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a b s t r a c t
Pulsed-gradient spin-echo (PGSE) NMR is a powerful technique that can directly measure the self-diffusion coefﬁcient of molecules in a variety of environments. PGSE NMR can typically measure motions of at
least 1015 molecules in the milliseconds-to-seconds time scale. Here we demonstrate for the ﬁrst time
that through the use of a unique miniature resonator and powerful and rapid gradient sources, electron
spin resonance (ESR) can also be employed to measure diffusion in liquid state. The PGSE ESR method,
which operates at the microseconds time scale with much higher molecular sensitivity, can complement
and enhance the current capabilities of NMR.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
The measurement of translational motion is one of the most
fundamental types of observation in science. Over the last four decades, PGSE has been employed in conjunction with liquid-state nuclear magnetic resonance (NMR) for the measurements of motion
in applications ranging from basic materials science to medical
diagnosis. It is considered to be one of the most accurate and versatile methods for diffusion measurement [1,2]. One of the main
unique features of PGSE NMR is its capability to measure restricted
and anisotropic diffusion in various media which can lead, for
example, to the characterization of complex porous structures
[3–6]. The limited sensitivity and the relatively long time scales
of the processes in liquid-state NMR directly affect PGSE NMR
capabilities; typically, it measures collective motions occurring in
the milliseconds-to-seconds time scale over distances larger than
0.1 lm and only for 1015 molecules or more [7]. Other methods
used for the measurement of translational motion are neutron
scattering [8], optical ﬂuorescence photobleaching [9], ﬂuorescence correlation spectroscopy [10], and single molecule tracking
[11]. These methods are complementary to PGSE NMR in terms
of the temporal and the spatial resolution. For example, neutron
scattering can monitor motions occurring in the time scales of
1013–107 s and extending to a range of up to 100 Å [8,12]. Optical ﬂuorescence tracking of a single molecule has time resolution
in the milliseconds range and can observe movements over distances that must be larger than a few tens of nanometers [11].
Fluorescence photo bleaching has similar capabilities and mainly
observes the collective motion of many molecules, while ﬂuorescence correlation spectroscopy can monitor diffusion occurring
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during intervals as short as several microseconds and distances
of 0.2 lm, but only for very low (<1 nm) molecular concentrations [10] and it is very sensitive to a variety of experimental conditions [13]. In general, the resolution of optical methods (up to
0.1 lm), limits the accurate measurement of the diffusion to motions that are at least ﬁve times larger than the resolution
(0.5 lm) (for example, see [14]). In the context of techniques
for motion measurement we can also mention indirect methods
for molecular dynamics estimation, such as the analysis of NMR
and ESR spectrum for the extraction of relaxation and order parameters data [15,16], and the extraction of diffusion from ESR [17]
and ﬂuorescence data [18,19] for processes which involve molecular collision. Fig. 1 provides a graphical summary of the capabilities
of the methods described above for the direct measurement of diffusion. It should be noted that although in some respects optical
methods overlap with the capabilities of PGSE NMR, they are still
limited in handling many applications involving non-transparent
samples, samples with anisotropic and/or restricted diffusion,
and samples with complex (multi-component) diffusion.
In view of the above, it is evident that despite the considerable
progress in all of these methods there are still many gaps in the
existing capabilities to directly measure motion, especially for
common inter- and intra-molecular and biological processes
occurring in the time scale of 107–104 s. This time scale is not
accessible by NMR but could be naturally addressed through the
analogue method of PGSE ESR. ESR operates in the microseconds
time scale and thus can be complementary to the existing methods, especially to the NMR-based approaches. Furthermore, the
greater sensitivity (up to 107 molecules) and speciﬁcity (using
stable free radicals or spin labels – similar to ﬂuorescent labels in
optics) of the ESR technique at ambient conditions can be of importance in many biological and materials science applications. In this
work we demonstrate for the ﬁrst time that PGSE ESR can be
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50 T/m. Applying such high gradients over a short duration of several microseconds is highly challenging and for many years was
well beyond the state-of-the-art. For example, in NMR, the most advanced pulse experiments were able to achieve gradients that are as
high as 50 T/m, but over a much longer duration of 1 ms [21]. Another difﬁculty lies in the need to produce the two gradient pulses
(Fig. 2) with identical integrals up to a numerical factor that is the
ratio between the smallest measured movement and the size of
the sample. (For example, to monitor movements of 0.1 lm with
a typical ESR/NMR sample size of 10 000 lm, the two pulses must
be matched up to 0.1/10 000 = 10 ppm difference [1].) These combined experiential difﬁculties prevented, up to now, the observation
of the PGSE phenomenon in liquid-phase ESR.
Solid-phase ESR does offer several examples of the measurement of anisotropic motion with ESR, either by constant read gradient [22] or by PGSE [23]. However, these measurements were
carried out on the conduction electrons of a unique organic conductors, which are characterised by very long spin relaxation times
and, most importantly, a diffusion constant that is more than three
orders of magnitude larger (D  106 m2/s) than that of common
solutions. Another example of the direct measurement of diffusion
using ESR, without PGSE, is based on introducing a concentration
singularity in a liquid sample and monitoring the signal changes
over time scales of several seconds [24].
The experimental work described in this letter has overcome
the challenges of producing strong and short gradients, while
relaxing the requirement for identical gradient pulses somewhat
by using relatively small samples. Here we present PGSE ESR measurements which for the ﬁrst time directly measure the motion
(diffusion coefﬁcient) of molecules in a liquid solution. We obtained
the diffusion coefﬁcient of two different spin systems in various
solvents (a total of three types of samples). The ﬁrst two included
a saturated solution of the N@C60 molecular electron spin system
[25] in 1-cholornaphtalene and CS2. The third sample was made
of 1 mM deuterated trityl radical in water [20]. These spin systems
were chosen for their long relaxation times and their potential use
for many applications (see below). This new capability paves the
way to monitoring in the near future motions occurring in the time
scale of 107–104 s, over distances that can be as short as several
nanometers.

10 -2
10

-3

Solid phase PGSE ESR with
conduction electrons

Distance [m]

10 -4
10 -5

Optical methods

PGSE ESR – future possibilities

PGSE NMR

10 -6
10 -7
10 -8

PGSE ESR– this work

Neutron scattering

10 -9
10 -10

10 -13 10 -12 10 -11 10 -10 10 -9 10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 10 -2 10 -1 100 101

Time [s]
Fig. 1. Graphical summary of the motion measurement capabilities for the various
methods described in the text (rough outline). The horizontal axis represents the
characteristic time in which the motion can be tracked while the vertical axis
represents the length scale
of the motion during that time. The black line represents
pﬃﬃﬃﬃﬃﬃﬃﬃ
the diffusion length ( 4Dt ) for D = 1  109 m2/s, which is characteristics to
aqueous environment.

employed to measure translation motion in a liquid phase, and thus
provide in principle ‘PGSE NMR-type’ information in time-distance
scales that are beyond the reach of current methods.
ESR is a common and commercially available technique. Nevertheless, due to extreme technical challenges, PGSE has never been
applied in conjunction with ESR to the measurement of motion in a
liquid phase. The main difﬁculty lies in the requirement to apply
very strong magnetic ﬁeld gradients over very short periods of
time. This requirement can be explained quantitatively by investigating the equation that describes the measured echo signal in a
typical PGSE experiment [2]:

Eðt¼2s2 þs1 Þ ¼ A expð2s2 =T 2  s1 =T 1  Dc2 g 2 d2 ðD  d=3ÞÞ

ð1Þ

where A describes the maximum amplitude of the echo, T1 and T2
are the spin–lattice and spin–spin relaxation times of the measured
radical, respectively, D is the diffusion constant, c is the electron
gyromagnetic ratio and the pulse-related parameters s1, s2, D, d, g
are deﬁned in Fig. 2. In order to properly quantify the value of D,
the attenuation of the echo signal due to the last term in the argument of the exponential must be dominant with respect to the ﬁrst
two terms. This condition is best met with species having relatively
long relaxation times (T1 and T2). However, even if one considers
unique soluble radicals with extremely long relaxation times, such
as the perdeuterated trityl (T1  17 ls, T2  11 ls) [20], to signiﬁcantly affect the echo amplitude and enable the measurement
of D in a liquid phase, with typical values of 2s2/N2 = 0.5 and
s1/N1 = 0.5, the required pulsed gradients must reach a level of

90

2. Experimental details
2.1. Materials and samples preparation
N@C60 was synthesized by continuous nitrogen ion implantation into freshly sublimed fullerene layers with a yield
(N@C60:C60 ratio) of 0.01% as described elsewhere [25] The
N@C60 contained in the harvested product was enriched and
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Fig. 2. Pulse sequence for stimulated echo pulsed gradient employed in the present work. The half sin shaped pulsed ﬁeld gradients have varying amplitude (g) and a typical
duration of d. Phase cycling scheme with 16-steps was used to cancel all unwanted FID and echo signals [36].
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puriﬁed by multi-step high-pressure liquid chromatography
(HPLC) [26]. Sample purity was checked by UV–vis absorption
and analytical HPLC. The fullerene content of the sample is estimated to be better than 99.5%, consisting mostly of diamagnetic
species C60 (83.7%), its epoxide C60O (14.4%), and trace amounts
(<0.3%) of C70. The N@C60/C60 ratio of 1.6(3)% was quantiﬁed using
analytical HLPC and electron spin resonance as described earlier
[27].
The enriched N@C60 sample was dissolved in Carbon Disulﬁde
(99.9%–from Spectrum chemicals), which resulted in room temperature saturated solution concentration of 0.15 mM (for the
N@C60). The solution was then placed in a 0.5-mm i.d. capillary
glass tube and evaporated slowly to increase its concentration
(up to the level of saturation). N@C60 in 1-chloronaphthalene was
prepared by taking a sample of N@C60 in CS2, evaporating the solvent completely and then adding a small amount of 1-chloronaphthalene (90% from ACROS organics) to the tube. Here the saturated
solution concentration of N@C60 was 1.1 mM. Both N@C60 samples tubes were sealed under normal atmosphere.
Solid N@C60 sample with N@C60/C60 ratio of 0.1% was prepared
by mixing the enriched N@C60 in CS2 with pure C60 solution in the
appropriate ratio, and drying the solvent.
The sample of the trityl radical (courtesy of Dr. Wistrand, Nycomed Sweden) was made by preparing a 1 mM solution in distilled water, transferring it to a capillary glass tube and then
sealing it in vacuum (after several freeze thaw cycles – to remove
excessive O2).
The number of spins in the samples was calculated on the basis
of their concentration and the sample volume inside the resonator
(0.5 mm high) and was found to be 6  1013, 9  1012, and
9  1012 for the N@C60 in 1-chloronaphthalene, CS2 and the trityl
in water, respectively.
2.2. Experimental setup
The PGSE ESR experiments and the measurements of the sample’s T1 and T2 were all carried out with our ‘home-built’ pulsed
ESR imaging system. The block diagram of the experimental system is presented in Fig. 3. The system is constructed from the following main components: (a) a PC that controls the image
acquisition process through LabView software (National Instruments); (b) a timing card (PulseBlasterESR-Pro by SpinCore) with
21 TTL outputs, a time resolution of 2.5 ns and a minimum pulse
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length of 2.5 ns; (c) an 8-bit, two-channels PCI-format digitizer
card for raw data acquisition and averaging, with a sampling rate
of 500 MHz and averaging capability of up to 0.7 M waveforms/s
(AP-235, Acqiris); (d) two PCI analog output cards, each having 8
outputs with 16-bit resolution (PCI-6733, National Instruments)
that determine the gradient values; (e) a microwave reference
source (HP8672A) with power output of 10 dBm in the 2–18 GHz
range; (f) a ‘home-built’ pulsed microwave bridge containing (g)
a 6–18 GHz low-power transceiver and (h) a solid-state power
ampliﬁer with 1 W output, 35 dB gain (home made); (i) a highvoltage pre-regulator power supply for the gradient coil drivers
(j), which controls the pulsed gradient coils in the imaging probe;
(k) a micro-imaging probe.
The micro-imaging probe and its gradient coils are shown in
Fig. 4. They are an improved version of the probe described before
[28] and constitute most of the key components that ultimately enabled the diffusion measurements presented here. At the centre of
the probe we ﬁnd a Rutile (TiO2) microwave single ring dielectric
resonator with an outer diameter of 2.4 mm, inner diameter of
0.9 mm and a height of 0.5 mm that is fed by a coaxial line. The resonator is placed with the sample at the center of the gradient coils
structure. The gradients include a set of x-, y-, and z-gradient coils.
The structure of the x-gradient coil is based on a simple Maxwell
pair, the coils of the pair are connected in parallel and have a total
inductance of 1.1 lH, a resistance of 0.5 Ohm, and produce a magnetic gradient of 1.42 T/mA. The y-gradient coil is based on Golay
geometry, has a total inductance of 2.09 lH, a resistance of
0.55 Ohm, and produces a magnetic gradient of 1.25 T/mA. Both
the x- and y-gradient coils are driven by the pulse current drivers.
The z-gradient coil is also based on Golay geometry, but with serial
connection between the upper and lower parts of the coil and has
an efﬁciency of 1.31 T/mA. Its total inductance is 8.9 lH and its
resistance is 1.8 Ohm (it was not used in this work). The strength
of the gradients was calculated by a ‘home made’ Matlab software,
based on Biot-Savart law. The calculations were veriﬁed experimentally (for the x- and y-gradient coils) by applying a constant
(DC) 0.1 A of current directly into the gradient coils and measuring
the broadening of the N@C60 sample ESR signal in the frequency
domain. By knowledge of the size of the sample one can directly
calculate from the signal broadening the gradient strength for
1 A of drive current. The shield (shown in Fig. 4, made of 1 lm
thick golden foil) acts as a barrier which prevents the microwave
from escaping out of the resonator but still enables the low

Fig. 3. Block diagram of the ESR system employed in the present work.
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Fig. 4. ESR micro imaging probe employed in the present work. General view of the probe structure with the tiny resonator taken outside the gradient coil structure (left).
Detailed view of the miniature gradient coils set (right).

In order to complement the data regarding our samples we conducted a set of T1 and T2 measurements, which yielded the following results: for N@C60 in 1-chloronaphthalene T1 and T2 were found
to be 33.3 and 6.4 ls, respectively. For N@C60 in CS2 the measured
values are 91 and 14.3 ls, and for trityl in water 16.7 and 5 ls. For
the solid N@C60 sample with N@C60/C60 ratio of 0.1% we measured
T1 and T2 of 80 ls and 2.85 ls. The values of T1 were calculated
from the data obtained during stimulated echo measurements
(see Fig. 2) with a constant s2 and varying values of s1 (via an exponential line ﬁt). The values of T2 were measured by a simple two
pulse Hahn echo sequence with an 8-step phase cycle (CYCLOPS
and FID cancelation).

3.1. Preliminary observations and testing
The system underwent several stages of testing and optimization prior to the actual diffusion measurements. The main challenge, other than the construction of the micro-ESR probe and
gradient drivers, was to reduce to a minimum the residual magnetic ﬁelds that follow such intense and short gradient pulses.
The use of a miniature dielectric (non-metallic) resonator greatly
attenuates these transient effects. Furthermore it also increases
signiﬁcantly the signal from such small sub-micro-litre samples
[30] (leading to less stringent requirements for the identity of
the pair of gradient pulses – as discussed above). However, these
measures do not solve all the problems; there are still some residual ﬁelds that are caused by the current in the gradient coil itself as
well as by transient ‘eddy currents’ in the auxiliary gradient coils of
the probe (Fig. 4). The residual current after each pulse in the x gradient coil (Fig. 5) was minimized through the design of the electronic driver circuit and by minimizing the inductance of this coil
and reducing the capacitance of the transmission line. Other transient magnetic ﬁelds at the position of the sample were found to be
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frequency ﬁeld generated by the gradient coils to penetrate inside.
This enables maintaining a high quality factor for the microwave
resonator, while still avoiding eddy currents due to the fast pulsed
gradients. In the PGSE experiments, the x-axis coil was used for the
main gradient pulses, while the y-axis coil was fed by a small DC
current (0.02 A). The constant y-gradient adds a small artiﬁcial
inhomogenous broadening to the signal, without affecting T1 and
T2 values. This enables better cancelation of the residual free induction decay (FID) signal from the last pulse (in addition to the use of
phase cycling for the FID cancelation). Furthermore, the induced
small inhomogenous broadening (0.015 mT) results in a more
stable signal in our system, which has ﬁeld stability of
0.002 mT that is marginal for the measurements of radicals with
long T2. The effect of this constant y-gradient (g  0.025 T/m) on
the echo signal attenuation due to diffusing is negligible (see Eq.
(1)).
Additional key components that enable the diffusion measurement capability and deserve more attention are the pulsed gradient current drivers. These units are an improved version of the
system described in [29] that operates by producing short intense
current pulses into the gradient coils by means of a capacitor discharge. In our present system the peak current of the drivers can
reach an output of 40 A (out of a 620 V source) with short pulses
of 0.5–1 ls. This is a signiﬁcant improvement over previous efforts
where peak currents of only few amps were available for the same
or longer pulse durations [28,29]. The capabilities of the gradient
drivers along with the small size and the high efﬁciency of the gradient coils resulted in maximum available gradient of 55 T/m for
typical duration of 0.8 ls. All measurements were carried out at a
room temperature of  24 °C.
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Fig. 5. Recording of a typical current drive during the pulsed ﬁeld gradient. The
duration of the pulse is 0.8 ls. The insert shows the relatively fast decay and pulse
behaviour in the trailing edge.
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3.2. Experimental results
Two types of measurements were carried out in the present
work. In the ﬁrst, the stimulated echo was recorded for constant
s2 and varying values of s1 (Fig. 2). In such a measurement the ratio
of the stimulated echo signal with gradient pulses to that without
gradients represents the combined effect of the residual transient
magnetic ﬁelds and the diffusion-related signal decay. The effect
of signal decay due to the residual transient magnetic ﬁelds was
found to be the same for all values of s1 (for constant s2) and thus
could be compensated by simple normalization. In contrast to that,
the effect of diffusion on signal decay should increase as s1 is increased, making it possible to evaluate the diffusion coefﬁcient in
a straightforward manner, based on Eq. (1). The results of this type
of measurement, carried out with s2 = 2.5 ls and a peak gradient of
30 T/m, are shown in Fig. 6a. The theoretical graphs for both N@C60
samples were plotted without any ﬁtting, simply by using Eq. (1)
with the diffusion coefﬁcients DN@C60 in CS2 ¼ 1:22  109 m2 s1 , and
DN@C60 in 1chloro ¼ 1:41  109 m2 s1 . These values for D are based
on the Stokes–Einstein (SE) relation for the diffusion of spheres
in ﬂuids:‘

D¼

kB T
6pgr

0.2
N@C60 in chloronaphthalene

0
-0.2

ln (s/s0)

-0.4

ð2Þ

where kB is Boltzmann constant, T is the temperature, g is the viscosity and r is the molecular radius. Parameters used for the calculations of D are a C60 molecular radius of 0.51 nm [31], and a
viscosity of 1-chloronaphthalene and CS2 of 3.02 mPa s [32] and
0.35 mPa s [33], respectively. It is evident from the results of
Fig. 6a that the SE relation provides a very good description of this
molecule’s motion. Other previous experiment of relevance using
neutron scattering found DC60 in CS2 = 1.04  109 m2 s1 (at 293 K)
[34], which is a bit smaller than the value predicted by the SE relation (1.22  109 m2 s1). Measurements of C60 in benzene employing PGSE NMR found DC60 in benzene = 0.83  109 m2 s1 [31], which
is a bit larger than the SE prediction for that solvent
(0.67  109 m2 s1) [31]. In the case of the trityl water solution,
the theoretical graph represents a linear regression ﬁtting that re-
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generated by residual currents in the auxiliary y-gradient coil. In
order to measure the overall effect of all unwanted transient magnetic ﬁelds, the stimulated echo magnitude was monitored with
and without gradient pulses. Ideally, when the diffusion effect is
negligible, the same echo signal magnitude should be obtainable
with and without the gradients (complete ‘signal reconstruction’).
In practice, however, this is not the case and the level of ‘signal
reconstruction’ depends on various parameters such as the values
of s1 and s2 in the pulse sequence, strength and duration of gradients, and sample dimensions. In the present setup we employed
two types of samples to test this signal reconstruction efﬁciency:
a sample of N@C60 in 1-chloronaphthalene, which is very viscous,
and a solid N@C60 sample with N@C60/C60 ratio of 0.1%. As an
example for the results of these tests, with typical values of
s2 = 2.5 ls and s1 = 40 ls, when using a 30 T/m gradient pulse that
is 0.8 ls long, about 62% and 64% of the echo signal was reconstructed for the viscous liquid and solid samples, respectively.
When the gradient peak value was increased to 50 T/m (while
keeping all other parameters constant), only about 14% and 15%
of the echo signal was reconstructed for the liquid and solid samples, respectively. (It should be noted that under these conditions,
the contribution from diffusion in the viscous liquid sample to
echo decay is very small and should reduce its magnitude to a level
that is to the most 90% of the full echo amplitude – see below.)
These ﬁgures are not ideal but were more than enough to perform
our measurements, when properly taken into consideration.
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Fig. 6. (a) Stejskal-Tanner plot of the stimulated echo’s ln magnitude as a function
of the factor q = c2g2d2(D  d/3) for N@C60 in 1-chloronaphthalene (e) and CS2 (D)
and for trityl in water (o). The values of q were varied by changing s1 in the pulse
sequence and were calculated on the basis of the true integral of the half-sine
gradient pulse. (b) Similar plot as (a) but for N@C60 in CS2 where in this experiment
the values of q were varied by changing the amplitude of the peak g value while
keeping all other parameters of the pulse sequence constant.

sulted in the measured Dtrityl in H2 O = 6.51  1010m2 s1. No prior
data was found for the diffusion constant of trityl in water, but it
is reasonable based on molecular size and solvent properties.
The second type of measurement employed ﬁxed values of s1
and s2 with varying gradient magnitude. In this type of experiment, the sample is subjected to increasing pulsed-gradient values,
leading to increased signal decay due to the effects of diffusion and
the unwanted effects of the residual transient ﬁelds. In order to
eliminate the unwanted contributions to the echo decay, we considered the results of the 1-chloronaphthalene sample (where
the predicted diffusion decay is small) as a reference and used
them to normalize the measurements of the N@C60 in CS2 sample.
The results of this type of measurement, for s2 = 2.5 ls, s1 = 40 ls
and gradient values of up to 50 T/m, are shown in Fig. 6b. The theoretical graph was plotted using Eq. (1) with the same diffusion
coefﬁcient as in Fig. 6a.
3.3. Discussion
The results presented here clearly demonstrate that PGSE can
be applied in conjunction with the ESR technique to the direct
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measurement of motion of spin systems and stable radicals in liquids. If we consider the trityl in water as an example (where we obtained 6.51  1010m2 s1), the current system capabilities can
typically
enable
the
measurement
of
motions
of
pﬃﬃﬃﬃﬃﬃﬃﬃ
 4Dt ¼ 0:32 lm during a period of 40 ls. Shorter times, down
to 10 ls, can be employed to measure smaller motions, but with
lower accuracy (because the echo attenuation due to the diffusionrelated term in Eq. (1) would become small with respect to T1- and/
or T2-related attenuation), while larger times of up to 200 ls can be
used to measure slower processes. For example, for the sample of
N@C60 in 1-chloronaphthalene, the diffusion length after 10 ls is
only 75 nm, which is about the limit of our experimental setup.
Based on that reasoning, the rough borderline of present system
capabilities, employing freely diffusing paramagnetic species such
as trityl and N@C60 in common solvents, is shown in solid green
line in Fig. 1. The noise in the measurements of these samples,
which contained 1013 spins (see 2.1), was not a limiting factor
for our resonator, which can reach a sensitivity of 107 spins
[35]. However, the long-term signal stability (which causes signal
variations between point to point on the graphs of Fig. 6) and the
residual transient ﬁelds were a problem in the present setup. The
current range of PGSE ESR capabilities can thus be greatly extended
with future improvements such as the use of a much smaller probe
for operation at 35 or 60 GHz (enabling larger gradient strength
and employing smaller samples), means for a more effective cancellation of transient magnetic ﬁeld effects, and the combination
of PGSE ESR with ESR micro-imaging [28]. These upgrades would
enable to fully realize the potential of PGSE ESR, as roughly plotted
in Fig. 1 with dashed green line. For example, motions of 6 nm is
a time scale of 100 ns (which would require gradients of 500–
1000 T/m) can be considered as a practical near future lower limit
for the present probe conﬁguration, while on the other hand, motions of 6 lm with in a time scale of 1 ms can be considered as
an upper limit (based on the maximum T1 of available samples).
PGSE complements the capabilities of PGSE NMR and can thus
be applied to a variety of applications in biophysics and material
science. In principle, this can be done with ‘stand alone’ stable radicals such as those employed above or with spin-labelled molecules. The capability to probe much shorter times than NMR can
be valuable, for example, for the measurement and characterization of porous media (commonly found in biology) with sub-micron pores in an aqueous environment. (With NMR, in the
milliseconds time scale, it is very difﬁcult to characterize restricted
motions in that length scale.) Here, the theoretical foundations laid
down by the NMR community (e.g. [4]) can be of immediate use in
characterizing complex cases such as anisotropic diffusion and diffusion in multichannel porous structures. Furthermore, the
uniqueness of the ESR signal that can be attributed to a speciﬁc
molecule can be used to differentiate between different types of
motions of several species inside different compartments of complex or biological samples (while the NMR signal is in most cases
attributed to the indistinguishable water signal). When the capabilities of PGSE are more fully realized, one may address issues
such as large-scale 3D intramolecular dynamics of proteins or larger supra-molecular structures (e.g. [16]), or characterizing different types of protein motions in non-homogenous cellular
membrane [11].

In conclusion, the gate that was opened up in this work could be
greatly expanded by subsequent developments, which should
enable monitoring unique processes of interest that are currently
beyond the reach of the present capabilities of optical and NMRbased methodologies.
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