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An Investigation of the Roles of Surface Aluminum and Acid Sites in the

Zeolite MCM-22
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Abstract: Ammonia adsorption studies
reveal that the observed Lewis acidity in
the zeolite MCM-22 is derived from at
least two types of framework aluminum
sites (AIF), that is, octahedral AlIF and
three-coordinate Al". Comparative am-
monia or trimethylphosphine (TMP)
adsorption experiments with MCM-22
confirm that octahedral Al species gives

NMR spectrum; this is a superposition
of two NMR signals from the different
Al species on the water-reconstructed
zeolite surface. A sharp resonance as-
signed to framework Al reversibly
transforms on ammonia adsorption to

Keywords: aluminum - Lewis acids
- NMR spectroscopy - zeolites

012’ Al & 55 from tetrahedral AlF, while
the broad peak is assigned to nonframe-
work aluminum which results from hy-
drothermal treatment. This study also
demonstrates the effectiveness of ?’Al
magic angle spinning (MAS) and multi-
ple quantum (MQ) MAS NMR spectros-
copy as a technique for the study of
zeolite reactions.

rise to the signal at d;,, ~0 in the Al

Introduction

Aluminum within zeolites plays a key role in catalytic
reactions. The location of Al within the zeolite structure
determines its function, for example, as Brgnsted or Lewis
acid sites. The acid properties of zeolites depend on the site,
the geometry, and the coordination number of Al in the
zeolites.'"Y Therefore, identification of acidic sites in zeolites
and measurement of their acidities is important in the study of
acid-catalyzed reactions.

MCM-22 is a new family of high-siliceous zeolite, which
possesses two types of channel systems'2l and has been
shown to be a good catalyst for various catalytic reactions,
such as disproportionation,!'¥] methane aromatizaion,'¥! and
isomerization of butenel®. Recently, we completed the
characterization of the dealumination process of MCM-
22,1181 and the results suggest that its dealumination differs
from zeolites with low Si/Al ratios such as Y. In short, the
second step in the zeolite dealumination model proposed by
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Kuhl does not occur, and this leaves three-coordinate AlF and
distorted tetrahedral AlF sites in the zeolite. The former gives
rise to the broad hump (0 ~100-150) observed in the ¥Al
MAS NMR spectrum of a sample that is fully hydrated,
whereas signals from the latter remain unresolved.

Despite the complexity which results from quadrupolar
interactions at Al (I =5/2), the results of previous ¥’ Al MAS
NMR spectroscopic measurements revealed that the Brgnst-
ed acid sites can be described as framework-bridging hydroxyl
groups! (Si-OH—ALl, tetrahedral species with NMR signals at
0 =50-65), which release Brgnsted protons during proton-
transfer reactions.l'”? Probe molecules such as pyridine and
ammonia have been used to obtain information on Lewis acid
sites in zeolites by IR studies. Suggestions for the nature of the
Lewis acid sites vary from three-coordinate silicon,'! AI-O
species on extra-lattice positions,['”] pentagonal sites in AINF
(nonframework aluminum) debris,?! to octahedral AINF in
most cases. Although combined ??’Al MAS and cross polar-
ization (CP)/MAS NMR methods have been demonstrated to
be highly effective in revealing the presence of Al species in a
water-reconstructed sample, the nature of Al species on
“surface” zeolites remains elusive as water chemisorbs
dissociatively and provokes extensive surface reconstruc-
tion.[?" 21l Therefore, indentification and charaterization of the
structure of the Al species that possess Lewis acidity remains
inconclusive.

Among the different molecules which have been applied to
study the variation in acidity?'?! of zeolite sites, pyridine,?!l
trimethylphosphine (TMP),[?®l NH;,? and triethlphosphine
oxide”] have proven to be efficient probes. In particular,
TMP and NH; are widely used as probes in NMR or IR
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spectroscopy for the characterization of the acidity of
zeolites.[?* 2> 2831 The pioneering study by Lunsford et al.[**!
demonstrated the feasibility of distinguishing Brgnsted sites
from Lewis acid sites by using TMP as a probe molecule.
When adsorbed on Lewis sites (L) or on Brgnsted sites they
form either the probe-L or probe-HT adducts, and can be
distinguished by the differences in their corresponding >N or
3P chemical shifts. Fripiat et al. reported that the Al MAS
and CP/MAS NMR spectra of Y-type zeolites, after adsorp-
tion of NHj, provided unique information on the non-
reconstructed surface of the zeolites,®! thereby advancing
the understanding of the chemical integrity of Al species in
zeolite reactions. It is well recognized that Al NMR
spectroscopic methods have been highly effective in the study
of zeolites, but the sizable second-order quadrupolar inter-
action at Al, which contains higher-rank anisotropic terms,
cannot be completely averaged out by MAS. New methods
such as double rotation (DOR),’2 dynamic angle spinning
(DAS),®l multiple-quantum (MQ) MAS/P4 and satellite
transition (ST) MASP] have been proposed to overcome this
drawback. Among these, MQ MAS, which was proposed
recently by Frydman and Harwood,’* 3% appears the most
promising.?’# In this experiment, the second-order quad-
rupolar broadening effect of half-integer quadrupolar
nuclei is refocused by a multiple-quantum transition. When
incorporated with MAS NMR experiments, this elegant
method disperses chemical shifts in the second dimension*’-#!
and thereby demonstrates its potential as a tool for elucida-
tion of chemical structures which result from complex
reactions.

In this study Al MQ MAS NMR spectroscopy is used to
investigate the acid properties and the integrity of chemical
species by a comparative study of NH; and (CH,);P adsorp-
tion experiments on a series of dealuminated MCM-22
zeolites. Significant structural information was obtained by
the comparison of their corresponding 'H MAS, 3'P MAS,
Al MAS, and CP/MAS NMR spectroscopic results from
these adsorption studies.

Results

Water-reconstructed surface: The Al MAS (9.4 and 19.6 T)
and the Al CP/MAS (9.4 T) NMR spectra of the parent
zeolite p, and h1, and h2 (hydrothermally treated MCM-22
samples) are shown in Figure 1. In general, two groups of
peaks centered at 0 =0 and ~ 55 are observed in these spectra
(Figure 1a). The former signal is assigned to octahedral Al
and the latter to tetrahedral Al. Although these peaks are
better resolved at 19.6 T (Figure 1b), in particular the over-
lapping peaks at & =554 their spectral quality is not
sufficient for complete elucidation of the structure of the
various Al species.

The A1 MQ MAS spectra of p, h1, and h2 are presented in
Figure 2a—c, respectively. For p (Figure 2a), three contour
plots which correspond to peaks in the tetrahedral Al region
(signals A, B, and C) are resolved and one well-defined
octahedral Al species (signal D) appears at 6 =0 in the F,
dimension. The isotropic shift and the second-order quad-
rupolar effect (SOQE) are estimated from the spectrum with
the following Equations (1) and (2) in which d;,(7) is the

Siso(i) = 4/30,(0) — 1/30,(i) )

SOQE(i)? = C,(iY2(1 + 7(i)*)/3 = [01o(i) — 6,(1) [v3/6000 @)

isotropic chemical shift and 6,(¢) and d,(i) are the coordinates
for the center of gravity of signal i in the F, and F, dimensions,
respectively; C,(i) is the quadrupolar coupling constant; #(i)
is the asymmetry parameter; and v, is the Larmor frequency
of 77Al..

The NMR properties and their assignment to the corre-
sponding Al species are summarized in Table 1. Although
their SOQE values are similar (averaging 1.7 MHz), the
dispersion in the chemical shift is sufficiently large to allow
resolution of A, B, and C, and their assignment to the isotropic
chemical shift of 0 =49.6, 56.9, and 61.3, respectively. The
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Figure 1.  AIMAS (9.4 T (a) and 19.6 T (b)) and CP/MAS (c) spectra of parent MCM-22 (p), and p after hydrothermal treatment at 723 K (h1) and 823 K
(h2). A sharp and a broad signal overlap at 6 =0 in the ultrahigh field Al MAS NMR spectra of h1. The line-broadening for MAS is 80 Hz, for CP/MAS

300 Hz.
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Figure 2. Two-dimesional ¥ Al MQ MAS NMR spectra of a) p, b) h1, and
c) h2.

properties of A, B, and C have been discussed independently
by usl'®) and by others.[” 1421 These arguments will not be
repeated here as their nature remains elusive.

As shown in the isotropic projection of the MQ MAS
spectrum in the F, dimension (Figures 2b and c), there is a
variation in the relative ratio of A, B, and C on hydrothermal
treatments. A new signal E (9;,,’Al =59.1, SOQE = 5.2 MHz)
appears as a tail to A, B, and C and its peak position falls
within the Al chemical shift region for tetrahedral Al It is
likely that E is a four-coordinate (tetrahedral) Al center
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Table 1. The parameters and assignment of different aluminum species.

Signal Coordina- 0, SOQE [MHz] frame-
tion work
A 4 49.6 1.52 yes
B 4 56.9 1.71 yes
C 4 61.3 1.89 yes
D 6lal -1.9 0.60 yes
E 4 59.1 5.20 yes
F 5 26.7 3.6 no
G 6 5.0 3.7 no
three-coordinate 3 very broad peak C,>15MHz"! yes

[a] An aluminum site connected with three water and three (OSi).
[b] Reported in refs. [2, 46].

connected to the zeolite framework that is formed during
calcination or hydrothermal treatment. Moreover, its SOQE
indicates that 1) the electronic environment about the Al is
highly distorted and 2) a complex morphology is expected,
because there is a distribution of quadrupolar interaction as
shown by the lack of significant line narrowing. Fyfe et al.,[*]
Grobet et al.*l and van Boknoven et al.*% recently reported
similar Al species.

Projection to the F, dimension gives rise to peaks that span
a chemical shift range of 6 =20-40 and superimposes on the
chemical shift range of five-coordinate AINE. At 723K (h1),
MQ MAS experiments did not detect five-coordinate AINF,
but a trace amount (signal F in Figure 2c) appeared at higher
treatment temperatures. In the study of the zeolite USY by
Fyfe et al.,®! the five-coordinate AINF is barely visible in the
MQ MAS spectrum despite accounting for ~20 % of the total
Al content. This result agrees with the NMR data obtained in
this study.

From these results, it is suggested that the peak at 0 ~30 in
the one-dimesional spectra is in fact a superposition of peaks
which originate from both distorted tetrahedral AlF (signal E
in Figure 2b) and five-coordinate AINF (signal F in Fig-
ure 2¢).[" ] Under more rigorous hydrothermal treatment,
the distorted tetrahedral AlF gradually transforms to the five-
coordinate AINF as indicated by Figure 2b and c. The signal
D— G from octahedral Al broadened significantly (Fig-
ure 2a—b) during the hydrothermal treatment of p; this
suggests the presence of more than one octahedral Al species
(vide infra).

In comparison to the 2’ Al MAS spectra, the Al CP/MAS
spectrum of p (Figure 1c) demonstrated a preferential in-
crease in the intensity of the octahedral Al peak at 6 =0. Since
cross-polarization is derived from closely attached hydroxyl
groups and/or water molecules, this implies that water is
directly bound to Al sites in this fully hydrated sample. The
five-coordinate AINF (9,,”’Al~30) that is observed in the
corresponding MAS spectra and the two-dimensional MQ
MAS spectrum (signal F in Figure 2c) is also resolved in the
CP/MAS spectra, therefore, it should also be associated with
hydroxyl- or water-bound species.

After the hydrothermal treatment, both the four-coordi-
nate AIF and octahedral Al peaks had broadened. Further-
more, the intensity of the four-coordinate AIF peak (0= 55)
had increased and its peak shifted to 6 ~47 in the Al CP/
MAS spectra (Figure 1c). This result suggests the plausible
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formation of one new Al species, which is hydroxy- or water-
bound but YAl 3Q MAS invisible. Klinowski et al.'lhave
demonstrated by quadrupole nutation experiments that both
Al and AINF could serve as sources for the formation of new
tetrahedral Al species. Therefore, both tetrahedral AlIF and
AINF species may contribute to the peak observed at ¢ ~ 50
found in h1 and h2.

We have also demonstrated previously'®l that a broad
“hump” between 6=100-150 in the Al MAS spectra of
fully hydrated and dealuminated samples is assigned to three-
coordinate AlF with a large quadrupole coupling constant
(Cy>15MHz). A second broad hump, which is located at a
position similar to that described above in the Al MAS
spectra, is believed to result from the site symmetry lowering
of a previously visible aluminum species (either AlF and AINF)
during dehydration, but is eliminated by full rehydration.['l Tt
is suggested that three-coordinate AlF sites with large C, are
responsible for Lewis acidity in zeolites.> ! However, MQ
MAS experiments did not detect three-coordinate Al species;
the large quadrupolar interaction (C,>15MHz)® and very
weak intensity would tend to wash out the spectrum and
render its MQ MAS invisible. Therefore, MAS, CP/MAS and
MQ MAS techniques observes at least five kinds of Al species,
namely tetrahedral Alf, distorted tetrahedral AINE three-
coordinate AlF, five-coordinate AINY, octahedral Al, and
possibly tetrahedral AINY, in water-reconstructed samples.

H and 3'P MAS NMR spectra of dehydrated samples after
TMP or NH; adsorption: The 'H MAS NMR spectra of the
three samples with and without NHj; are presented in Figure 3.
In the absence of an NHj load, four 'H NMR peaks in
Figure 3a are assigned to external silanol (0;,'H=1.6),
Al-OH (6=2.2), and two kinds of Brgnsted hydroxyls*’l

'H MAS

(6=3.8, 6.0). On completion of hydrothermal treatment, the
intensity change of the 'H NMR peaks revealed that a
significant gain in the amount of external silanol had occurred
with a decrease in the proportion of the two Brgnsted acid
sites. This result is corroborated by the diminishing intensity
of the peak at 0,,’'P=~—6, which is assigned to the
formation of TMPH™-zeolite complexes upon adsorption
of TMP on Brgnsted acid sites, in the P MAS NMR spectra
of p, h1, and h2 (Figure 4). Inspection of this *'P peak reveals
the presence of two superimposed components similar to
those observed by others.[?’! This indicates that TMP resides in
two types of channels, that is, in two kinds of Brgnsted acid
sites in MCM-22."1 No oxides of TMP are detected (6 > 10).
This confirms the efficiency of the in-situ apparatus built in
this laboratory. After chemisorption of NHj, species occurring
between 0;,'H=2-6 shifted to lower field (Figure 3). With
the exception of the external silanol peak at 0~ 1.6, four
peaks at d,,,'H=2.8,4.6, 5.9, and 6.8 were observed for p. The
resonance at 6 = 6.8 is assigned to NH;*®!, which is adsorbed
onto Brgnsted sites, that is, an NH,* —zeolite complex, and the
peak at 6 =5.9 is assigned to NH,*, which is involved in fast
exchange with NH," (6=6.8), H" (6=3.7) and NH; (6 =
0.8).[*1 The remaining peaks at d =4.6 and 2.8 could result
from the contribution of NH; adsorption onto Lewis acid sites,
or to an exchange process between different kinds of species
due to the complex nature of NHj; species adsorbed on the
zeolite surface.’”) The signal intensity of the peak at 6 =4.6
passes through a maximum between 723 K (h1) and 823 K
(h2); this corrolates with the behavior of Lewis sites studied
by ¥P MAS NMR experiments (Figure 4). In Figure 4 (see
h1), the peak at d;,>'P = —44 falls within the chemical shift
range of TMP that is adsorbed on Lewis acid sites.?’l The
3P MAS NMR spectra also revealed the presence of a

h1

h2

10.2 6.8 5 3.4 0.0 -3.4 10.2 6.8

)

3.4 0.0 -3.4 10.2 6.8 5 34 0.0 -3.4

Figure 3. '"H MAS NMR spectra of p, h1, and h2 with and without ammonia adsorption. The bottom traces correspond to the spectra of samples before

ammonia adsorption, the top traces after ammonia adsorption.
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Figure 4. 3P MAS NMR spectra of p, h1, and h2 after loading with
trimethylphosphine. The resonance assigned to Brgnsted acid sites consists
of two overlapped signals. No low-field resonance was observed, that is, the
peak attributed to adsorbed trimethylphoshpine oxide was not detected
and the system was free from oxygen leakage.

shoulder at 0;,,*'P = — 59, which appears at lower field to the
main peak at d,,>'P=—65 in h1l. While the former is also
attributed to TMP that is adsorbed on Lewis acid sites, the
latter has been established to arise from a physisorbed TMP
peak.l?’l Therefore, the two species at Lewis sites which give
rise to signals at 0;,>'P=—44 and —59 behave similarly
during hydrothermal treatments, that is, with a decrease in
their peak intensity upon reaching 823 K (h2) relative to that
observed at 723 K (h1). These results support the assignment
of the peak at d,,'H=4.6 in the 'H spectra to that of adduct
formed from the adsorption of NH; on a Lewis acid site. We
concluded therefore that there are two types of Brgnsted sites
and at least two types of Lewis
acid sites present in the zeolite
MCM-22. The number of
Brgnsted sites decreased under
exposure to high-temperature
steam and the maximum num-
ber of Lewis sites was reached
at a steam temperature of

Al MAS

723K in the hydrothermal hi
treatment process.

A1 MAS and CP/MAS NMR

spectra with NH; or TMP P

loads: Fripiat et al.’) pointed

sociative chemisorption behavior of water. As such, water-
reconstructed Al MAS and CP/MAS NMR results may
potentially provide a bias representation of the surface
information of zeolite. No signals could be detected in the
27Al NMR spectra when the sample was fully dehydrated at
conditions identical to those employed in recording the
proton NMR spectra. This suggests that dehydration lowered
the symmetry of the Al sites; therefore the three signals at é =
0, 30 and 55 are broadened beyond detection. Menorval
et al.;Y reported similar results in their study of the dehy-
dration of f-zeolite, and attributed the failure in detecting a
NMR signal to peak broadening due to site symmetry
lowering at Al of the zeolite lattice upon removal of water
molecules. This effect increases the electric-field gradient at
Al and causes an increase in the size of the C;. When NH; is
adsorbed on the fully dehydrated sample surface, cross-
polarization is derived from the chemisorbed NHj;, through
which the distribution of surface Al is observed. Ammonia
adsorption most likely reduces the electric field gradient at Al
and enables surface Al to be detected by MAS experiments.

When dehydrated p was loaded with NHj;, a dramatic change
occured as compared with its water-reconstructed Al MAS
NMR spectra. The tetrahedral AlF peak at d =55 (signals A,
B, and C in Figure 2a) was observed but the octahedral Al
species at 0 =0 had disappeared (Figure 5). This result suggests
that a transformation to another Al species, probably four-
coordinate, has occurred, since the peak at d ~55 is the only
signal observed in the Al MAS spectrum despite a +400 ppm
chemical shift scan. This hypothesis is confirmed by exami-
nation of the results in the corresponding 2’ Al CP/MAS NMR
spectra (Figure 5). The dominant octahedral Al peak at 6 =0
for the ¥ Al CP/MAS NMR of water-reconstructed samples
(Figure 1) vanished upon loading dehydrated p with NH;. The
27Al MAS NMR spectra of hydrothermally treated samples
h1 and h2 revealed the presence of a shoulder at J;;,”’ Al =~
30, adjacent to the four-coordinate AlF peak at 0 ~55, and a
broad peak at J,,”’Al=0. Confirmation of their existence
could be found in the corresponding Al CP/MAS NMR
spectra. Moreover, the large hump observed in the Al MAS
NMR of the fully hydrated h1 or h2 samples was not detected
in the NH;-loaded spectra.

A1 CP/MAS

out that water chemisorption
on a zeolite surface involves an
unknown number of recon-
structed layers due to the dis-
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Figure 5. Al MAS (9.4 T) and CP/MAS spectra of dehydrated p, h1, and h2 after loading with ammonia. For
h1, the narrow line at 0 =0 is absent, while the broad peak remains unchanged.
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The Al MAS and CP/MAS NMR spectra (Figure 6) of
TMP-loaded samples exhibit features similar to those ob-
served for NH;-loaded samples. This can be easily rationalized
as both molecules are basic and, hence, their interactions with
acid sites would occur in a similar manner. The intensities of
the Al MAS NMR spectra of hl and h2 decrease
substantially relative to those of the water-reconstructed
surface. For h1, about 40 % of the Al is NMR invisible due to
its low symmetry in the fully dehydrated form and to its
nonassociation with TMP molecules. Distortion of zeolite
channels together with the dislodgment of Al from the lattice
may block or hinder the contact of large probe molecules such
as TMP with Al within zeolite channels. As a consequence,
the number of acid sites in zeolites is underestimated. This is
in agreement with the quantitative TMP adsorption study
carried out by Lunsford et al.l?!

Discussion

When a basic ligand, L (including water), is adsorbed on the
zeolite surface, it reacts with both the Brgnsted, to form
Si—OHL—Al, and Lewis acid sites. A comparison between the
Al MAS and CP/MAS NMR spectra of hydrated and
ammonia-adsorbed zeolite samples (Figures 1 and 5) reveals
that: 1) Alis invisible to 7 Al MAS NMR in the case of strictly
dehydrated zeolite samples and 2) once the adsorbent is
loaded, the electric-field gradient at Al is sufficiently reduced
to render Al to be detectable by NMR spectroscopy. In water-
loaded ¥ Al MAS and MQ MAS spectra of p, there are both
tetrahedral AlF and octahedral Al species. We conclude from
the corresponding Al CP/MAS NMR spectral information
that the octahedral species is highly associated with water.
From the ammonia-adsorbed Al MAS and CP/MAS NMR
spectral information of p, a unique peak at 6=55 from
tetrahedral Alis observed that suggests that transformation of
octahedral Al to tetrahedral Al has occurred.
Bourgeat-Lami et al.™? first reported that for S-zeolite, the
thermal decomposition of its ammonium form yields a
material that contains distorted tetrahedral Al atoms, which
subsequently transform to octahedral Al atoms in the

27
A1 MAS Al CP/MAS

h2

P

presence of water. This process is reversible and the tetrahe-
dral Al atom is recovered in its distorted form once NH; is
absorbed. The authors attributed this unique property to the
special crystallographic structure present in the S-zeolite
framework. Subsequent studies on YP3 and ZK-44 suggest
that this unusual property is probably a general characteristic
possessed by most zeolites. From an analysis of quantitative
temperature-programmed ammonia desorption (TPAD), 27 Al
MAS, ¥Si MAS NMR, and IR spectra, Woolery et al.l’!
concluded that partial hydrolysis of framework Al—O bonds,
which leads to the formation of Al(OSi); moiety, is respon-
sible for the transformation of framework Al between the
tetrahedral and octahedral forms. Absorbtion of NH; gives
Al(OSi);—NH;, whereas Al(OSi);(H,0); is formed when the
zeolite is fully hydrated. From our results, we conclude
octahedral Al in the parent zeolite MCM-22 does not
originate from nonframework species. Instead, Al is connect-
ed to the zeolite lattice and recovers its tetrahedral form when
NH; is chemisorbed. The three-coordinate Al species are
responsible for the Lewis sites observed during base adsorp-
tion. When the ammonia-loaded sample is fully rehydrated in
a water-saturated deccicator, the peak at 6 =0 reappears; this
implies that coordination with water results uniquely in
octahedral Al. When methanol was used as adsorbent,
Menorval et al.’! reported that octahedral AIF in B-zeolite
was observed after the sealed rotor was heated at 470 K for
30 min. Under these conditions, water is generated in-situ
from the condensation reaction of methanol. The reappear-
ance of the octahedral Al species is therefore attributed to
water adsorption on specific tetrahedral Al sites as ligands in
the first coordination sphere, since it is well known that Lewis
acid type Al has a greater affinity for oxygen-containing
ligands as adsorbents.

For h1 and h2, the NH;-adsorbed Al MAS NMR spectra
(Figure 5) are completely different in comparison to those of
the water-loaded samples (Figure 1). The presence of five-
coordinate AIN' (or distorted tetrahedral AINF) and octahe-
dral Al, while detected in small amounts by Al MAS NMR,
is more apparent in their corresponding *’ Al CP/MAS spectra.
However, the low intensity of octahedral Al in the Al CP/
MAS spectrum of dealuminated, ammonia-loaded samples, as
compared with that of water-
loaded samples, indicates that
the coordination number or the
amount of ammonia as nearest
neighbor on these Al sites may
be lower than that found for
zeolites loaded with water.
Moreover, the broad hump ob-
served in the water-reconstruct-
ed YAl MAS NMR spectra of
h1l or h2 disappeared after
ammonia was loaded. These
observations can be understood
with the following explanation:
after hydrothermal treatment,

LI S B B B B B B B B B L S

140 100 605 20 -20 -60 140

Figure 6. YAl MAS (9.4 T) and CP/MAS spectra of dehydrated p, h1, and h2 after loading with trimethylphos-

phine.
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0 20 60 water-loaded zeolites contain a
proportion of octahedral Al
species that function as Lewis
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acid sites and that transform into tetrahedral Al once
ammonia is loaded (see Figures 1 and 5). This species remains
in the framework as a result of the partial hydrolysis of AI-O
bonds during hydrothermal treatment. As shown in Figures 1
and 5, most of the octahedral Al in p is in this state. The
octahedral Al, which remains unchanged (see h1l and h2
spectra in Figure 5), is nonframework and cannot be restored
to its tetrahedral geometry with ammonia adsorption. Al-
though these two kinds of octahedral aluminums cannot be
distinguished at 9.4 T, they are resolved at ultrahigh field
(19.6 T) by Al MAS (Figure 1b) and Al ST MAS NMR
spectra (see Supporting Information).

A very sharp peak at 9,,”’Al=0 in Figure 1b for p
corresponds to an octahedral AlF species, and two overlapped
signals (one narrow and one broad) are discernible in the
spectrum of h1. The broad peak, which is assigned to the
nonframework octahedral Al species, does not change on
ammonia adsorption (Figure 5). Two-dimensional MQ MAS
provides another verification of the presence of two different
octahedral Al species. For the parent zeolite, the uniform
octahedral Al species is observed at d,,”’Al=—1.9 with a
SOQE of 0.6 MHz, whereas the second octahedral AINF
species (0;,’Al=5.0) is expected to have a highly distorted
electronic environment based on its large quadrupole cou-
pling (SOQE ~3.7 MHz). Also, the Al probably cannot
coordinate directly to ammonia; this results in a relatively
lower intensity in the 2 Al CP/MAS spectrum relative to those
of water-loaded samples.

A recent study by Kuehl and Timken® on the -zeolite also
reports the detection of distinct octahedral AlF species and a
nonframework species. They found that the higher the
hydrothermal treatment temperature, the smaller the amount
of octahedral Alf, and the higher the amount of octahedral
AN formed. This implies that the octahedral AlI¥ will
eventually become nonframework species because of the
continuing hydrolysis of the remaining framework AI-O
bonds under more rigorous conditions. The disappearance of
the broad hump in the ?’Al spectrum indicates that three-
coordinate Al is converted to tetrahedral Al upon coordina-
tion with an ammonia molecule. This three-coordinate Al
species is expected to have a highly distorted geometry as
illustrated by its large C, (>15 MHz). It has been suggested
that three-coordinate Al is the Lewis acid site in thermal or
hydrothermally treated zeolites™ and our results support this
conclusion.

The maximum number of the TMP-L or the NH;-L
adducts in h1, which is observed in both the P MAS and 'H
MAS NMR spectra, confirms the origin of Lewis acid sites.
Both octahedral AlF and three-coordinate Al" species con-
tribute to the Lewis acidity. The parent MCM-22 (p) contains
mainly octahedral AlF, whereas the zeolite treated with high-
temperature steam (h2) contains mainly three-coordinate Al.
Both Al species are responsible for the Lewis acidity of a
zeolite treated with steam at a moderate temperature (h1).
These results thus account for the existence of an observed
maximum in the NMR peak intensity (Figures 3 and 4) on
going from the parent zeolite (p) to 723 K (h1) to 823 K (h2).

Finally, the theory that the ?’Al resonance at 0 ~30 (an
overlap of distorted tetrahedral AIF species and five-coordi-
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nate AINY) in a hydrothermally treated sample may also
contribute to Lewis acid sites cannot be confirmed in this
study. Further investigation with the recently introduced
technique, that is, "N -??A1 MQ HETCOR experiments,’’]
may clarify the controversy as to whether or not these sites are
Lewis centers.[!

Conclusion

This study shows that the zeolite MCM-22 contains two kinds
of Lewis acid sites. Through a comparative study of the water-
loaded or ammonia/TMP-adsorbed Al MAS and CP/MAS
NMR spectra, these sites are confirmed to be an octahedral
AIF (which is three-coordinate in nature) and three-coordi-
nate Al. The former is generated during calcination and
results from partial hydrolysis of framework Al—O bonds,
which transform into tetrahedral AIf upon NH; or TMP
adsorption. This octahedral AlF species is further hydrolyzed
by increasing the hydrothermal treatment temperature and
converts to octahedral AINE. It cannot be restored to its initial
tetrahedral geometry by ammonia adsorption. The highest
density of Lewis acid sites is observed on samples treated at a
moderate temperature, since both Al species contribute to the
Lewis acidity. The question as to whether the distorted
tetrahedral AIF resolved by Al MQ MAS NMR methods
contributes to Lewis acidity requires additional investigation.

As indicated by the ¥ Al MAS NMR results, TMP does not
come into contact with all Al atoms in the zeolite lattice,
especially in dealuminated samples, due to the steric restric-
tions of the large TMP molecule. While steric hindrance does
not affect ammonia adsorption on zeolite, it remains difficult
to obtain conclusive information on Brgnsted or Lewis acidity
from either 'H or N NMR methods. This is due to the
relatively small 'H chemical shift range and the low natural
abundance of the "N nuclei. As revealed in Figures 1 and 3,
Lewis acid sites in zeolite can be readily created by controlling
thermal or hydrothermal treatment conditions. Further in-
vestigation is required in order to determine precisely the
different roles Lewis acid sites may play in a specific reaction.

Experimental Section

Materials: MCM-22 zeolite (Si/Al=15) was synthesized with hexameth-
yleneimine (HMI) as the directing agent.'¥ The crystalline structure
(MWW) of the synthesized zeolite was measured by XRD (D/max-rB
diffractometer, Cuy, radiation). No hybrid crystallites were observed. The
proton form of the zeolite (denoted as p) was obtained by three-fold
successive exchange with 1M NH,NO; solution at 363 K. The product was
washed and dried at 373 K, heated to 823 K at 10 Kmin~, and kept at 823 K
for 4 h. The hydrothermally treated samples, that is, h1 and h2, were
obtained by treating the samples under water vapor (4 mLh'g;!;.) at 723
and 823 K, respectively, for 2 h.

Adsorption: A custom-designed apparatus used to conduct dehydration
and/or adsorption experiments of zeolite was described previously.l'”) After
dehydration/adsorption, the sample was transferred in-situ into an NMR
rotor, and sealed under in the absence of air and moisture. '"H NMR
experiments have demonstrated that the packing procedure of the rotor
was effective, since leakage of moisture from the atmosphere was not
detected within 48 h. Before adsorption, the zeolite samples were
evacuated under 1072 Pa at 723 K for 20 h, and the resulting materials
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were characterized by 'H MAS NMR spectroscopy. The samples were
placed in a Schlenk line and exposed to 40 Torr of TMP (trimethylphos-
phine, Acros) at room temperature for 30 min. Excess TMP was removed
by evacuating the samples at 323 K for 10-20 min and sealed for NMR
measurement. The dehydration process is identical for NH; adsorption
experiments to that described above, except that anhydrous ammonia
(50 Torr) was introduced into the system at 388 K and held for 30 min.
Physisorbed NH; was removed by outgassing at the same temperature for
half an hour.

NMR measurements: Al NMR spectra were recorded on Bruker
spectrometers at 7.05T at 782 MHz (ASX-300), 9.4 T at 104.3 MHz
(DRX-400), and 19.6 T operating at 217.62 MHz (DRX-833). For Al 3Q
MAS NMR spectra recorded at 7.05 T, the 4 mm rotors were spun at
12 kHz. To produce pure-absorption line shapes, a simple two-pulse
sequence was used and the conditions for excitation and transfer of the
(£3Q) coherence were optimized. The phase cycle was composed of six
phases for the selection of the triple-quantum coherence, and was
combined with a classic overall four-phase cycle to minimize phase and
amplitude missetting of the receiver. A recycling time of 0.5 s was used, as
the relaxation of Al in solid is generally fast. A 12 us increment was used
for 3Q MAS. The ¢, x t, matrix was 512 x 256 and F,; dimensions were zero-
filled to 512 points. All pulse durations were optimized by taking the
excitation and detection pulse at 3 ps and 1 ps. The radio frequency field
strength was 143 kHz. 420 transients were taken for the experiments. After
3Q MAS measurements were completed, “shearing” was performed by
using an in-house program.l*!l The chemical shift was referenced to
[AI(H,O)4]**. For Al MAS NMR spectra, which were recorded at 9.4 T
using a single pulse, the pulse width was set at 0.75 ps (7t/12) and 800 scans
were accumulated. A 3 s relaxation delay was determined to be sufficiently
long to permit quantitative analysis of zeolite sample. 1% aqueous
[AI(H,0),]*+ was used as the chemical shift reference and samples were
spun at 8 kHz by using 4 mm ZrO, rotors. For ¥ Al MAS recorded at 19.6 T,
the measurements were performed with a spin rate of 19.1 kHz, 2 us
excitation pulse, 5 s recycle delay, and 512 scans.

'H MAS NMR spectra were collected at 400.1 MHz using single-pulses
with the 7/10 pulse set at 1 us and a 4 s recycle delay was used. The 'H
spectra were accumulated for 200 scans and the rotor was spun at 8 kHz.
The chemical shifts were referenced to a saturated aqueous solution of
sodium 4,4-dimethyl-4-silapentane sulfonate (DSS). For 'H— %Al CP/
MAS NMR measurements, the spectra were recorded with a single contact
with an optimized contact time of 1.2 ms, a cycle delay of 4 s, and MAS at
10 kHz. The Hartmann—Hahn condition was established in one scan on a
sample of pure and highly crystalline kaolinite with similar acquisition
parameters. Since resonance is only allowed for the central (—1/2 <+ 1/2)
transition, excitation is selective, and, therefore, the Hartmann-Hahn
condition is 3y o B =vuBu, in which y,; and yy denote the gyromagnetic
ratios of Al and 'H, respectively, and B is the radiofrequency field
strength. To obtain a satisfactory signal—noise ratio, 15000-16000 scans
were accumulated.

3P MAS NMR spectra were also recorded at 9.4 T and 161.9 MHz. The
spectra were obtained using a 2 ps (7/6) pulse and 2s recycle delay.
1000 scans were accumulated at a the spinning rate of 5 kHz. Chemical
shifts were referenced to 85 % H;PO,.
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