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The diffusion of pyridine confined in mesoporous silica MCM-41 (dy,ore = 3.3 nm) was studied with stray
field gradient (SFG) NMR diffusometry as a function of the filling factor of the mesopores at room
temperature, employing a laboratory-built SFG setup. The translational diffusion of pyridine in MCM-41
is found to be anisotropic and the diffusion parallel to the pores’ cylinder axes is much faster than that
perpendicular to them. The parallel diffusion coefficient depends strongly on the filling level of the guest
liquid inside the pores. For a filling level of 25%, which corresponds approximately to a monomolecular
layer of pyridine molecules hydrogen bonded to surface —SiOH groups, a parallel diffusion coefficient
of D = 1.0 X 10~° m? s~! is found, which is slower than the diffusion coefficient of the bulk liquid
(D =1.6 X 10~° m? s~1). For higher filling factors the parallel diffusion coefficient increases and at a filling
factor of 85% a diffusion coefficient of D = 6.8 x 107° m? s™! is reached. The perpendicular diffusion
coefficient of D; = 3.7£2.0 X 107" m?s~! is independent of the filling factor. Employing additional
15N MAS data for the pyridine inside the mesopores, a microscopic model of the diffusion is proposed,
which depends on the exchange of the slowly diffusing hydrogen-bonded surface pyridine molecules with

fast-diffusing free pyridine molecules inside the pores. Copyright © 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

While the effects of hydrogen bonding on molecular and
intermolecular structures are well characterized by NMR
spectroscopy, it is surprising that it was realized only
recently that hydrogen bonding can also have drastic
effects on diffusion rates, as revealed by gradient NMR
spectroscopy.!~® The main reason why these effects have so
long been neglected probably originates from the fact that
for most diffusing systems the surface to volume ratio of the
pores is so small that molecules in direct contact with the
surface are only a minor percentage of the overall molecules
inside the pores and thus the diffusion restrictions imposed
on these molecules by hydrogen bonding are of only minor
importance. However, with the recent developments of
mesoscopically structured porous silica this is no longer true.
These materials are characterized by pores with diameters
in the range 2-50 nm* and have very large surface to
volume ratios. Owing to their wide range of pore sizes
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they are very versatile molecular sieves. Moreover, they are
interesting model systems for the study of surface-liquid
and surface-solid interactions. Examples of this class of
mesoporous silica materials are MCM-41° and SBA-15°
which are both characterized by a hexagonal ordered array of
cylindrical pores. The diameter of the pores are determined
by the preparation of the materials. They are in the range
2—6 nm for MCM-41 and 5-10 nm for SBA-15. The particle
size is typically in the region of 5um. The pore to pore
distance, which is estimated as the inverse length of the
scattering vector in x-ray diffraction, is about 20% larger
than the pore diameter. Owing to their high pore density
and small pore diameters, their surface to volume ratio has a
very high value.

The geometry of the pores is highly anisotropic, such that
a preferred axis exists in the direction of the pores’ cylinder
axis, and diffusion of guest liquids in the pores is expected
to exhibit deviations from ordinary diffusion.”® In general,
diffusion processes in porous media depend strongly on the
type of the host and of the guest molecules. As a result of
this dependence, different diffusion models for liquids and
liquid guests in porous materials are discussed in the litera-
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ture for various systems: ordinary diffusion, restricted
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diffusion, anisotropic diffusion and diffusion of
different phases with individual diffusion coefficients.!®
Ordinary diffusion is well known and describes the behavior
of isotropic systems such as bulk liquids. Restricted dif-
fusion was developed for unordered porous systems that
are believed to exhibit a fractal structure, where the pore
walls hinder free diffusion of the guest molecules. The time
dependence of this type of diffusion is described by a power
law. Anisotropic diffusion has been studied by NMR for
various systems, e.g. water between lamellar layers of a
liquid crystal,'?, salt water ice!® and water in MCM-41.14
The basic model of anisotropic diffusion is the existence of
spatial directions where diffusion is much easier than in
other spatial directions. Another possible scenario is a multi-
phase model for the diffusion of guest molecules, where the
diffusion coefficients depend on the distance of the guest
molecules from the surface, similar to the velocity profile of
a laminar flow. Indications for such a behavior are found
for example in protein water solutions,'"''7=2 where a phase
of non-freezable water in the hydration shell of the protein
co-exists with a phase of freezable bulk water. In the pores
it may be possible to discriminate a phase attached to the
surface and another phase in the pore volume. For resolving
both phases in an experiment, however, it is necessary that
the exchange between the both is slow on the time-scale of
the experiment.

Owing to their surface—SiOH groups, mesoporous
silicas are capable of forming hydrogen bonds to guest
molecules. These guest molecules can act as proton acceptors
in a hydrogen bond. Pyridine is a typical example of such
a guest molecule. Here the endocyclic nitrogen acts as the
proton acceptor. Thus, pyridine inside the pores of ordered
silica is expected to form hydrogen bonds to the surfaces
of the pores, which should be revealed as a change in the
diffusion rate of the pyridine guest molecules. Comparing
the diameter of a pyridine molecule of ~0.50 nm?* with the
diameters of the pores, it is evident that in these materials
a large proportion of the pyridine molecules are in contact
with the surface and thus are able to form hydrogen bonds.

In this work, the diffusion of pyridine as a guest molecule
inside mesoporous MCM-41 was studied with stray field
gradient (SFG) NMR*-% for different filling factors of the
pyridine, ranging from a monomolecular layer of pyridine
on the inner surfaces of the pores to nearly completely filled
pores. The resulting diffusion data were analyzed according
to the models described above and the influence of the
hydrogen bonding on the diffusion was elucidated from
these data.

The rest of this paper is organized as follows: first, after a
short introduction into the necessary background of diffusion
and gradient NMR, the Experimental section describes the
synthesis and characterization of the MCM-41 material,

the NMR sample preparation and our laboratory-built
experimental SFG set-up. Next the experimental results for
pyridine as guest molecule in the mesoporous silica MCM-41
are presented and discussed, and finally summarized in the
conclusion section.

THEORETICAL BACKGROUND

The basics of stray field gradient NMR diffusometry
are well known!! and only some salient facts will be
summarized here, which are necessary for the evaluation
of the experimental data and in particular for the adaptation
of the model of anisotropic diffusion in PFG experiments to
SFG experiments.

A linear gradient G = 9By/dz of the main mag-
netic field By = (0,0, By) in the z-direction encodes the
z-position of a spin as a position dependent Larmor-
frequency wi. = y(Bo+ G -z), where y is the gyromag-
netic ratio of the nucleus under observation. If the
spin is subject to a diffusion process this Larmor fre-
quency becomes time dependent. This time dependence
can be analyzed by the stimulated echo pulse sequence

(), ()~ (), o]

are pulse phases which are phase cycled to remove pulse
imperfections; see Table 1). After the initial 90° pulse the
spins precess for a duration 7; with the Larmor frequency
corresponding to their initial position. The value of 7; is
selected to be short compared with the time-scale of the dif-
fusion, so that diffusion processes during 7; are negligible.
The second 90 ° pulse flips the spins back into the z-direction.
After a waiting time 1, the third 90° pulse flips the spins
back in the transversal plane. If the position of the spins
and thus their Larmor frequency have not changed during
the time 1,, an echo is formed after the time t; that has
maximum intensity. If, however, the individual frequency
of some spins has changed due to a diffusion process, the
intensity of the echo is attenuated. Under macroscopic sta-
tionary conditions no flow is present, and the displacement
of molecules is governed by diffusion. Thus, the attenuation
of the amplitude A(t1, 2, D) of the stimulated echo is a mea-
sure for diffusion processes of the observed spin ensemble.
In addition to the diffusion process the echo attenuation
is also dependent on T (spin-lattice, longitudinal) and T,
(spin—spin, transversal) relaxation processes.

For a quantitative evaluation of the echo decay
A(t1, 5, D) curves, the spin phase shift ¢(t) =
yfot G(t)[z(t") — z(0)]dt' from position z(0) to z(t) has to be
integrated over all molecules.

The echo attenuation for a Gaussian displacement
distribution is Agi = exp(—% < ¢*(t) >), and thus the echo
attenuation factor for ordinary diffusion with the stimulated

Table 1. Phase cycle for the three-pulse stimulated echo pulse sequence. Shown are the phases of the three pulses: PLS1 for the
first pulse, PLS2 for the second and third pulse, and RLS for the receiver phase

PLS1 +X +X +X +X +Y +Y +Y
PLS2 +Y -X -Y +X X -Y +X
RLS +X —-X +X —-X -Y +Y -Y

-X -X -X -X -Y -Y -Y -Y
-Y +X +Y X +X +Y -X -Y
-X +X -X +X +Y -Y +Y -Y

Copyright © 2001 John Wiley & Sons, Ltd.
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echo pulse sequence is

M 2 T
A= 5 exp {—yszDrf (5 + r—f)} 6y
where D is the diffusion coefficient defined by Einstein’s
law, D =< z?> > /2t, in one dimension. The description
is completed by considering also the T; and T, relaxation
processes, and the total echo attenuation factor for ordinary
diffusion is
M, 2 1 20

A retax = - eXp [—VZGZfo <§ + f_1) T, T @

In the case of restricted diffusion, i.e. the hindrance
of free propagation of the molecules due to geometric
constraints such as pore walls, Einstein’s law is replaced
by a power law of the form (z2) = 2at“, where « is the
effective diffusion coefficient. The echo attenuation factor for
restricted diffusion is known:'13!

My ay’G? 1
ATes — _ ~2 +2
diff = 5~ exp{ 63(K+1)(K+2) 2( 71+ 1)
1
+§r§+2 —(n+n)*? - rf+2] } 3)

In the case of k = 1 and « = D, Eqn (3) is equivalent to
Eqn (1). Callaghan'® and Stallmach ef al.! have calculated the
echo attenuation factors for anisotropic diffusion in pulsed
gradients as

A Mol [
(AT b = 705 / exp [—y*6*°G*A(D; cos® 6
0
+D, sin* )] sin6do @)

where D), is the parallel and D, the perpendicular diffusion
coefficient, § is the gradient pulse width and A is the spacing
between the two gradient pulses in the PFG experiment.

These results are easily adaptable to the description of
anisotropic diffusion in steady gradients. Replacing the time-
dependent part in Eqn (4) y*6°G*A by the appropriate terms
for steady gradients according to Eqn (1) gives

. My1 [
(Azl?flf)spc = 705 / exp
0

2
a2

3 + Z—j) (D, cos® 8

+ D, sin® 9)] sin 6do 5)

The fourth model, the coexistence of several differently
fast diffusing phases, is a weighted superposition of the
ordinary diffusion [Eqn (1)]. For example, in the case of two
phases with two diffusion coefficients D; and D,, and relative
amounts p; and p, = 1 —p; of the two phases, the echo
attenuation factor for the stimulated echo pulse sequence in
a steady gradient is

M 2
Amdl — 70 {P] exp {—VZGZDFE? <§ + E)]

1

+p2 exp {—yszthf (% + 2)} } 6)
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Equations (1), (3), (5) and (6) are used later to model the
experimental echo attenuation factors.

EXPERIMENTAL

Experimental set-up

BN magic angle spinning (MAS) NMR spectra were
measured at room temperature and at —170°C. The spectra
were obtained by Fourier transformation of the FID, recorded
after a 90° pulse at a MAS speed of 6 kHz under 'H
decoupling and a repetition time of 2s at a field of 7 T,
employing a Chemagnetics 6 mm double resonant MAS
probe.

The 'H SFG NMR measurements were performed on
a Bruker 300/89 7 T superconducting magnet at a vertical
displacement of Az = —23.15cm from the center of the
magnet. At this point the magnetic field is By = 2.85T,
corresponding to a proton resonance frequency w;, = 27 X
121.49 MHz, which coincides with the 3P NMR frequency
at 7 T. Hence a standard *'P probe could be used for the
'H fringe field experiments. The precision of the vertical
adjustment of the probe is better than Az = 35 pum. The
magnet was equipped with a pneumatic vibration damping
system from Bruker. The magnetic field gradient was
calibrated by comparison with literature data for water
self-diffusion.® A value of G = 39.70+053Tm™! was
determined.

All stray field gradient measurements were carried out
with the stimulated echo pulse sequence. The delay time t;
was set to a value of 20 us and the delay time 7, was varied
from 0.5 to 350 ms. From the length of the 7/2 pulse (6 us),
a spectral excitation width of wpwam = 27 x 100.6 kHz was
estimated, corresponding to an excitation slice width of
58 um. The width of the echo envelope is usually very narrow
in high gradients and on the order of a few microseconds.
Hence to record enough points to reduce the error in the
integration of the echo intensity a sample rate of 5 MHz was
used for the digitization of the echo signal.

The echo attenuation curves of the pyridine/MCM-41
samples were recorded with 2048 (samples B and C) and 4096
(sample A) accumulations for each point with a repetition
time of 2 s. The bulk pyridine curve was recorded with 352
accumulations. Here the repetition time was chosen as 10's
(ca 1.25 x Ty, see below), which allows a faster repetition
of the echo experiment, but gives a scaling of the echo
amplitude. DC offset and phase distortion artifacts and signal
contributions from the pulses were removed by appropriate
phase cycling (Table 1) of the pulses.

For the evaluation of the diffusion data the 'H longitudi-
nal relaxation times T; in the magnetic field gradient at room
temperature were measured independently by a saturation
recovery experiment.

Preparation of mesoporous silica

The MCM-41 material was synthesized according to the
method of Griin etal® using cetyltrimethylammonium
bromide (C1,TAB) as template. A 2.36 g amount of C;,TAB
was dissolved in 120 g of water and the solution was mixed
with 9.5g of aqueous ammonia (25 wt%), then 10g of

Magn. Reson. Chem. 2001; 39: S149-S157
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tetraethoxysilane (TEOS) were added under constant stirring
at 35°C. The precipitated product was kept in the reaction
solution at 80 °C for 72 h and then filtered and washed with
deionized water. After drying in air at 105°C for 5h, the
product was heated to 550°C at a rate of 1 Kmin™!
calcined under flowing air.

and

NMR samples

For the SFG measurements, three samples of MCM-41 were
loaded with pyridine at different filling factors: sample A,
64 mg MCM-41 + 15l pyridine, according to (25 % 5)%
pore volume; sample B, 61 mg MCM-41 + 30 ul pyridine,
(55 £5)% sample C, 64 mg MCM-41 4 50ul pyridine,
(85 £5)%. The weight of the samples was controlled by
microscales and the liquid pyridine added. As a reference,
sample D containing bulk pyridine was prepared. For the
5N NMR experiments sample E was prepared: ~10 mg of
MCM-41 were dried at 400 K under high vacuum (~107°
mbar) for 24 h and then 3 mg of dry "N-labeled pyridine
(Chemotrade) [(30 + 5)% pore volume] were condensed on
to the sample. All tubes were sealed after preparation.

Sample characterization

As a first step, the mesoscopic structure and the porous
properties of the MCM-41 material were characterized using
x-ray diffraction (XRD) and gas adsorption. The small-angle
XRD pattern (not shown) was recorded on a Kratky compact
camera using Cu Ko radiation with an Ni filter in the range
of 20 angles from 0.5 to 6°. The diffraction pattern of the
calcined MCM-41 sample exhibits four well-resolved peaks,
indicating a two-dimensional hexagonal lattice (space group
P6mm) with an interlattice spacing of 2 = 4.5 nm between
the (100) planes. The nitrogen sorption isotherm at 77 K
(Fig. 1) was measured by gas volumetry using a Gemini
2375 apparatus (Micromeritics). The BET surface area was
1040 m? g~! and the specific pore volume was 0.93 cm?® g~1.
The pore diameter 4 = 3.3 nm was calculated by the method
of Dollimore and Heal .

600 -
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V/emd/g
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200 [ b

100 b
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Figure 1. Nitrogen isotherm of the mesoporous silica
MCM-41. From the absorption branch the specific (BET)
surface area of the material (S = 1040 m2 g—), the specific
pore volume (Vpore = 0.93 cm? g~7), and the pore diameter
(d = 3.3 nm) were determined.

Copyright © 2001 John Wiley & Sons, Ltd.

NMR data evaluation

The NMR data evaluation is based on Eqns (1), (3), (5)
and (6), including the relaxation terms from Eqn (2). First, the
echoes are numerically integrated in the time domain. For
the simulation of the four diffusion models and the fitting
of the experimental echo decay curves, the echo intensity
data are fed into the laboratory-written Matlab program
SIMECAT (SIMulation of ECho ATtenuation). According
to the specific model, different parameter sets are used:
ordinary diffusion is described with an isotropic diffusion
coefficient D, whereas two-phase diffusion is described with
two isotropic diffusion coefficients D; and D, and the
corresponding relative amounts of the two phases p; and
p2 = 1 — p;1. The restricted diffusion echo decay is modeled
by the two parameters of the power law [Eqn (3)], i.e. the
effective diffusion coefficient o and the exponent of the power
law «. Finally, the anisotropic diffusion model is described
by a parallel diffusion coefficient D, and a perpendicular
diffusion coefficient D, . In the case of anisotropic diffusion,
the integral in Eqn (5) cannot be solved analytically, and
a numerical integration has to be performed. This is done
by summing over a grid of N equally spaced points in the
interval (0, ). Good convergence is reached with N > 128.

RESULTS AND DISCUSSION

NMR results

Three different samples (A, B, C) of pyridine confined in
the mesopores of MCM-41 with filling factors of nominally
25, 55 and 85%, respectively, and a sample (D) of bulk
pyridine as reference were studied by SFG NMR. Figure 2(a)
displays the results of the stray field gradient stimulated echo
attenuation curves of pyridine in the mesopores of MCM-
41 and compares these data with those for bulk pyridine
as reference. There are clear differences between the four
curves, indicating different translational diffusion rates of
the pyridine. In particular, the short-time diffusion rate of
the pyridine in the mesopores increases with the filling factor,
but is much lower than in bulk pyridine at long time.

For the evaluation of the diffusion data the 'H lon-
gitudinal relaxation times T; of pyridine in the magnetic
field gradient at room temperature were measured. For
bulk pyridine a value of Ty = (7.9 £0.4)s is determined
in the fringe field. For the loaded silica samples values of
T: = (0.22+£0.02) s (sample A, 25%), T1 = (0.46 £0.04) s
(sample B, 55%) and T; = (0.52 £ 0.04) s (sample C, 85%) are
found.

Since the N chemical shielding of the pyridine nitrogen
is a very sensitive indicator of the hydrogen bonding
situation, >N NMR measurements of the pyridine inside
the mesopores at room temperature and at —170°C (sample
E) were performed in the next step. The spectra are shown
in Fig. 3. At —170°C two lines are observed, one at 276 and
the other at 251 ppm. At room temperature, however, only a
single line at a chemical shift of 267 ppm is observed.

Discussion

The analysis of the >N NMR spectra allows us to determine
whether the pyridine molecules are in a single phase at room

Magn. Reson. Chem. 2001; 39: S149-S157
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Figure 2. (a) Echo attenuation curves of pyridine in MCM-41 (d = 3.3 nm) for different filling levels: 25% (A), 55% (V) and 85% (e)
pore volume. For comparison the bulk liquid pyridine data are also displayed (M). The echo intensities are normalized to A(0) = 0.5.
Thus, the shape of the curves is directly comparable. (b)-(d) Fit results of pyridine in MCM-41 for different pore filling factors. The
diamonds mark the experimental data and an estimated error of +0.01 absolute amplitude. The fit curves are for ordinary diffusion
(dash-dotted lines), restricted (dotted lines), anisotropic (dashed lines) and two-phase diffusion (solid lines).
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Figure 3. 'H decoupled >N MAS NMR spectra (referenced to
15NH,4Cl) of 3 mg of dry '®N-labeled pyridine confined in 10 mg
of MCM-41 at (a) room temperature and (b) —170°C. Note that
only a single average line is present at room temperature,
showing the equivalence of all pyridine molecules on the NMR
time-scale.

temperature on the NMR time-scale, or whether there are
two phases, one phase of molecules which are hydrogen-
bonded to the surface, and a second phase of free pyridine

Copyright © 2001 John Wiley & Sons, Ltd.

molecules inside the pores. The two lines in the ®N NMR
spectra at low temperature prove that there are indeed
two different species of pyridine molecules which do not
exchange on the NMR time-scale. One line is close to the
position of the chemical shift of bulk pyridine (276 ppm) and
the other line (251 ppm) is at the typical value of pyridine
bound to —SiOH groups (I. Shenderovich, A. Schreiber,
E. Gedat, G.Buntkowsky, N.S. Golubev, G. H. Findenegg
and H. H. Limbach in preparation).

At room temperature, however, only a single line is
visible, which is the average of the two lines in the
low-temperature spectrum. Hence it follows that at room
temperature there is a fast exchange between the pyridine
molecules on the pore surface and the pyridine molecules
inside the pores and all pyridine molecules can be considered
as a single phase on the NMR time-scale.

From the 'H NMR experiments, the translational dif-
fusion motions of the pyridine inside the mesopores are
elucidated as follows. Both echo attenuation and T; relax-
ation times exhibit a strong dependence on the filling factor.
From the N spectra, it is evident that at room temperature
all pyridine molecules are in fast exchange on a time-scale
of milliseconds, which is also the relevant time-scale of the
T: and diffusion measurements. The spin—lattice relaxation
rates for pyridine on the surface and pyridine in the pore vol-
ume are in general different and the filling factor dependence
of the spin—lattice relaxation rate is a direct consequence of
the fast exchange between the surface phase and inner pyri-
dine molecules: as the most simple model the measured T,

Magn. Reson. Chem. 2001; 39: S149-S157
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time is the weighted average of the rates corresponding to
the two phases.

The question now arises of what the origin of the
filling factor-dependent changes of the diffusion rate is.
As discussed in the Introduction, there are several different
diffusion models, namely ordinary diffusion, a multi-phase
model, where different separate phases are present inside
the pores; a restricted diffusion model, which explains the
differences as the result of the finite size of the pores; and
finally the model of anisotropic diffusion, which explains
the differences as the result of the strongly anisotropic
geometry of the pores. The least-squares fit parameters
from the SIMECAT fit of these models are given in Table 2
and the fit curves are displayed in Fig. 2(b), (c) and (d)
for samples A, B and C, respectively. From the figures
it is evident that at long diffusion times there are strong
deviations between the experimental and the calculated
data for the ordinary diffusion model. Hence ordinary
isotropic diffusion can be excluded for the diffusion of
pyridine inside the mesopores. All three other diffusion
models are able to reproduce the experimental data. To
decide further between these models one has to investigate
the resulting key parameters (Table 2) obtained from the
fits (note that in principle it is possible to exploit the
different 7; dependences of the diffusion models in addition
to the 7, dependence to distinguish between the models.
However, short T, relaxation times can strongly obscure this
dependence. Therefore we decided to not perform a variation
of ).

Table 2. Fit results of the SFG measurements of pyridine in
MCM-41 for different pore filling factors and for the four
diffusion models: (i) ordinary, (i) restricted, (i) anisotropic and
(iv) two-phase diffusion?

Model Parameter 25% 55% 85%
Ordinary D(m? s71) 23x1071% 51x1071% 9.5x10710
X2 0.00464 0.01190 0.02691
Restricted a(m? s7¢)  7.6x1071  6.8x1071 79x1071
K 0.62 0.32 0.14
X2 0.00061 0.00390 0.00101
Anisotropic Dy (m? s71) 1.0x10™° 27x107° 6.8x107°
D, (m? s71) 22x107"1 54x10°"1 35x10~!
e 0.00019 0.00116 0.00069
Two phases D; (m? s7!) 50x1071° 1.0x10~° 2.0x107°
P 0.60 0.73 0.77
D, m? s71) 5.0x10711 7.0x10" 83x10°U
P2 0.40 0.27 0.23
X2 0.00024 0.00148 0.00127

2D is the isotropic diffusion coefficient, « the effective diffusion
coefficient for restricted diffusion, « is the exponent of the
power law, D) and D, are the parallel and perpendicular
diffusion coefficient, respectively. D; and D, are the two
diffusion coefficients for two-phases diffusion, p; and p, are
the corresponding relative amounts of the two phases and
x> = >k (Aexp —Acak)2 is the quadratic deviation between
calculated and experimental normalized decay curve.

Copyright © 2001 John Wiley & Sons, Ltd.

The multi-phase model is based on a superposition of
several decay curves with different decay constants, resulting
in a multi-exponential decay curve. From the preparation it
is evident that all pyridine molecules are inside the pores
and that the pores exhibit a very high degree of homogeneity
regarding their diameters. Hence one can assume that there
are no domains with different diffusion coefficients, which
would lead to a simple superposition of different decay
curves from these domains. The only remaining possible
difference between pyridine molecules is their distance from
the pore surface. This, however, would imply that pyridine
molecules with different distances from the pore wall have
different diffusion coefficients, but, as discussed above,
the >N measurements show that at room temperature all
pyridine molecules are in fast exchange already on a time-
scale below 1 ms, because the pore diameter corresponds
to only a few pyridine diameters (see Fig.6). Hence at
room temperature only a single average decay constant on
the time-scale of the diffusion experiment is expected. This
would cause a mono-exponential decay of the echo, which
is in clear contradiction to the experimental result. Hence a
multi-phase model seems to be very improbable as the origin
of the observed dependence.

In the next step, the restricted diffusion model is
considered. Restricted diffusion is characterized by an
effective diffusion coefficient « and a power law with
exponent « for the time dependence [Eqn (3)]. The results
are shown in Fig.2(b), (c) and (d). The fits for the
three samples give the same effective diffusion coefficient
of « = (74+£1.0)x 107" m?s7!, but with significantly
different exponents, namely « = 0.62 for a filling factor
of 25%, k = 0.32 for 55% and « = 0.14 for 85% (see Table 2).
This indicates an increasing restriction with higher filling
levels, implying a mutual hindrance of the guest molecules
that grows with the concentration. In principle one could
rationalize such an increase of the mutual hindrance as the
result of the reduction of the mean free pathway by the
increase in the concentration. To study this model, the time
dependence of the root mean square displacement r = Vat¥,
according to the modified Einstein relation for restricted
diffusion, is plotted in Fig. 4. The long time evolution of the
graphs is in good agreement with the model of restricting
geometry, because for smaller exponents « the graphs are
closer to the asymptotic value of the r.m.s. displacement
and grow very slowly. At short times, however, the curves
approach a step function in the limit and become singular
with decreasing value of «. This implies a very fast initial
diffusion which then becomes very slow. Such a behavior
is incompatible with the assumed increase in the mutual
hindrance of the molecules. Hence the restricted diffusion
seems to be very improbable as the origin of the observed
dependence.

In the last step the anisotropic diffusion model is
discussed. In contrast to the models of restricted and
multi-phase diffusion, this model is in agreement with all
experimental parameters. We therefore conclude that it is
the most probable origin of the observed dependence of
the decay curves. From the fits of the data shown in Fig. 2
for the three samples A, B and C, diffusion coefficients
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Figure 4. Theoretical mean displacement according to
Einstein’s equation (D = (r2)/t*) for the parameters derived by
a fit of the experimental data with Eqn (3). The average value

a = 7.4 x 10~ is used. The graphs are displayed for the three
different « values, according to the fit results for restricted
diffusion, and, for comparison, for x = 1 (ordinary diffusion).

parallel to the pores” cylinder axes of D, = (1.0, 2.7, 6.8) x
1072 m? s7! and diffusion coefficients perpendicular to the
pores’ axes D; = (2.2,5.4,3.5) x 107! m? s7! are found (see
Table 2). These values indicate a growth of the parallel
diffusion coefficient when increasing the filling factor. The
perpendicular diffusion coefficient, however, is practically
independent of the filling factor. The growth of the parallel
diffusion coefficient can be understood by the following
model. As discussed in the introduction, the pyridine
molecules have a strong tendency to form hydrogen bonds
with surface —SiOH groups. As a consequence, the first
adsorption layer of pyridine in the pores consists of those
pyridine molecules which are hydrogen bond to surface OH
groups. To estimate the amount of pyridine in this first layer,
one needs to know the surface density of —SiOH groups.
This surface density has been determined from surface
coating experiments by Anwander et al.*® as 1.85 nm~2 and
by Zhao and Lu* as 1.9nm™ at a maximum coverage
(85%). Assuming that the density of pyridine in the pores
is approximately the same as the density of bulk liquid
pyridine, the volume Vo of a single pyridine molecule in
the pores is Vo = Mm/(Nap) = (0.5 nm)?, where My is
the molar mass and p the density of pyridine in the liquid
state. If S is the specific (BET) surface area, the number
of molecules on the surface of 1g of MCM-41 can be
estimated as N = S x (1.85/nm?) and the relative volume
as V/Vpore = Nx (0.5 nm)>/ Vpore- Thus the relative volume
of the first layer is

14 S x 1.85/nm? x M
( ) _5x /nm? x My ®)
1stlayer

Vpore p X NA X Vpore

This relative volume of the first layer was calculated for
three individual MCM-41 materials (d = 2.9 nm; d = 3.3 nm;
d = 3.7 nm) with different pore diameters to 35, 26 and 18%,
respectively, (circles in Fig. 5) and linearly extrapolated for
other diameters. For the inner pyridine molecules we have
assumed for simplicity that with increase in the concentration

Copyright © 2001 John Wiley & Sons, Ltd.
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subsequent inner layers are filled. Note that, except for the
firstlayer, the model of subsequent adsorption of monolayers
in not unique: in principle, there could be a free gas phase of
pyridine molecules inside the pores. However, the nitrogen
isotherm (Fig. 1) that shows pore condensation at a relative
pressure of p/py = 0.35 renders this very unlikely. Thus
one can assume that the excess pyridine molecules in the
inner pore volume are in a liquid phase. It is possible,
however, that these molecules form small droplets or large
domains across the whole cross-section of a part of the pores.
From our experiments it is impossible to decide between
these alternatives. For the estimation of the relative number
of molecules in the surface monolayer and in the pore
volume, this is not critical. The relative volumes of the
first three adsorption layers of pyridine in cylindrical pores
and pore diameters between 2.7 and 3.9 nm are calculated
and displayed in Fig. 5.

From this calculation, it follows that all pyridine
molecules of the 25% filled sample A are in the first
layer, i.e. hydrogen bonded to the surface. Hence their
diffusion is a pure surface diffusion. This explains why
their parallel diffusion coefficient of D;; = 1.0 x 10~ m? 57!
is smaller than the diffusion coefficient in bulk pyridine
(Dpux = 1.6 x 107 m? s71): this decrease of the parallel
diffusion coefficient is a result of the strong hydrogen bond
interaction between surface —SiOH groups and pyridine
N sites, which exceeds mutual pyridine molecule inter-
action. Bernstein and Pfeifer calculated for the OH:--N
hydrogen bridge of the adsorption complex pyridine—OH
group at the surface of silica a stabilization energy of ca
50 kJ mol~1,% which is approximately the activation energy
of the diffusion for these molecules. When the filling factor
is increased the parallel diffusion coefficient grows and for
the 55% filled sample (B) the parallel diffusion coefficient of
Dy = 2.7 x 107 m? s7!, exceeds both the parallel diffusion
coefficient of the 25% filled sample and the bulk diffusion
coefficient. As shown in Fig. 5 the second layer starts to grow

100

80 | 3rd layer

®
~
)
S I
= 60 2nd layer
S |
>
S |
o 40F
o1
©
201 1st layer |
O |

2.8 3 3.2 3.4 3.6 3.8

pore diameter/nm
Figure 5. Volume of the first three adsorption layers of
pyridine [Vinolecule = (0.5 nm)3] in pores with different
diameters, as calculated with a model described in the text.
The three solid lines mark the boundaries between the
neighboring layers. The three circles are calculated from real
materials as described in the text, and the vertical line stresses
the pore diameter of 3.3 nm.
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Figure 6. Diffusion model of pyridine in MCM-41. The plot is scaled according to the scale bar in the bottom right corner. The top
and bottom lines represent the pore walls and the ‘hooks’ on them represent surface OH groups. Pyridine molecules at increasing
filling levels (a)—(c) are either adsorbed on the surface OH groups or diffuse in the pore volume. Three different diffusion processes
are distinguished: (1) surface diffusion (jump motion over the OH groups), (2) adsorption and desorption processes and (3) ‘free’

diffusion.

ata filling factor of ca 30%. In sample B (55%) the second layer
is already more than half full and consequently at any time an
appreciable number of guest molecules in sample B are not
hydrogen bonded to the surface. This has two consequences,
both of which tend to increase the diffusion coefficient: on
the one hand, pyridine molecules in this second layer need
no activation energy for breaking the hydrogen bonds to
surface —SiOH groups, and on the other hand, because of
the partial filling, they have a larger free volume than a
pyridine molecule in bulk pyridine. As discussed above, all
pyridine molecules are in fast exchange on the time-scale of
diffusion and behave as a single phase. This implies that here
the diffusion of the pyridine molecules is mediated via the
exchange of a surface pyridine and a pyridine molecule in the
second layer. The rate-determining step for the diffusion of
the molecules is the exchange rate between surface and inner
pyridine molecules and the diffusion rate is the weighted
average of the diffusion rates of surface and inner molecules.
A true-to-scale sketch of these mechanisms is shown Fig. 6.
Here, three different diffusion processes are distinguished:
(1) surface diffusion by jump motion from one OH group
to another, (2) absorption/desorption processes from and
to the surface and from and to the inner pore volume and
(3) quasi-free diffusion in the pore volume. Processes 1 and
3 result in an average parallel diffusion coefficient, which
depends on the filling level, as indicated by the sections a, b
and c in Fig. 6. Process 2 mediates the exchange between the
different areas.

In the 85% filled sample finally the third layer is already
partially filled and the parallel diffusion coefficient grows
again. This further increase can be mainly attributed to the
higher number of fast-diffusing molecules, which shifts the
average diffusion coefficient towards faster rates. From the
absolute value, which is now about four times larger than
the diffusion coefficient of the bulk liquid, one can assume
that besides the larger free volume of pyridine molecules
inside the mesopores there is also a second reason for the fast
parallel diffusion, namely the reduction of the dimensionality
from three dimensions in bulk pyridine to one dimension
in the mesopores. This faster diffusion in the pores than in
the bulk is analogous to the well known lowering of the

Copyright © 2001 John Wiley & Sons, Ltd.

melting-point of liquids in mesopores, which was observed,
for example, for water in MCM-41.38%

The perpendicular diffusion coefficient, in contrast, is
independent of the filling factor within the margin of
error. The arithmetic mean of the three values of the
perpendicular diffusion coefficient in the three samples
is D; = 3.7 x 107" m? s~L. The fit results of the parallel
diffusion coefficient hardly change with the assumption of
the average perpendicular diffusion coefficient. As discussed
by Stallmach etal,"* the fact of non-zero perpendicular
diffusion coefficient in mesopores is attributed to residual
interconnectivity of the parallel pores and/or to non-
negligible bending of the pores. Hence D, can be considered
as a material constant and should therefore be the same for
all filling factors.

CONCLUSION

We have found the following microscopic picture for the
diffusion of pyridine in the mesoporous silica MCM-41
from the combination of N MAS NMR spectroscopy, 'H
T: relaxation measurements and 'H SFG NMR diffusom-
etry: the model of anisotropic diffusion of a single phase
of pyridine molecules is in agreement with all experi-
mental parameters and gives a good description of the
diffusion of pyridine molecules in mesoporous silica at
room temperature. This anisotropy is the result of the
geometric structure of the pores. The perpendicular dif-
fusion is mainly the result of the permeability of the
pore walls. The rate of the parallel diffusion depends
strongly on the filling factor. If only a monolayer of
pyridine molecules is on the surface, the diffusion rate
is lowered, because of the hydrogen bonding of these
molecules to the surface. If the filling factor is increased,
subsequent inner layers are populated. The fast exchange
between these inner layers and the surface layer leads
to a strong increase in the diffusion coefficient, which
for large filling factors exceeds the rate of bulk pyridine.
This faster diffusion can be attributed to two reasons, a
larger free volume of the individual pyridine molecule
and the reduced dimensionality of the diffusion process.
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Finally, we note that these surface effects influence not
only the translational but also the rotational degrees of
freedom of guest molecules, as was shown recently by low-
temperature >H NMR spectroscopy (E. Gedat, A. Schreiber,
J. Albrecht, I. Shenderovich, G.Findenegg, H.H Limbach
and G. Buntkowsky. . Phys. Chem. submitted).
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