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Fourier transform ESR methods have been extended to permit spatially resolved two-dimensional (2D )-ESR experiments.
This is illustrated for the case of 2D-electron-electron double resonance (2D-ELDOR) spectra of nitroxides in a liquid that
exhibits appreciable cross-peaks due to Heisenberg spin exchange. The use of spin-echo decays in spatially resolved FT-ESR is

also demonstrated.

1. Introduction

In the accompaning Letter [1] we have described
successful FT-ESR imaging experiments utilizing
pulsed field gradients. It was shown that the phase
encoding method is the preferred one, and it yields
spectral-spatial images of a quality comparable to
the best cw-ESR spectral-spatial images even though
it is only at an early stage of development.

The realization of these FT-ESR imaging experi-
ments opens up a range of new possibilities. One is
the possibility of performing spatially resolved ESR
spectroscopies based upon modern FT methods. In
particular, we shall emphasize in this Letter spatially
resolved two-dimensional electron-electron double
resonance (2D-ELDOR) [2-7]. 2D-ELDOR is a
form of 2D-exchange spectroscopy that is very sen-
sitive to cross-relaxation processes including Heisen-
berg spin exchange (HE) and nuclear spin flips in-
duced by electron-nuclear dipolar interactions. They
are important measures of microscopic translational
diffusion, and rotational diffusion respectively, Spa-
tial resolution would, for example, permit one to
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study microscopic molecular dynamics in inhomo-
geneous media,

Another potential application of 2D-ELDOR
would be the ability to study simultaneously, on the
same sample, both macroscopic and microscopic
translational diffusion. Recently this was demon-
strated by cw spectral-spatial imaging of a sample
with an inhomogeneous concentration distribution
[8]. One may image macroscopic diffusion by ob-
serving, in the spatial dimension as a function of time,
how the concentration distribution spreads. The ESR
linewidths may be measured in the spectral dimen-
sion, and from the observed concentration variation
of these widths, the HE and intermolecular electron-
electron spin dipolar (EED) contributions may be
estimated to yield microscopic relative diffusion
coefficients. The microscopic and macroscopic dif-
fusion coefficients are found to be different in com-
plex fluids, and such combined studies may be ex-
pected to provide better insight into microscopic
molecular dynamics.

However, cw-ESR linewidths are not the best way
to study microscopic translational diffusion [3,9].
One must extract the concentration-dependent widths
from other sources of homogeneous and inhomo-
geneous broadening. Furthermore, the separation of
these concentration-dependent widths into HE and
EED components is, in general, not straightforward
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and subject to uncertainties. 2D-ELDOR has been
shown to be a natural way to directly measure HE
from the cross-peaks {4]. (Included in this point is
the fact that EED is significantly suppressed in the
ELDOR versus the linewidths.) Thus spatially re-
solved ELDOR could be the method of choice for
comparative studies of microscopic versus macro-
scopic diffusion.

Additionally, one could employ other 1D or 2D
pulsed ESR techniques [5,6] along with spatial res-
olution. For example, by performing spatially re-
solved spin echoes one could obtain just the somo-
geneous contributions to the linewidths (i.e. the
inverse T,’s), which represents a significant im-
provement over cw-ESR linewidths for studies of
molecular dynamics. This would be a spatially re-
solved SECSY (spin-echo correlation spectroscopy)
experiment [5,6]. Thus, while we have primarily fo-
cused on FT-ESR imaging based upon FIDs, it is im-
portant to consider FT-ESR imaging based upon spin
echo decays. More generally, this technique would
permit FT-ESR imaging in cases where the inho-
mogeneous broadening (i.e. inverse T%) is too great,
in comparison to the deadtime of the experiment, to
allow the observation of the FID, a situation that is
true for many powder samples or samples exhibiting
slow-motional spectra. It is also true for imaging with
large field gradients in the frequency encoding mode.
Despite the shortness of the echo decay typical of such
samples, recent developments in 2D-FT-ESR tech-
niques now permit such experiments [10-12]. Echo
decays will accurately mirror the FIDs in cases where
the T relaxation is uniform over the spectrum and
nuclear modulation effects are unimportant [10,11].

In this Letter we demonstrate, with a test sample
of liquids, spatially resolved 2D-ELDOR with ap-
preciable HE-induced cross-peaks imaged by FID
detection using the fast gradient pulses described
carlier [1]. We also demonstrate, with a solid-state
sample, spatial-spatial and spectral-spatial imaging
in the presence of a stationary gradient based upon
collection of the full echo decay shape.

2. Theoretical expressions

The pulse sequence for the 2D-ELDOR experi-
ment is shown in fig. 3. Its theoretical description is
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a generalization of the single pulse experiments de-
scribed in ref. [1]. Here we just consider phase en-
coding the magnetization with a gradient pulse, G,
which can be varied from —Gg., 10 Gua. Let
Soepor( T 11, 12, ¢(x)) be the complex ELDOR
signal at time ¢, after the third n/2 pulse with no field
gradient applied. (There is also a second complex
signal S§ epor (T, 41, L2, ¢(x)) required for the dual
quadrature detection and obtained by repeating the
experiment with a phase shift of the first pulse [2,4-
6].) The signal potentially depends on the spin con-
centration, ¢(x). If a field gradient G is applied for
a period 7 (t<t,), just after the first x/2 pulse, we
have the observed signal during £,:

Shesvor(T: 1,5, G)= | c(x) exp(—ikx)

XSokpor(T, 1, 1, x) dx, (N
where k=y.G1. The Fourier inverse of eq. (1) is
¢(x)Soepor(T, t1, &, x)=(1/2%)

x | exp(ike) Speron (T, 1, o, K/e7) dk.

(2)

If we now perform the double FT in ¢, and ¢,, we
obtain: ¢, (x)Sh gLpor (T, 1, s, X).

The form of S{ e por Mmay be obtained from re-
cent treatments [4-6]. In our experiments with ni-
troxides at substantial concentrations, the HE mech-
anism is the dominant mechanism generating the
cross-peaks. In this case Sogpor can be written as
a sum of auto-peaks (2 for '*N and 2 for '“N) and
of cross-peaks (2 for "’N and 6 for '“N), The j, mth
peak is described by

(w—w)+ Ty, )
(en —w;)?T3,;+1

T2,m ), (3)

(wz —Cl)m)zT%’m +1

S~ELDOR(T! Wy, w29j’ m)=B(

XQ,”.(T)(

where for an auto-peak, j=m,

Omm(T)=exp(-2W.T)
+2exp[— (2We +wys)T) (4)
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and for cross-peaks, j#m,
Qim(T)= exp(-2W,T)
—exp[— (2W. +wue)T] . (3)

Here W, and wyg are the electron-spin relaxation rate
and HE rate respectively, w, and T ;are the resonant
frequency and T, of the jth hyperfine line, and B is
a spectrometer constant.

The pulse sequence for spin echo (or SECSY ) im-
aging is xt/2-t,-x/2-t,~t, with the gradient applied
after the first pulse during ¢, and the echo collected
during #,. In this phase encoding experiment, egs. (1)
and (2) may be utilized but with Sjgpog and
S_-;),ELDOR replaced by Sosecsv(fy, f,x) and
Spsecsy (41, b2, @), respectively. Spatially resolved
SECSY-ESR would be obtained in an analogous
fashion to that for ELDOR as outlined above.

In the frequency encoding experiment, we have for
the spin echo (SE) by analogy to eq. (5) of ref. [1]

SVSE,f(tl y t23 G)

[= 2]

= | et exp(—ikr) Steolti 2y dx, (6)

— G0

where k=7.G!, in the case of a constant gradient, cf.
fig. 4d (and k= —y.Gt, if we let the gradient be on
for just the period between the two n/2 pulses). Eq.
(6) can be FTd to obtain c(x)Sseo(t, t2, X). In the
case of an inhomogeneously broadened line com-
posed of many simple spin packets (each labelled by
j) we write

Sseolly, 1, X) = ¥, a;exp[ — (io;+T;,;)1, ]
7

xXexp(—Tz,t), ()

which 1illustrates that the inhomogeneous broaden-
ing is removed along the ¢, axis. Then if eq. (7) is
inserted into eq. (6), we see that for the pulsed gra-
dient with k= —y.Gt, one can improve resolution due
to the elimination of inhomogeneous broadening
[13,14]. In a standard SE experiment one optimizes
spatial resolution by setting #,=0 (cf. fig. 4d). (Ap-
propriate generalizations of eq. (7) may be written
for slow-motional ESR spectra [5,6].) If
Sseo(t1, £2) is independent of x we have

Sseclti, b2, G)=Ssgo(ty, )E(K) . (8)
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Spectra—-spatial imaging by frequency encoding (cf.
eq. (6)) may be obtained by fixing t;, letting
k=7.Gt,, and collecting the echo decay. It is analo-
gous to using the FID and eq. (3) of ref. [1] except
that one selects ¢, > 14 to overcome deadtime prob-
lems. Multiple stepped gradients are again utilized
and back-projection methods are required.
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Fig. 1. (a) Surface plot of 2D-ELDOR of sample used in ref, [1]
(cf. fig. 1a of ref. [1]) taken in the absence of a field gradient.
The collected FID is shown after an instrumental dead time.
Without spatial resolution provided by the gradient, the spectra
from the two spatially scparated samples cannot be resolved. The
spectra shown are a superposition of those from '“N and N,
each showing auto-peaks and cross-peaks. (b) Contour plot of
(a). Note that the horizontal arrows point to the N peaks and
the vertical arrows point to the '*N peaks. Dashed arrows imply
auto-peaks; the others are cross peaks.
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Fig. 2. With the application of a stepped gradient in the 2D-ELDOR experiment, we achieve good spatial resolution as shown in this
series of contour plots each corresponding to a spatial slice perpendicular to the applied gradient.

3. Results
3.1. Spatially resoived 2D-ELDOR

The spatially resolved 2D-ELDOR experiment was
performed as in fig. 3. The same sample as in ref.
[1] (cf. fig. la of ref. [1]), consisting of two ad-
jacent 1 mm inner diameter tubes containing either
4 mM '"N tempone or 4.5 mM "“N PDT in dode-
cane was utilized. We collected 2D-ELDOR spectra
for each of 32 values of gradient G ranging from + 80

to — 80 G/cm. The spin evolution time, ¢, was ranged
from 100 ns to 354 ns in 2 ns steps and the gradient
was applied during the first 90 ns. (This yields a
nominal resolution of 80 pm, cf. ref. [1].) The mix-
ing time, T, was set at 300 ns. Each FID was col-
lected as a function of ¢, in 1 ns steps starting from
1y, min=100 ns extending to 355 ns. A 16 step phase
cycle, which completely eliminates all transverse and
axial peaks and at the same time eliminates all ar-
tifacts arising from incomplete quadrature orthog-
onality while canceling dc offsets, was utilized (cf.
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-.100

Fig. 3. Surface 2D-ELDOR plots of selected slices shown in fig.
2. (a) Slice 12 located near the center of the '*N tube and (b)
slice 21 from the '*N tube, The pulse sequence for the phase en-
coded spatially resolved 2D-ELDOR experiment with gradient is
shown as an insert.

table 4(b) inref. [15]). Each step in the phase cycle
was averaged 80 times. This phase cycle yields both
Stipor and SE por- We took the FFT with respect
10 ¢,, and then the linear combination of dual quad-
rature signals given by S._ =St por —18ELpor [15].
(The S, combination [15], yields almost compa-
rable spectra.) This was followed by an FFT with re-
spect to k=7.Gr and then an FFT with respect to ¢,.
We display the magnitude spectra obtained from the
complex S._ signal.

In fig. 1 we show the 2D-ELDOR spectrum with-
out the gradient pulse. All the peaks from the '°N
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tempone and the "N PDT appear, including six
cross-peaks due to HE between *N molecules, and
two cross-peaks due to HE between 'N molecules.
Note the absence of '*N-'>N cross-peaks, since the
two types of nitroxide are non-interacting. (This
spectrum corresponds to eq. (1) with k=0.) We next
show in fig, 2 the spatially resolved 2D-ELDOR
spectra as a series of contour plots (corresponding to
the 2D-FT of eq. (2)). Each contour plot corre-
sponds to a “‘slice” of the 3D spectral-spatial image
that contains the 2D-ELDOR spectrum, at a given
location along the Z axis. Slices 12 and 21 are lo-
cated roughly at the centers of the two capillaries,
and correspond to the 2D-ELDOR spectra of '*N
PDT and '°N tempone respectively. (The spatial
separation between adjacent slices is ca. 0.17 mm
with the lowest numbered slices to the right of the
tube of “*N PDT and the highest numbered slices to
the left of the tube of '’N tempone.) One sees, that
as we move from right to left the 2D-ELDOR spec-
trum of "“N PDT shows up with a maximum at slice
12. It then fades out and the spectrum of N tem-
pone appears with a maximum at slice 21 and then
fades out. The full 2D-ELDOR spectra of slices 12
and 21 are shown in fig. 3. A comparison of these
spectra with fig. 1b clearly demonstrates that the 2D-
ELDOR spectra of N PDT and '*N tempone have
been spatially resolved.

3.2. Spin echoes

The sample we utilized for demonstrating FT-ESR
imaging based upon spin-echoes was a hollow cylin-
drical quartz tube that had been y-irradiated. The
outer diameter was 3 mm. The effect of the appli-
cation of a gradient of 66 G/cm is shown in fig. 4a
to significantly shorten the echo decay into a win-
dow of 50 ns (which would be less than the mini-
mum deadtimes currently achievable in a full power
FID experiment) from a much longer echo decay
correspondingtoa (7%)~'~3 G. Weusedan/2-£,—
n/2-t,—t, sequence in order to excite the same spec-
tral range with each pulse. Data collection occurs
during #,. The FT of the right half of the echo decay,
measured as a complex signal, yields the convolution
of the spectrum with the spatial distribution. Pre-
viously, when a constant field gradient was utilized,
a rather good 2D spatial-spatial image could be ob-
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Fig. 4. Spin echo results. (a) Echo decay in the absence and presence of a constant gradient of 66 G/cm and a B, =15 G. Note that
although the T3 in the presence of the gradient is much reduced, the echo decay shape as a function of ¢, (equivalent to an FID decay in
the present case where T, is uniform over the spectrum and there is no nuclear moduiation) is easily measurable since there is no
deadtime in ¢, in this experiment. (b) Sampling the echo decay shape as a function of sample rotation angle allows calculation of the
spatial-spatial image shown here. (¢) Collection of the echo decay shape as a function of gradient intensity permits calculation of the
spectral-spatial image shown here as a surface plot of the spatially resolved ESR spectrum obtained in this experiment. (d) The pulse

sequence for (c).

tained by rotating the sample in 5 degree steps and
using projection reconstruction [16]. We show this
2D image in fig. 4b obtained with a gradient of 66
G/cm. The spectral-spatial image, fig. 4c, was ob-
tained with multiple stepped constant gradients and
collection of the echo decay shape, cf. fig. 4d. The
constant gradient was varied over the range of 190
G/cm. All projections with gradient values less than
30 G/cm utilized 10 averages per phase cycle step.
For those with G> 30 G/cm, 100 collections were
averaged to reduce differences in S/N. The 8-step
phase-cycle given in Gamliel and Freed (cf. ref. [15],
table 3b) was utilized, and the S._ combination (cf.
above) was used. The spectral-spatial distribution
was calculated from the magnitude spectra (which is

most conveniently obtained with our present soft.
ware) of the measured echo decay (corresponding to
eq. (6) with k=y.Gt, and ¢, fixed at 400 ns) ac-
cording to methods outlined elsewhere [17,18]. An
advantage of utilizing echoes is that phase correc-
tions due to finite deadtimes are eliminated but lin-
ear phase corrections are still, in general, required
for off-resonance effects arising from finite micro-
wave fields [19]. However, they are not important
for the results in fig. 4. Use of magnitude spectra ob-
viates the need for phase corrections.

In the spectral-spatial image of the y-irradiated
quartz tube, shown in fig. 4c, a spectral slicc repre-
sents the typical inhomogeneously broadened spec-
trum for axial g-anisotropy and the spatial direction
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shows the hollow cylinder geometry of the sample.
The departure of this image from perfect cylindrical
symmetry is probably due to the irradiated sample,
since the experiment and analysis preserved cylin-
drical symmetry.

In conclusion, we note that modern FT-ESR im-
aging methods now allow for a wide range of rapid,
spatially resolved one- and two-dimensional spec-
troscopies based upon either collection of FIDs or
echo decays.
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