microsecond regime. Application of line-
shape simulation methods to aid data anal-
ysis has been limited until recently (4) to
relatively simple dynamical models because
truly accurate simulations require detailed
knowledge of all relaxation processes. Giv-
en the ubiquity of EPR spin-label usage in
liquids and the existence of well-developed
theory (5) for transverse spin-spin relax-
ation rates (T5.'), it is somewhat surprising
that a clear understanding of longitudinal
relaxation mechanisms (T};') has not
emerged until now. We (i) show how both
electronic (T7.") and nuclear (T7!) spin-
lattice relaxation rates can be measured
directly and unequivocally and (ii) describe
the relation between the molecular dynam-
ics and these experimentally determined
relaxation rates.

Relaxation rates are traditionally estimated
by CW power saturation: The CW-EPR sig-
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nal height, when measured as a function of
incident microwave power, rises to a maxi-
mum and then decreases. The power level at
which the signal is maximum can be related
to relaxation rates of the spin. Altenbach et
al. (6) determined the a-helical nature of a
transmembrane protein from the periodicity
of the saturation behavior of spin labels selec-
tively attached to various amino acid side
chains in the sequence. The results depended
on the collision rate of paramagnetic oxygen
being fast enough to shorten the spin-label
relaxation rates (and alter the power for max-
imum signal) for those spin labels that had
access to oxygen. This indirect method can be
a very powerful way to obtain structural infor-
mation. However, indirect methods will al-
ways raise questions about how the results are
influenced by hidden processes, for example,
the nature of the translational collision mech-
anism, the use of magnetic field modulation
for signal detection, and the EPR line shapes.
Although there is some understanding of how
the saturation curves relate to the actual
relaxation rates (2), direct measurement of
the spin-lattice relaxation rates would remove
these concerns.

Our results were obtained by pulsed sat-
uration recovery (SR)-EPR (7) and by SR
electron-electron double resonance (SR-
ELDOR) (8); these are time domain, polar-
ization-transfer experiments in which the
return to equilibrium of a spin system is
monitored after a microwave pulse has per-
turbed the electron polarization. In SR-
EPR, the microwave frequency used to ob-
serve the recovery is the same as that of the
pump; the signal is the return to thermal
equilibrium as the polarization spreads
throughout the spin system and out to the
lattice. In SR-ELDOR, the frequency of the
observer is different from that of the pump.
Electron spins polarized at the pump fre-
quency transfer energy to the spins at the
observe frequency by means of nuclear spin
flips (at rate T};!), which then return to
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thermal equilibrium at rate Ty,' (Fig. 1).
The arrival of magnetization (and the re-
laxation to equilibrium) can be clearly de-
tected (Fig. 2).

Hyde and co-workers pioneered the SR-
EPR and SR-ELDOR techniques in liquids.
They have applied SR-EPR to a number of
systems: nitroxides (9), melanins (10),
spin-labeled melittin (I11), and membranes
(12). Fajer et al. (13) attempted to observe
motion by its effect on T;,' with SR-EPR,
and Hornak and Freed (14) used field jump
ELDOR, but contributions of nuclear relax-
ation were not taken into account, making
the results equivocal. The difficulties en-
countered in connecting the relaxation
rates to dynamical processes are best sum-
marized by Hyde et al. (8): “The existing
lack of understanding of electron spin-lat-
tice relaxation mechanisms of nitroxide
radical spin labels has again been confirmed
and must now be joined by a corresponding
lack of understanding of nitrogen nuclear
relaxation mechanisms.”

We used SR-ELDOR and SR-EPR to
measure spin-lattice relaxation rates using
0.5 mM perdeuterated °N 2,2,6,6-tetra-
methyl-4-piperidinol-1-oxyl (TEMPOL) in
glycerol-water mixtures. The use of the N
isotope (nuclear spin I = 1/2), which gives
two EPR lines (rather than three as does the
1N isotope with I = 1), is important as a
means of simplifying the spectra and reduc-
ing the number of possible relaxation path-
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Fig. 1. An experimental CW-EPR absorption
spectrum of SN TEMPOL (in arbitrary units)
showing two individual resonances separated
by 2@ (2.25 mT); also indicated are the electron
and nuclear spin-lattice relaxation pathways.




ways. The complications of T},! processes
have limited the experimental success of
saturation recovery pulsed experiments; the
sign change of the Tj! process in SR-
ELDOR (Fig. 2) is an essential requirement
for disentangling the T;.! and T;;! curves.
An important requirement is to span a wide
range in correlation times, here from 10 ps
to 100 ps. The correlation times (1) for the
spin label in both glycerol-water mixtures
and sec-butyl benzene were independently
determined from the CW-EPR spectra. The
Stokes-Einstein equation, 7. = V (n/kgT),
relates the molecular rotational correlation
time to the macroscopic parameters of the
effective hydrodynamic volume (V) of the
spin probe, the solvent viscosity (), and
temperature (T); kg is the Boltzmann con-
stant. Both V and m are known functions of
the temperature and solvent (15).

The 9.3-GHz (X-band) pulsed EPR spec-
trometer used for these studies follows pub-
lished designs (16). The pump-observer fre-
quency difference is phase locked to a low-
frequency (megahertz) oscillator; experimen-
tal operation is simplified by the use of a
Medical Advances (Milwaukee, Wisconsin)
loop gap resonator (LGR) model XP-0201
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Fig. 2. Experimental SR-ELDOR and SR-EPR
responses (in arbitrary units) of SN TEMPOL in
40% glycerol at a 7, of 0.15 ns. For SR-ELDOR,
the high-field line was pumped with a 250-mW,
100-ns pulse, and the low-field line was ob-
served with 100 pW; dead time, 80 ns; acquisi-
tion time, 10 ns per point for 1024 points. The
pulse repetition rate was ~3 kHz. For SR-EPR,
the pump and observer are both set to the
low-field line. Superimposed on the data are the
least squares best fits, which assume two inde-
pendent exponential relaxation components and
a baseline. The relaxation rates are the same for
both data sets: T;.is 0.249 Mrad/s and T3,! is
7.507 Mrad/s. The amplitudes of the T. decay
have opposite signs in the two signals.

instead of a bimodal EPR cavity. The quality
factor Q of the LGR is low enough so that the
microwave radio-frequency (rf) field can sig-
nificantly perturb the spin system at the 60 to
70 MHz offset needed for the SR-ELDOR
experiment (17). The small size of the LGR
produces a high power density leading to large
rf fields for moderate powers (less than 1 W).
Individual decay curves were obtained in a
few minutes of signal averaging.

Electron Spin-Lattice Relaxation

There are many spin-relaxation mecha-
nisms described in the literature (18), four
of which are important in spin labels. The
first is the spin-rotation (sr) interaction in
which the angular velocity of the molecule
directly relaxes the electron. The second
mechanism is the electron-nuclear dipolar
(end) interaction in which the electron and
the nitrogen nucleus relax each other
through a direct magnetic coupling of their
spins. The third mechanism is spin diffusion
(sd) in which the electron and the nitrogen
nucleus are coupled to the protons in the
solvent. The fourth is collision-induced
Heisenberg exchange by paramagnetic oxy-
gen (ox), whose very short relaxation time
relaxes the spin label (19).

The four mechanisms for electron spin-
lattice relaxation are statistically indepen-
dent and do not cross correlate with one
another. The total spin-lattice relaxation
rate is therefore
(T = (TR + (T2

+ (T + (T (1
The Hamiltonian for the spin-rotation
mechanism, originally introduced by Hub-
bard (20), shows that the electron spin, S,
is coupled to the angular momentum, J:H_,
= #S-C-], where # is Planck’s constant
divided by 2r and C is the coupling tensor.
The. angular momentum is related to the
angular velocity, o, through the inertial
tensor, I, as A = l-w. Atkins and Kivelson
(21) showed that the coupling tensor is
related to the spin-field coupling G (the G
tensor) for the spin probe by C-lI = ~#(G
— g. 1), where g, is the free-spin G value.
One can predict, with fast-motion Redfield
theory (22), that the effects of isotropic
Brownian rotational motion on this Hamil-
tonian lead to a relaxation rate of

3
> —g)
i=1

91,

where g are the eigenvalues of the G
tensor.

~ The second mechanism requires the di-
rect electron-nitrogen dipolar interaction
Hamiltonian, H__, = #S-A-1. The spin of

(T = @)

end
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the electron, S, and of the nucleus, I, are
coupled by the chemical splitting or hyper-
fine tensor, A. We have extended Abra-
gam’s treatment for this mechanism to pre-
dict a relaxation rate for the electron

nd —

le 6 E(al

where a; are the elgenvalues of the hyper-
fine tensor, a is the average of the eigenval-
ues, and w, is the electron Larmor frequen-
cy of 2 X 10! rad/s. Another Hamilton-
ian—that of the chemical shift anisotropy
(csa), H,, = BH_-G-S, where B, is the
Bohr magneton—couples the spin to the
field, H, through the G tensor. Cross cor-
relation of the csa and the end may lead to
a line-position—dependent relaxation rate,
which is an important contribution to spin-
label line w1dths (T, relaxation). The mea-
sured T;! values from both N and N
nitroxide spin labels are independent of field
position. We therefore conclude that the
csa-end cross-correlation contribution to
T can be neglected.

The third mechanism is spin diffusion,
in which the solvent protons are coupled to
the electron and the nucleus. The treat-
ment of this effect, originally developed by
Kushtiville and deGennes, is summarized
by Blumberg (23). Spin-diffusion theory
states that magnetization can migrate
through a proton spin system by means of
mutual spin flips. The proton spin-diffusion
coefficient, D4, is related to the spin-flip
rate, W, by D4, = 2rW, where r is the mean
distance between protons. An electron or a
paramagnetic impurity, having a rapid re-
laxation rate, can relax the magnetization
of the solvent protons. We suggest that the
converse is also true: The electron magne-
tization can be relaxed by the bulk solvent.
The result is (T39)~! = 8.5p(CD’) 4.
The density of protons is p, and the effects
of the electron-proton interaction modulat-
ed by the dynamics are contained in C.

There exist in the literature several dif-
ferent treatments of the nature of the inter-
action of a probe molecule with solvated
spins modulated by translational motion.
One is the Torrey random flight model,
which was developed for modulation of the
dipolar interaction (24). A similar treatment
was carried out by Hunt and Powles (25).
Abragam developed a theory for the modu-
lation of the scalar coupling by Heisenberg
exchange (22). All methods have a common
functional form for C

1+( 1-)2(3)

Td
1+ ((.l)eT d)3/2
The relative solvent-probe translational dif-
fusion time, 74, and the rotational correla-
tion time of the spin probe, 7, are propor-
tional. The proportionality constant is de-

C=a
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termined by the .relative hydrodynamics
mobilities of the solvent and spin probe
and, here, is between 0.5 and 3.0. There-
fore, it is reasonable to assume that T4 = ..
The very weak power dependence and the
small contribution of this mechanism to the
overall rate means that the lack of precision
of the proportionality constant does not
lead to significant errors. Combining the
above expressions
1/4

) “4)
where Rﬁ max i the maximum possible
relaxation rate, regardless of correlation
time, and is an adjustable parameter for the
purposes of fitting our experimental data.
Unlike all the other terms in the formulae
for T;!, the value of Rl . cannot be
calculated from first principles: D, is not
known and the Hamiltonian is not com-
pletely specified.

Additional relaxation occurs because of
the presence of oxygen, a paramagnetic
relaxation agent. Hyde and Subczynski (19)
have reviewed the effects of oxygen and
demonstrated that oxygen should increase
the spin-label T1.! rate by a factor that is
proportional to oxygen concentration,
[O,], and to the relative spin label-oxygen
translational diffusion coefficient. We as-
sume that this translational diffusion coef-
ficient is proportional to the rotational cor-
relation time of the spin label; the propor-
tionality constants are subsumed into K_,,
which is spin-label specific. The oxygen
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Fig. 3. Plot of the experimental 108

contribution to the electron spin-lattice
relaxation rate is

OX
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where K, is defined as the difference of
measured values of T}, with and without
air. We assume that [O,] is independent of
temperature and percent glycerol, which
leads to slight overestimation of the effects
of oxygen in the glycerol-water samples.

C

Nuclear Spin-Lattice Relaxation

Nuclear spin-lattice relaxation is governed
by two mechanisms similar to those for
electron relaxation

(Ty) ™' = (TRH (T~ (6)

The electron-nuclear dipolar mechanism for
the nitrogen nucleus is almost identical to
that for the electron, except that al S, (along
the 7 axis) is included in the fluctuations of
the interaction Hamiltonian, which leads to
an extra term in the relaxation that depends
on a frequency w, = a/2. We have

2(‘1 -a)?

( nd -
(7/3)r.

T
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The proton spin-diffusion mechanism is
also operative and may be written (by anal-
ogy to the electron spin-diffusion relaxation
rate) as

electron (T;.)) and nitrogen spin- —_—

i1

lattice (T7,)) relaxatuon rates. (A)

T and (O) 1 of air-saturated

perdeuterated 15N TEMPOL in \

glycerol-water mixtures; (x) T
of oxygenated and deoxygenated

© o
(o]

perdeuterated SN TEMPOL in

water; and (+) T of oxygen-free

SN TEMPOL in sec-butyl ben- R

zene, taken from Percival and

Hyde (9). The solid lines are the

theoretical prediction for 77! (in-

cluding the oxygen effect) and 108

T;.!. The dashed line is the theo-

retlcal prediction for 77! exclud-

ing the oxygen effect. The eigen-
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values of the hyperfine tensor, a,
in millitesla, are {0.8, 0.6, 4.675};

the eigenvalues of the g tensor, /

g, are {2.0088, 2.0054, 2.0022}; 105 1/

g, is the free-spin g value of

2.0023; RS, =R =013

Mrad/s; and K, = 3 x 1075,
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20,7, 174
In max(m) (8)

where w_ is the nitrogen nuclear resonance
frequency (8.9 Mrad/s) and the maximum
nuclear relaxation rate, Rﬁ max 18 Obtained
from experiment in the same way as its
electron counterpart.

(T ™!

Results and Discussion

Experimental SR-EPR and SR-ELDOR
spin-lattice relaxation signals are illustrated
in Fig. 2. The change in sign of the com-
ponent with the faster relaxation rate shows
that this component arises from magnetiza-
tion transfer between the nuclear manifolds
with a relaxation rate (T};! + T7.!). The
two signals are pooled, that is, both data
sets are fit to a model that is the sum of two
exponentials plus a baseline. The rates of
the two exponentials are the same for both
the SR-EPR and the SR-ELDOR signals,
but the amplitudes of the two components
can be different in magnitude and sign.
This is an application of global analysis, an
approach commonly used in optical spec-
troscopy (26). At motional times longer
than 7, ~100 ns, additional exponentially
decaying components must be included in
the analysis (27). Figure 3 shows the exper-
imentally and theoretically determined val-
ues of T;.! and T};! plotted as functions of
the correlation time. The samples were
air-saturated perdeuterated PN TEMPOL
in glycerol-water mixtures. Also plotted are
data from oxygen-free ’'N TEMPOL in
sec-butyl benzene taken from the 1976 ex-
periments of Percival and Hyde (9). The
two data points at a correlation time of 2.6
X 107! (x) are the T;! of perdeuterated
15N TEMPOL in oxygenated and oxygen-
free water. The drop in T;.! (from 2.5 to
1.1 Mrad/s) was used to estimate K = 3.3
x 1073; using CW-EPR techniques, Hyde
and Subczynskl (19) determined that K,

3 x 107°. The theoretical curves of T
and T;! for the oxygenated samples (sohd
lines in Fig. 3) were calculated with the
known magnetic A and G tensors and K.
The T;.! curve was also calculated with the
same parameters but without the oxygen con-
tribution to the relaxation (dashed line in Fig.
3). The only adjustable parameters were
RY .andRE . both have the same value
obtained independently from the data in the
microsecond correlation time regime.

The oxygenated glycerol-water T7.! and
Tyl spin-label data and the oxygen-free
T1.! data for the same spin label in sec-butyl
benzene fit the same theory (Fig. 3). The
high quality of the agreement between the-
ory and experiment suggests that no addi-
tional spin interactions have much signifi-
cance. The complicated dependerice of T;.!
on T is a result of the need to add up the



contributions of different mechanisms, each
being very simple and peaking at different
correlation times. Theory and experiment
show that nitroxide spin labels are in the
unusual situation of having nuclear relax-
ation much faster than electron relaxation.
This is because the electron is a more
efficient relaxing agent than the weaker
nuclear spin. From the theory, it is now
possible to predict T}.! at any spectrometer
frequency. We have recently explained the
1- to 18-GHz frequency dependence of the
T..Vs of spin-labeled lipids showing that
the motion is anisotropic (28, 29).

The theoretical maximum of T, is ~45
Mrad/s, but the experimental values are ~30
Mrad/s (Fig. 3). When a theoretical predic-
tion of a relaxation rate is too small, it can be
assumed that additional mechanisms need to
be considered. However, when a theoretical
estimate is larger than the experimental rate,
then the theory must be incomplete. The T};!
data are not band limited by the spectrometer
because 100-Mrad/s rates can be measured.
The discrepancy arises from the neglect of
higher order terms in the (T%"!)~! Hamilto-
nian. Full computer simulation (30) puts the
theory for T;;! in excellent agreement with
experiment and shows that the simpler fast-
motion theory overestimates the relaxation
rate by ~25% (but only in the region of the
maximum).

Consider now the dependence of T! on
correlation times when 7, is more than a
microsecond. Experimentally, we find that
T} is proportional to 77 8. Such a power
law has also been observed by Fajer et al.
(13) in a slow-motion study of spin-labeled
hemoglobin. This weak power-law depen-
dence of relaxation rates on motion in very
viscous media has been suggested for pro-
tons in the nuclear magnetic resonance
(NMR) literature and is attributed to trans-
lational motion and spin diffusion in liquids
(31). We believe that this same mechanism
applies to the relaxation of the electron.
Translational motion could be modulating
either the dipole-dipole or the (scalar) ex-
change coupling between the electron and
solvent spins. Our finding that the maxi-
mum relaxation rates for both the nitrogen
nucleus (Rﬁ,max) and the electron (Rsl‘i’max)
are the same is inconsistent with a dipolar
mechanism (which predicts they should
differ by a factor of 5). Modulation of the
exchange coupling is independent of the
gyromagnetic ratio of the spin species being
relaxed and is therefore a better candidate.

Conclusions

Two motional mechanisms have been in-
voked to explain the spin lattice relaxation
rates over eight orders of magnitude in
motion. They are the simplest possible:
isotropic Brownian rotational motion and

isotropic Brownian translational motion.
Rotational motion in combination with the
spin-rotation and the electron-nuclear-di-
polar Hamiltonians explains the spin rota-
tion and electron-nuclear relaxation rates.
Translational motion plus appropriate
Hamiltonians explains the spin diffusion
and oxygen contributions to T.'. This
explanation is very simple in structure and
makes use of standard fast-motion Redfield
theory (22) to predict the relaxation rates.
It is in accord with standard NMR theory,
where such mechanisms and spectral densi-
ty functions are well documented. A sum of
the mechanisms explains both spin-lattice
electron relaxation and spin-lattice nuclear
relaxation. Only one constant has had to be
set to bring the entire theory into agree-
ment with the data.

This combination of theory and experi-
ment explains electron relaxation in liquids
in which the viscosity varies from that of
room-temperature water to a value more
than 107 times greater. Over this enormous
range, the relaxation rates are sensitive,
nontrivial, and continuous functions of the
correlation time. With no additional ad-
justable numbers, we have not only ex-
plained our own data but also that of
Percival and Hyde (9) on the same spin
label in a different solvent 100°C colder
than our experiments. Even at very high
viscosities, the relaxation processes are
dominated by liquid mechanisms. At some
point, as the temperature is lowered and the
viscosity increases further, classical EPR
solid relaxation mechanisms must come
into play and dominate the relaxation (32),
but over the temperature range of our in-
vestigations, there is no evidence for them.

The future of applications of pulsed EPR
techniques to a variety of problems is very
promising. The theory has already success-
fully elucidated anisotropic motion of lipids
(28, 29) and can be applied to other sys-
tems with equal ease. The measured values
of the spin-lattice relaxation rates provide
data previously not available for detailed
line-shape simulations used to extract mo-
tional processes. The “CW saturation roll-
over” method of extracting spin-lattice re-
laxation rates can be complemented by
direct measurement of the rates. Pulsed
EPR is a straightforward alternative to stan-
dard CW-EPR for measurement of rotation-
al correlation times. That both T;.! and
T},! are sensitive, independent functions of
the correlation time means that these num-
bers can now be directly used to extract
motional information over the entire con-
tinuous range from picoseconds to millisec-
onds. That a single technique can cover
such a wide dynamic range is exceptional.
This methodology may be used to study a
dynamics process in which the dynamic
models are of arbitrary complexity.
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