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The precise pore sizes defined by crystalline zeolite lattices have led to intensive research on zeolite membranes.
Unfortunately, zeolites have been extremely difficult to prepare in a defect-free thin film form needed for
membrane flux and selectivity. We introduced tetrapropylammonium (TPA), a structure-directing agent for
zeolite ZSM-5, into a silica sol and exploit the development of high solvation stresses to create templated
amorphous silicas with pore apertures similar in size to those of ZSM-5. Silicon and carbon NMR experiments
were performed to evaluate the efficacy of our templating approach. The29Si NMR spectrum of the silica
matrix was observed by an intermolecular cross-polarization experiment involving the1H nuclei of TPA and
the29Si nuclei in the silica matrix. The efficiency of the cross-polarization interaction was used to investigate
the degree to which the matrix formed a tight cage surrounding the template molecule. Bulk xerogels, prepared
by gelation and slow drying of the corresponding sols, exhibited only weak interactions between the two sets
of nuclei. Thin film xerogels, where drying stresses are greater, exhibited significantly increased interactions.
Intramolecular cross-polarization experiments between the1H and 13C nuclei of the template molecule
demonstrated that much of the increased efficiency was a result of reduced rotational mobility of the TPA
molecule.

Introduction

There is intense interest in the use of zeolites in the form of
membranes for gas separation or pervaporation applications
because of their ordered and uniform pore structure.1-3 Zeolites
are crystalline materials, however, and are difficult to prepare
as defect-free thin films needed for separation applications. We
wish to use a molecular templating approach4 to form well-
defined porosity in amorphous silica matrices prepared by the
sol-gel method.5 The tetrapropylammonium (TPA) cation, used
as a structure-directing agent in ZSM-5 synthesis,4 was incor-
porated as a template within a sol-gel silica matrix. We exploit
the development of high solvation stresses to create templated
amorphous silicas with pore apertures similar in size to those
of ZSM-5. Organic-inorganic hybrid materials are formed which
on calcination result in TPA-templated microporous silica
(Figure 1). The corresponding membranes are ultrathin, have
low defect density, and show molecular sieving behavior. This
article uses the efficiencies of intermolecular and intramolecular
cross-polarization NMR experiments to characterize the ef-
fectiveness of the templating process. Creation of a convenient
method to measure templating effectiveness will aid in optimiz-
ing the entire templating process.

Lefebvre et al.6 previously measured the intermolecular cross-
polarization between the1H nuclei in p-xylene and the29Si
nuclei in ZSM-5. They showed that the cross-polarization

efficiency for the various silicons depended on their proximity
to a 1H nucleus in the occludedp-xylene molecule. The cross-
polarization transfers were most efficient when the1H and29Si
nuclei were separated by distances of approximately 3.3 Å or
less. Recently, Burkett and Davis7 used intermolecular1H to
29Si cross-polarization NMR to study the interactions between
TPA and the ZSM-5 zeolite matrix. They showed that as the
gel is heated, the intermolecular cross-polarization efficiency
quickly increases, providing evidence that structure direction
occurs early in the synthetic process.

The cross-polarization efficiency between two nuclei, for
example, between1H and X, where in this study X is either
29Si or 13C, depends on the strength of the internuclear
interactions and the time dependence of fluctuations in the
internuclear interactions.8 The buildup in polarization of the X
nuclei is most efficient when the internuclear distances are short.
The cross-polarization rate is proportional to the inverse of the
1H-X distance raised to the sixth power. Simplified expressions
for the time dependence of the fluctuations show that the cross-
polarization rate is proportional to the correlation time constant,
τc, describing the interaction fluctuations. Thus relatively rigid,
slow-moving systems with long correlation time constants cross-
polarize most efficiently.

Templating effectiveness, which we define as the degree to
which the matrix forms a tight cage surrounding the template
molecule, is expected to affect both the internuclear distances
and the correlation time constant used to describe the inter-
molecular cross-polarization experiment. As the templating
effectiveness is increased, we expect that both factors will
change in a direction to increase the cross-polarization ef-
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ficiency. Thus overall cross-polarization efficiency can be used
to measure the relative templating effectiveness. In this study
we have prepared two silica matrixes in which TPA was used
as a templating molecule. For bulk xerogels, slow gelation and
drying allow significant time for condensation reactions to occur.
This limits the extent of collapse of the gel network in response
to the capillary pressure during drying. For thin film xerogels,
solvent evaporation and drying occur simultaneously in the short
time scale of the drying process. These materials are therefore
expected to show a greater extent of shrinkage of the network
around the organic template molecules. We find that the thin
film sample exhibits increased1H-29Si intermolecular cross-
polarization efficiency corresponding to improved templating
effectiveness. Additional1H-13C intramolecular cross-polariza-
tion experiments show that the changes in efficiency are related
primarily to changes in the correlation time describing the
rotational motion of the TPA molecule.

Experimental Section

Synthesis.Precursor silica sols were prepared by a two-step
acid-catalyzed hydrolysis and condensation process. Tetraethyl-
orthosilicate (TEOS, 98%, Aldrich), ethanol, deuterated water
(D2O, 99.9 atom % D, Cambridge Isotope Laboratories), and
HCl were initially refluxed at 60°C for 90 min. In the second
step, additional D2O and HCl were added to make up the final
mole ratio of 1.0:3.8:5.0:0.004 (TEOS/EtOH/D2O/HCl) and the
solution was shaken for 15 min at room temperature. Tetraprop-
ylammonium bromide (TPABr, 98%, Aldrich) was added as
4% by weight of the silica sol.

Bulk xerogel samples were prepared by gelation and slow
drying of these composite sols at 50°C. They were then ground
to a fine powder. For preparing xerogels in thin film form, the
sols were diluted with ethanol in the ratio 2:1 (vol EtOH/vol
sol). These diluted sols were then cast as thin films in glass
petri dishes and dried at room temperature. Both the bulk and
thin film xerogels were finally dried at 150°C for 3 h.

Spectroscopy. NMR spectroscopy was performed on a
Bruker AMX-400 equipped with a 7-mm CP MAS probe. The
29Si and 13C spectra were recorded at 79.5 and 100.6 MHz,
respectively, using zirconate rotors spinning at 4 kHz. The29Si
spectra were calibrated by setting the low-field resonance of
octakis(trimethylsiloxy)silsesquioxane to 12.5 ppm, and the13C
spectra were calibrated by setting the low-field resonance of a
glycine sample to 176.0 ppm. The29Si cross-polarization spectra
were recorded with 1- and 3-ms contact times, a 4-s delay time,
and 512 scans. The13C direct spectra were recorded with delay

times ranging from 5 to 20 s and 256 scans. The13C cross-
polarization spectra were recorded with 0.3- and 1-ms contact
times, a 4-s delay time, and 256 scans.

Results

The1H-29Si NMR intermolecular cross-polarization spectra
of the bulk and thin film xerogels for cross-polarization contact
times of 1 and 3 ms are shown in Figure 2. These contact times
span the range of maximum intensity, which occurs between 2
and 3 ms for each of the samples. The signal intensities of the
bulk samples are less than those of thin film samples for both
contact times. Because these differences are critical for our
analysis, the experiments were repeated with repacked sample
rotors and with careful tuning of the probe before each
experiment. To quantify the cross-polarization efficiency, the
resonances for each sample were integrated and normalized by
their respective weights. The normalization factors were small
because the weight difference between samples was less than
5% for each set. The normalized ratios of signal intensities for
the normally dried and reduced pressure samples are shown in
Table 1.

We were concerned that the two methods of preparation might
result in differing concentrations of TPA molecules. The
apparent differences in cross-polarization efficiencies could then
be attributed to differences in the number of TPA hydrogens
that were available to cross-polarize the silicon nuclei. The13C
spectrum of each sample was recorded by direct polarization
to determine its relative TPA concentration. Delay times of 5 s
and longer provided spectra of constant intensity. The total
intensities of spectra recorded at delay times of 10 and 20 s

Figure 1. Schematic of TPA templating in sol-gel silica. Organic-inorganic hybrid silica formed by incorporation of TPA within a sol-gel silica
matrix (left) and TPA-templated microporous silica formed after removal of TPA by calcination (right).

Figure 2. Intermolecular1H-29Si cross-polarization spectra of the bulk
and thin film xerogels recorded using 1- and 3-ms cross-polarization
times.
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were combined and again normalized by the appropriate sample
weights. The concentrations of TPA in the two samples were
the same within experimental error. The results are summarized
in Table 2.

The intramolecular1H-13C cross-polarization spectra of TPA
were recorded to look at the cross-polarization efficiency within
the TPA molecule. Spectra with contact times of 0.3 and 1 ms,
which spanned the maximum cross-polarization efficiency, were
recorded. Spectral intensities showed that the intramolecular
cross-polarization efficiency of the thin film sample is greater
than that of the bulk xerogel. The results, normalized for slightly
differing sample weights, are shown in Table 2.

Discussion

The efficiency of intermolecular cross-polarization of the
silicon nuclei in the silica matrix by the hydrogens in the TPA
template molecule was used to probe the degree to which
templating was accomplished. More effective templating leads
to greater intermolecular cross-polarization efficiency. The
relationship between templating and intermolecular cross-
polarization depends on two factors: (1) better templating
reduces the distance between the hydrogen nuclei on the TPA
molecule and the silicon nuclei in the silica matrix and (2) better
templating is also expected to restrict the rotational motion of
the TPA molecule and thus increase the correlation time constant
describing the internuclei fluctuations. Each of these effects
contributes to an increase in cross-polarization efficiency with
increasing templating effectiveness.

The 1H-29Si intermolecular cross-polarization efficiency of
the thin film xerogel is greater than that of the bulk xerogel
sample for cross-polarization times less than or equal to the
time for maximum polarization transfer. The signal intensities
were adjusted by their respective sample weights. Direct
polarization13C spectra indicated that the thin film sample had

a slightly lower concentration of TPA molecules. After these
adjustments were applied, the cross-polarization efficiency of
the thin film sample was 35% greater than that of the bulk
sample. The greater cross-polarization efficiency demonstrates
that the templating process is improved in the thin film sample.
The improvement can be attributed to the greater drying stresses
during thin film formation.

Intramolecular1H-13C cross-polarization spectra of the TPA
molecule were recorded to determine the relative importance
of changes in the motion describing the internuclear fluctuations.
The13C spectra show that intramolecular cross-polarization for
the thin film sample is more efficient than that for the bulk.
Under identical spectral conditions, the thin film sample has
26% greater polarization compared to the bulk xerogel. This
increase in polarization must be attributed entirely to an increase
in the correlation time constant describing the change in
orientation of the C-H vector with respect to the external
magnetic field. Changes in internuclear distances could not
contribute to the increase because the distances for the intra-
molecular cross-polarization process are identical for the two
samples.

The motions of the TPA molecule can be classified as
translational, internal rotations of the propyl chains and overall
rotational motion of the TPA molecule. Translational motion
of TPA does not affect the magnitude or orientation of the1H-
13C intramolecular vectors and therefore cannot affect the
efficiency of the cross-polarization process. The fast internal
motions of the propyl chains reduce the internuclear interactions
by a constant factor, which is a function of the angle between
the 1H-13C vector and the axis of rotation. To the extent to
which these internal motions depend primarily on the sample
temperature and internal barriers to rotation, they would be
similar for the two samples. The difference in effective
correlation times then depends on the difference in the overall
slow tumbling of the TPA molecule. The13C cross-polarization
experiment shows that the overall rotational motion of TPA is
more restricted in the thin film sample.

The rotational correlation times describing the fluctuations
of 1H-13C interactions in the intramolecular experiments should
also modulate the1H-29Si interactions in the intermolecular
experiments. The rotational motion of the TPA molecule would
move a hydrogen nucleus completely in or out of the sphere of
influence of a silicon nucleus fixed in the silica matrix. Thus,
we expect that the decrease in rotational mobility of the TPA
molecule in the thin film sample accounts not only for all the
increased efficiency of the1H-13C cross-polarization experi-
ment, but also for much of the increased efficiency of the1H-
29Si cross-polarization experiment. The remaining difference
between the 35% efficiency of the intermolecular and 27%
efficiency of the intramolecular experiments would be attributed
to changes in translational mobility and decreases in the
internuclear distances.

We believe that the close association among improved
templating, increased intermolecular cross-polarization effi-
ciency, and an increase in the molecular rotation correlation
time is reasonable. The TPA molecule has a relatively spherical
shape. Small changes in cavity size are expected to have a
dramatic effect on its rotational freedom. For example, molecular
crystals often undergo phase transitions from static molecules
to freely rotating molecules over a narrow temperature range.
Fullerene C60 has been shown to undergo a solid-solid phase
transition at 260 K during which the rotational mobility of the
molecules increases by over an order of magnitude.9,10 This
transition is accompanied by a discontinuous increase in lattice

TABLE 1: Relative Intensities of 1H-29Si Intermolecular
Cross-Polarization (CP) NMR Spectra of Bulk and Thin
Film Xerogelsa

contact time
(ms)

bulk xerogels
(1)

thin film xerogels
(2)

ratio
(2)/(1)

1H-29Si Intermolecular CP, Trial 1
1 0.73 1.05 1.44
3 1.00 1.35 1.35

1H-29Si Intermolecular CP, Trial 2
1 0.80 1.01 1.26
3 1.00 1.31 1.31

average 1.34
average, normalized by TPA concentration 1.35

a All intensities corrected for actual sample weights.

TABLE 2: Relative Intensities of 13C Direct and 1H-13C
Intermolecular Cross-Polarization (CP) NMR Spectra of
Bulk and Thin Film Xerogelsa

contact time
(ms)

bulk xerogels
(1)

thin film xerogels
(2)

ratio
(2)/(1)

1H-13C Direct Polarization
10 s 0.94 0.98 1.04
20 s 1.00 0.94 0.94

average 0.99
1H-13C Intramolecular CP

0.3 ms 1.19 1.46 1.23
1.0 ms 1.00 1.30 1.30

average 1.26
average, normalized by TPA concentration 1.27

a All intensities corrected for actual sample weights.
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spacing from 14.1015 to 14.1501 Å, an increase of only 0.0486
Å.11

Summary

Intermolecular1H-29Si cross-polarization efficiency increases
during sol-gel thin film formation indicating an improved
effectiveness of molecular templating. Much of the increased
cross-polarization efficiency can be attributed to a reduction in
the rotational mobility of the TPA templating molecule. Because
the rotational motion and the templating efficiency are coupled
so closely, these results suggest that the1H-13C intramolecular
cross-polarization behavior of the TPA molecular can also be
used to monitor templating efficiency. The analysis is then
reduced to recording the relative intensities of the1H-13C
intramolecular cross-polarization spectra and normalizing these
intensities by the TPA concentrations determined from the direct
13C spectra. Alternatively, if deuterated TPA is used in the
synthesis, the deuterium line-shape provides an accurate probe
of the TPA rotational motion. Preliminary line-shape experi-
ments have been encouraging.
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