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Abstract: The detection of all of the aluminum present in steamed zeolite H-Y catalysts by27Al MAS NMR
at 14.4 T (600 MHz for1H) and 18.8T (800 MHz for1H) is reported. Further, it is shown that it is possible
by 27Al MAS and MQMAS NMR measurements to clearly identify four separate aluminum environments
which are characteristic of these materials and to unambiguously assign their coordinations. Average chemical
shift and quadrupolar coupling parameters are used to accurately simulate the27Al MAS NMR spectra at 9.4
T (400 MHz for1H), 14.4 T (600 MHz for1H) and 18.8 T (800 MHz for1H) in terms of these four aluminum
environments. In addition, these average chemical shift and quadrupolar coupling parameters are used to calculate
peak positions in the27Al MQMAS isotropic dimension that are in good agreement with the experimental data
acquired at 9.4 and 18.8 T.

Introduction

Zeolites are highly crystalline materials whose structures are
3-dimensional networks composed of channels and cavities of
molecular dimensions built from corner and edge sharing SiO4

4-

and AlO4
5- tetrahedra.1 For every tetrahedral position occupied

by an Al atom there must be a charge balancing cation
(Mx+) present, leading to the general zeolite oxide formula:
Mn/x

x+[(SiO2)m(AlO2)n]‚yH2O, wherem + n ) 1.
In their acid forms, zeolites exhibit both Brønsted and Lewis

acidity by which they can catalyze reactions and their structures
impose molecular size and shape selectivity. Acid zeolites are
formed by exchanging NH4+ for the charge-balancing cations
(such as Na+) which are present from the synthesis. The
ammonium ions decompose above 350°C, liberating NH3(g)
and leaving behind “H+”. Steam treatment of the resulting acid
zeolites at elevated temperatures removes Al from the frame-
works and yields active, “ultrastable” catalysts.2 These are used
widely in the petroleum and petrochemical industries, particu-
larly for catalytic cracking in gasoline production.

The most widely used of these materials is ultrastable-Y
(USY) formed by steam treatment of the acid form of faujasite
(Figure 1), also known as zeolite HY. Early29Si MAS spectra
clearly documented the increase in the framework Si/Al ratio

which the steaming produced,3-6 but in these studies the nature
of the aluminum species present was much less well described,
due to the relatively poor resolution of the27Al MAS spectra.
This was at least in part because of the relatively low magnetic
fields (e400 MHz for protons) and spinning rates (e4 kHz)
which were available at that time. However, it was clear that
six-coordinate aluminum (AlOCT) was produced even under the
mild conditions employed for calcination (ca. 500°C) and that
steaming generated substantial amounts of amorphous-like
material, characterized by a broad resonance between the signals
of the tetrahedral framework aluminum (AlTET) at ≈60 ppm
and AlOCT at ≈0 ppm.3-10 Various authors subsequently
demonstrated that the maximum in the chemical shift for this
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Figure 1. Schematic representation of the framework structure of
Faujasite. Each line represents a T-O-T linkage (where T )
Framework tetrahedral position, occupied by either silicon or aluminum
atoms, located at the intersection of the lines and the oxygen atoms
are not shown). For clarity, the sodalite cage in the front portion of the
structure is omitted and extraframework species are not shown.
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resonance was similar to that of pentacoordinate aluminum
AlPENT and assigned the resonance to this species.7b,8,12,13

However, other authors proposed that it was due to Al in a more
distorted tetrahedral environment.6,7,10,11Quantitation of these
spectra was also a general problem, with approximately 30%
of the total aluminum known to be present not being observed
(so-called “invisible aluminum”),3,6,8-12 even when very small
pulse angles were used.7a

More recently the availability of higher field strengths (500
MHz) and the use of nutation dependent spectroscopy13 have
provided further information on the multiple aluminum environ-
ments present. An excellent summary of this work has been
given by Fripiat et al.,13 who also drew parallels between the
27Al spectra of the USY materials and those of amorphous
alumina gels containing 4-, 5-, and 6-coordinate aluminum,15,16

interpreting the27Al NMR spectra of USY in terms of these
three coordinations.

The resolution of27Al MAS spectra is limited because MAS
reduces but does not completely average the second-order
quadrupolar interaction. There is improved resolution when
satellite spectroscopy is used,20 but again, the interaction is only
reduced and not eliminated. DOR and DAS experiments21,22will
perform this averaging but are not well-suited to these and to
other systems where there is line broadening due to their
amorphous nature. For example, in an application of the DOR
technique to USY, Ray and Samoson7b obtained only a marginal
gain in 27Al spectral resolution. Further limitations are that in
DOR experiments, the outer rotor is limited to a spinning rate
of ≈1 kHz and the shortT1 values of27Al destroy the signal
during the “storage times” required for the angle changes in
DAS experiments.

However, the experiment of Multiple Quantum Magic Angle
Spinning (MQMAS), recently introduced by Frydman,14 is not
limited by either slow spinning or shortT1 values and therefore
provides an alternative approach to the investigation of this type
of material. Further, the second-order quadrupolar interaction
is inversely field dependent and experiments on quadrupolar

nuclei, including MAS and MQMAS, will be much easier and
in most cases have much more success at high magnetic field
strengths.

In the present paper, we present the results of a detailed
investigation of a representative USY material by27Al MAS
and MQMAS NMR spectroscopies with fast sample spinning
carried out at fields of 17.6 and 18.8 T and compare the results
to those obtained at lower fields (9.4 and 14.4 T). Four well-
defined27Al environments are found and quantified and their
coordinations clearly defined, providing a sound basis for further
investigations of the role of aluminum in these important
catalytic materials. A preliminary account of this work has been
published.23

Experimental Section

Materials. The amorphous alumina gel containing substantial
amounts of 4-, 5-, and 6-coordinate aluminum was prepared exactly as
described by Fripiat.16

The USY sample was prepared from ammonium exchanged zeolite
Y, which was then steam calcined at 600°C, ammonium exchanged,
and steam calcined again at 600°C. It had a BET area of 560 m2/g,
mesopore area of 40 m2/g, and a micropore volume of 0.266 mL/g. IR
measurements gave a framework SiO2/Al 2O3 ratio of 18.2/1 and the
X-ray crystallinity was 110% (reference NaY sample 120%).

Equipment. Powder XRD patterns were obtained using a Seimens
D5000 powder diffractometer and Cu KR radiation. Thermogravimetric
analysis (TGA) was carried out using a TG51 thermogavimetric
analyzer under a flow of 80 cm3/min of dry nitrogen gas.29Si and27Al
spectra were obtained at 79.50 and 104.26 MHz, respectively, using a
Bruker MSL 400 spectrometer. For27Al, the 90° solid pulse width was
1.6 µs and the spectra were referenced to 1 M aqueous Al(NO3)3

solution. For29Si, the 90° pulse width was 8.0µs and the spectra were
referenced to TMS.27Al spectra were also obtained at 156.38 (14.4 T,
600 MHz for protons), 195.40 (17.6 T, 750 MHz for protons), and
208.43 MHz (18.8 T, 800 MHz for protons). The 14.4 T spectra were
recorded on a Bruker AMX 600 spectrometer and those at 17.6 and
18.8 T on Varian Inova systems to which we were granted access at
the Pacific Northwest National Laboratory, Richland, Washington (see
Acknowledgment). All27Al spectra were obtained using home-built
MAS probes incorporating a Doty Scientific 5 mm “SuperSonic” stator
assembly. The (solid) 90° pulse lengths were 2.0 (156.38 MHz) and
1.7 µs (208.43 MHz) and the spectra were referenced as above. MAS
experiments were conventional and echo experiments used a rotor
synchronized “90-τ-180-τ-acquire” sequence. Pulse lengths of 1.0
µs were used for the single pulse experiments and for the first pulse of
the echo experiments.

27Al MQMAS experiments were run at 104.26, 195.40, and 208.43
MHz. At 195.40 and 208.43 MHz, the excitation was by either a two-
pulse nutation14 or the spin-locking RIACT sequence.24 In these two
cases, the coherence selection was by phase cycling. The MQMAS
experiments at 104.26 MHz used pulsed field gradients for the
coherence selection.25

2-D spectra were sheared using at1-dependent phase increment
following the Fourier transformation in the directly detected dimension
(F2). Both the isotropic F1 axis and the position of 0 ppm with respect
to the transmitter were scaled by a factor of12/31 (see Appendix of ref
18).

Results and Discussion

Figure 2 shows the29Si spectrum (79.50 MHz) of the USY
material together with that for the NaY starting material. The
changes in the29Si spectrum from the starting material are
consistent with literature data3-6 and the previously obtained
IR data (Experimental Section) and indicate that the framework
Si/Al ratio has increased from 2.6 to approximately 10/1. The
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powder XRD diffractograms (Figure 3) indicate a high frame-
work crystallinity but also show evidence for the presence of
some amorphous material of unknown composition.

Figure 4a shows the27Al single pulse MAS spectrum acquired
at 104.26 MHz with spinning at 9.8 kHz. The resonances are
broad and the general features of the spectrum correspond well
with previous literature data at this field, indicating that the

nature of the aluminum in the present sample is typical of this
general type of catalyst. At the high spinning rate employed,
there is no overlap of spinning sidebands with any of the
isotropic peaks, a problem with earlier work. Three maxima
are observed at 58, 30, and-3 ppm, which previous authors
have assigned to 4-, 5-, and 6-coordinated aluminum species.
In a recent study, Fripiat and co-workers have deconvoluted
such spectra in terms of the distributions of three quadrupolar
line shapes and have assigned relative intensities to the three
local environments13 discussed above, while as noted in the
Introduction, other workers have assigned the same three
resonances to two tetrahedral environments and one octahedral
environment.6,7,10,11

However, even at 9.4 T, there are indications that the situation
is more complex. Figure 4b shows the corresponding27Al
spectrum recorded with an echo sequence. The maxima in the
spectra correspond well with those of the single pulse experi-
ments but there is an indication from the spinning sideband
pattern that there is a major contribution from one or more broad
resonances, centered in the isotropic pattern at approximately
30 ppm, which is greatly attenuated in the single pulse
experiments. The total integrated intensities of both the single
pulse and spin-echo27Al MAS spectra of weighed samples were
calibrated at all fields against spectra of weighed Na-Y and Na-A

Figure 2. Single-pulse29Si MAS NMR spectra at 79.50 MHz of (a)
NaY and (b) USY. (a) 2200 scans acquired using a pulse angle of 22°,
a recycle delay of 10 s, and a spinning rate of 3.6 kHz. (b) 2708 scans
acquired using a pulse angle of 22°, a recycle delay of 10 s, and a
spinning rate of 4.1 kHz.

Figure 3. X-ray powder patterns of NaY and USY acquired on a
Seimens D5000 powder diffractometer with Cu KR radiation between
2θ ) 5° and 70° in steps of 0.025°/s.

Figure 4. 27Al MAS NMR spectra of USY at 104.26 MHz (a) single
pulse and (b) 90-180° spin-echo. 20000 scans were acquired for each
spectrum at a spinning rate of 9.8 kHz with a 200 ms recycle delay.

Multiple Aluminum EnVironments in US-Y Catalysts J. Am. Chem. Soc., Vol. 123, No. 22, 20015287



samples acquired under identical conditions. Sample hydration
was measured by TGA and corrected for. Only an approximately
1% error is introduced by the uncertainty regarding the nature
of the extraframework aluminum (as measured by29Si MAS
NMR at 9.4 T). The results of these analyses are presented in
Table 1. In line with previous studies,5,6,9,11 the 9.4 T single
pulse experiment shows intensity from only 65% of the
aluminum present, whereas the spin-echo experiment shows
intensity from 85% of the aluminum present, suggesting that
the broad resonance that is discriminated against in the single
pulse experiment may account for the “invisible aluminum”
reported in the literature.3,6,8-12

To probe the nature of the resonance, a MQMAS experiment
was carried out at 9.4 T using field gradients for coherence
selection and a RIACT excitation sequence (Figure 5). The S/N
of the experiment is limited and the signals from higher
aluminum coordinations are poor, but it is clear that two distinct
tetrahedral environments are present: the maximum at 58 ppm
in the 1D spectrum, assigned to tetrahedral framework alumi-
num, and another with a much larger quadrupolar coupling
corresponding to the unresolved broad intensity distribution
whose presence was suggested by the spin-echo spectra. Similar
results have subsequently been obtained using the Bruker DSX
400 system with coherence selection by phase cycling.

The main difficulties in the further interpretation of these data
arise from the limited resolution obtainable at 9.4 T, even
employing fast spinning and also the nonquantitative nature of
the experiments (Table 1). To some extent this is due to the

largely amorphous nature of the aluminum containing species
(where distributions of chemical and quadrupolar shifts are to
be expected) but a major contribution is from the residual
quadrupolar interaction itself. Whatever its magnitude, this is
inversely field dependent and both the interaction and the
distribution of the interaction, introduced by distributions in local
environments, should be reduced at higher magnetic field
strengths. For this reason, experiments were carried out at 18.8
T (208.43 MHz, 800 MHz for1H) on a spectrometer made
available to us at the Pacific Northwest National Laboratory,
Richland, Washington. Figure 6 shows the27Al single pulse
and spin-echo MAS spectra respectively at this field strength
and can be compared directly with those of Figure 4. At 18.8
T the single pulse and spin-echo spectra are much more
consistent with each other and both show intensity fromg95%
of the aluminum present (i.e. quantitative within the error limits
of these data) indicating little discrimination between the
different signals; quite different from the situation at 400 MHz.
The small spinning sidebands observed are due to the ap-
proximate doubling of the chemical shift contribution in
frequency units while the spinning rates are≈10 kHz at both
fields. The general resolution of the spectra is greatly improved
and the intensity in the center of the spectrum greatly reduced.
Three resonances are now clearly resolved at 61, 30, and 1 ppm
with an additional broad resonance that appears as a distinct
shoulder to high field of the tetrahedral resonance, at 54 ppm.
Spin-echo measurements ofT2 confirm that this signal has a
longerT2 value than the sharp tetrahedral resonance and from
spectra at long echo times it is estimated to cover a frequency
range from 45 to 60 ppm with a maximum at ca. 54 ppm. This
signal is considered to be due to the second tetrahedral aluminum
species revealed by the MQMAS experiment at 400 MHz.

Table 1. Integrated Total Intensities of27Al MAS Spectra,
Expressed as an Averaged Percentage of the Integrated Intensities of
27Al MAS Spectra of Weighed Samples of Na-Y and Na-A
Acquired under Identical Conditions, Adjusted for Hydration
(measured by TGA) and Composition (Measured by29Si MAS
NMR; See Text)

9.4 T ((5%) 14.4 T ((10%) 18.8 T ((10%)

single pulse 65 87 95
90-180° echo 85 98

Figure 5. 27Al MQMAS NMR spectrum of USY at 104.26 MHz
recorded at a spinning rate of 8.7 kHz. Coherences were generated
using a 3-pulse, rotationally induced adiabatic transfer pulse sequence
and selected with pulsed field gradients. Skyline projections along both
axes are shown.

Figure 6. 27Al MAS NMR spectra of USY at 208.43 MHz: (a) single
pulse, 200 scans were acquired at a spinning rate of 10.2 kHz with a
100 ms recycle delay, and (b) 90-180° spin-echo, 2000 scans were
acquired at a spinning rate of 11.9 kHz with a 500 ms recycle delay.
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Further investigations of these four aluminum environments
were carried out by MQMAS NMR at 18.8 T.

Before investigating the USY sample itself, experiments were
carried out on a reference material to obtain benchmark spectral
data on the behavior of the different aluminum coordinations
in amorphous systems. Figure 7 shows the MAS and 2D
MQMAS spectra of the amorphous alumina gel which contains
substantial amounts of 4-, 5-, and 6-coordinate species. This
was chosen because it contains all three proposed coordinations
in amorphous environments but also because of the previously
proposed similarities between such materials and the ex-
traframework aluminum species in USY materials.12 The spectra
show well-defined broad resonances with maxima at 67, 35,
and 6 ppm with slightly different line widths and small
contributions from spinning sidebands. These are clearly
reflected in the MQMAS spectrum, but while the 4 and 6
coordinations are observed with high S/N and in approximately
the correct proportions, the contribution from the 5-coordinate
aluminum is reduced. We have found this to be a general
characteristic of MQMAS experiments on materials of these
types under a variety of excitation schemes and conditions, with
the RIACT sequence giving moderately better performance. The
parameters derived from the fitting of the MAS spectra at 600
and 800 MHz are presented in Table 2.

Figure 8 shows the corresponding MQMAS experiment on
the USY material at 800 MHz. In this case, there are four clearly
resolved signals assigned to aluminum in tetrahedral (AlTET),
broad tetrahedral (AlBR.TET), five-coordinate (AlPENT), and
octahedral (AlOCT) environments. The signal intensity of the five-

coordinate environment is discriminated against, as with the gel,
but the signal in the 2D plot is clearly evident at 20 (F1) and
31 ppm (F2). This is in contrast to the low-field data where the
5-coordinate signal is not observed: a clear advantage of the
use of high fields, particularly for samples of unknown structure.

It is now possible to deduce the spectral parameters of all
four sites, beginning with an interpretation of the 800 MHz27Al
MAS NMR spectrum. The results are shown in Figure 9a with
the fitting parameters given in Table 3. The resonance assigned
to framework tetrahedral aluminum accounts for 33% of the
total intensity. Framework Si/Al ratios of the Na-Y starting
material (calculated from29Si MAS NMR) and of the USY
sample (calculated both by29Si NMR and IR) also indicate that
33% of the aluminum remains in the USY framework following
steaming. This suggests that the vast majority of the other
aluminum species are extraframework in nature.

Confirmation of the accuracy of the analysis is given by the
excellent agreement between the predicted and experimentally
observed isotropic chemical shifts of the corresponding MQ-
MAS spectra at both 800 and 400 MHz as shown in Table 4.

An even more challenging test is that the same fitting
parameters from the analysis of the 800 MHz27Al MAS NMR
spectrum should be able to correctly fit the lower field MAS
spectra. The average parameters of the four aluminum environ-
ments used to simulate the27Al MAS NMR spectrum at 800

Figure 7. 27Al NMR spectra of amorphous alumina gel16 at 195.40
MHz: (a) 90-180° spin-echo, 2000 scans were acquired at a spinning
rate of 13.7 kHz and a 200 ms recycle delay, and (b) MQMAS, recorded
at a spinning rate of 15.1 kHz. Coherences were generated using a
2-pulse, nutation pulse sequence and selected with a 24-step phase cycle.
A shearing transformation was performed after the first Fourier
transform. Skyline projections along both axes are shown.

Table 2. Summary of the Spectral Simulation Parameters for the
Single Pulse27Al MAS Spectra of Amorphous Alumina Gela

δCS
b/ppm av CQ

c/kHz ηQ
d

AlTET 65.2 655 0.3
AlPENT 36.8 452 0.7
AlOCT 1.9 535 0.0

a Chemical shift and quadrupolar coupling distributions are accounted
for by an exponential broadening function with a chemical shift
component proportional to the magnetic field strength and a quadrupolar
coupling component inversely proportional to the magnetic field strength
and a quadrupolar coupling component inversely proportianal to the
magnetic field.b Isotropic chemical shift.c CQ ) 3e2qQ/2I*(2I - 1)p.
d The parameterηQ has only a small effect on the simulated MAS
spectrum.

Figure 8. 27Al MQMAS spectrum of USY at 208.43 MHz recorded
at a spinning rate of 10.2 kHz. Coherences were generated using a
3-pulse, rotationally induced adiabatic transfer pulse sequence and
selected with a 24-step phase cycle. A shearing transformation was
performed after the first Fourier transform. Skyline projections along
both axes are shown. Asterisks indicate spinning sidebands. Peak
assignments are discussed in the text.
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MHz have been used to accurately simulate the27Al MAS NMR
spectra of USY at both 400 and 600 MHz, as shown in Figure
9b,c. In these simulations, only the magnitudes of the four
resonances were allowed to vary; the line shapes were deter-
mined from the parameters at 800 MHz and the known field
dependencies of chemical shifts and second-order quadrupolar
interactions. There is an excellent reproduction of all of the
features of the spectra. The data in Table 3 indicate that the
spectra at 600 and 800 MHz are in close agreement in terms of
the intensities of the different resonances while those at 400
MHz are quite different, indicating that27Al measurements on
these systems should be made at fields of 14 T or greater to
ensure quantitative reliability. A similar conclusion has recently
been drawn by Fitzgerald for27Al in various aluminas.19

Further general insight into the past difficulties in the
interpretation of the lower field27Al MAS NMR spectra can
be gained from an examination of the contributions of the
individual resonances to the simulation of the 400 MHz27Al
MAS spectrum. From Figure 9c it can be seen that the broad
tetrahedral resonance has developed a clearly defined MAS
quadrupolar line shape at 400 MHz. The high-field portion of
the line shape overlaps with the resonance from the five-
coordinate aluminum (which is now centered at 24 ppm) giving
a composite “signal” observed at approximately 30 ppm, while
the low-field portion of the line shape is overlapped with and
obscured by the large tetrahedral resonance at 58 ppm. We have
observed this overlap situation of tetrahedral and broad tetra-
hedral resonances to be a general feature of the27Al spectra of
a variety of steamed HY materials. In this regard, the amorphous
alumina gel studied in the present work may not be such a good
model for the extraframework aluminum in the catalyst samples
as has been suggested since its behavior is quite different both
in the distributions and average quadrupolar and chemical shift
parameters of the broad four- and five-coordinate aluminum
environments (Tables 2 and 3). Such a situation might be
expected; the pore and channel system dimensions of the zeolite
framework may well place constraints on the geometries and
sizes of any extraframework species within the lattice and they

Figure 9. 27Al single pulse MAS spectrum of USY at (a) 208.43, (b)
156.38, and (c) 104.26 MHz recorded at spinning rates of (a) 10.2, (b)
13.0, and (c) 9.8 kHz. Each spectrum is displayed above a simulation
(dotted line) and a deconvolution of that spectrum. Spectral simulations
and deconvolutions were made using “Dmfit 98”.17 Isotropic peaks are
simulated by half-integer spin quadrupolar line shapes (parameters given
in Table 3) with superimposed exponential broadenings. Spinning
sideband intensities are approximated by peaks with mixed Lorentzian
and Gaussian character.

Table 3. Summary of the Spectral Simulation Parameters for the
Single Pulse27Al MAS Spectra of USY at 18.8 Ta

δCS
b/ppm av CQ

c/kHz ηQ % total intensityd

AlTET 60.7 360 0.5 33
AlBR.TET 60.4 940 0.1 21
AlPENT 32.2 578 0.1e 20
AlOCT 3.2 492 0.1e 26

a Chemical shift and quadrupolar coupling distributions are accounted
for by an exponential broadening function with a chemical shift
component proportional to the magnetic field strength and a quadrupolar
coupling component inversely proportional to the magnetic field.
b Isotropic chemical shift.c CQ ) 3e2qQ/2I(2I - 1)p. d Calculated to
(3% for 208.43 MHz spectrum using spinning sideband intensities
approximated by line shapes with mixed Lorenzian and Gaussian
character.e The parameterηQ has a minimal effect on the simulated
MAS spectrum (Figure 8a).

Table 4. Comparison of Experimental and Predicted 27Al
MQMAS Isotropic (F1) Shifts of USY at 9.4 and 18.8 Ta

9.4 T 18.8 T

predicted expt. predicted expt.

AlTET 34.2 35.1 33.6 33.9
AlBR.TET 40.2 42.7 35.0 35.8
AlPENT 20.4 18.5 19.7
AlOCT 3.8 -1.8 2.5 3.8

a Predicted shifts were calculated according to eq 11, Massiot et al.,18

using the parameters given in Table 3.
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may well be less random or amorphous than the gel materials
and contain quite anisotropic local environments. The gels have
been formed under conditions where there are comparatively
greater opportunities for the relaxation of the local aluminum
geometries.

Conclusions

All the 27Al spectral simulations at the different field strengths
and the tabulated data from the analyses reveal a consistent
pattern of four clearly defined aluminium environments for this
USY material (Table 3) and this is considered to be representa-
tive of this class of catalyst. Further, there are differences
between the behaviors of these signals and those in the spectra
of the amorphous alumina sample (Tables 2 and 3), indicating
that amorphous materials of this type may be more limited as
models for extraframework alumina than hoped.16 This may be
due to constraints imposed by the limited volumes available in
the channel systems, which could restrict both the sizes and
geometric arrangements in the oligomeric species produced
during the dealumination resulting from steam treatment.

It is clear is that27Al MAS spectra at very high field strengths
(at or close to 18.8 T) yield a sufficient degree of resolution
for further magnetic resonance investigations of these materials
to be rewarding. We are currently implementing coherence
transfer connectivity experiments to unambiguously determine

the locations of the different aluminum species contained in
and within the frameworks and investigating the Lewis sites
which they may support. It is probable that at high fields, MAS
alone will be sufficient to achieve acceptable spectral resolution,
greatly simplifying the experiments. It should be possible, in
the longer term, to use these data to more clearly delineate any
relationships between the different aluminum species present
to the catalytic activities and selectivities of these materials. It
may even be possible to obtain structure/reactivity relationships
correlating the relative populations of the different aluminum
environments with catalytic activities and product distributions
as an aid in the further optimization of these catalysts.
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