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The utility of inversion recovery and stimulated echoes in studying slow motional dynamics is analyzed. A comparison
between theory and experiment 1s provided for a nitroxide radical in viscous solvent. A new two-dimensional stimulated echo
technique, suggested by the theory, is applied to study NO, physisorbed on vycor.

1. Introduction

Modern electron-spin-echo techniques [1—4] are be-
ginning to play a useful role in the study of electron-
spin relaxation in fluids. Thus, for example, echo se-
quences may be used in the motional-narrowing regime
for measurements of 7', and T [2]. In the slow-mo-
tional regime, the theory for T’ (or phase memory
time Ty ) is now well understood [5,6], and this has
led to a new two-dimensional electron-spin-echo (2D
ESE) technique based upon the #/2—7—n—7 Hahn echo
sequence [7—9]. From this technique, one obtains
slow-motional spectra plotted as a function of both
the swept magnetic field (as in a normal cw absorption
ESR spectrum) and a frequency or “width”. This lat-
ter width axis shows the natural (homogeneous) line-
shapes at the different resonance positions of the ESR
spectrum. The theory [6,10] shows that the slow-mo-
tional cw spectrum is a superposition of Lorentzian
lines due to the “dynamic spin packets”, which are the
normal-mode solutions of the relevant stochastic
Liouville equation. The slow-motional 2D ESE spec-
trum may then be thought of as a plot of the spectrum
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as a function of both the natural widths (T 1y of these
dynamic spin packets and their resonance positions.
There is, in general, substantial variation of the homo-
geneous T, sacross the ESR spectrum, and this variation
can be related to the nature of the motion [6—9].

One may ask whether analogous experiments may
be performed in the context of T’} measurements. (In
fact, recent ELDOR-echo experiments properly fall in-
to this class [10—12].) We have recently carried out a
detailed theoretical analysis of such matters [10,13].
Specifically, we sought to answer the question: given
an arbitrary sequence of pulses, what would the ESE
response be in the presence of (slow) motional dynam-
ics? The analysis of this matter would permit a com-
parison of various T,-type and T -type pulse se-
quences and perhaps enable a wise choice of the se-
quence(s) most appropriate for studying motional
dynamics. We have considered as model examples of
our general approach, the inversion recovery (IR) se-
quence: 7—T—n/2—7—n—7; the stimulated echo (SE)
sequence: 7/2—7—n/2—T—n/2—7, and the ELDOR se-
quence related to inversion recovery (e.g., a field or fre-
quency jump just after the first 7 pulse). (In the NMR
field a somewhat related point of view was adopted by
Spiess [14].) For these sequences, 7 is usually fixed,
and T, the time interval during which the magnetiza-
tion is along the z-axis, is varied. The theory is appro-
priate for the slow motional regime wherein there is a
continuum distribution of dynamic spin packets, but
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we are nevertheless able to consider both non-selective
pulses (i.e. full irradiation, hence “rotation” of the
whole ESR spectrum by the pulse) and selective pulses
(i.e. partial irradiation, hence “rotation” of only a small
portion of the ESR spectrum by the pulse), as well as
phase-shifted pulses. We consider explicitly T5-type
relaxation for the spin magnetization in the x—y plane
and 7' -type relaxation for the z-magnetization, M, .

2. Theoretical predictions

It is now appreciated [1,2,15] that the IR and SE
sequences measure different forms of the spin—lattice
relaxation time, T'y. For full irradiation, we find over
the whole dynamic range of fast through slow motions
that in the IR experiment, the signal decays exponen-
tially with a decay constant T equal to (2W,)~1,
where W, is the (orientation-independent) electron-
spin-flip rate. In contrast, the SE sequence can yield a
non-exponential decay, which, if forced to fit a single
exponential function, will give an apparent T that is

less than (2W,)~ 1. For partial irradiation of the spec-
trum, both experiments give non-exponential decays
showing decreased apparent T'; s relative to the full
irradiation cases; the apparent T; from the SE is still
smaller than the apparent T from the IR. (We illus-
trate this latter predicted behavior by experimental re-
sultsin fig. 1. These results are discussed further below.)
These predictions can be explained qualitatively as
follows. For the case of full irradiation and the IR se-
quence, the first 7-pulse inverts the M,s from each of
the dynamic spin packets equally. There is no phase
coherence or other structure superimposed onto the
different spin packets, and so during the long time in-
terval T, M, 7 (the total z-component of magnetization)
decreases uniformly via electron-spin flips with expo-

nential time constant (2W,)~ 1. The subsequent m/2—n

part of the sequence simply probes M, after the time T.

In contrast, the first pulse of the SE sequence nu-
tates the dynamic spin packets first into the x—y plane,
where they precess at their individual Larmor frequen-
cies for a time 7. During this time, the spin packets get
out of phase, and the projection of each spin packet
onto the rotating y’-axis at time 7, which will be nutat-
ed onto the z-axis by the second pulse, will depend on
its Larmor frequency. Thus, the spin packets are “fre-
quency labaled” during the first 7 interval. During the

second (i.e. T') interval, electron-spin flips reduce M,
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Fig. 1. Experimental results on inversion recovery (IR) and
stimulated echo (SE) sequences for tempone (5 X 1074 M)
dissolved in 85% glycerol—15% H,O: (a) Apparent T versus
inverse temperature for IR (o) and SE (o) sequences with
central region of the spectrum irradiated. The solid line is the
measured T, for the center line, while the dashed line is the
extrapolated fast motional 7y for reference. The experiments
are performed with r > T3, cf. text. (b) Comparison of exper-
imental and calculated apparent T';s: Solid line, experimental
IR; dashed line, experimental SE; (o), calculated IR; (2), cal-
culated SE. Calculations are with parameters as noted in text.
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as in the IR sequence (in a way which is independent
of the individual spin packet labeling). Motion and nu-
clear-spin flips will also have an effect during this inter-
val, since as the molecules reorient or change their nu-
clear spin state, their spin packets’ Larmor frequencies
change, and the frequency labels become less accurate.
An echo will be formed at a time 7 after the third pulse
only to the extent that the frequency labeling is still
accurate at the end of the T interval. The more effec-
tive is the motion and/or the nuclear spin flips at de-
stroying the frequency labeling set up during the first

7 interval, the less the echo will be refocused during the
third 7 interval.

Partial irradiation can be viewed as allowing a new
pathway for decay of M, during an experiment. By
virtue of rotational reorientation, the resonance fre-
quencies of spins initially irradiated can shift to fre-
quencies outside the irradiated region. When this oc.
curs, the spin is no longer detectable. Thus, the effect
of partial irradiation is a lowering of the apparent T';
for both sequences. The SE sequence will always give
a faster decay, however, since it still has an extra relax-
ation pathway relative to the IR sequence: viz. the de-
labeling of the initially frequency-labeled spin packets.

We shall refer to the above class of experiments as
magnetization transfer (MT) experiments.

Our general theoretical results {10,13] (for both
I=0and]=1,ie. simple g-tensor and nitroxide
spectra) predict that the relaxation of M, in these slow-
motional MT experiments may be expressed as the
weighted sum over many exponential decays, whose
time constants represent the normal modes of magnet-
ization transfer and relaxation of M,. (These normal
modes are, in general, different from the normal modes
which constitute the dynamic-spin packets, since the
latter [6] relate to the T»-type of spin relaxation, but
our general theory accounts for their interrelationship.)
However, as discussed above, the case of the IR se-
quence with full irradiation reduces to the well-known
single exponential form:

S(T+21)=A[1-2 exp(-2W, T}, )]

where S(T + 27), the signal at time 7 + 27, is that of
the echo maximum. For SE with full irradiation, the
result must be written as a sum of exponentials:

S(T+27)= 23a,(r) exp(=Ag, T), @)
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Fig. 2. Calculated T versus r for the SE sequence with full
irradiation for a nitroxide. Brownian motion is assumed,
=170 ns, W, = 0.02/7R, Wy, = 0. The Tz s are obtained from
afit to eq. (3). Also one obtains Ty ~ 60 ns, and T3 ~ 10ns.

where A4 , is the decay rate for the rth normal mode.
However, we find that in the limit of W,7p <1, eq.
(2) can be fit to a good approximation by a sum of on-
ly two exponential decays in the form:
S(T+21)=A+Bexp(—2W,T)+C exp[—T/To(n)].
(3)
while for W,y > 1, only a single exponential decay
with T} = (2W,)~! may be observed. One finds that
Tp <(2W,)~1in eq. (3) but it depends upon 7. This
predicted 7 dependence is illustrated in fig. 2. Actually,
one finds that 7', (7) decreases from a 7= 0 limiting val.
ue of (2W,)~1 to an asymptotic value roughly equal to
tr/b for Brownian motion where b & 25 (with the
smaller (larger) values of b for I'=0 ({ = 1)). This r de-
pendence may be rationalized in the following way.
For 7 < T3 (where T is the usual decay time of the
FID), the spins will hardly get out of phase with one
another after the first #/2 pulse, and so, the frequency
labeling is not complete. Thus, in this limit, the role of
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MT will be suppressed, so that those modes in eq. (2)
representing significant MT are relatively less important
in the sum. However, if 7 > T3, while also 7 < T,
there is sufficient time, 7 for the magnetization to dis-
tribute itself uniformly in the x, y plane before the
second 7/2 pulse. (The reason why » > 1 for Brownian
motion is most likely the result of the greater influence
of spherical-harmonic components with L > 2 in eq.
(2) and of (orientation-dependent) nuclear spin relax-
ation for 1 >0 [16}.)

In the case of partial irradiation, both IR and SE
sequences yield signals that are of the form eq. (2) for
which a fit to the sum of two exponentials as given by
eq. (3) proves adequate. But now T} is also dependent
on 8w, the partial irradiation window, i.e. Ty = Ty (7,8 w).
This dependence is such that 7, decreases from the
full irradiation value as 8w decreases, due to the extra
MT out of the irradiation window as explained above.
This effect is more dramatic for the IR sequence bring-
ing its T, into closer correspondence with that of the
SE sequence, which is less affected. We shall regard this
T, as the primary parameter to be measured in an MT
experiment.

A further general result of our theoretical analysis
is that the T usually varies across the spectrum in a
partial irradiation experiment. The reason why the dif-
ferent spin packets can differ in their efficiency at
transferring and relaxing the initial M, is that such ef-
ficiency depends on molecular orientation. For exam-
ple, if a molecule, whose principal magnetic axis is paral-
lel to the applied field (8 = 0) makes a small Brownian

jump by A8, its new spectral frequency will hardly
change, because the orientation-dependent part of the
resonance frequency mainly goes as 3 cos28 — 1, which
for @ ~ 0 or 7/2 gives a change of Aw < (A8)2. How-
ever for a molecule oriented at § ~ 45°, that same
Brownian jump, will cause a corresponding spectral fre-
quency change given by Aw o Af. Thus, the spin pack-
et at the § = 45° orientation will experience more ef-
fective MT out of an irradiated region than will the

spin packet at 8 = 0° or 7/2.

We show in fig. 3 the predicted effect of partial ir-
radiation for nitroxides in the slow motional regime as
a function of irradiation frequency. Fig. 3 shows plots
of T, (and Tyy) calculated as the irradiation frequency
is swept with constant window width.

The main result to notice from fig. 3 is the very dif-
ferent variation in T, obtained for the Brownian versus
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Fig. 3. Calculated time constants T and T versus dc field
across the nitroxide spectrum for partial irradiation. The ir-
radiation window is 8w/’yg =4 G. The Ty are obtained from
fits to eq. (3) (with 7 > T7). The T from the IR sequence
are (X), those from the SE sequence are (2), while the Ty
from a Hahn sequence are (). (a) Brownian motion and 7
=170 ns, W, = 0.05/rg, W, = 0;(b) Moderate jump model
(Rt = 1.0), rg = 17 ns, W, = 0.05/rg, Wy, = 0. (c) The pre-
dicted nitroxide absorption ESR spectrum for Brownian mo-
tion associated with (A).

jump models across the spectrum, The Brownian mo-
tion result has maxima located at the extrema of the
spectrum (the extrema represent molecular orientations
such that 8 = 0 or n/2), while jump diffusion gives an
essentially flat result across the spectrum. Analogous
results have been calculated and seen experimentally
[7,8] for nitroxides studied by the basic Hahn sequence.
The predicted (cf. fig. 3) greater model discrimination
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resulting from the two MT sequences (i.e. IR and SE)
could prove to be useful.

The model dependence for the MT sequences seen in
fig. 3 is easily explained. For Brownian motion, which
implies infinitesimal jumps, the description given
above applies, i.e. the effectiveness of MT depends on
the orientation of the molecule, and the orientation
varies across the spectrum. The jump model, in con-
trast, causes reorientation via large jumps. One or two
large jumps can cause MT from any initial resonance
frequency to almost any other, and so all the orienta-
tions redistribute M, equally effectively.

Another source of model dependence will be
anisotropy of the diffusion tensor. Thus, for example,
if rotation is relatively rapid about the molecular z axis,
the x and y magnetic tensor components are more rap-
idly interchanged, so that those dynamic spin packets
associated with molecules oriented with their z axes at
6 = n/2 (i.e. perpendicular to the field) will experience
more rapid MT, thus yielding a shorter T .

3. Experimental results

We first consider the experimentally observed dif-
ferences between apparent T';'s obtained from the IR
and SE sequences in the case of the slow motion of a
nitroxide (5 X 10—4M tempone), dissolved in 85%
glycerol—15% H,0, which has been studied previously
by other methods {5—7,11].

We see from fig. 1a that in the fast motional regime,
the apparent Ty s measured by the two types of pulse
sequences are equal to each other and to the phase
memory time, Ty . In the slow motional regime, how-
ever, the apparent T'; measured by the IR method is
consistently longer than that measured by the SE se-
quence, reflecting the additional processes that can
contribute to the apparent T from SE over and above
those which contribute to the apparent T'; from IR.

We have calculated S(T + 27) for both the IR and
SE sequences and fit them to the best single exponen-
tial in order to compare theory with the experimental
apparent T'ys. This comparison is shown in fig. 1b. The
theoretical calculations were performed with a single
set of parameters: a Brownian motion model support-
ed by the recent 2D ESE study [7,9], Tg s according to
extrapolated fast motional values [17] and the recent
2D ESE study [7,9], axially symmetric g and 4 ten-
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sors for simplicity [18], 7 and T equal to the experi-
mental values, 8w/v, ~ 10G, and W, and W, extrap-
olated from newer fits [10] to the ELDOR experi-
ments of Hornak and Freed [11] ¥ Given the consider-
able uncertainties, at this stage, in the data and the vari-
ous analyses, we regard the comparison as quite good.

Next we consider a 2D experiment based on the SE
sequence. It is designed to observe how the relaxation
fime, T, varies across the spectrum, and it is suggested
by our above theoretical predictions, that, in general,
T, will vary over the spectrum in a manner that is de-
pendent upon the motional model.

We use as our radical NO, physisorbed on a crushed
vycor surface [9,19]. This system has been studied in
the past by cw ESR [19] and very recently by 2D ESE
using the Hahn echo sequence {9,20]. That study dem-
onstrated two types of NO,: a strongly bound com-
ponent that is predominant at the lowest teiperatures
and a rotating component, predominant at higher tem-
peratures. The rotation is anisotropic, being an order of
magnitude faster about the molecular y axis (the axis
parallel to the line passing through the two oxygen
atoms) than the other two molecular axes.

In the present experiment, our strategy was to col-
lect the data and then to use the methods of linear pre-
diction [9,20—22] to remove the contribution from
the exponential decay term with time constant (2W,)~1
(cf. eq. (3)). After Fourier transformation with respect
to the time T, one has a map of “T;l”.

Data were collected at 5, 20 and 35 K in a manner
analogous to that employed previously for the Hahn
echo 2D experiment [7—9]. Fifty data points were col-
lected as T was stepped, and the maximum value of T
was about equal to 7y = (2W,)~ L. This resulted in a
high density of data points collected in the region of
the decay sensitive to T (since T, < T). The result-
ing decay was examined after the use of linear predic-
tion, and a cut-off filter was chosen such that the am-
plitude of all components with decay times longer than

* The original analysis of these ELDOR experiments [11] was
based on a strong-jump model of MT, but we have found
that an orientation-independent nuclear-spin-flip process, W,,
can explain those results just as well, In fact, we find (i) such
a Wy, ~ W, is expected from high-field corrections to the
analysis of W, [16], and (ii) it offers a more realistic explana-
tion instead of the apparent low activation energy [11] at
low temperatures for rR in this viscous medium.
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the cut-off were set equal to zero, The final Fourier-
transformed results are shown in fig. 4 in the form of
normalized contours, i.e. the signal at each field posi-
tion, which is still a function of the T ! or MHz axis,
is normalized by dividing it by its respective value at
0 MHz (cf. refs. [7--9] for an analogous normaliza-
tion). The lineshapes of the 2D si%nal along the MHz
axis are Lorentzians of width T *. The resulting con-
tours will thus fall off more rapidly (slowly) if Ty Lis
small (large). We also show the 0 MHz slices in fig. 4,

and they are seen to resemble the ESR absorption spec-
trum (but weighted by the value of T, at each point in
the spectrum, cf, refs. [7—9]).

At all temperatures we see a definite variation of T,
across the spectrum. In the 5 K spectrum forM; =0
(the central peak) the contours are closely spaced at
the low and high field extremes. This could correspond
to the long Ty s predicted in fig. 3 (with typical ni-
troxide parameters) at the spectral extremes from a
Brownian model. (The M; = 0 line for NO, is essential-
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ly just that of a simple g tensor, which is also predicted
to yield longer T, s at the spectral extremes [10].)
However, the analysis of both the 5 and 20 K spectra
is probably obscured by appreciable amounts of the
two types of adsorbed NO,, so we emphasize the 35K
spectrum, which is mainly due to the more rapidly ro-
tating species. We again focus on the M; = 0 region.
Here the broadening of the spectral regions which cor-
respond to the x and z molecular axes being parallel to
the field is quite dramatic, strongly suggesting more
rapid rotation about the y axis, an observation which is
consistent with the results from 2D ESE experiments
based upon the Hahn echo sequence {9,19].

The contours in the M; = ¥1 lines indicate less clear
trends. We believe that the cause of this is added inho-
mogeneous broadening due to site variation in the 4
tensor from different surface sites [19].

At present, we can only interpret the data from this
2D ESE experiment in a semi-quantitative way. The
quality of the spectra in fig. 4 is somewhat less than
that of the 2D ESE spectra obtained from the Hahn
echo sequence [9,20]. There are two reasons for the
presence of extra noise. First, the stimulated echo is
composed of only half of the magnetization that is
present in a Tyy echo [1,10]. Second, we have subtract-
ed out the component decaying as exp(— 2W, T) (cf.
eq. (3)) which introduces further uncertainty. (Also,
in the future one should collect sufficient data for ac-
curately resolving the Ty as well as the T time scales.)

4. Concluding comments

2D ESE based upon the SE sequence (and MT in
general) is a new technique that still requires consider-
able improvement. However, we are very encouraged
by two observations. First, the spectra at 20 and 35K
have contour shapes that are consistent with the 2D
ESE Ty spectra supporting the notion of anisotropic
rotational diffusion. Second, it appears that rotational
motion is detectable at lower temperatures with this
new approach. Thus, this 2D ESE SE experiment may
be useful for examining molecular motion with very
long correlation times,

Finally, we note that our theoretical analysis sug-
gests a variety of 2D experiments related to the SE and
IR sequences. For example, the present experiment
could be augmented by including the effects of vary-
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ing 7 and . Even more possibilities are opened up
with the use of non-selective pulses which can irradiate
the whole spectrum. Such pulses are becoming more
feasible [23], and they permit 2D experiments in
which Fourier transform techniques replace the need
to sweep through the spectrum [24].
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