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Table IV. Summary of Crystallographic Information

6b Ta o
formula C||H|3N0 C|1H||N0 C|‘H|5NO
formula weight 175.23 185.23 213.28
crystal size (mm) 0.10, 0.25, 0.38 0.05, 0.20,0.35 0.12,0.30, 0.36
a (A) 7.690 (5) 6.136 (6) 7.588 (5)
b (A) 10.754 (3) 20.448 (7) 13.466 (7)
c (A) 11.442 (4) 7.610 (2) 19.694 (10)
a (deg) 69.19 (4)
B (deg) 79.14 (5)
v (deg) 74.39 (5)
v (AY) 946 954 1802
z 4 4 6
space group (no.) P2,2,2, (19) P2,2,2, (19) P1 (2)

u (cm™) 0.72 0.50 0.69
scan rate (deg min-!) 1.0 0.5-1.0 2.0
20(max) (deg) 56 56 40

8 scan width (deg) 1.0 0.5 0.6
no. of reflns (total) 1363 2304 3371
no. of reflns (used) 628 1334 1914
R, 0.068 0.059 0.070
R, 0.062 0.065 0.068
goodness of fit 1.62 1.46 1.82

Celite pad and the filtrate cooled to allow crystals to form. The mixture
was then filtered to afford 6.74 g (84%) of N-tosylazetidine.* Detosy-
lation of this material was effected as reported,*” and the amide 6b was
prepared by using the standard Schotten-Bauman reaction.

c. X-ray Crystallography. Experimental details on each of the de-
terminations are summarized in Table IV. Single-crystal X-ray dif-
fraction intensities were collected at ambient temperatures on an En-
raf-Nonius CAD4 diffractometer with Mo Ka radiation (A = 0.7107 A)
and Zr filter. The structure solution and refinement were carried out on
a SUN Microsystems 3/160 workstation. Complete details, including
listings of atomic coordinates, displacement parameters, all interatomic

bond lengths and angles, torsional angles, least-squares plane information,
and structure factor amplitudes have been deposited as supplementary
material.
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Abstract: PFG (pulsed field gradient) NMR spectroscopy is applied to measure the molecular mean square displacement
in various adsorbent—-adsorbate systems in dependence on the observation time. Irrespective of the fact that the pore size distribution
yields fractal properties, for the investigated active carbons over the accessible space scale (X1 um), mass transfer of the adsorbed
molecules is found to obey the laws of ordinary diffusion. When molecular mass transfer in beds of zeolite crystallites is investigated,
deviations from ordinary diffusion are found. They are to be attributed, however, to the influence of the crystallite boundary
and/or the intercrystalline space. It is most likely that the recently observed indication of anomalous diffusion in polycrystalline
grains of zeolite ZSM-5 may be attributed to analogous microdynamic processes.

In the last few years, mass transfer in disordered media has
attracted the interest of a large number of researchers.!® As
yet, the major part of these investigations has been devoted to
purely geometrical models, so that there is a remarkable deficiency
in our knowledge of mass-transfer phenomena in real systems
reflecting the properties predicted by the theory. PFG (pulsed
field gradient) NMR spectroscopy has been repeatedly proposed
as a most sensitive tool for detecting deviations from ordinary
diffusion during mass transfer in adsorbent-adsorbate systems.>’
In comparison to other techniques, the PFG NMR method pro-
vides a most direct way to measure molecular mean square dis-
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placements without any interference with the intrinsic mass
transfer phenomena ®?

In the case of ordinary, three-dimensional diffusion, according
to Einstein’s relation
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(r¥(1)) = 6Dt (1

the mean square displacement (r%(¢)) is proportional to the ob-
servation time ¢, with D denoting the self-diffusion coefficient.
Theoretical considerations show that, for mass transfer in dis-
ordered systems, eq | may not be valid any longer. It is to be
replaced by the more general relation!-1

(r(1) = ar~ ()

In the present study, PFG NMR is applied to different adsor-
bent-adsorbate systems to trace possible deviations from ordinary
self-diffusion and to clarify their origin.

Experimental Section

Molecular self-diffusion has been studied by applying 'H PFG NMR.
The measurements have been carried out by using the home-built pulse
spectrometer FEGRIS at the Physics Department of the Leipzig Univ-
ersity. The resonance frequency was 60 MHz, corresponding to a mag-
netic field of 1.4 T. Molecular mean square displacements have been
determined in the conventional way®®!!12 by analyzing the relative in-
tensity ¥(A,dg) of the NMR signal (the “spin echo”) in dependence on
the applied, time-dependent inhomogeneity of the external magnetic field
(the “pulsed field gradients”) using the relation

¥(A.5g) = expl—y22g*(r¥(A)) /6) (3)

In this equation, the quantities ¥, 8, g, and A denote, respectively, the
gyromagnetic ratio (=2.675 X 10® T™! 57! for protons) and the width,
intensity, and separation of the field gradient pulses. (r3(A)) is the
molecular mean square displacement during the interval between the two
field gradient pulses. For simplicity, their duration 6 is assumed to be
much less than the separation A between them. It has been demonstrated
in ref 13 that eq 3, which originally has been derived for ordinary dif-
fusion,®? is also valid in the case of anomalous diffusion.

The NMR spectrometer FEGRIS allows the application of field
gradients with intensities g up to 20 T/m over an interval of 5 ms,
maximum. Inserting these data into eq 3 and realizing that, for an
unambiguous measurement of the signal attenuation due to diffusion, the
exponent should be of the order of 1,14 one finds the minimum root mean
square displacement as accessible by the given device using 'H PFG
NMR to be of the order of 0.1 um. Due to the smaller gyromagnetic
ratios, for other NMR active nuclei, this value is still larger.>12 However,
in general, this estimate does only provide a hypothetical lower limit.
This is due to the fact that the application of gradient widths of 5 ms,
necessary for the observation of such small displacements, simultaneously
implies separation times A above this value. Inserting these data (A >
5 ms and (r2(A)) < (0.1 um)?) into eq 1, one finds that this requirement
can only be fulfilled with self-diffusion coefficients of the order of or
smaller than 3 X 10°1* m? s”!. However, the low molecular mobility in
such systems generally leads to so small transverse nuclear magnetic
relaxation times (implying such a drastic decay of the NMR spin-echo
intensity with increasing observation times)!s that the application of such
large observation times is not possible, at all. Thus, the real minimum
molecular displacements as accessible in our experiments turned out to
be of the order of | um.

For observation times in the region of milliseconds, the NMR signal
has been produced by the application of the rf pulse sequence of the
“primary” echo (r/2 - 7 — #—7 — spin echo)®%, whose intensity is de-
termined by the transverse nuclear magnetic relaxation time. For larger
observation times, the “stimulated” echo (/2 = 7| - #/2 = (1, - 7)) -
x/2 - 7, - stimulated echo) has been applied.*!® ' In this case, during
the interval between the second and third =/2 pulses, NMR signal at-
tenuation is due to longitudinal rather than to transverse relaxation.
Since the longitudinal relaxation times were found to be in the region of
tens to hundreds of milliseconds (in contrast to milliseconds for the
transverse relaxation times), in this way, observation times over several
hundreds of milliseconds have become possible.

As adsorbents, we have applied an active carbon of the type Hydraffin
71 (Lurgi, Germany). The pore size distribution of the used sample has
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Figure 1. Cummulative pore size distribution ¥;(r) of the active carbon
Hydraffin 71 as a function of the pore radius r determined from N,
desorption curves (to 15 nm, @) and by Hg porosimetry (from 7.5 nm
to 7.5 um, O). Two different fractal regions are indicated.

been determined by mercury porosimetry and by evaluating the N, ad-
sorption isotherms.!”!® It is shown in Figure 1. Further on, we have
applied laboratory-synthesized zeolites NaX provided by S. P. Zhdanov
and N. N, Feoktistova, Leningrad,!? and ZSM-5 provided by B. Fahlke,
Berlin. By microscopic inspection, the zeolite NaX was found to be of
uniform crystalline structure, while the adsorbent particles of the applied
zeolite ZSM-5 were spherulitic polycrystals. Details of the synthesis of
the ZSM-S$ species and microphotographs of the crystals and polycrystals,
respectively, may be found in ref 20,

For sample preparation, the adsorbent specimens were activated under
continuous pumping with a heating rate of 10 K/h up to a final tem-
perature of 400 °C. When the samples were kept for about 10 h under
final conditions, the pressure over the sample was less than 1072 Pa. After
cooling to room temperature, the adsorbate was introduced into the
sample either by chilling from a well-defined volume by means of liquid
nitrogen (for propane and n-butane as adsorbates) or by means of a
microliter syringe (in the case of hexadecane). Afterwards, the adsorbent
with the adsorbate was transferred into the NMR sample tubes up to a
filling height of about 15 mm. Finally, the tubes were closed hermeti-
cally. The diameter of the sample tubes was 8 mm. Within the NMR
spectrometer, the temperature of the samples could be varied by a tem-
perature-controlled stream of evaporated nitrogen (for temperatures
below room temperature) or by heated air. In this way, a temperature
region between —100 and +100 °C could be covered. The accuracy of
the temperature adjustment was about 2 K. Depending on the signal-
to-noise ratio, the mean error in the observed molecular mean square
displacements within the samples is between 20 and 50%.

Results and Discussion

Active Carbon. With application of the conception of fractal
dimensions, the seemingly irregular pore size distribution of
noncrystalline microporous adsorbents could be shown to follow
quite simple relations.»2%22 In many cases, the pore size dis-
tribution was found to be characterized by one fractal dimension
D; over the whole pore size range, i.e., with the lower cutoffs
coinciding with the smallest pore radii and with the upper cutoffs
coinciding with the largest pore radii, respectively.?'*** In par-
ticular, in the region between the upper and lower cutoffs, the
fractal dimension of the pore model may be determined via the
relation??

Alog (AV/Ar)

Alogr @

f%
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Figure 2. Mean square displacements (#2(A)) of n-hexadecane adsorbed
on active carbon at a pore filling factor of 0.43 at 291 K (0), 323 K (D),
363 K (A), and 413 K (¢), respectively, in dependence on the observation
time A. The straight lines indicate the dependence (r*(A)) « A.

It should be noted that, in some cases, the adsorbent must be
considered to be composed of different fractal regions. In this
case, the pore size distribution is represented by a set of fractal
dimensions, each of them characterizing a certain interval of the
distribution.

Analysis of Figure |1 on the basis of eq 4 shows that the pore
size distribution may be reflected by a fractal pore model over
two intervals, namely with the dimension Dy, = 2.25 from 2 to
10 nm, and with Dy, = 2.90 from 30 nm to 2 um. Figure 2 shows
the mean square displacements obtained by PFG NMR for n-
hexadecane adsorbed on the considered specimen of active carbon
for a sorbate concentration of 0.6 mL of hexadecane/g of ad-
sorbent, corresponding to a pore filling factor of 0.43. One may
assume, therefore, that the observed mean square displacements
are in fact those of the molecules in the interior of the adsorbent
pore system, i.e., mean square displacements of molecules mi-
grating under the perpetual influence of the internal structure,
In addition, with n-hexadecane, we have applied a molecular
species whose gas pressure at the temperature of the experiments
is so low that any contribution of gas-phase diffusion may be
neglected. One has to conclude, therefore, that the observed
molecules will in fact remain in perpetual contact with the internal
surface of the adsorbent.

Figure 2 shows that, for all temperatures considered, the
self-diffusion measurements do not indicate any deviation from
ordinary diffusion over the whole range of displacements. In view
of the fractal properties of the pore size distribution, one might
have expected the occurrence of features of anomalous mass
transfer at least in the region of overlap of the measured root mean
square displacements with the pore radii. It turns out, however,
that evidently even for the minimum displacements observed in
the experiments, the majority of the diffusants has not remained
within the individual regions of uniform fractal structure. How-
ever, as soon as molecular migration will proceed over distances
covering several fractal regions, mass transfer may again be un-
derstood as a simple Markoffian process leading to proportionality
between the mean square displacements and the observation
times.2* This seems to be the case in the present measurements.
It is difficult to say what the minimum displacements should be
in order to guarantee an observation of anomalous diffusion, and
whether in real systems a fractal pore size distribution of an
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Figure 3. Mean square displacements (#2(A)) of #-butane on zeolite
NaX with a mean crystallite diameter of 16 um at a sorbate concentra-
tion of 80 mg/g at 183 K (+), 223 K (¢), 243 K (0), 258 K (A), and
273 K (D), respectively, in dependence on the observation time A.

adsorbent should at all necessarily lead to an anomalous diffusion
of the molecules adsorbed thereon.

Zeolites. Due to the well-ordered intracrystalline pore struc-
ture,2%26 mass transfer in the interior of the individual zeolite
crystallites must be expected to follow Einstein’s relation (eq 1)
for ordinary diffusion. This prognosis has been confirmed in
previous NMR self-diffusion studies'? and is as well reflected in
the diffusion data for n-butane in zeolite NaX presented in Figure
3, as long as the root mean square displacements are sufficiently
small. In this case, the root mean square displacements are
exclusively determined by the intracrystalline diffusivity Djp,.
However, as soon as the mean diffusion paths covered during the
observation time are of the order of the crystallite radii, the
influence of the sample heterogeneity becomes significant. Now
the relation between (#2(A)) and A should also depend on the rate
of mass transfer through the crystallite bed, i.e., on the coefficient
of long-range self-diffusion Dy.!' In particular, if additional mass
transfer resistances on the zeolite surface (“surface barriers” 1127)
can be excluded, long-range diffusivities exceeding Dj,,, should
lead to deviations to higher mean square displacements, while in
the reverse case deviations to lower values should occur. In general,
a good estimate of the long-range diffusivity is provided by the
relation!!

Dlr = pinterDinter (5)

with pie; and Dy, denoting the relative amount of molecules in
the intercrystalline space and their diffusivity, respectively. Thus,
the temperature dependence of Dy, is mainly given by that of piyer
leading to an activation energy of D, being of the order of the
desorption heat. In most cases, the activation energy of intra-
crystalline diffusion is smaller than the heat of desorption so that
Dy, increases faster than Dy, with increasing temperature. This
behavior is reflected in the experimental data given in Figure 3,
which for temperatures T < 223 K show a deflection of {#2(4))
to lower values (i.e., the behavior expected for Dy, < D,,,), and
the reverse behavior for larger temperatures (7 > 258K). Ob-
viously, for T ~ 243 K, the coefficients of intracrystalline and
long-range diffusion are of the same order of magnitude. Applying
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Figure 4. Mean square displacements (r2(A)) of propane on polycrys-
talline grains of zeolite ZSM-5 after different coking times for a sorbate
concentration of 2.5 molecules per !/, unit cell at 296 K in dependence
on the observation time for the fresh zeolite (O) and after coke deposition
(D, 3.6 mass %, obtained after 1 h coking; ¢, 4.3 mass %, obtained after
12 h coking, recalculated from the diffusion data of ref 28. The broken
line indicates the dependence (r2(A)) « A,

eq | yields a value of 8.3 X 10710 m2 71,

It is evident that a measurement of the mean square dis-
placement over a limited range of observation times—and in
particular over such observation times for which {r?(A)) is of the
order of the mean square crystallite radii, i.e., in our case of 64
X 10712 m2—leads to dependences as given by eq 2, where for T
> 243 Kone has » > 1, and for T < 243 K » < |, respectively.
These deviations from ordinary diffusion are obviously brought
about by the heterogeneity of the system, i.e., by the change in
the migration modes as soon as the molecules pass from the interior
of the crystallites to the intercrystalline space.

If the individual particles are polycrystalline grains rather than
monocrystals, such a behavior may be expected to occur also for
migration paths within the adsorbent particles, as soon as the space
between the individual crystallites of the grains allows a promotion
of molecular migration. The formation of polycrystalline particles
is typical of zeolite ZSM-5. Determining the mean square dis-
placements from the self-diffusion data of propane in such sam-
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ples? does in fact lead to the expected deviation from ordinary
diffusion, as shown in Figure 4. As a consequence of the short
transverse nuclear magnetic relaxation times (in the present case,
about 0.5 ms), the measuring conditions for ZSM-5 are much
poorer than for the other adsorbents considered. The observation
time could therefore only be varied from 0.7 to 1.7 ms. It should
be mentioned, however, that diffusion measurements with propane
on ZSM-5 monocrystals over the same range of observation times
did in fact yield clear evidence of ordinary diffusion.?® Figure
4 shows the molecular mean square displacements in the starting
sample as well as in samples with coke depositions in the interior
of the polycrystalline grains (cf. ref 28). It turns out that, in the
starting material, molecular migration seems to be promoted by
the existence of some free space between the individual crystallites.
This means that, with increasing observation time, more and more
molecules should be able to participate in the faster motion outside
the crystallites. This situation is obviously reversed by the coke
depositions whose influence leads to a continuous retardation of
mass transfer with increasing observation time.

Conclusion

In active carbon microporous adsorbents, whose nonuniform
pore structure may be satisfactorily described by fractal pore
models, molecular mass transfer as observed by PFG NMR does
not yield any indication of anomalous diffusion as to be expected
for mass transfer upon lattices of fractal geometry. By contrast,
PFG NMR self-diffusion measurements of molecules adsorbed
on zeolites may be shown to trace deviations from a linear rela-
tionship between the mean square displacement and the obser-
vation time. However, this may be referred to the influence of
mass transfer through the intercrystalline space, which may be-
come significant as soon as the molecular mean square dis-
placements are of the order of or larger than the crystalline
dimensions. It is most likely that the deviation from ordinary
diffusion as observed for mass transfer within polycrystalline grains
may be explained by an equivalent mechanism.
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