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Pulsed field gradient (PFG) NMR and magic-angle spinning (MAS) NMR have been combined in order to
measure the diffusion coefficients of liquid crystals in confined geometry. Combination of MAS NMR with
PFG NMR has a higher spectroscopic resolution in comparison with conventional PFG NMR and improves
the application of NMR diffusometry to liquid crystals. It is found that the confinement of the liquid crys-
tal 5CB in porous glasses with mean pore diameters of 30 and 200 nm does not notably change its diffu-
sion behavior in comparison with the bulk state.

© 2009 Published by Elsevier Inc.

1. Introduction

Liquid crystals (LC) in confined geometries attracted much
attention of scientists due to their application in electro-optical de-
vices and sensors [1-3]. In contact with solid surfaces, the LCs
gained a significant importance also in biomedical applications
[4]. A rapidly growing interest in these systems during the last dec-
ade was caused by their exploitation in synthesis of novel nano-
structured materials using a procedure called “liquid crystal
templating” [5-7]. Fabrication of these materials with tailored
functionalities is based on the use of ordering properties of the
LCs which serve as the self-organized templates for a specific align-
ment of the material particles.

Molecular dynamical and transport properties of the LCs and
their interactions with solid interfaces play an important role for
final material properties both in electro-optics and in guided
synthesis. However, whereas re-orientational dynamics of the con-
fined LCs was extensively probed by various NMR techniques [8-
10], their self-diffusion remains very poorly investigated. One of
the main difficulties of performing diffusion experiments is due
to the relatively strong residual dipolar interactions remaining in
these systems. The general problem is that although the internal
molecular dynamics is fast, anisotropic orientation of molecules
along the local symmetry axis prevents a complete averaging of
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dipolar couplings on the time scale of the NMR experiments [11].
This in turn leads to fast attenuation of the transverse magnetiza-
tion which hinders an application of the conventional diffusion
techniques, such as Pulsed Field Gradient (PFG) NMR [12-14].
The latter technique relies on the implementation of the field gra-
dient pulses between the r.f. pulses which should have a time sep-
aration of at least a few milliseconds [15]. If transverse relaxation
time is below this limit, as it is typically the case in many LCs, mea-
suring diffusion with the help of pulsed field gradients becomes
difficult and demands implementation of sophisticated line-nar-
rowing techniques [16,17]. The application of the alternative
NMR diffusometry technique employing the fringe magnetic field
gradient [18] and allowing for short r.f. pulse separations is hin-
dered by the so-called Dipolar Correlation Effect [19,20] which be-
comes the dominating mechanism of echo attenuation and masks
any effect caused by translational diffusion.

Several modifications of the PFG NMR method including nema-
tic and solid echoes [15,21], dipolar decoupling [15,21,22], magic-
angle sample orientation [15,23], and a combination of multipulse
dipolar decoupling in addition to the stimulated echo [17,24] were
suggested to overcome the above-mentioned difficulties. The most
accurate value of the diffusion coefficient in liquid crystals was ob-
tained by using a gradient slice selection, stimulated echoes and a
multipulse homonuclear decoupling [16,17,25].

An alternative novel technique, usually abbreviated as MAS PFG
NMR, combines magic-angle spinning (MAS) with the pulsed field
gradients [26-31]. MAS implies the orientation of the axis of a fast
spinning sample in an angle of 0y~ 54.7° with respect to
the external magnetic field. This has two advantages. First, the
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increased resolution in the ppm-scale permits one to observe sep-
arately each individual group with identical electronic surround-
ings. Second, the enhanced transverse relaxation time under MAS
conditions allows for a sufficient time for the implementation of
the pulsed magnetic field gradients. The application to liquid sys-
tems should be performed carefully since the measured self-diffu-
sion coefficient tends to deviate from its intrinsic value at higher
MAS frequencies [32].

In this work we apply the MAS PFG NMR technique to a con-
fined liquid crystal 4’-pentyl-4-cyanobiphenyl (5CB). This nematic
LC has been most extensively studied in the literature and estab-
lished itself as the classical model system for investigation by
NMR. Dynamic properties of the confined nematic liquid crystal
5CB has been studied by several NMR techniques, including NMR
deuterium spectrometry and relaxometry [8,33], the Dipolar Corre-
lation Effect [20] and Field Cycling Relaxometry [34-36]. However,
no NMR diffusion measurements were performed so far rather
than that above the isotropization temperature [37] where the
relaxation times become long again. The primary aim of the cur-
rent study is an extension of the novel MAS PFG NMR method to
the class of systems with short relaxation times where conven-
tional pulsed field gradient diffusometry would fail. This applica-
tion is exemplified for the confined nematic 5CB which exhibits
particularly short relaxation times, of the order of a few hundreds
of microseconds [35].

2. Experimental

NMR measurements were performed on a Bruker AVANCE spec-
trometer operating at 750 MHz with a wide-bore magnet and a 4-
mm-MAS-probe with pulsed field gradient capabilities. The MAS
frequency was vy = 10 kHz and the nutation frequency of the
radio frequency (r.f.) power was v, = 100 kHz. The maximum gra-
dient strength in this system is 0.54 T m~'. Diffusion measure-
ments were performed using the stimulated-echo sequence with
bipolar sin-gradient pulses and eddy current delay before detec-
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tion, see Fig. 1. The signal attenuation for single-component isotro-
pic diffusion is given by [38]
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where D denotes self-diffusion coefficient, y the gyromagnetic
ration, ¢ the gradient pulse width, A the observation time, 7 the in-
ter-gradient delay, and p, the duration of the n-pulse. The factor k is
defined by the equation above. The delay between gradient pulse
and subsequent r.f. pulse was 500 ps. The durations of the dephas-
ing and rephasing periods and the spacings between alternating
pulses are multiples of the rotor period. Sine-shaped gradients with
2 ms duration were applied.

Diffusion experiments were carried out by varying the strength
of the gradient pulses in the linear range between 10% and 90% of
their maximum value (0.54Tm™").

The MAS-induced temperature gradient was determined by
means of a 2°’Pb NMR thermometer [39]. Fig. 2 shows two signals
measured at 7" =300 K. The dashed spectrum in Fig. 2 corresponds
to a 4-mm-rotor filled with a 1.5 mm thick layer of Pb(NOs), in the
middle and 2°’Pb NMR insensitive material (zeolite powder) above
and below. The solid spectrum corresponds to a fused glass sample,
which was filled with Pb(NO3), in a length of 8 mm. A temperature
gradient of about 5 K over a length of 8 mm is obtained from the
shift/temperature equation 0.775 + 0.007 ppm K~' [40]. Therefore,
our measurements of samples in fused glass ampoules were per-
formed with a large temperature gradient. The consequence is that,
as a matter of principle, a sharp jump of the NMR parameter (at the
phase transition temperature) cannot be observed by MAS NMR of
larger samples. Therefore, we focus our studies to temperatures,
which are about 10 K above or below the well-known phase tran-
sition temperature. Some measurements of the bulk material were
performed with 5CB in a half full 12 pL-rotor. The temperature gra-
dient is less than 0.5 K for the volume in this rotor, which is small
compared to the volume of about 35 pL in the fused glass am-
poules with an outer diameter of 3 mm, and a length of 10 mm.

pn>] = Soexp(-Dk)

Y Vrot

rf pulses

free induction decay

i

gradient pulses

Fig. 1. The MAS design combined with two coils for the pulsed field gradients in a high-resolution MAS NMR probe (top). Radio frequency (r.f.) and gradient pulse scheme of
the MAS PFG NMR experiment is shown below. The parameters are diffusion time 4, gradient pulse width J, gradient pulse strength g, eddy current delay Te.q, inter-gradient
delay 7. Two weak sine-shaped spoiler gradients (about 0.15 T m™!) average undesirable coherences.
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Fig. 2. 2°7Pb MAS NMR signals of the Pb(NOs), powder in a 4-mm-rotor spinning at
10 kHz. The dashed spectrum corresponds to a 4-mm-rotor filled with a 1.5 mm
thick layer in the middle and zeolite powder above and below. The solid spectrum
corresponds to a fused glass sample, which was filled in a length of 8 mm.

MAS NMR measurements need a special temperature calibration,
since the temperature unit measures the temperature in the stator.
The temperature in the rotor was determined by means of the
207pb NMR thermometer using the chemical shift of —3490.4 ppm
at 295 K [41] and the slope of 0.775 ppm K~' [40]. Two effects cause
a significant temperature difference between stator and rotor. The
minor one is the Joule-Thompson effect that causes a linear decrease
of the temperature of the rotor with increasing pressure of the bear-
ing air. A value of AT = —1.2 K per 1 bar was obtained [39] for a con-
stant rotation frequency of 6 kHz in a4-mm-rotor. The major effect is
the friction of the rotor in the air, which causes a temperature in-
crease proportional to the square of the rotation frequency [39].
For our probe we observed a temperature increase by 9 K going from
1 to 10 kHz rotation frequency, even though the bearing pressure is
increased from 0.5 to 2.7 bar.

The nematic liquid crystal 5CB (4’-pentyl-4-cyanobiphenyl) was
purchased from Merck Ltd, Poole, England. The transition temper-
ature between the solid and the nematic phases is 297.2 K. The
isotropization temperature is T, =308.5 K. Bioran porous glasses
with mean pore diameters of d =30 nm and 200 nm and narrow
pore size distributions (90% within +5%) were purchased from
Schott Glaswerke, Mainz, Germany. The porosity is in the range
0.67-0.69 for all glasses. The glasses were filled with 5CB using
the bulk-to-bulk method [9].

3. Results and discussion

The temperature dependence of the full-width-at-half-maxi-
mum (fwhm) of 5CB signals confined in 30-nm and 200-nm-Bio-
ran-glasses, see Fig. 3, is shown in Fig. 4. We have a significant
line broadening with decreasing temperature from about 30 Hz
in the isotropic phase to about 250 Hz in the nematic phase. It
should be noted that Fig. 4 shows the width of only one signal with
the highest chemical shift in the isotropic phase, and the unre-
solved signal in the nematic phase corresponds to three signals
with a shift difference of 100 Hz. Fig. 4 demonstrates that the iso-
tropic-nematic phase transition at 308.5 K can be observed by MAS
experiments. Spinning liquid crystal samples may have an impact
on the local ordering, as the viscous and the magnetic torque com-
pete [42]. The effect should disappear for the magic-angle, see p.
151 in [42].

Fig. 4 shows that the nematic-crystalline phase transition does
not occur in our samples at 297.2 K due to undercooling. It seems
that 5CB is in the nematic state in the temperature range below
308.5 K down to 294 K.
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Fig. 3. The chemical structure of 5CB (a). 'TH MAS NMR spectra of 5CB confined in
Bioran glasses with a pore diameter of 200 nm above (b) and below (c) the
isotropization temperature T.
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Fig. 4. Temperature dependence of the 'H NMR linewidth for bulk 5CB () and for
5CB confined in Bioran glasses with a pore diameter of 30 nm (@) and 200 nm (H).
Empty symbols correspond to the isotropic phase and full symbols correspond to
the crystalline phase.

Fig. 3 shows the '"H MAS NMR spectra of 5CB confined in 200-
nm-Bioran-glass in the isotropic phase at 324 K and in the nematic
phase at 299 K. Similar "H MAS NMR spectra were acquired for 5CB
confined in 30-nm-Bioran-glass. Signals at ca. 1 ppm and 7 ppm
correspond to aliphatic and biphenyl fragments, respectively. In
the isotropic phase, the fwhm was equal to 0.016 ppm. In contrast,
the nematic phase is characterized by two broadened lines, with
fwhm of the biphenyl group and aliphatic fragment of 0.17 and
0.31 ppm, respectively.
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Fig. 5 shows the typical PFG NMR spin-echo decays of 5CB con-
fined in 30-nm and 200-Bioran-glasses above (7' = 334 K) and below
(T =299 K) the phase transition. The experiments were performed
with an observation time of A4 = 400 ms and a gradient pulse length
of 6 = 2 ms. Attenuation curves were fitted by a single-exponential
decay which permits to determine the diffusion coefficient D.

The temperature dependence of the diffusion coefficients of 5CB
in 200-nm and 30-nm-Bioran glasses is shown in Fig. 6. Opposite to
[32], we could not find a significant influence of the rotation fre-
quency in our experiments. Fig. 6 shows two additional values
for the lower frequency of 5 kHz and one value without rotation.
These values agree with the values for v,o; = 10 kHz. The diffusion
coefficient in the isotropic phase can be described
by D =Dgexp(—E/kT) with an apparent activation energy of
E.*°=(27 +5) kJ mol . Diffusion behavior in the nematic phase
can also be approximated by an Arrhenius relationship with an
activation energy E,"*™3%¢ = (38 + 6) k] mol !, which is about the
same for 30-nm and 200-nm-Bioran glasses. Dvinskikh et al. [17]
observed in both phases (geometric average for the nematic phase)
an activation energy of (32.8 + 0.5) k] mol~!. We may state that in
the temperature range from 294 to 334 K our diffusivity data for
confined 5CB are in the range 1.5-4.8 x 107" m? s~'. In the bulk
material Dvinskikh et al. [17] found isotropic values of the self-
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Fig. 5. 'H MAS PFG NMR spin echo attenuation S/Sy of the 5CB confined in Bioran
glasses with a pore diameter of 30 and 200 nm.
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Fig. 6. Temperature dependence of the diffusion coefficient D of bulk 5CB () and
of 5CB confined in Bioran glasses with pore diameter of 30 nm (@) and 200 nm (H).
The diffusivities were measured at 10 kHz rotation frequency, except three values
for 200-nm-Bioran glass, which were measured at 5 kHz (#) and without rotation
(#). Empty symbols correspond to the isotropic phase and full symbols correspond
to the crystalline phase.

diffusion coefficient in the range 2.8—8.0 x 107" m?s~!, going

from 295 to 323 K. Fig. 6 shows our values 2.5-5.5 x 107! m?s~!
for the bulk material in the in the temperature range 294—-334 K.
From Fig. 6 one may conclude that between bulk, 30-nm-Bioran
and 200-nm-Bioran the 5CB diffusivities differ by a factor of about
1.5 or less.

4. Conclusions

For the first time, PFG NMR and MAS NMR have been combined
in order to measure the diffusion coefficients of liquid crystals in
confined geometry. It could be demonstrated that one of the limi-
tations of the application of PFG NMR to liquid crystals, the line
broadening due to dipole-dipole interactions and the limited time
interval for the application of the magnetic field gradient pulses,
may be overcome. With our present experimental set up we are
able to measure diffusion coefficients of confined nematic LCs in
the range of 1071°-107'' m2 s~! in less than 30 min of experimen-
tal time.

Acknowledgments

This work was supported by the Deutsche Forschungsgemeins-
chaft under the projects Pa 907/3, Fr 902/15 and GRK 1056/1
(International Research Training Group “Diffusion in Porous Mate-
rials”) and by the Max-Buchner-Stiftung.

References

[1] R. Stannarius, F. Kremer, Liquid crystals in confining geometries, in: R.
Haberlandt, D. Michel, A. Poppl, R. Stannarius (Eds.), Lecture Notes in
Physics: Molecules in Interaction with Surfaces and Interfaces, Springer-
Verlag, Berlin, 2004, pp. 301-336.

[2] RR. Shah, N.L. Abbott, Using liquid crystals to image reactants and products of
acid-base reactions on surfaces with micrometer resolution, J. Am. Chem. Soc.
121 (1999) 11300-11310.

[3] V.K. Gupta, N.L. Abbott, Design of surfaces for patterned alignment of liquid
crystals on planar and curved substrates, Science 276 (1997) 1533-1536.

[4] J.M. Brake, M.K. Daschner, Y.Y. Luk, N.L. Abbott, Biomolecular interactions at
phospholipid-decorated surfaces of liquid crystals, Science 302 (2003) 2094-
2097.

[5] M. Antonietti, Silica nanocasting of lyotropic surfactant phases and organized
organic matter: material science or an analytical tool?, Philos Trans. R. Soc. A-
Math. Phys. Eng. Sci. 364 (2006) 2817-2840.

[6] T.B. Liu, C. Burger, B. Chu, Nanofabrication in polymer matrices, Progr. Polym.
Sci. 28 (2003) 5-26.

[7] T. Kato, N. Mizoshita, Self-assembly and phase segregation in functional liquid
crystals, Curr. Opin. Solid State Mat. Sci. 6 (2002) 579-587.

[8] M. Vilfan, N. Vrbancic-Kopac, P. Ziherl, G.P. Crawford, Deuteron NMR
relaxometry applied to confined liquid crystals, Appl. Magn. Reson. 17
(1999) 329-344.

[9] S. Stapf, R. Kimmich, R.O. Seitter, Proton and deuteron field-cycling nmr
relaxometry of liquids in porous glasses—‘evidence for Levy-Walk statistics,
Phys. Rev. Lett. 75 (1995) 2855-2858.

[10] F. Grinberg, M. Vilfan, E. Anoardo, The low-frequency NMR relaxometry of
spatially constrained oriented fluids, in: E. Burnell, C.d. L ange (Eds.), NMR of
Orientationally Ordered Liquids, Kluwer Academic Publishers, Dordrecht,
2003, p. 488.

[11] E.E. Romanova, C.B. Krause, A.G. Stepanov, W. Schmidt, ].M.v. Baten, R. Krishna,
A. Pampel, ]. Kdrger, D. Freude, 1H NMR signal broadening in spectra of alkane
molecules adsorbed on MFI type zeolites, Solid State Nucl. Magn. Reson. 33
(2008) 65-71.

[12] E.O. Stejskal, J.E. Tanner, Spin diffusion measurements—spin echoes in
presence of a time-dependent field gradient, J. Chem. Phys. 42 (1965) 288-
292.

[13] W.S. Price, Pulsed-field gradient nuclear magnetic resonance as a tool for
studying translational diffusion 1. Basic theory, Conc. Magn. Reson. 9 (1997)
299-336.

[14] ]. Kérger, D.M. Ruthven, Diffusion in Zeolites and Other Microporous Solids,
Wiley& Sons, New York, 1992.

[15] G.J. Kruger, Diffusion in thermotropic liquid-crystals, Phys. Rep. 82 (1982)
229-269.

[16] S.V. Dvinskikh, 1. Furo, Anisotropic self-diffusion in the nematic phase of a
thermotropic liquid crystal by H-1-spin-echo nuclear magnetic resonance, J.
Chem. Phys. 115 (2001) 1946-1950.

[17] S.V. Dvinskikh, I. Furo, Nuclear magnetic resonance studies of translational
diffusion in thermotropic liquid crystals, Russ. Chem. Rev. 75 (2006) 497-506.



114 E.E. Romanova et al./Journal of Magnetic Resonance 196 (2009) 110-114

[18] R. Kimmich, NMR Tomography, Diffusometry, Relaxometry, Springer, Berlin,
1997.

[19] F. Grinberg, R. Kimmich, Characterization of order fluctuations in liquid-
crystals by the dipolar-correlation effect of the stimulated echo, J. Chem. Phys.
103 (1995) 365-370.

[20] F. Grinberg, R. Kimmich, M. Moller, A. Molenberg, Order fluctuations in the
mesophase of polydiethylsiloxane as studied by the dipolar-correlation effect
on the stimulated echo, J. Chem. Phys. 105 (1996) 9657-9665.

[21] GJ. Kruger, H. Spiesecke, R. Vansteenwinkel, F. Noack, Nuclear magnetic-
relaxation and self-diffusion in a series of para-alkanoyl-benzylidene-para’-
aminoazobenzenes, Mol. Cryst. Liq. Cryst. 40 (1977) 103-116.

[22] R. Bling, J. Pirs, I. Zupancic, Measurement of self-diffusion in liquid-crystals by
a multiple-pulse NMR method, Phys. Rev. Lett. 30 (1973) 546-549.

[23] P. Holstein, M. Bender, P. Galvosas, D. Geschke, ]. Karger, Anisotropic diffusion
in a nematic liquid crystal - An electric field PFG NMR approach, J. Magn.
Reson. 143 (2000) 427-430.

[24] S.V. Dvinskikh, I. Furo, Combining PGSE NMR with homonuclear dipolar
decoupling, ]. Magn. Reson. 144 (2000) 142-149.

[25] S.V. Dvinskikh, 1. Furo, H. Zimmermann, A. Maliniak, Anisotropic self-diffusion
in thermotropic liquid crystals studied by H-1 and H-2 pulse-field-gradient
spin-echo NMR, Phys. Rev. E 65 (2002).

[26] H.C. Gaede, K. Gawrisch, Multi-dimensional pulsed field gradient magic angle
spinning NMR experiments on membranes, Magn. Reson. Chem. 42 (2004)
115-122.

[27] P. Rousselot-Pailley, D. Maux, J.M. Wieruszeski, J.L. Aubagnac, J. Martinez, G.
Lippens, Impurity detection in solid-phase organic chemistry: scope and limits
of HR MAS NMR, Tetrahedron 56 (2000) 5163-5167.

[28] H. Schroder, High resolution magic angle spinning NMR for analyzing small
molecules attached to solid support, J. Comb. Chem. 6 (2003) 741-753.

[29] S. Viel, F. Ziarelli, S. Caldarelli, Enhanced diffusion-edited NMR spectroscopy of
mixtures using chromatographic stationary phases, Proc. Natl. Acad. Sci. USA
100 (2003) 9696-9698.

[30] A. Pampel, M. Fernandez, D. Freude, ]J. Kdrger, New options for measuring
molecular diffusion in zeolites by MAS PFG NMR, Chem. Phys. Lett. 407 (2005)
53-57.

[31] A. Pampel, F. Engelke, P. Galvosas, C. Krause, F. Stallmach, D. Michel, ]. Kirger,
Selective multi-component diffusion measurement in zeolites by pulsed field
gradient NMR, Micropor. Mesopor. Mat. 90 (2006) 271-277.

[32] S. Viel, F. Ziarelli, G. Pages, C. Carrara, S. Caldarelli, Pulsed field gradient magic
angle spinning NMR self-diffusion measurements in liquids, J. Magn. Reson.
190 (2008) 113-123.

[33] S. Kralj, A. Zidansek, G. Lahajnar, S. Zumer, R. Blinc, Phase behavior of liquid
crystals confined to controlled porous glass studied by deuteron NMR, Phys.
Rev. E 57 (1998) 3021-3032.

[34] F. Grinberg, Surface effects on liquid crystals constrained in nanoscaled pores
investigated by field cycling NMR relaxometry and Monte Carlo simulations,
Magn. Reson. Imaging 25 (2007) 485-488.

[35] F. Grinberg, Reorientations mediated by translational Displacements in
confined liquid crystals studied by field cycling NMR relaxometry and Monte
Carlo simulations, in: C.C.S. Brandani, J. Kirger, R. Volpe (Eds.), Diffusion
Fundamentals II, Leipziger Universitdtsverlag, Leipzig, 2007, pp. 336-344.

[36] P.J. Sebastiao, D. Sousa, A.C. Ribeiro, M. Vilfan, G. Lahajnar, J. Seliger, S. Zumer,
Field-cycling NMR relaxometry of a liquid crystal above T-NI in mesoscopic
confinement, Phys. Rev. E 72 (2005).

[37] M. Vilfan, T. Apih, A. Gregorovic, B. Zalar, G. Lahajnar, S. Zumer, G. Hinze, R.
Bohmer, G. Althoff, Surface-induced order and diffusion in 5CB liquid crystal
confined to porous glass, Magn. Reson. Imaging 19 (2001) 433-438.

[38] D.H. Wu, A.D. Chen, C.S. Johnson, An improved diffusion-ordered spectroscopy
experiment incorporating bipolar-gradient pulses, J. Magn. Reson. A 115
(1995) 260-264.

[39] T. Mildner, H. Ernst, D. Freude, 2°’Pb NMR detection of spinning induced
temperature gradients in MAS rotors, Solid State Nucl. Magn. Reson. 5 (1995)
169-271.

[40] D.B. Ferguson, ].F. Haw, Transient methods for in situ nmr of reactions on solid
catalysts using temperature jumps, Anal. Chem. 67 (1995) 3342-3348.

[41] G. Neue, C. Dybowski, Determining temperature in a magic-angle spinning
probe using the temperature dependence of the isotropic chemical shift of lead
nitrate, Solid State Nucl. Magn. Reson. 7 (1997) 333-336.

[42] J. Courtieu, ].P. Bayle, B.M. Fung, Variable-angle sample-spinning nmr in
liquid-crystals, Progr. Nucl. Magn. Reson. Spec. 26 (1994) 141-169.



	Diffusion studies in confined nematic liquid crystals by MAS PFG NMR
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments
	References


