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Diﬀusion in porous media is a general subject that involves many ﬁelds of research, such as
chemistry (e.g. porous catalytic pallets), biology (e.g. porous cellular organelles), and materials
science (e.g. porous polymer matrixes for controlled-release and gas-storage materials). Pulsedgradient spin-echo nuclear magnetic resonance (PGSE NMR) is a powerful technique that is often
employed to characterize complex diﬀusion patterns inside porous media. Typically it measures
the motion of at least B1015 molecules occurring in the milliseconds-to-seconds time scale, which
can be used to characterize diﬀusion in porous media with features of B2–3 mm and above
(in common aqueous environments). Electron Spin Resonance (ESR), which operates in the
nanoseconds-to-microseconds time scale with much better spin sensitivity, can in principle be
employed to measure complex diﬀusion patterns in porous media with much ﬁner features
(down to B10 nm). However, up to now, severe technical constraints precluded the adaptation of
PGSE ESR to porous media research. In this work we demonstrate for the ﬁrst time the use of
PGSE ESR in the characterization of molecular restricted diﬀusion in common liquid solutions
embedded in a model system for porous media made of sub-micron glass spheres. A unique ESR
resonator, eﬃcient gradient coils and fast gradient current drivers enable these measurements.
This work can be further extended in the future to many applications that involve dynamical
processes occurring in porous media with features in the deep sub-micron range down to true
nanometric length scales.

1. Introduction
Many natural substances (such as rocks, soil, biological
tissues, and bones) and man-made objects (e.g. cements,
foams, storage containers, controlled-release matrixes, fuel
cells, and catalytic pallets) are made of porous materials.
The experimental observation and characterization of liquid
transport processes in porous media are of signiﬁcant value in
a variety of scientiﬁc disciplines.1,2 For example, civil engineers
explore the transport of liquids through concrete and soil;
environmental scientists observe processes of groundwater
pollution in the ground by toxic liquids and hazardous wastes;
chemists develop separation and catalytic methods based on
porous substances; petroleum engineers examine oil transport
in porous rock formations; medical researchers investigate
processes in porous tissues such as the kidneys and lungs;
and biologists are interested in metabolite and protein transport
in porous cellular organelles such as centrosomes.
Over the last four decades, liquid-state nuclear magnetic
resonance (NMR) via the pulsed-gradient spin-echo (PGSE)
technique and its variants has been employed to measure
a
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restricted and anisotropic diﬀusion in various types of porous
media.3–8 The wide availability of NMR systems and the
possibility of combining diﬀusion measurements with imaging9
has made this technique very popular and it is considered to be
one of the most accurate and versatile methods of diﬀusion
measurement.10
Despite the great success of PGSE NMR and related
techniques, they are still known to suﬀer from some fundamental
physical limitations that are attributed to all NMR-based
techniques. Thus, for example, 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 of at least B1015 molecules or more occurring
in the milliseconds-to-seconds time scale. For aqueous-like
viscosity (typically D E 109 m2 s1) this time scale corresponds to motions over distances that cannot be smaller than
B2–3 mm.11 Furthermore, when diﬀusion measurement is
combined with spatial imaging, some limitations arise with
respect to the limited image resolution of MRI (commonly not
better than B20–30 microns) and the relatively long image
acquisition time (cannot be shorter than B100 ms, even with
the most advanced systems).12
Recently, we have shown for the ﬁrst time that PGSE can
also be employed in conjunction with liquid-phase ESR to
directly measure the diﬀusion coeﬃcient of paramagnetic
species in homogenous solutions.13 PGSE ESR typically operates
in the microseconds time scale and thus can be complementary
to the NMR-based approaches. Furthermore, the greater
sensitivity (up to B107 molecules) and speciﬁcity (using stable
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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.
(Although, as shall be shown below, further improvements
must be made before PGSE ESR can be employed with some
of the more common, biologically relevant, nitroxide radical
spin labels.) It should be noted that many other methods
can be used for the measurement of translational motion
in various time and distance scales; for example, neutron
scattering,14 optical ﬂuorescence photobleaching,15 ﬂuorescence
correlation spectroscopy,16 and single molecule tracking.17
However, these methodologies are complementary to both
the NMR- and mainly the ESR-based methods (see Fig. 1 in
ref. 13), since they operate at diﬀerent time and distance scales,
far from the Bms per 100 nm which are the typical time/length
scales of PGSE ESR.
The present work continues our recent eﬀorts and shows
that PGSE ESR can indeed be expanded to investigate and
characterize the restricted diﬀusion of common liquid solutions in
porous media with features in the sub-micron length scale that
occurs during the 10–100 ms time scale. These capabilities were
realized by the use of a miniature pulsed ESR resonator, tiny
eﬃcient gradient coils, and powerful fast gradient drivers,
which greatly improve upon our previous work and facilitate
better spin sensitivity and stronger and faster gradient pulses.

2. Theory and experimental challenges
As noted before,13 the short time scale of the ESR experiment
poses signiﬁcant technical diﬃculties to the experimentalist
who wishes to investigate diﬀusion with ESR, more so if one is
interested in looking at restricted diﬀusion in porous media.
The equation that describes the measured echo signal in a
typical stimulated echo PGSE experiment (Fig. 118), for the
case of unrestricted diﬀusion, is as follows:3
1
0
0 tþd
12
Z
C
B
Eðt¼2t2 þt1 Þ ¼ A exp@R  Dg2 @
gðtÞdtA ðD  d=3ÞA
t

ð1Þ

t1, t2, D, d, and g are the pulse-related parameters deﬁned in
Fig. 1. In order to properly quantify the value of D, the
R
2
tþd
relation Dg2 t gðtÞdt ðD  d=3Þ  R must be approached
(otherwise, the eﬀect of the diﬀusion on the echo signal would
be too small compared with the relaxation eﬀects). If we
assume that the time scale of the experiment is comparable
to T1 and T2 (i.e.
2R E 1), then one must meet the condition of
R tþd
Dg2 t gðtÞdt ðD  d=3Þ  1. In ESR the time scale is
B3 orders of magnitude shorter than in NMR, while g is
B3  orders of magnitude larger. However the term
2
R tþd
Dg2 t gðtÞdt ðD  d=3Þ has a cubic dependency in the
time scale and only a quadratic dependence in g, which means
that in order to have the same inﬂuence by diﬀusion, the
gradient in ESR must be BO1000 or B1.5 orders of magnitude stronger than that in common PGSE NMR experiments
(in addition to being much shorter). As we recently described,
new ESR probes and a fast/strong gradient driver methodology
enabled us to produce short (B1 ms) gradients of B50 T m1.
These gradients, together with the high signal-to-noise ratio
(SNR) obtained for small samples with our miniature resonator,
make it possible to meet the required conditions for measuring
unrestricted diﬀusion in common solvents.13
Further to this work, in order to properly address the
challenges of measuring and characterizing restricted diﬀusion
processes in porous media, one has to increase the gradient
strength and improve the SNR of the system. If we consider,
for example, the pioneering work of Callaghan and co-workers,
looking at diﬀusion of water in a matrix of glass microspheres,
the echo amplitude due to diﬀusion processes is given by:5



6Deff D
sinð2pqbÞ 2p2 q2 x2
e
ED ðqÞ ¼ jS0 ðqÞj2  exp 
1

2pqb
b2 þ 3x2
ð2Þ
where
S0 ðqÞ ¼

3ð2pqa  cosð2pqaÞ  sinð2pqaÞÞ
ð2pqaÞ3

and

Fig. 1 Pulse sequence for stimulated echo pulsed gradient employed
in the present work. The half-sine-shaped pulsed ﬁeld gradients have
varying amplitude (g(t)) and a typical duration of d. A 16-step phase
cycling scheme was used to cancel all unwanted FID and echo
signals.18
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The factor S0(q) is the q-space Fourier transform of the spin
density in a single pore (unit cell) in the porous media, which
in this case is approximated to a sphere with radius a. The
parameter Deﬀ is the self-diﬀusion coeﬃcient of the Brownian
motion for long-range migration between the pores, b is the
mean spacing between the pores, and x is the standard deviation
of b. In order to adequately examine such type of porous
medium and characterize the size of its pores, the distance
between the pores, and the diﬀusion inside the pores and from
pore to pore, several conditions must be met at the same time.
First, in order to observe motions from pore to pore, the
diﬀusion time, D, should be D E b2/2Deﬀ. In addition, the
magnitude of q should be q E 1/b, so that the echo signal as a
function of q exhibits a ‘‘diﬀraction pattern’’ characteristic of
the periodicity of b.5,9 Furthermore, free diﬀusion inside the
pores can be observed only if the diﬀusion time obeys the
condition D o a2/6D; while for longer diﬀusion times, a
q¼

where A describes the maximum amplitude of the echo,
R = 2t2/T2 + t1/T1, T1 and T2 are the spin–lattice and
spin–spin relaxation times of the measured spin, respectively,
D is the diﬀusion constant, g is the gyromagnetic ratio, and

ð3Þ

t
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diﬀraction pattern of the individual pores would appear only
by using high gradients that maintain q E 1/a.
The conditions presented in the last paragraph can be used
to demonstrate the notion that PGSE NMR and ESR are
complementary approaches. For example, in the case of PGSE
NMR, for a diﬀusion coeﬃcient typically encountered in
aqueous solutions (in the range of D E 109 m2 s1) and for
the typical range of D (B10–1000 ms), one can expect to
characterize the porous media described above with a and b
values in the range of O6DDmin E 8 to O2DDmax E 50 microns.
This characterization would require q values of up to
1/a E 125 000, which, for a typical NMR gradient pulse
duration of 1 ms, imply peak gradient values of B3 T m1.
On the other hand, for PGSE ESR the typical values for the
diﬀusion time are D E 1–100 ms (see ref. 13 and the work
presented below). Using the above-stated arguments, one can
ﬁnd that the relevant a and b values for observation in aqueous
conditions are in the range of B80 to B500 nm. The required
q values are therefore between 2  106 to 12.5  106 for useful
observation of porous media with such features (the smaller
q is suﬃcient for B500 nm and the larger q is required for
B80 nm). These values of q, for typical gradient pulse
durations of 1 ms, imply peak gradient values of B75 T m1
up to B460 T m1.
It should be noted that under conditions of very slow
diﬀusion (o1011–1013 m2 s1), NMR with very strong
(B50–100 T m1) but long or even constant gradients can
be used to characterize features in porous media down to the
B10 nm length scale, but still with the limitation of looking at
processes occurring in the Bms time scale and above.19,20
Furthermore, one should also note that in the unique case of
ESR using conduction electrons in the solid phase, one can
encounter diﬀusion coeﬃcients in the range of B104 m2 s1,
which enable observing both restricted and unrestricted
diﬀusion eﬀects with PGSE ESR in relatively large pores
(B200 mm) without the need for very powerful gradients
(i.e. only B0.4 T m1).21,22
It is therefore evident that ESR oﬀers the possibility of
exploring the characteristics of diﬀusion in porous media
under aqueous environment in length and time scales that
are well beyond the reach of PGSE NMR (and also beyond
the reach of other methods; see Fig. 1 in ref. 13). The ‘‘price’’

that has to be paid for such a capability is that new methodological tools must be developed to facilitate very strong
gradients, well beyond what is available in NMR, over relatively
short time scales. Furthermore, since the diﬀusion measurements
also require monitoring signal decay, often over 1–3 decades,
suﬃcient SNR is needed to obtain E(q) graphs of good quality
that can be ﬁtted to the theoretical curves and enable proper
parameter extraction.

3. Experimental details
3.1 Materials preparation
N@C60 was synthesized by continuous nitrogen ion
implantation into freshly sublimed fullerene layers with a yield
(N@C60 : C60 ratio) of B0.01% as described elsewhere.23 The
N@C60 contained in the harvested product was enriched and
puriﬁed by multi-step high-pressure liquid chromatography
(HPLC).24 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 (o0.3%) of C70. The N@C60/C60 ratio of
1.6(3)% was quantiﬁed using analytical HLPC and electron
spin resonance as described earlier.25
‘‘Finland D36’’ trityl (tris-(8-carboxyl-2,2,6,6-tetrakis(D3-methyl)-benzo[1,2-d : 4,5-d 0 ]bis(1,3)dithiol)methyl sodium
salt) was synthesized using the method shown in Fig. 2, which
is described in detail below.
Tris-(2,2,6,6-tetrakis(D3-methyl)-benzo[1,2-d : 4,5-d 0 ]bis(1,3)dithiol)methanol (I). Compound I was prepared by analogy
with a known literature multi-step procedure.26 Compound I
and all the additional diamagnetic intermediates possessed,
within the error limits of 1H NMR integration, the same
percentage of deuterium of 89.4  0.6% for methyl groups
of acetonide fragments.
Tris-(8-ethoxycarbonyl-2,2,6,6-tetrakis(D3-methyl)-benzo[1,2-d :
4,5-d 0 ]bis(1,3)dithiol)methanol (II). A 1.9 M pentane solution
of tert-BuLi (2.89 mL, 5.5 mmol) was added dropwise over
10 min to a stirred suspension of I (0.460 g, 0.5 mmol) and
freshly distilled TMEDA (0.696 g, 6 mmol) in n-hexane

Fig. 2 Synthesis scheme of the ‘‘Finland D36’’ trityl.
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(2 mL) at 0 1C (bath temperature). After the mixture was
stirred at room temperature (RT) for 3.5 h, benzene (1.5 mL)
was added. The resulting greyish-brown solution was stirred at
RT for an additional 1.5 h and then added to diethyl carbonate
(2.95 g, 25 mmol) cooled at 15 1C bath temperature. The
cold bath was removed and stirring was continued at RT
overnight. Saturated aqueous NaH2PO4 (2 mL) and ether
(10 mL) were added. The organic phase was separated, ﬁltered
through a short plug of silica and concentrated in vacuo. The
crude product (red syrup) was puriﬁed by column chromatography on a silica gel (dichloromethane–hexane, from 1 : 4 to
1 : 1), followed by re-crystallization from acetonitrile (7 mL)
to generate the title product II (0.204 g, 36%) as a lemonyellow powder: mp 4 270 1C (gradually decomposed); 1H
NMR (300 MHz, CDCl3): d = 1.43 (t, 9H, J = 7.1 Hz,
CH3CH2O), 4.41 (m, 6H, CH3CH2O), 6.75 (s, 1H, OH); 13C
NMR (75.47 MHz, CDCl3): d = 14.41 (q), 28.80 (q), 29.36 (q),
32.01 (q), 33.98 (q), 61.01, 61.09, 62.48, 84.46 (s), 121.46 (s),
134.14 (s), 139.40 (s), 140.50 (s), 141.60 (s), 142.00 (s), 166.34
(s); HPLC purity 4 97%.
Tris-(8-carboxyl-2,2,6,6-tetrakis(D3-methyl)-benzo[1,2-d : 4,5-d0 ]bis(1,3)dithiol)methyl sodium salt (III). A solution of CF3SO3H
(0.339 g, 2.26 mmol) in dry acetonitrile (0.5 mL) was added
dropwise over 10 min under argon to a stirred solution of II
(0.125 g, 0.113 mmol) in dichloromethane (4.5 mL). After the
mixture was stirred at RT for 10 min, a solution of SnCl2
(0.0245 g, 0.124 mmol) in dry THF (1.5 mL) was added. The
resulting dark brownish-green solution was stirred at RT for
15 min, after which it was quenched with saturated aqueous
NaH2PO4 (5 mL). The mixture was diluted with chloroform
(5 mL) and stirred vigorously for 2 min. The organic layer
(lower one) was separated, washed with brine, dried (MgSO4),
ﬁltered, and concentrated in vacuo to produce the crude
triester trityl as a black solid. Ethanol (1.5 mL), dioxane
(1 mL) and a solution of KOH (0.063 g, 1.13 mmol) in water
(0.25 mL) were added. The mixture was stirred at 50 1C under
argon for 2 h, after which all solvents were removed in vacuo.
Water (4 mL) was added. After being stirred overnight under
argon at RT, the resulting deep-green solution was passed
through a paper ﬁlter and acidiﬁed with 2 M HCl to pH 2. The
precipitated triacid was extracted with ether (3  10 mL). The
combined organic extract was dried (MgSO4), ﬁltered, and
concentrated in vacuo to produce the crude triacid trityl as a
black solid (0.109 g, 0.105 mmol). MALDI-TOF: calculated
for [C40H3D36O6S12 + H]+ 1036.17; found 1036.41.
The triacid was dissolved in 0.1 M aqueous NaOH
(3.16 mL, 0.316 mmol). The solution was left standing at RT
for 10 min, ﬁltered, and concentrated in vacuo to generate the
title product (0.113 g, 93%) as a greenish-black powder.
HPLC purity 497%. ESR (Bruker EMX CW at X-band,
0.3 mM deoxygenated water solution): line width 32 mG.
3.2

Sample preparation

The enriched N@C60 sample was dissolved in carbon disulﬁde
(99.9%—from Spectrum Chemicals), which resulted in a roomtemperature saturated solution concentration of B0.15 mM
(for the N@C60). In parallel, a water suspension of 0.51 micron
diameter glass spheres (from Bangs Laboratories, US) was
This journal is
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placed inside a capillary glass tube with an inner diameter of
B0.5 mm. The tube was then placed in an ultracentrifuge and
spun at 4000 rpm in order to pack the spheres at its bottom.
The remaining water in the tube was removed in vacuum while
the tube was subjected to heat at B100 1C. The solution of
N@C60 in the CS2 was then inserted into the capillary tube,
which was sealed using a ﬂame torch. The tube was left for a
week at ambient conditions prior to the measurements to
enable suﬃcient time for the solution to diﬀuse into the matrix
of dry glass spheres. Additional tubes without the glass spheres
containing N@C60 in CS2 and N@C60 in 1-chloronaphthalene
were prepared for reference measurements of unrestricted
diﬀusion. The trityl samples were prepared by adding 1 mM
trityl water solution to the above-described capillary tubes
with glass spheres in diameters of 0.32 and 0.51 microns. These
samples were sealed under vacuum after oxygen was removed
using several freeze–pump–thaw cycles. An additional
tube without the glass spheres (containing just the trityl
water solution) was prepared for reference measurements of
unrestricted diﬀusion.
The relaxation times of the N@C60 and trityl solutions were
measured recently,13 with the following results: for N@C60 in
1-chloronaphthalene, T1 and T2 were found to be 33.3 and
6.4 ms, respectively. For N@C60 in CS2 the measured values
are 91 and 14.3 ms, and for the trityl in water 16.7 and 5 ms, for
T1 and T2, respectively.
3.3 Experimental setup
The PGSE ESR experiments were carried out with our
‘‘home-built’’ pulsed ESR imaging system (described before
in ref. 13,27). In the present work we have employed a new
probe that was speciﬁcally designed and constructed to support
such type of diﬀusion measurements by ESR (shown in Fig. 3).
In addition to the new probe, the ESR system underwent
some software and microwave hardware improvements that
provided better signal sensitivity and stability compared with
our recent work.13
The new probe operates at B15.5 GHz and is comprised of
a double-stacked dielectric ring resonator made of a highpermittivity (e = 300) single crystal of SrTiO3. The inner
diameter of each ring is 0.76 mm and the outer diameter is
1.4 mm. The height of each ring, as well as the gap between the
two rings, measures 0.3 mm, resulting in an overall resonator
height of 0.9 mm, which is optimized for accommodating
samples in capillary tubes. The resonator is located inside a
cylindrical glass tube (id 2.6 mm, od 3 mm) with a 1 mm gold
shield deposited on its exterior (by evaporation in a vacuum
chamber). This shield acts as a barrier that prevents the
microwave from escaping out of the resonator but still allows
the low frequency ﬁeld generated by the gradient coils to
penetrate inside. This enables maintaining a high quality
factor for the microwave resonator, while avoiding eddy
currents due to the fast pulsed gradients. Small and eﬃcient
gradient coils are positioned on the glass cylindrical shield.
This diﬀusion probe is equipped with X- and Z-gradient
coils as well as static-ﬁeld bias coils to enable ﬁeld frequency
lock (FFL) capability. The structure of the X-gradient coil is
based on a simple Maxwell pair with a high degree of
Phys. Chem. Chem. Phys., 2010, 12, 5998–6007 | 6001
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Fig. 3 (a) General overview of the PGSE ESR probe. (b) Close view
of the resonator inside the probe, with the heat sink section removed
from the ﬁgure. The Z-gradient coils and static-ﬁeld bias coils are also
not shown here.

eﬃciency. The coils of the pair are connected in parallel and
have a total inductance of 1.0 mH, a resistance of 0.5 Ohm, and
produce a magnetic gradient of 2.43 T m1 A. A Z-gradient
coil is positioned on top of the X-gradient coil. It is based on
Golay geometry but with a serial connection between the
upper and lower parts of the coil and has an eﬃciency of
1.31 T m1 A. Its total inductance is 8.9 mH and its resistance
is 1.8 Ohm. This coil can be used in constant-current mode to
reduce ﬁeld homogeneity near the sample and therefore to
improve the cancellation of the free induction decay (FID)
signal that may interfere with the relatively low-amplitude
stimulated echo signal. (However, it was not necessary to use it
in the experiments presented here.) The eﬃciency of the
gradient coils was calculated by ‘‘home-made’’ Matlab software
based on the Biot–Savart law. The calculations were veriﬁed
experimentally (for the X-gradient coil) by applying a constant
(DC) 0.1 A current directly into the gradient coils and
measuring the broadening of the N@C60 sample ESR signal
in the frequency domain. Knowing the size of the sample, one
can directly calculate from the signal broadening the gradient
strength for 1 A of drive current (as provided above).

4. Results
4.1

Unrestricted diﬀusion in reference samples

The initial step in the present set of experiments was to repeat
part of our previous work—measuring unrestricted diﬀusion13—
with the use of the new probe and the improved ESR system.
This enabled us to evaluate the performance of the new probe
6002 | Phys. Chem. Chem. Phys., 2010, 12, 5998–6007

and ESR system which, as shall be shown below, indeed
provide a much better quality of results with enhanced stability
and higher SNR. The ﬁrst thing we tested was the level of
‘‘signal reconstruction’’, with several sets of t1 and t2 in the
pulse sequence, and with a variety of gradient strengths. The
term ‘‘signal reconstruction’’ can be explained as follows:
ideally, when the diﬀusion eﬀect is negligible, the same echo
signal magnitude should be measured with and without the
gradients (i.e. complete ‘‘signal reconstruction’’). In our
previous work, gradient pulses of B50 T m1 applied for
B900 ns resulted in a relatively poor signal-reconstruction
level of only B15%. This was mainly due to residual currents
in the gradient coils that still linger on during the echo
acquisition and distort its signal (eddy-current eﬀects are
negligible in the dielectric resonator we employ). The new
probe enabled much better ‘‘signal reconstruction’’ levels of
B35–40% with a much stronger gradient pulse of B100 T m1,
applied for B1200 ns (for typical t1 = 20 ms and t2 = 2.5 ms).
The level of ‘‘signal reconstruction’’ was measured using a
sample of N@C60 in 1-chloronaphthalene, which has relatively
high viscosity and therefore should exhibit a minimal echosignal reduction eﬀect due to diﬀusion. This was carried out by
recording the reduction in the stimulated echo signal as a
function of the increasing gradient magnitude for ﬁxed t1 and
t2 values. We assumed a diﬀusion coeﬃcient for the N@C60 in
1-chloronaphthalene based on the Stokes–Einstein expression
(see below). The theoretical diﬀusion coeﬃcient enabled us to
estimate the theoretically-expected signal reduction due to
diﬀusion alone (eqn (1)), which is relatively small for this type
of sample, leading to the conclusion that the additional signal
decay is due only to the eﬀect of the residual transient
magnetic ﬁelds.
Following this preliminary stage of work, unrestricted
diﬀusion in homogenous solution was measured using the
three types of samples described above (N@C60 in 1-chloronaphthalene, N@C60 in CS2, and trityl in water). Two types of
measurements were preformed. In the ﬁrst type, the echo
signal was recorded using the sequence shown in Fig. 1 for
diﬀerent t1 values while t2 remained constant. Gradient
intensity (g) and gradient duration (d) were also kept constant.
The results of this measurement are summarized in Fig. 4a,
which shows the natural logarithm (ln) ofthe echo signal
2 ratio
R tþd
2
(ln(s/s0) as a function of the factor q~ ¼ g t gðtÞdt D. For
trityl in water, the gradient intensity was set to 100 Tesla m1,
and t1 was varied from 10 ms to 60 ms in 10 ms steps. For
N@C60 in 1-chloronaphthalene the gradient intensity was set
to 92 Tesla m1 and t1 was varied from 20 ms to 60 ms in 5 ms
steps. For N@C60 in CS2 the gradient intensity was set to
62 Tesla m1 and t1 was varied from 10 ms to 40 ms in 5 ms
steps. The lower time threshold of 10 ms was limited by our
gradient drivers’ system. The upper time threshold is limited
by the T1 of the tested sample while taking under consideration
the available SNR and the extent of the signal attenuation due
to diﬀusion. For all samples d was set to 1.2 ms and t2 was
2.5 ms. Every recorded echo subjected to the pulsed ﬁeld
gradients (with signal magnitude denoted as s) was followed
immediately by the recording of an echo signal without
gradients (denoted as s0). The ratio between the two signals
This journal is


c

the Owner Societies 2010

View Article Online

Downloaded by Technion - Israel Institute of Technology on 14 December 2012
Published on 06 April 2010 on http://pubs.rsc.org | doi:10.1039/B922060G

‘‘signal reconstruction’’ as described above). Since the gradient
value and t2 are constant in this type of experiment, the eﬀect
of the residual transient magnetic ﬁelds on the s/s0 ratio is the
same for all the t1 values and does not aﬀect the slope of the
graph in Fig. 4a. Therefore, the diﬀusion coeﬃcient can be
extracted directly from the slope of this graph, based on eqn (1).
The second type of experiment is conducted using the same
pulse sequence (Fig. 1) but applying constant t1 and t2 values
and varying the amplitude of the gradient pulses (g). The
results of this measurement are summarized in Fig. 4b. The
value of t1 was set at 30 ms, 50 ms and 60 ms for N@C60 in CS2,
N@C60 in 1-chloronaphthalene, and trityl in water, respectively,
while t2 was kept at 2.5 ms for all the experiments. The gradient
amplitude was increased from 0 to 62 Tesla m1, 92 Tesla m1
and 100 Tesla m1 for N@C60 in CS2, N@C60 in 1-chloronaphthalene, and trityl in water, respectively, in steps of
B7 Tesla m1. Here the results were corrected for the eﬀect
of the residual transient magnet ﬁelds that caused a nonoptimal echo ‘‘signal reconstruction’’ (as explained in the
discussion in section 5.1).
Table 1 summarizes the experimental data regarding
unrestricted diﬀusion measurements and compares it to the
theoretically-derived diﬀusion coeﬃcient based on the Stokes–
Einstein equation. It should be noted that the spherical shape
of N@C60 makes it a perfect molecule to ﬁt the Stokes–
Einstein theory, while the trityl is also fairly spherical but
not as perfect as the C60.
4.2 Restricted diﬀusion inside a matrix of glass spheres

Fig. 4 (a) Stejskal–Tanner plot of the stimulatedecho’s ln magnitude
2
R tþd
as a function of the factor q~ ¼ g2 t gðtÞdt D for N@C60 in
1-chloronaphthalene (}) and in CS2 (D) and for trityl in water (J).
The straight lines are ﬁtted curves for the slope that corresponds to the
experimental D values (based on eqn (1)). The values of q̃ were varied
by changing t1 in the pulse sequence, while keeping all other parameters of the pulse sequence constant. q̃ was calculated based on the
measured integral of the half-sine gradient pulse. (b) Plot similar to (a)
but in this experiment the values of q̃ were varied by changing the
amplitude of the peak g value while keeping all other parameters of the
pulse sequence constant.

(s/s0) eliminates the relaxation eﬀects and represents only the
diﬀusion-related signal decay (see eqn (1)), as well as the eﬀect
of the residual transient magnetic ﬁelds of the gradient pulse at
the time of the echo (i.e. the limited capability to achieve full

Table 1

Following the measurements of unrestricted diﬀusion, we
examined the diﬀusion in porous media. Restricted diﬀusion
was measured for the solution of trityl in water and for
N@C60 in CS2 embedded in glass sub-microspheres, as
described in Section 3.2. Trityl diﬀusion was measured for
two diﬀerent media, the ﬁrst containing glass spheres with a
diameter of 0.32 mm and the second containing spheres with a
diameter of 0.51 mm. The restricted diﬀusion of N@C60 in CS2
was measured only for media of glass spheres with a diameter
of 0.51 mm. All the experiments were carried out for t2 = 2.5 ms
and the gradient amplitude was increased from 0 to 100 Tesla m1
in equal steps of B7 Tesla m1. The results for the two trityl
samples were measured with t1 = 60 ms (i.e. D = 62.5 ms)
and for N@C60 it was measured for t1 of 30 ms (D = 32.5 ms).
As before, every recorded echo subjected to the pulsed ﬁeld
gradients (denoted as s) was followed immediately by the
recording of an echo signal without gradients (denoted as s0).
The ratio between the two signals (s/s0) is free from
relaxation eﬀects and represents the diﬀusion-related signal
decay (see eqn (2)), as well as the eﬀect of the residual transient

Summary of results of the PGSE ESR experiments for unrestricted diﬀusion

Sample
32,33

Solvent viscosity (mPa)
Molecular radius (nm)34,35
Stokes–Einstein D value (m2 s1)
Experimental D value from Fig. 4a (m2 s1)
Experimental D value from Fig. 4b (m2 s1)
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N@C60 in 1-chloronaphthalene

N@C60 in CS2

Trityl in water

3.02
0.51
1.4  1010
1.0  1010  0.1  1010
1.5  1010  0.1  1010

0.35
0.51
1.2  109
1.2  109  0.1  109
1.6  109  0.2  109

1
0.75
3.0  1010
2.9 1010  0.1  1010
2.9 1010  0.2  1010
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magnetic ﬁelds of the gradient pulse at the time of the
echo. The experimental
data of ln(s/s0) as a function of
R tþd
q ¼ ð2pÞ1 g t gðtÞdt for the restricted diﬀusion is shown
in Fig. 5, together with the reference data for unrestricted
diﬀusion in the homogenous solutions described above and the
theoretical plots.
The theoretical plots for unrestricted diﬀusion are based on
eqn (1) using the diﬀusion coeﬃcient obtained from the
Stokes–Einstein relation (see Table 1). The theoretical curves
for restricted diﬀusion are based on eqn (2) with the following
parameters (analogous to the NMR-PGSE work of diﬀusion
inside a 16 mm spheres’ matrix5): The eﬀective diﬀusion
coeﬃcient, Deﬀ, was chosen to be the same as the theoretical
diﬀusion coeﬃcient for unrestricted diﬀusion provided in
Table 1 (the theoretical Stokes–Einstein value is very similar
to the measured values); the structure parameter b that
represents the mean pore spacing was taken to be the glass
spheres’ diameter, the parameter a which represents the pores
size was taken as a = b/3; and the standard deviation of b was
taken as x = b/6.

5. Discussion
5.1 Unrestricted diﬀusion

R tþd
Fig. 5 Plots of ln(s/s0) vs. q ¼ ð2pÞ1 g t gðtÞdt for solutions of trityl in
water and N@C60 in CS2 diﬀusing in unrestricted and restricted (porous)
media. (a) Trityl solution embedded between a matrix composed of 0.32 mm
glass microspheres (%) and a solution without the spheres (K). The
theoretical curves, based on eqn (1) for the unrestricted case and eqn (2) for
the restricted case, are shown in solid lines. (b) Same as (a) but for a trityl
solution embedded in a matrix composed of 0.51 mm glass microsphere.
The unrestricted results are of course the same as (a) and brought in this
graph for comparison only. (c) N@C60 solution in CS2 embedded between
a matrix composed of 0.51 mm glass microspheres (%) and a solution
without the spheres (K). The theoretical curves, based on eqn (1) for the
unrestricted case and eqn (2) for the restricted case, are shown in solid lines.
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As noted in Section 4.1, two types of measurements were
employed to measure the unrestricted diﬀusion coeﬃcient
(i.e. with constant gradient and t2 while varying t1, and
with constant t1 and t2 while varying the pulsed gradient
amplitude). In principle, both methods should provide the
same results, but in practice they are not equivalent, due to the
eﬀect of the residual transient magnetic ﬁelds. In the ﬁrst
method the transient eﬀect is almost the same for all acquisition
steps because the time between the second gradient pulse and
the stimulated echo signal is kept constant. (We also use the
reasonable assumption that the transient eﬀect of the ﬁrst
gradient pulse on the echo signal is negligible.) This means that
when t1 is increased, the corresponding additional normalized
signal decay (s/s0) should be only due to diﬀusion eﬀects. The
downside of this type of measurement is that in every acquisition
step the diﬀusion is monitored over a diﬀerent time interval.
Thus, when one is interested in a diﬀusion process that occurs
during a speciﬁc time frame (such as in the case of restricted
diﬀusion), it is better to use the second type of measurement,
with constant t1 and t2. However, in the second type of
measurement one needs to carefully take into account the
eﬀect of the residual transient magnetic ﬁelds that grow as
gradients become stronger. This means that when the gradient
is increased, the corresponding additional normalized signal
decay (s/s0) is due to both diﬀusion eﬀects and the increasing
residual transient magnetic ﬁelds. To correct for this problem
we use as reference the measurements of the N@C60 in
1-chloronaphthalene sample (as mentioned in Section 4.1),
which provide us with the level of ‘‘signal reconstruction’’
at various combinations of gradient magnitudes and t1, t2
intervals. The combined results from the two types of methods
enable us to evaluate the accuracy of our measurements
and the accuracy of the transient magnetic ﬁelds correction
process.
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It is clear from the plots in Fig. 4 and Table 1 that there is
fairly good agreement between the theoretical estimations and
the experimental results. Most of the measured D values are
right at or very close (less than 5–10% deviation) to the
expected calculated values. Still, although the quality of these
graphs is far better than the ones presented in our previous
work,13 clearly more improvements can be made to obtain
even better accuracy and more consistent results. The
most probable reasons for the remaining inaccuracies are
non-optimal corrections for the residual transient magnetic
ﬁelds (as described above and in Section 4.1) during echo
signal acquisition; also, some inaccuracies can be attributed to
SNR and stability limitations. In principle, as explained
above, the results of the ﬁrst type of measurement (Fig. 4a)
should be free of the transient magnetic ﬁelds eﬀect and thus
more accurate. The viscous sample of N@C60 in 1-chloronaphthalene is not much aﬀected by diﬀusion and this leads to
less accurate results for Fig. 4a—due to SNR and system
stability limitations. The more accurate result for this sample
in Fig. 4b is somewhat artiﬁcial, because, as noted in Section
4.1, this sample was used as a reference to evaluate and correct
the eﬀect of the residual transient magnetic ﬁelds for the other
two samples in Fig. 4b. In this process we considered its
theoretically-calculated diﬀusion coeﬃcient. This leads, for
this sample in Fig. 4b, to D value that is very close to the
theoretical one because its experimental data were ‘‘selfcorrected’’ with the same sample (but based on the results of
two diﬀerent sets of measurements).
Future possible improvements of the results can be made by
higher SNR and smaller eﬀect due to the residual transient
magnetic ﬁelds. As for the SNR, it is clear that it should
always be increased, which can be done by further improving
the resonator geometry and working at higher magnetic ﬁelds
(e.g. a probe at 35 GHz which is currently under construction).
The residual transient magnetic ﬁelds can be further reduced
by improving the electronic architecture of the gradient drivers
and working with geometrically-similar samples. The latter
issue is of importance because if the geometry of two samples
diﬀers considerably, they will experience diﬀerent transient
ﬁelds within the probe with diﬀerent eﬀects on their echo
signals—thus making the correction process less accurate.
It can be concluded that with the present set-up unrestricted
diﬀusion coeﬃcients of paramagnetic species can be measured
quite well for sub-millimolar concentrations for D in the order
of B1010–109 m2 s1 using q̃ values of up to 7  109 s m2
(which is commonly known in the literature as ‘‘b value’’) and
diﬀusion times of B10–100 ms (see also ref. 13).

agreement than those for the trityl sample. This is probably
due to the lower SNR this sample exhibited (having lower spin
concentration and faster diﬀusion decay), as well as to some
uncorrected eﬀects due to residual transient magnetic ﬁelds
(these may vary from sample to sample, based on each
sample’s geometry—as mentioned above).
By comparison to simulated data, as shown in Fig. 5, the
‘‘q-space’’ signal can be readily used to provide good estimations
regarding the size of the voids in porous media (a), the distance
between pores (b), the standard deviation of b (x), and the
eﬀective diﬀusion coeﬃcient from pore to pore (Deﬀ).5 (The
value of Deﬀ is approximately the same as D for unrestricted
diﬀusion for these system. This is probably due to the fact that
the pores are very large compared to the molecules’ size
and that motion from pore to pore does not cross any
‘‘membrane’’ or void with a diﬀerent diﬀusion coeﬃcient.) It
should be noted that in the present set of experiments our
gradient strength was not enough to observe ‘‘diﬀraction
peaks’’ in the q-space signal.5 This is because the present
experimental capabilities are slightly short of meeting the
two conditions described above for the observation of such
diﬀraction peaks. The maximum value of q we could apply is
B1.75  106 m1, which corresponds to a spatial resolution of
|q|1 = 571 nm. This means that even with the larger set of
spheres we used, the minimal |q|1 value we obtained is still
slightly larger than the spheres’ diameter b (510 nm). An
attempt to look at spheres with larger diameters is limited by
the second condition requiring that D E b2/2Deﬀ, which in the
case of spheres with a diameter larger than 510 nm implies a
long diﬀusion time D that is longer than B110 ms for the
relatively fast-diﬀusing N@C60 solution in CS2 (and much
more for the trityl solution). Such long diﬀusion times are
currently not accessible with the present set-up due to SNR
limitations (T1 value). That is to say, the t1 values used for the
experiments shown in Fig. 5 are the maximum we could get in
the present system/sample combination while maintaining a
reasonable SNR. Therefore, it is evident that in order to get a
clear view of such ‘‘diﬀraction peaks’’ in future experiments
(which is important for a better understanding of the morphology
and the diﬀusion process), we should further increase our
gradient values and aim at observing ﬁner porous structures
(with feature size in the range of B10–250 nm), at short
diﬀusion times. This may be achieved using a smaller probe
that is under construction and operates at 35 GHz with much
smaller and more eﬃcient gradient coils. Such probe will also
have better SNR to allow for a longer diﬀusion time D.
5.3 Limitations of the current system and its future prospects

5.2

Restricted diﬀusion

The experiments with restricted diﬀusion showed for the ﬁrst
time the possibility of applying PGSE ESR to characterize
both morphological features and dynamical properties of
motion in a simple but representative case of porous media.
It is clear from Fig. 5 that a signiﬁcant diﬀerence exists
between the q-space spectrum of unrestricted and restricted
diﬀusion, which also shows a reasonably good agreement
between the theory and the experiments. The experimental
data for the N@C60 in CS2 sample show a lesser degree of
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The experiments described above involved the use of
paramagnetic species with exceptionally long relaxation times.
While the use of such probes in their native form can be very
useful for applications where diﬀusion properties in porous
media are examined, many other applications of interest
(see below) involve spin-labeled species. The vast majority of
spin labeling techniques are based on nitroxide radicals that
often have less favourable properties for PGSE ESR in terms
of their relaxation times. For example, small nitroxides would
typically have T1 of B0.4–0.7 ms (and similar T2 values), while
Phys. Chem. Chem. Phys., 2010, 12, 5998–6007 | 6005
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nitroxide-labeled lipids in ﬂuid and gel-phase lipid bilayers
have T1 of B1–5 ms and 5–10 ms, respectively (with T2 values
that can be more than one order of magnitude shorter).28
Clearly these values, especially the low T2, would not enable
our system in its present form to get any meaningful diﬀusion
data. What is therefore needed in order to be able to try and
employ PGSE ESR with at least some of the nitroxide-based
species?
Based on our current experimental results for the 1 mM
trityl solution, for example, one can see that a meaningful
signal is obtained with t2 value that is B12T2 and t1 values of
up to almost 4T1. These values correspond to signal decay
down to e5 B0.7% of the maximum stimulated echo signal
(see eqn (1)), even without any diﬀusion decay. Diﬀusion
decay can reduce the signal by approximately two additional
orders of magnitude, but still we get enough SNR in our
experiments (with averaging), due to the high eﬃciency of the
resonator we employ and to the large signal of the trityl
radical. Going back to the nitroxide species, a possible PGSE
ESR sequence would use t2 of B1.5–2T2 (i.e. B200 ns—for
the more favourable cases) and t1 value of up to 1–2T1. This
may allow observing diﬀusion in a time scale of up to a B10+
microseconds, with SNR similar to the one obtained for the
trityl solution. The main methodological obstacle here would
be the application of much shorter and more intense gradient
pulses than those employed in the present work. Another
challenge would be to excite most of the nitroxide spectrum
with much shorter microwave pulses. Both challenges may be
at closer reach with the next-generation 35 GHz probe
(currently in its ﬁnal assembly stages), which would also
improve the overall SNR. This half-sized probe (compared
to the present one) with gradient coils driven by a 1100 V
source would generate gradients that are approximately
6 times larger in magnitude than the present system. This
means that the eﬀect of a 200 ns pulse (the gradient time
integral) would be similar to that of the current 1.2 ms pulse.
Clearly additional diﬃculties may be encountered, especially
related to the decay time of such strong pulse (which can
hopefully be reduced due to the lower inductance of the
35 GHz probe gradient coils). This near-future work may
serve as an initial step towards broadening the scope of this
methodology towards more common spin probes.
It can be concluded that this work showed how PGSE-ESR
can complement the capabilities of PGSE NMR (and also of
optical methods, see ref. 13) and observe diﬀusion typical
to aqueous environments (commonly found in biology and
materials science) in porous media in length- and time-scales
that are inaccessible by other methods. In principle, such
type of experiments can be performed using either soluble
paramagnetic species or spin-labeled molecules. In such cases,
the uniqueness of the ESR signal that can be attributed to a
speciﬁc molecule can be used to diﬀerentiate between diﬀerent
types of motion 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).
We envision that when the capabilities of PGSE are more fully
developed it will be possible to address many important
biological applications such as diﬀusion of molecules in and
through porous cellular organelles (such as the centrosome),
6006 | Phys. Chem. Chem. Phys., 2010, 12, 5998–6007

large-scale 3D intra-molecular dynamics of proteins or larger
supra-molecular structures,29 and characterizing diﬀerent
types of protein motion in non-homogenous cellular
membranes.17 Currently, however, the common method of
labeling such biological molecules is with nitroxide spin labels,
which are characterized (as noted above) by relaxation times
(mainly T2) that are too short for our current methodological
capabilities. Still, a successful implementation of PGSE ESR
in these scientiﬁc regimes may be achieved through further
methodological developments, as described above, along with
chemistry-related tasks, such as the possibility of developing
new types of spin labels with longer relation times (e.g. based
on the N@C60 or trityl species). Other applications that do not
necessarily require labelling can come from the world of
chemistry and materials science and include diﬀusion in
porous catalytic pallets30 and fuel cells.31 Finally, PGSE
may be combined with ESR micro imaging27 to provide
high-resolution spatially-resolved diﬀusion coeﬃcients of
spins in inhomogeneous samples.
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