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The dependence on spin–lattice (T1) relaxation of the first-
harmonic absorption EPR signal (V*1) detected in phase quadra-
ture with the Zeeman modulation has been investigated both
theoretically and experimentally for nitroxide spin labels. Spectral
simulations were performed by iterative solution of the Bloch
equations that contained explicitly both the modulation and mi-
crowave magnetic fields (T. Páli, V. A. Livshits, and D. Marsh,
1996, J. Magn. Reson. B 113, 151–159). It was found that, of the
various non-linear EPR displays, the first-harmonic out-of-phase
V*1-signal, recorded under conditions of partial saturation of the
microwave absorption, is particularly favorable for determining
spin–lattice relaxation enhancements because of its superior signal
intensity and relative insensitivity to spin–spin (T2) relaxation. By
varying the Zeeman modulation frequency it is also possible to
tune the optimum sensitivity of the V*1-signal to different ranges of
the T1-relaxation time. A Zeeman modulation frequency of 25 kHz
appears to be particularly suited to spin label applications. Cali-
brations are given for the dependence on T1-relaxation time of
both the amplitude and the second integral of the V*1-signal re-
corded under standard conditions. Experiments on different spin
labels in solution and in membranes demonstrate the practical
usable sensitivity of the V*1-signal, even at modulation frequencies
of 25 kHz, and these are used to investigate the dependence on
microwave field intensity, in comparison with theoretical predic-
tions. The practicable sensitivity to spin–lattice relaxation en-
hancements is demonstrated experimentally for a spin-labeled
membrane system in the presence of paramagnetic ions. The
first-harmonic out-of-phase V*1-signal appears to be the non-linear
CW EPR method of choice for determining T1-relaxation en-
hancements in spin-labeled systems. © 1998 Academic Press

Key Words: non-linear EPR; spin–lattice relaxation; spin labels;
out-of-phase EPR.

INTRODUCTION

The response of a spin system to modulation of the Zeeman
interaction is known to be phase-shifted relative to the harmoni-
cally modulated applied field because of the finite spin relaxation
times of the system (1). This shift in phase is usually treated in

terms of two components of the EPR signal: those in-phase and
those out-of-phase with respect to the static field modulation. It is
the latter component that records specifically the phase retardation
effects, and therefore it must be more sensitive to spin relaxation
times than is the conventional in-phase absorption component.

The absorption EPR spectra of spin labels detected at the
second harmonic, in phase quadrature with respect to the modu-
lation field (i.e., the saturation transfer EPR spectra,V92) have been
used recently to determine spin–lattice relaxation enhancements
induced by Heisenberg spin exchange or by dipole–dipole inter-
actions with fast relaxing paramagnetic species (2, 3). These new
applications of ST EPR spectroscopy, as well as conventional
CW progressive saturation measurements, offer considerable
promise for structural studies of biological membranes because
they allow determination of the location of site-specifically la-
beled groups in membrane proteins and in phospholipids (4–7).
Because the intrinsic spin–lattice relaxation times (T1) of nitroxyl
spin labels are usually 1–2 orders of magnitude larger than the
spin–spin relaxation timesT2 (8, 9), the former are of primary
importance for such studies. The intensities of theV92-spectra,
although sensitive toT1, are also very sensitive to molecular
rotation (10)—as is exploited in the usual application of ST EPR
spectroscopy to studying slow rotational diffusion—and addition-
ally are rather sensitive toT2-relaxation (11). The saturation
parameters from progressive saturation EPR experiments, on the
other hand, are less sensitive toT1 and also are dependent onT2

directly (12, 13).
Partly for reasons of sensitivity and also of availability and

ease of use, most EPR measurements on spin-labeled biolog-
ical systems are routinely made with conventional CW equip-
ment. Therefore it is particularly useful and relevant to explore
possible new non-linear CW EPR approaches for determining
the effective spin relaxation times. The aim of the present work
is to investigate the practical utility of measuring spin–lattice
relaxation enhancements of spin-labeled biomolecules by using
the out-of-phase first-harmonic EPR absorption signals (i.e.,
V91). It is shown here that the amplitudes or double integrals of
the V91-signal, normalized to the corresponding quantities for
the in-phase signals, are more sensitive toT1 and are less
dependent onT2, as compared with the conventional in-phase
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first-harmonic absorptionV1-spectra. The application of this
approach to nitroxide spin labels in solution and in lipid
membranes is demonstrated.

It should be emphasized that the spin–lattice relaxation times
derived from CW saturation methods are effective values, because
they contain contributions from nuclear relaxation. In general,
they are smaller than the intrinsic values determined by time–
domain methods such as saturation recovery (8, 9). This point has
been dealt with in some detail in a previous publication (14). The
application of CW methods with spin labels is, however, restricted
mostly to determining spin–lattice relaxation enhancements,
rather than absolute values ofT1. An example of this that is
directly related to structural determinations is given here. The
principal advantage of the present method, relative to other CW
saturation methods, is that it is insensitive toT2. This is most
important when comparing spin–lattice relaxation enhancements
from systems with different linewidths.

THEORY

For simplicity, we consider first a single-line EPR spectrum
in the absence of molecular motion. The Bloch equations that
include the microwaveH1-field and the Zeeman modulation
field are solved as described in Ref. (11), by following the
method of Ref. (15). A Fourier expansion is made for the
magnetization components (u,v, w) in the rotating frame, in
terms of the harmonics,n, of the Zeeman modulation fre-
quency,vm. The resulting Fourier coefficients (un, vn, wn) are
then expanded in a power series of the Zeeman modulation
amplitude,Hm. For thenth harmonic, the first non-vanishing
coefficients (un,n, vn,n, wn,n) depend on thenth power of the
field modulation. The lineshapes of the in-phase and out-of-
phase absorption signals,Vn,n andV9n,n, are given by the real
and imaginary parts, respectively, of the Fourier coefficient
vn,n. Expressions for the absorption lineshapes detected at the
first-harmonic, both in-phase and out-of-phase with respect to
the field modulation, and under conditions of partial micro-
wave power saturation, are obtained by iterative solution of the
Bloch equations (see Refs. (11, 15))

V1,1 5 2V0,0D
2~D2 1 A! 2 Bv92

~D2 1 A!2 1 B2v92 [1]

V91,1 5 v9 z V0,0D
D2 1 A 1 2B

~D2 1 A!2 1 B2v92 , [2]

where

A 5 1 2 v92 1 h2
a 1 v92

a2 1 v92

B 5 22 1 h2
1 2 a

a2 1 v92 [3]

and a 5 T2/T1. In Eqs. [1]–[3], angular frequencies are
expressed in terms of the transverse relaxation time,T2, i.e.,

v9 5 vmT2

h 5 geH1T2

D 5 ~geH 2 v !T2, [4]

wherege is the electron gyromagnetic ratio,v is the angular
microwave frequency, andH is the static magnetic field
strength. The zeroth harmonic (in-phase) solution is given by
the normal slow-passage absorption lineshape (11), i.e.,

V0,0 5
h

1 1 D2 1 s
, [5]

where s 5 h2/a is the slow-passage saturation parameter.
Here, the zeroth harmonic absorption is defined as having
positive polarity.

In addition to the spectral amplitudes, the second integral of
the out-of-phaseV91,1-signal and the out-of-phase/in-phase in-
tegral ratio

r91 5
**V91,1d

2D

**V1,1d
2D

[6]

are also of interest, because the double integrals of the EPR
spectra under saturation are known not to depend on the inhomo-
geneous broadening (13). In order to investigate the functional
dependences on spin relaxation times, as well as on the experi-
mental parametersH1 andvm, analytical expressions are derived
for the integrals by using the reasonable approximation thatA2 @
B2v92. For nitroxides in liquid solutions, the usual ranges forT1

andT2 are 53 1027–1025 and 1028–1027 s, respectively (8, 9).
In these ranges, the following inequalities hold forvm/2p # 100
kHz: a ! 1, v9 ! 1, andv92/a 5 vm

2T1T2 ! 1, which lead to
approximations forA andB that are given by

A < 1 1
h2a

a2 1 v92

B < 22 1
h2

a2 1 v92 . [7]

The conditionA2 @ B2v92 is then equivalent to the inequality

1

vmT1
~1 1 1/s! 1

vmT1

s
. 1 , [8]

which always holds forvmT1 , 1, and also forvmT1 . 1 in the
case of low saturation (i.e.,s # 1).

Under these approximations, which allow one to neglect the
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second terms in the denominators of Eqs. [1] and [2] and the
second term in the numerator of Eq. [1], the expressions for the
second integrals of the in-phase and out-of-phase first-harmonic
absorption, and for the out-of-phase/in-phase integral ratior91 are

EEV1,1d
2D 5

2ph

ÎA 1 Î1 1 s
[9]

EEV91,1d
2D 5

2v9ph

ÎA 1 Î1 1 s S1 1
B

A 1 ÎA~1 1 s!D @10#

r91 5 2v9 / 2S1 1
B

A 1 ÎA ~1 1 s !D , @11#

where the negative sign in Eq. [11] indicates that the out-of-phase and
in-phase signals have opposite polarities. The analytical expres-
sions, given by Eqs. [10] and [11], contain the explicit dependence
of the out-of-phase spectral integral and its normalized value,r91,
on the relaxation timesT1 andT2, and also onH1 andHm.

The microwave saturation of the amplitudes of an EPR spec-
trum is known to depend on the degree of inhomogeneous broad-
ening. Nevertheless, it is useful to analyze the ratio of amplitudes
for the out-of-phase and in-phase first-harmonic absorption EPR
signals as an alternative (or supplementary) parameter for theT1

measurements, because one may expect that the effects of inho-
mogeneous broadening are partially compensated in the amplitude
ratio (see later). The potential advantage of using this amplitude
parameter is the ability to deduce relaxation properties for differ-
ent spin-label species which give overlapping spectra, or from
EPR spectra with an underlying baseline that disturbs measure-
ments of the double integral.

The ratio of theV91- to V1-amplitudes at the same field
position,D, is given from Eqs. [1] and [2] by

r91~D ! 5
V91~D !

V1~D !
5 2v9

D2 1 A 1 2B

2~D2 1 A! 2 Bv92 . [12]

For the less stringent conditionA @ Bv92, together with the
approximations given by Eqs. [7], the expression for the am-
plitude ratio becomes

r91~Dv ! 5 2
vmT2

2
2

vmT1

1 1 vm
2 T1

2

3
ge

2H1
2T1T2

1 1 ~Dv !2T2
2 1 ge

2H1
2T1T2/~1 1 vm

2 T1
2!

,

[13]

where Dv 5 ge(H–Ho) is the distance of the chosen field
position,H, from the center resonance field,Ho. It will be noted
that the peak-to-peakV1- and V91-amplitudes, for motionally
narrowed first-harmonic spectra, correspond to different field

positions (see Results). Besides the approximate analytical
expressions Eqs. [11] and [13] forr91 and r91(Dv), the exact
integral and amplitude ratios were obtained directly from Eqs.
[1] and [2], by using numerical integration in the former case.
The latter exact results are used for establishing all calibration
parameters and for deriving effective spin–lattice relaxation
times from experimental data. The approximate analytical ex-
pressions are used for illustrative purposes in discussing the
sensitivity to relaxation times andH1-field intensity.

MATERIALS AND METHODS

The spin label TEMPONE (4-oxo-2,2,6,6-tetramethylpiperi-
dine-N-oxyl) was obtained from Eastman Kodak (Rochester,
NY). Spin-labeled phosphatidylcholines, n-PCSL (1-acyl-2-[n-
(4,4-dimethyloxazolidine-N-oxyl)stearoyl]-sn-glycero-3-phos-
phocholine), were synthesized according to Ref. (16). Synthetic
phosphatidylcholines, DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine) and DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine) were from Avanti Polar Lipids (Alabaster, AL).

TEMPONE was used at a concentration of 0.3 mM in
argon-saturated glycerol/water solutions. Spin-labeled phos-
phatidylcholine, 5-PCSL, was incorporated in bilayer mem-
branes of DMPC or DPPC at a relative concentration of 0.5
mol%, and correspondingly 16-PCSL was incorporated at 0.7
mol% (see, e.g., Ref. (11)). All membrane dispersions were
saturated with argon. Aliquots of the samples were loaded into
50 ml, 0.7 mm i.d., glass capillaries and flushed with argon.
Sample sizes were trimmed to 5 mm length to avoid inhomo-
geneities in theH1 andHm fields (17).

EPR spectra were recorded at a microwave frequency of 9 GHz
on a Varian Century Line spectrometer equipped with nitrogen gas
flow temperature regulation. Sample capillaries were positioned
along the symmetry axis of the standard 4 mm quartz EPR sample
tube that contained light silicone oil for thermal stability. Temperature
was measured with a fine-wire thermocouple located within the
capillary in contact with the sample. Samples were centered in the
TE102rectangular microwave cavity and all spectra were recorded
under critical coupling conditions. The root-mean-square micro-
wave magnetic field̂H1

2&1/2 at the sample was measured as de-
scribed in Ref. (17), and corrections were made for the cavity Q
as described in the same reference. The in-phase and out-of-phase
EPR spectra were recorded in the first-harmonic absorption mode
at modulation frequencies of 100 and 25 kHz. The modulation
field measured at the sample was 0.32 G p–p (17). ST EPR
spectra, where appropriate, were recorded under standard condi-
tions, as described in Ref. (11). Progressive saturation experi-
ments were performed using the double-integrated intensity of the
in-phaseV1-spectra, essentially as described in Ref. (13).

Correct recording of theV91-signals, especially at lowH1-
values, depends crucially on accurate setting of the modulation
phase, which in the standard protocols is performed at subsatu-
rating microwave field intensities. The self-null method that is
normally used is not always appropriate because theV91-signal
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in phase quadrature is not zero, even in the absence of satura-
tion (see Eq. [2] and Fig. 1). The phase therefore was set
according to the following considerations of the spectral am-
plitudes and lineshapes about the region of the quadrature
phase setting, for the sample to be measured. The first-har-
monic voltage corresponding to the EPR absorption is the real
part of the expression

V 5 ~V1 1 iV91!e2ivmt , [14]

i.e.,

Re$V% 5 V1cosvmt 1 V91sin vmt . [15]

If the phase of the lock-in-amplifier is shifted by an amount

Df, relative to the phase of the applied modulation field, the
observed signal is

S5 ~vm/ 2p !E
0

2p/vm

Re$V% z cos~vmt 1 Df !dt

5
1
2

~V1cosDf 2 V91sin Df ! . [16]

When the phase angle is changed by a small amount,x, on
either side of the quadrature phase setting,Df 5 p/2 6 x,
where |x| ! p/2, the resulting signal is given byS > 21

2
(V1x

1 V91); i.e., S is approximately linearly dependent onx. In the
absence of saturation, theV91-lineshape resembles that of the
V1-signal, except in the wings (see Fig. 1a), and theV91/V1

amplitude ratio is given approximately byvmT2/2. The linear
dependence of the signal intensityS(x) on the phase increment
x is distorted, however, in the vicinity ofDf 5 p/2, because
the p–p linewidths of theV1- and V91-signals differ. The 90°-
phase setting was therefore estimated from the linear intercept
of S(x) with the Df-axis by using the data points that lie
outside the central “distortion” region. The error in this proce-
dure isdx ' V91/V1, which can be appreciable for sharp lines.
Moreover, the condition for no saturation (B ' 22, i.e.,
(geH1T1)2 ! 1; see Eq. [3]) is more difficult to achieve for the
V91-signal than for the in-phaseV1-signal (viz.s ! 1). For more
accurate phase settings and also to check for possible phase
drift, a non-saturable reference sample was used, because for
this the null method is quite adequate at all accessible values of
H1. The reference sample was a small monocrystal of CuSO4 z
5H2O, which has an anisotropic exchange-narrowed EPR line.
This was attached at the side of the sample, in an orientation at
which the resonance field lies outside the range of nitroxyl spin
label spectra. A phase setting precision of,0.1° could be
achieved by this latter method.

RESULTS AND DISCUSSION

Out-of-Phase V91-Lineshape

As can be seen from Eq. [2], the lineshape of the non-
linearV91-signal depends strongly on the value of the param-
eter B. At sufficiently low values ofH1, for which h2(1 2
a)/(a2 1 v2) , 2 (cf. Eq. [3]), the out-of-phaseV91-lineshape
has the form shown by the exact simulations in Figs. 1a–1d.
For the reverse condition, which holds already for rather
moderate degrees of saturation, theV91-lineshape is similar
to that for the in-phaseV1-signal (see Fig. 1e), and becomes
of the same polarity after phase-sensitive detection (cf. Eqs.
[11], [16]). However, the dependences of the peak-to-peak
amplitudes and peak-to-peak linewidths on the microwave
H1-field intensity are significantly different for the in-phase
and out-of-phase components, in the latter higher region of
H1. As is seen from Figs. 2A and 2B,the amplitude of the

FIG. 1. Dependence of the lineshape of the 90°-out-of-phaseV91-signal on the
H1-microwave field for a single EPR line. (a)–(e) Spectra calculated without
approximation from Eq. [2] withT1 5 2.2ms,DH 5 1/geT2 5 1 G andvm/2p 5
105 s21. (f), (g) ExperimentalV91-spectra of the central14N hyperfine line of
TEMPONE in 90% glycerol at 20°C, withvm/2p 5 105 s21. Spectra are
normalized to the same height for comparison. Displayed scan width5 15 G.
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out-of-phaseV91-signal saturates at higher values ofH1, and
the peak-to-peak linewidth increases less strongly with in-
creasing H1, than the in-phaseV1-amplitudes and line-
widths. The out-of-phase signal in this region ofH1-values
is considerably sharper than the in-phase signal, which
contributes favorably to its relative amplitude.

The transition between the two regions, for which the out-
of-phaseV91 EPR spectrum has very different lineshapes, is
determined by the conditionA 1 2B 5 0, and occurs at a
microwave field specified byh*2 5 (3 1 v92)(a2 1 v92)/(v92

1 2 2 a) (see Eqs. [2], [3] and Ref. (15)). For the caseT2 !
T1, which usually holds for nitroxide spin labels, the transition
takes place over a rather narrow interval ofH1-values (see Figs.
1a–1d), and the transition value of the microwave fieldH*1 can
then be used for direct evaluation ofT1:

ge
2H1

*2 < 1.5~1/T1
2 1 vm

2 ! . [17]

This requires precise determination of theH1-field intensity at
low microwave powers, and precise definition of the critical
transition point. For shorter spin–lattice relaxation times (T1 #
0.5 ms), the transition interval broadens, and in this case the
T1-values can best be determined from lineshape simulations
for H1-values in the transition region.

Experimental Dependence of V91-Lineshape on H1

Both types ofV91-lineshapes described above can be real-
ized experimentally. The out-of-phase first-harmonic EPR
spectra of TEMPONE in a 90% glycerol/water mixture at
20°C, measured at two differentH1-fields with a Zeeman
modulation frequency of 100 kHz, are given in Figs. 1f and
1g. The microwave field corresponding to the transition
from spectrum 1a to spectrum 1e in this experimental sys-
tem isH*1 ' 0.054 G (cf. Figs. 1c and 1f). The correspond-

ing value of the effective spin–lattice relaxation time esti-
mated from Eq. [17] isT1 ' 2.2 ms. It should be noted that
the experimentally derived spin–lattice relaxation times are
effective values, smaller than the intrinsicT1 as determined
by time– domain methods, because they contain contribu-
tions from nuclear relaxation (see, e.g., Ref. (18)). This
point is treated in more detail elsewhere (14).

For the regime of shorterT1-values, lineshape simulations
were made in the transition region ofH1-values for 0.7
mol% spin-labeled 16-PCSL phosphatidylcholine in fluid
DMPC bilayer membranes. Experimental and simulated
lineshapes are given as a function ofH1 in Fig. 3. The
change in lineshape takes place over an interval ofH1-
values broader than that obtained for the simulations with
longer T1 in Fig. 1. Effective values for the spin–lattice
relaxation time of 16-PCSL that are established in fluid
membranes from comparison with the simulated dependence
of theV91-lineshape onH1 are given in part (a) of Table 1. It
is interesting to note that the transition in lineshape of
16-PCSL occurs consistently at somewhat higher values of
H1 for the central (MI 5 0) 14N hyperfine manifold than for
the low-field (MI 5 11) manifold (see Fig. 3). This small
but detectable difference, which gives rise to different ef-
fective values ofT1 for the different hyperfine components
(see Table 1a), is most probably due to14N nuclear relax-
ation (DMI 5 61) which contributes to a greater extent to
the centralMI 5 0 14N hyperfine component (e.g., Ref.
(18)). Also for this reason, the effective values obtained for
T1 are lower than the intrinsic values ofT1 determined in
comparable systems by saturation recovery EPR (14). It will
be noted that the accuracy of determining effectiveT1-
values by this method depends essentially only on the ac-
curacy of the determination of the absoluteH1-values, but
requires precise setting of the modulation phase.

FIG. 2. Dependence of (A) the peak-to-peak amplitudes and (B) the peak-to-peak linewidths of the in-phase (full lines) and out-of-phase (dotted lines)
first-harmonic absorption EPR spectra on theH1-field strength. Spectra were simulated without approximation according to Eqs. [1] and [2] for the in-phase and
out-of-phase spectra, respectively. The modulation frequency isvm/2p 5 105 s21 and the intrinsic homogeneous linewidth isDH (51/geT2) 5 2.0 G.
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Dependence of the First-Harmonic Out-of-Phase Intensities
on H1

The saturation of the intensity of the double-integrated in-phase
absorption component specified by Eq. [9] is less than that for

slow-passage conditions (i.e.,A , 1 1 s) because theA-term takes
into account the rapid passage through the resonance at high Zeeman
modulation frequencies (cf. Eq. [7]). In the limit of low modulation
frequencies, i.e.,v92 ! a, thenA5 11 sand the usual slow-passage
expression for the double integral of the in-phase first-harmonic
absorption is obtained. For low microwave saturation, whenB' 22,
A ' 1, ands' 0, it follows from Eq. [11] that the out-of-phase/in-
phase integral intensity ratio is very small, i.e.,r91 ' 0.

The opposite situation, in which theV91-lineshape is similar to
that for the in-phaseV1-signal (see Fig. 1e), is realized already for
rather moderate saturation, for instance, forH1 $ 0.2 G withT1 $
0.5ms. In this case, under conditions for whichB ' h2/(a2 1 v92)
and the approximation given by Eq. [7] for theA-term holds, the
integral intensity ratio is given from Eq. [11] by

r91 5 2
vmT1

2

3 ST2/T1 1
s

1 1 s1 vm
2 T1

2

1 Î~1 1 s!~1 1 vm
2 T1

2!~1 1 s1 vm
2 T1

2!
D .

[18]

For low modulation frequencies, corresponding to the condi-
tion vm

2 T1
2 ! 1, further simplification is possible and the

integral intensity ratio is then given by

r91 < 2
vmT1

2 ST2/T1 1
ge

2H1
2T1T2

2~1 1 ge
2H1

2T1T2!D , [19]

where it is expected that the first term in Eqs. [18] and [19] is
small, becauseT2/T1 ! 1.

The dependence onH1-field strength of the normalized inten-
sity and amplitude ratios of the out-of-phase first harmonic signal
are given for different values ofT1 in Fig. 4. Exact numerical

FIG. 3. Comparison of theH1-dependence of experimentalV91-lineshapes
with simulation.Left: 16-PCSL lipid spin label in DMPC membranes at 50°C.
Centerandright: Exact simulations corresponding to the low-field and central
hyperfine manifolds, withT1 5 0.23 and 0.215ms, respectively. Field scan
width displayed is 60 G, in each case.

TABLE 1
Effective Spin–Lattice Relaxation Times of the 16-PCSL Lipid Spin Label in DMPC Fluid-Phase Membranes at 30° and 50°C

Deduced from (a) Lineshape Simulations of the V*1-Spectra at H1-field Strengths in the Transition Region, (b) Ratios of the
Double-Integrated Intensities of the Out-of-Phase V*1-Spectra to the In-Phase V1-Spectra, and (c) Saturation Parameters of the In-Phase
V1 EPR Absorption, vm/2p 5 105 s21

T
(°C)

T1

(ms)a
H1

(G)
r91 T1

(ms)b
T1

(ms)c

(MI 5 11) (MI 5 0)
30 0.25 0.23 0.615 2.513 1022 0.24 0.23(5)
50 0.23 0.21(5) 0.63 2.363 1022 0.22 0.23

0.59 2.093 1022 0.21
0.50 1.623 1022 0.20

a Determined from lineshape simulations without approximation of theMI 5 11 andMI 5 0 manifolds of theV91-spectra, in the range 0.21 G, H1 , 0.31 G.
b Determined from the double-integrated intensity ratio,r91, using simulations without approximation.
c Determined by fitting the power saturation curves of the double-integratedV1-intensities as a function ofH1, and fitting theV1-lineshapes to obtain the

Lorentzian linewidth (cf. Ref. (13)).
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results obtained directly from Eqs. [1] and [2] are compared with
calculations based on the approximate analytical expression given
by Eq. [18]. The analytical expression is seen to agree well with
the exact solution forvmT1 , 1 and to deviate from this forvmT1

. 1, in line with the approximations that were made in deriving
the former. The ratio of the out-of-phase to in-phase integral
intensities increases strongly with increasingH1 and tends to level
off at high values ofH1 (i.e., fors@ 1). High values ofH1 (H1 $
0.5 G) are needed in order to obtain appreciableV91-signal
strengths and, correspondingly, values of the intensity ratio with
good signal-to-noise ratio.

The dependence of the peak amplitude ratio onH1 is qual-
itatively similar to that for the integrated intensity ratio. The
amplitude ratio increases strongly with increasingH1, in agree-
ment with Eq. [12], such that comparable values of the out-of-
phase and in-phase amplitude can be achieved at highH1 for
long T1-values.

Dependence of the First-Harmonic Out-of-Phase Intensities
on T1 (and T2)

It follows from Eqs. [18] and [19] that the ratio of the
integrated intensities,r91, increases with increasing spin–lattice
relaxation time asT1

2 at moderate degrees of saturation, and is
linear in T1 at higher degrees of saturation. Thus, the out-of-
phase non-linear, first-harmonic spectrum is more sensitive for
T1-measurements than are conventional progressive saturation
experiments on the first-harmonic in-phase spectrum. The dou-
ble-integrated intensity of the latter is determined by the factor
=A 1 =(1 1 s), which depends on spin–lattice relaxation
time approximately asT1

1/2 (see Eq. [9]).
The predicted dependences on spin–lattice relaxation time of

the normalized double-integrated intensity of the out-of-phase
first-harmonic absorption spectrum are given in Fig. 5, for
Zeeman modulation frequencies of 100 and 25 kHz. Corre-

sponding dependences onT1 for the normalized peak ampli-
tudes of the out-of-phase first-harmonic absorption spectrum
are given in Fig. 6. Again, the dependences predicted from the
approximate analytical solution (Eq. [18]) agree with the exact
numerical solution (cf. Eqs. [1] and [2]) forvmT1 , 1, but
deviate considerably forvmT1 . 1. (In particular, the approx-
imate expression does not exhibit such pronounced leveling off
of the intensity ratio at highT1). The optimumT1-sensitivity at
a modulation frequency of 100 kHz is in the range ofT1 5
0.5–3ms (Fig. 5A). This interval, however, can be increased
considerably to higher values ofT1 by using lower modulation
frequencies. In fact, as seen from Eq. [19], forvm

2 T1
2 ! 1 the

dependence of the integrated intensity ratio no longer levels off
with increasingT1. For a Zeeman modulation frequency of 25
kHz, the integral intensity ratio increases approximately lin-
early with T1 for values up toT1 5 5–6 ms and continues to
increase steadily beyond this (see Fig. 5B). Moreover, the
intensity ratios at high microwaveH1-fields can become com-
parable to, or even greater than, those at a modulation fre-
quency of 100 kHz. These conditions favor using high values
of H1 and lower modulation frequencies forT1-determinations
from non-linear first-harmonic EPR spectra.

It is found from Eq. [18] and the form of Fig. 5 that the
dependence of the integral intensity ratio on theT1-relaxation
time can be approximated by the semi-empirical expression

r91 5 r1
o9 1

a91T1
m

1 1 b91T1
m , [20]

where the parametersa91 andb91 depend onH1, theT2-relaxation
time, and the Zeeman modulation frequency. The functional
form that is given in Eq. [20] can be used to parameterize the
calibration of the measured integral intensity ratios in terms of

FIG. 4. Dependence of the out-of-phase to in-phase ratios of (A) the double-integrated spectral intensities and (B) the spectral peak amplitudes of the
first-harmonic absorption EPR spectra on theH1-field strength. Spectra were simulated without approximation according to Eqs. [1] and [2] for the values of
T1 indicated and their intensities evaluated (full lines). The integral intensities calculated from the approximate analytical Eq. [18] are given by the dotted lines
in (A). The modulation frequency isvm/2p 5 105 s21 and the intrinsic homogeneous linewidth isDH (51/geT2) 5 2.0 G.
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theT1-relaxation time, wherea91, b91, and the exponentmare the
calibration parameters. These values are given in Table 2,
along with corresponding values for an equivalent calibration
of the amplitude ratios from Fig. 6. In all cases, theT1-
dependences in Figs. 5 and 6 obtained from exact simulations
are well fit by the empirical form given by Eq. [20], with the
parameters given in Table 2. Differences of the fits from the
full lines shown would be barely discernible in these figures.

From comparison of Fig. 6 with Fig. 5 it is seen that the
dependence of the first-harmonic out-of-phase/in-phase amplitude
ratio,r91(peak) onT1 is qualitatively similar to that of the ratio of
the integrated intensities,r91. Again, the amplitude ratio measured
at fixed field position also increases asT1

2 and asT1 at moderate
and higher saturation, respectively, as for the integral ratio (see

Eq. [13]). Moreover, the sensitivity of the amplitude ratio toT1 is
somewhat better than that forr91, at higher values ofT1. As for the
integrated intensity ratio, the sensitivity of the amplitude ratio to
longer values ofT1 increases at lower Zeeman modulation fre-
quencies (see Figs. 6A, and 6B). The out-of-phase first-harmonic
amplitudes are seen to be comparable to the in-phase amplitudes
at high values ofH1 and ofT1 (i.e., r91(peak); 1). This ensures
good signal-to-noise ratio in the non-linear amplitude measure-
ments, under these conditions. As mentioned above, the calibra-
tion parameters for theT1-dependence of the amplitude parame-
ters are given in Table 2.

For the non-linear first-harmonic EPR method to be particularly
suited to measurements of spin–lattice relaxation, it is desirable
that the dependence of the out-of-phase/in-phase integral and

FIG. 5. Dependence on spin–lattice relaxation time,T1, of the out-of-phase to in-phase ratio,r91, of the double-integrated intensity for the first-harmonic
absorption EPR spectrum. (A) Modulation frequency,vm/2p 5 105 s21. (B) Modulation frequency,vm/2p 5 2.53 104 s21; for the values of theH1-field shown.
Full lines are exact calculations from Eqs. [1] and [2] and dotted lines are from the approximation given by Eq. [18]. The intrinsic linewidth isDH (51/geT2)
5 2.0 G, except for the two full lines corresponding toH1 5 0.5 G given in (B), which represent the limits forDH 5 1.0 G (upper) andDH 5 2.5 G (lower).

FIG. 6. Dependence of the out-of-phase to in-phase ratio,r91 (peak), of the peak amplitudes for the first-harmonic absorption EPR spectrum on spin–lattice
relaxation time,T1, at a microwave field ofH1 5 0.5 G. (A) Modulation frequency,vm/2p 5 105 s21. (B) Modulation frequency,vm/2p 5 2.53 104 s21. Full
lines are from simulations without approximation using Eqs. [1] and [2] with the intrinsic homogeneous linewidthsDH (51/geT2) shown, and dotted lines are
with an additional Gaussian inhomogeneous broadening of 1.4 G.
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amplitude ratios on the transverse relaxation time,T2, be relatively
slight. It is seen from Eqs. [18] and [19] that the main contribu-
tion to the integral ratio, forT2/T1 ! 1, comes from the second
term in the outer brackets. The dependence of this term on
T2 becomes weaker at lower modulation frequencies and at in-
creasing extents of microwave saturation. In fact, forvm

2 T1
2 ! 1,

when Eq. [19] holds, the integral ratio,r91, must be virtually
independent ofT2 at large values of the saturation parameter,s5
ge

2H1
2T1T2. This conclusion is confirmed quantitatively by exact

numerical calculations performed forvm/2p 5 25 kHz (see Fig.
5B for H1 5 0.5 G). As for the integral ratio, the amplitude ratio
r91(peak) is also relatively insensitive to the homogeneous broad-
ening (DH 5 1/geT2), and this residual sensitivity diminishes yet
further at lower Zeeman modulation frequencies (see Figs. 6A and
6B). The sensitivity of non-linear first harmonic EPR toT2 is
therefore considerably less than that of the conventional saturation
parameter (ge

2H1
2T1T2) in progressive saturation measurements,

and than that of the standard second-harmonic non-linear ST EPR
(cf. Ref. (11)).

The effect of Gaussian inhomogeneous broadening on the
first-harmonic out-of-phase/in-phase amplitude ratio is also
given in Fig. 6. For Gaussian peak-to-peak linewidths ofDHpp

G

5 1.4 G, which is the maximum value for different nitroxide
spin labels in the rapid motion region (19, 20), the dependence
of the amplitude ratio onT1 is close to that for the case of
homogeneous broadening. This is possibly due to a partial

cancellation of the effects of inhomogeneous broadening on the
out-of-phase and in-phase signals when taking the amplitude
ratio, r91(peak). The out-of-phase/in-phase integrated intensity
ratio, r91, is completely insensitive to inhomogeneous broaden-
ing, just as in progressive saturation measurements (13).

Experimental Determination of Out-of-Phase/In-Phase Ratios
for First-Harmonic Absorption Amplitudes
and Integrated Intensities

Determinations of the non-linear first-harmonic EPR spectra
have been made for a small nitroxide spin label (TEMPONE)
in homogeneous solution, and for spin-labeled lipids (5- and
16-PCSL) in phospholipid bilayer membranes. Both the depen-
dence of the saturation behavior on the microwaveH1-field and
the spin–lattice relaxation enhancement by paramagnetic ions
have been investigated.

The dependence of the out-of-phase/in-phase ratios onH1-field
strength for TEMPONE in a 90% glycerol–water solution at 20°C
is given in Figs. 7A and 7B, for the first-harmonic absorption
integrated intensities and peak-to-peak amplitudes, respectively.
ExperimentalV91-spectra for this system at a modulation frequency
of 100 kHz and lower values ofH1 were shown in Figs. 1f and 1g.
The Zeeman modulation frequency used for obtaining the data
given in Fig. 7 is 25 kHz, which is appropriate to determining
longer spin–lattice relaxation times from the out-of-phase inten-
sities (as opposed to lineshapes). The inhomogeneous broadening
is known to be very small for the TEMPONE spin label:DHpp

G 5
0.215 G (19). The Lorentzian spin packet width,DH(51/geT2) 5
0.9 G, was obtained from spectral simulations of the in-phaseV1

EPR spectra at subsaturating microwave power. This value, to-
gether with Eqs. [1] and [2], was used to calculate the predicted
dependences of the integral and amplitude ratios onH1-field
strength. For the intensities, a sum was made over all three
hyperfine lines and, for the amplitudes, the low-field line was
used. A satisfactory fit to the experimental dependences is ob-
tained for effective values ofT1 5 3.0ms (Fig. 7A) andT1 5 2.85
ms (Fig. 7B). These effective values ofT1 obtained from the
integral and amplitude ratios are close to one another and are in
reasonably satisfactory agreement with the estimate of'2.2 ms
obtained from theV91-lineshape transition (see Eq. [17] above, and
Figs. 1c,f).

The 16-PCSL spin label in fluid lipid bilayer membranes
also gives rise to sharp spectra in which the three hyperfine
components are non-overlapping and devoid of anisotropy (see
Fig. 3). The out-of-phaseV91-intensities at highH1-fields have
been used to determine the effectiveT1-relaxation times, for
16-PCSL in this membrane system, as described previously for
TEMPONE in homogeneous solution. In this case, a Zeeman
modulation frequency of 100 kHz, which is appropriate for
shorterT1-values, was used. The results of these determina-
tions are given in Table 1 above. It is seen that the effective
T1-relaxation times obtained by the out-of-phase intensity
method at highH1 agree rather well with those derived from

TABLE 2
Parameterization of Calibrations for the T1-Dependence of the

First-Harmonic Absorption Out-of-Phase/In-Phase Ratio in Terms
of Eq. [20] for Both the Double Integral Intensities and the Am-
plitudesa

vm/2p
(kHz)

H1

(G)
DH
(G) r1

o9 a91 b91 m

Integrals
100 0.5 2.0 0.0067 0.1562 0.754 2.0
100 0.4 2.0 0.0041 0.1265 0.680 2.0
100 0.3 2.0 0.0019 0.0894 0.590 2.0
25 0.5 2.0 0.0026 0.0347 0.0967 1.3
25 0.4 2.0 0.0035 0.0315 0.0897 1.3
25 0.3 2.0 0.0045 0.0263 0.0760 1.3

Amplitudes
100 0.5 1.0 20.0160 0.553 0.538 1.6
100 0.5 1.5 20.0170 0.496 0.507 1.6
100 0.5 2.0 20.0177 0.489 0.483 1.6
100 0.5 2.5 20.0179 0.410 0.464 1.6
25 0.5 1.0 20.0037 0.1055 0.0787 1.3
25 0.5 1.5 20.0064 0.1014 0.0753 1.3
25 0.5 2.0 20.0086 0.0975 0.0720 1.3
25 0.5 2.5 20.0100 0.0938 0.0690 1.3

Note.In the case of the amplitude ratios, a form identical to Eq. [20] is
assumed. Calibrations are obtained from fitting the results of exact simulations
given in Figs. 5 and 6 for integrals and amplitude ratios, respectively.

a Parametersa91 andb91 are given forT1 in ms.

121SPIN RELAXATION MEASUREMENTS



lineshape simulations at lowerH1-fields. They are also in
agreement with the values obtained from conventional progres-
sive saturation of the double-integrated intensity of the in-
phaseV1-spectra, combined with linewidth measurements, that
are given in the same table. The effective spin–lattice relax-
ation times are all rather short, in comparison with time–
domain measurements on comparable systems, most probably
because of contributions from Heisenberg spin exchange (20)
and possibly also nuclear relaxation (18).

The effective rotational correlation time for the 5-PCSL
phosphatidylcholine spin label in gel-phase DPPC bilayer
membranes at 15°C, as estimated from the ST EPR spectral
lineshapes, is in the region of$10 ms (e.g., Ref. (21)). This
value corresponds to the rigid limit for the first-harmonic
spectral lineshapes, i.e., to the no-motion case. Analysis of the
low-field spectral component with a Gaussian–Lorentzian de-
convolution showed that the lineshape is essentially Lorent-
zian, with a homogeneous width ofDH (51/geT2) ' 3.0 G.
This width was virtually unchanged in the presence of Ni21

ions. The out-of-phase/in-phase ratios of theV1-EPR spectra
from samples containing increasing concentrations of Ni21 are
given in Table 3, for the amplitudes of the low-field maxima,
r91(MI 5 11), and for the double-integrated intensities of the
entire spectra. The first-harmonic absorption EPR spectra (V91
andV1) were recorded with a Zeeman modulation frequency of
100 kHz, and highH1-field strengths of 0.5 and 0.4 G. Values
for the effectiveT1-relaxation time derived from the amplitude
and integrated intensity ratios of the non-linear spectra are
compared with those obtained from progressive power satura-
tion experiments in Table 3. For the latter, the effectiveT1 was
calculated from the saturation factor and theT2-value obtained
from the homogeneous linewidth. The effective values ofT1

obtained by the different methods are in reasonable agreement,
and consistent values are obtained from the non-linear first-

harmonic spectra at differentH1-field strengths. The effective
spin–lattice relaxation rate, 1/T1, obtained from the out-of-
phase/in-phase ratios increases linearly with Ni21 ion concen-
tration, as expected for a true paramagnetic relaxation enhance-
ment (see Fig. 8). The non-linear first-harmonic EPR spectra
are therefore seen to be suitable for determining spin-label
T1-relaxation enhancements in biological systems.

FIG. 7. Experimental dependence onH1-field strength of the out-of-phase to in-phase ratios of (A) the double-integrated intensities and (B) the peak-to-peak
low-field amplitudes in the first-harmonic absorption EPR spectra from the TEMPONE spin label in 90% glycerol/water solution at 20°C. The modulation
frequency isvm/2p 5 2.53 104 s21. The lines give the predicted dependence without approximation according to Eqs. [1] and [2] with a homogeneous linewidth
of DH 5 0.9 G and (A)T1 5 3.0 ms (full line); (B) T1 5 2.9 ms (dotted line) orT1 5 2.8 ms (dashed line).

TABLE 3
Effective Spin–Lattice Relaxation Times of the 5-PCSL Lipid

Spin Label in DPPC Gel-Phase Membranes at 15°C Deduced from
the Ratio (a) of the Low-Field Amplitudes and (b) the Double-
Integrated Intensities of the Out-of-Phase (V*1-) and In-Phase (V1-)
Spectra, and Also from (c) the Saturation Parameters of the
In-Phase V1 EPR Absorption, vm/2p 5 105 s21

[NiCl2]
(mM)

H1

(G)
r91(MI 5 11) T1

(ms)a
r91 T1

(ms)b
T1

(ms)c

0 0.4 0.158 1.2 0.094 1.5 1.7
0.5 0.168 1.3 0.11 1.4

5 0.4 0.088 0.8 0.062 1.0 1.1
0.5 0.1285 0.86 0.08 1.0

10 0.5 0.108 0.76 0.052 0.69 0.9

20 0.4 0.065 0.64 0.024 0.5
0.5 0.0665 0.54 0.035 0.53

30 0.4 0.05 0.53 0.019 0.43 0.55
0.5 0.06 0.5 0.0324 0.48

a Determined from the ratior91(MI 5 11), of the low-field peak amplitudes.
b Determined from the double-integrated intensity ratio,r91.
c Determined by fitting the power saturation curves of the double-integrated

V1-intensities as a function ofH1, and fitting theV1-lineshapes to obtain the
Lorentzian linewidth (cf. Ref. (13)).
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CONCLUSION

Both spectral simulations and experimental results obtained
on model systems show that the out-of-phase components of
the first-harmonic absorption EPR spectra are particularly well
suited for the determination of spin–lattice relaxation enhance-
ments of spin labels. Special advantages of the non-linear
first-harmonic EPR spectra are: (i) the relatively high signal
intensity; (ii) the relative insensitivity toT2-relaxation; and (iii)
the ability to tune the range ofT1-relaxation rates to which the
spectral intensities are sensitive by varying the Zeeman mod-
ulation frequency, while still maintaining adequate signal
strengths. The method therefore should find useful application
to spin-labeled biological systems.
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