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a b s t r a c t

The local structures of various Brønsted and Lewis acid sites in H-Beta zeolite were resolved with the com-
bined 31P MAS NMR, 31P–27Al TRAPDOR NMR experiments and theoretical calculations at different levels.
In addition, the interacting mechanisms of these acid sites with probe molecules such as trimethylphos-
phine (TMP) and trimethylphosphine oxide (TMPO) were clarified, which greatly aids the understanding
of acid catalysis. Owing to the narrow chemical shift range and close Brønsted acid strengths, only an
average resonance at −4.5 ppm was observed in TMP adsorbed H-Beta zeolite, consistent with the cal-
culated data of acidities (substitution energies and proton affinities), geometries, adsorption energies as
well as 31P chemical shifts. However, two types of Brønsted acids were distinguished by TMPO, and the
HF/DZVP2 (MP2/DZVP2) chemical shifts were calculated at 68.1 (69.5) and 69.7–72.1 (71.7–74.9) ppm,
rønsted acids

ewis acids
robe molecule

respectively. Two types of Lewis acids were identified at −32.0 and −47.0 ppm with the latter exhibiting
strong 31P–27Al TRAPDOR effects. With theoretical calculations, these two peaks were attributed to the
extra-lattice oxo-AlOH2+ species and the three-fold coordinated lattice-Al, extra-framework Al(OH)3, oxo-
AlO+ species, respectively. The peak at −60.0 ppm was conventionally assigned to the TMP physisorption,
but the calculations indicated that the EFAL monovalent Al(OH)2

+ species coordinating with two lattice-O
atoms near the framework Al atom can contribute to it as well.
. Introduction

Owing to the strong acidity and peculiar pore systems, H-Beta
eolite has aroused a wide interest since its discovery in 1988 [1].
t plays a more and more important role in today’s heterogeneous
atalysis. Recently, our laboratory has reported that the proper acid-
ty may be advantageous for the cross-metathesis of ethylene and
-butylene to produce propylene, with the Mo/H-Beta and Al2O3
omposites used as the catalysts [2]. Many spectroscopic tech-
iques were applied to determine the types, concentrations and
cid strengths of H-Beta zeolite [3–5]. It is well-known that the
rønsted acid sites are caused by the bridging hydroxyl protons

n the vicinity of the tetrahedrally coordinated lattice-Al atoms,
hich are the active sites for various chemical reactions such as

lkylation and cracking [6–8]. However, the acid strengths in H-
eta zeolite may differ from site to site, which are still unclear

o us. As to the Lewis acids, the controversies are ubiquitous
o all the found zeolites, including H-Beta. A number of extra-
ramework Al (EFAL) species were suggested to be responsible for
he Lewis acidities in zeolites [9–12]. On the other hand, others
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attributed the Lewis acidities to the presence of three-fold coor-
dinated lattice-Al centers [13–15]. Compared with other zeolites,
H-Beta zeolite possesses unique acid properties that are related to
the local defects, where the lattice-T atoms are partially coordinated
[16].

Among the numerous spectroscopic techniques, solid-state
NMR is probably the most powerful to characterize the acid sites
of porous materials, including zeolites. Because the P element
has 100% natural abundance and 1/2 spin nucleus, trimethylphos-
phine (TMP) and trimethylphosphine oxide (TMPO) have often been
used as probe molecules. The 31P MAS NMR spectra were widely
employed to discriminate the Brønsted and Lewis acid sites of H-
form zeolites [17–23]. However, the information about the local
structures of Brønsted and Lewis acid sites in H-Beta zeolite is
severely lacking, which was attempted in this work. First of all,
the positions of the bridging hydroxyl protons have to be deter-
mined, which were done with the two-layer ONIOM scheme. On
such basis, the various Brønsted and Lewis acid sites in H-Beta
zeolite were clarified with density functional theory (DFT) and

31
Hartree-Fork (HF) calculations as well as combined P MAS NMR
and 31P–27Al TRAPDOR experiments. Through the present studies,
the interaction mechanisms of the acid sites with probe molecules
were understood, which greatly helps us to understand the acid
properties of zeolites and acid catalysis.

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:xhbao@dicp.ac.cn
dx.doi.org/10.1016/j.molcata.2009.06.005
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. Experimental

The samples of H-Beta zeolite with the Si/Al ratio of 15 were
indly provided by Fushun Petroleum Company, China. The samples
ere dehydrated at 400 ◦C under the pressure below 10−2 Pa for
0 h. Adsorption of TMP was performed by exposing the dehydrated
ample to saturated TMP (99%, Acros) vapor at room temperature
or 1 h. The samples with adsorbed TMP molecules were degassed
or 0.5 h at 20, 50, 60, 70 and 80 ◦C, respectively. In this way, the
eolite samples were ready for the NMR experiments by packing in
glove box into the ZrO2 rotors with tightly fitting Kel-F caps.

All the MAS NMR spectra were recorded on Varian Infinityplus-
00 spectrometer using a Chemagnetic triple-resonance 7.5 mm
robe or double-resonance 4 mm probe. The 31P MAS NMR spec-
ra were acquired with high-power decoupling, a repetition time
f 4 s, a �/4 pulse length of 2 �s and a spinning speed of 10 kHz.
he 31P NMR chemical shifts were referenced to 85% H3PO4. The
1P–27Al TRAPDOR experiments were carried out with and without
l irradiations during one of the two echo periods, �, which equals
ultiples of the rotor period [24]. An Al radio-frequency (rf) field

mplitude of 60 kHz and a spinning speed of 4 kHz were used for
he TRAPDOR NMR experiments.

. Computational section

.1. Cluster models

As in our previous works [25,26], the Beta zeolite models were
aken from the framework structure of polymorph A [1]. There are
ine distinct T sites in Beta zeolite and they can be grouped into
hree topographical categories: T1 and T2 are associated with one
our-membered ring, T3, T4, T5 and T6 fall at the crossings of two
our-membered rings, and T7, T8 and T9 have no relations with four-

embered rings [27]. The T sites of the same group share quite
imilar geometries, and therefore T1, T6 and T8 were chosen to
nteract with TMP and TMPO probe molecules.

Prior to the studies on the interactions with probe molecules,
he acid protons of the T sites in H-Beta zeolite have to be located.

s shown in Fig. 1, the cluster models with 32 T sites (AlSi31O44H41)
ere used for this purpose, where the active sites were repre-

ented with (HO)3Al–O(H)–Si(OH)3 while the rest considered as
he environment. On the basis of the determined locations of the

ig. 1. The cluster models of zeolite H-Beta for the ONIOM approach, the ball and
ticks represent the active sites and treated with B3LYP/6-31G (d, p) method, the
est are the environmental atoms and treated with HF/3-21G method.
sis A: Chemical 310 (2009) 113–120

acid protons, a series of 9 T cluster models were used to study the
interactions between the Brønsted acid sites of H-Beta zeolite and
probe molecules. To retain the integrity of the zeolite structures, the
active sites of the 32 T cluster models, the central O3Si–OH–AlO3
fragments of the 9 T cluster models as well as the probe molecules
were allowed to fully relax whereas the others were fixed at their
crystallographic positions. The terminal Si and O atoms were sat-
urated with hydrogen atoms, which were oriented along the bond
vectors of what would have been the next zeolite lattice atoms. The
terminal Si–H and O–H distances were set to 1.500 and 1.000 Å,
respectively.

The interactions of Lewis acid sites with probe molecules were
studied as well. On the basis of previous literatures [9–15], three
types of Lewis acid sites were constructed: (I) Three-fold coordi-
nated Al species, which are connected with three lattice-O atoms.
It was caused by the hydrolysis of Si–O–Al links. To the best of our
knowledge, this is the most common and facile Lewis acid sites
in zeolites [16]. The Al5, Al8 and Al1 sites with this type of Lewis
acids were designated to be LI1, LI2 and LI3, respectively. The further
hydrolysis of Si–O–Al links may lead to the Al–OH species, where
two lattice-O atoms and one hydroxyl group (O–H) are bonded to
the Al atom. The Al–OH species was tentatively created for the Al5
site (referred as LI4), but the agreements of the calculated 31P chem-
ical shift with the NMR experimental data are not satisfactory, see
the details in Section 4. Accordingly, it is not likely to form the Al–OH
species in H-Beta zeolite, which was also observed in our previ-
ous studies of TS-1 zeolite [28]. (II) Extra-framework Al species.
Under severe conditions, some of the Al atoms are expelled out of
lattices and form the EFAL monovalent AlO+ and Al(OH)2

+ cations
[29], which were referred to LII1 and LII2, respectively. (III) Oxo-
Al species that have synergistic interplays with the Brønsted acid
sites such as Al(OH)3, AlO+, AlOH2+ and Al(OH)2

+ (referred as LIII1,
LIII2, LIII3 and LIII4, respectively) [30,31]. These oxo-Al species were
coordinated with the O atoms at the lattice Al5 atoms. Some other
lattice-Al atoms were introduced in order to compensate the posi-
tive charges caused by the oxo-Al species. In all the clusters of Lewis
acid sites, the central Al atoms of the Beta zeolites were surrounded
by two shells of Si atoms. The treatments of boundary atoms were
identical to those of the above Brønsted acid sites.

3.2. Theoretical methods

All the calculations were performed using GAUSSIAN98 soft-
ware package [32]. The two-layer ONIOM scheme developed by
Maseras and Morokuma [33] was used to calculate the 32 T clus-
ter models for determining the acidic proton positions. The active
sites and the environmental atoms defined in Section 3.1 were
described with the B3LYP/6-31G (d, p) and HF/3-21G levels of the-
ory, respectively. The structures of probe molecules adsorbed at
the 9 T cluster models of Brønsted acid sites were optimized at
B3LYP/TZVP level of theory. It is known that the precise predictions
of the 31P NMR parameters are difficult for the current computa-
tional techniques [34,35]. The HF/DZVP2 method was employed by
Zheng et al. to predict the 31P chemical shifts for TMPO adsorbed
on the acid sties of H-MCM-22 zeolite, which were found to be in
good agreement with the NMR experimental data [36]. Hence, the
31P NMR isotropic chemical shifts for the TMP and TMPO adsorp-
tion complexes on the Brønsted acid sties of H-Beta zeolite were
calculated at HF/DZVP2 level of theory and referenced to those
of liquid phase TMP (−62 ppm) and crystalline TMPO (39 ppm),
respectively. The NMR parameters were calculated using the gauge-

independent atomic orbital (GIAO) method [37,38]. The structures
of TMP interacting with Lewis acid sites of H-Beta were obtained
at B3LYP/6-31G (d, p) level of theory. The 31P isotropic chemical
shifts were calculated at both B3LYP/6-31G (d, p) and HF/DZVP2
levels and referenced to that of liquid phase TMP (−62 ppm). The
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Fig. 3. The variable-temperature 31P MAS NMR spectra of the TMP/H-Beta sample
degassed at 50 ◦C with a spinning speed of 8 kHz.
ig. 2. The 31P MAS NMR spectra of TMP/H-Beta sample with different degassing
emperature.

alculated magnetic shielding constants (�cal) were converted to
hemical shifts (ıcal) by the following equation:

cal = �ref − �cal + ıref

here �ref is the nuclear magnetic shielding constants for the refer-
nce compound at the same level of theory, ıref is the experimental
hemical shift for the reference compound.

. Results and discussion

.1. 31P MAS NMR spectra

The 31P MAS NMR spectra of TMP adsorbed H-Beta zeolite sam-
les degassed at different temperatures are shown in Fig. 2. It is
ound that at room temperature, the adsorbed TMP molecules at
ifferent Brønsted acid sites undergo fast exchanges. Only a single
ignal at around −4.5 ppm is observed, corresponding to the forma-
ion of the TMPH+ species [17–20]. The broad peak at 0 to −60 ppm

ay be caused by the fast exchanges between the Lewis-bound TMP
olecules, the physisorbed TMP and the protonated TMPH+ ions.

he small resonance at 24.0 ppm is usually assigned to the P(CH3)4
+

pecies, arising from the reactions of TMP adsorbed on the Brønsted
cid sites with excess TMP molecules in the gas phase [39]. With the
ncrease of degassing temperatures, the broad peak at 0 to −60 ppm
radually shifts down-field and decreases in intensity. It indicates
hat the weakly bound TMP molecules are gradually desorbed from
-Beta zeolite. As the temperature approaches 80 ◦C, this peak dis-
ppears completely and only the resonance at −4.5 ppm is still
resent.

Variable-temperature 31P MAS NMR experiments are carried
ut on the TMP adsorbed H-Beta zeolite, with the spectra shown
n Fig. 3. Upon the decrease of temperatures, the signal respon-
ible for TMP adsorption at the Brønsted acid sites (−4.5 ppm)
ecomes stronger. When the temperature is lowered to −40 ◦C,
wo 31P NMR peaks are resolved at −4.5 and −55.0 ppm due to
he slow exchanges of TMP molecules at different acid sites. The
urther decrease of temperatures causes the high-field shift of the
esonance at −55.0 ppm and the narrowing of the peak. The sig-

al at high-field is broadened and split into two peaks when the
emperature is lower than −120 ◦C.

As the enlarged Fig. 4a indicates, two small resonances at
32.0 and −47.0 ppm are present for the TMP adsorbed H-Beta
eolite samples at −100 ◦C together with the major resonance at

Fig. 4. The NMR spectra of the TMP/H-Beta sample at −100 ◦C. The samples were
pre-degassed at 50 ◦C and the asterisks denoted the spinning side bands. (a) 31P MAS
NMR and (b) 31P–27Al TRAPDOR.
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60.0 ppm. These resonances at −32.0 and −47.0 ppm are assigned
o the TMP species bound to the Lewis acid sites [17–20]. Earlier
tudies suggested that the resonance at −60 ppm is caused by the
hysisorbed TMP molecules [17–20]. The 31P MAS NMR experi-
ents are also performed with a spinning speed of 8 kHz instead

f 10 kHz. It confirms that the resonances at −32.0 and −47.0 ppm
re not caused by the side bands but related with the adsorbed
MP species. The 31P–27Al TRAPDOR spectra acquired at the same
emperature (−100 ◦C) are given in Fig. 4b, which provides the infor-

ation of the proximity degrees of TMP molecules and Al atoms.
he echo intensity of the resonance at −47.0 ppm decreases con-
iderably when 27Al on-resonance irradiation is applied, while only
egligible influences are observed for the resonances at −4.5, −32.0
nd −60.0 ppm. Accordingly, only the TMP molecules responsible
or the resonance at −47.0 ppm are in close proximity to the Al
toms.

.2. Theoretical determinations of the locations of acid protons

In zeolites, one unit of negative charge is created when a lat-
ice Si atom is replaced by an Al atom. Protons are usually used to
ompensate the negative charges; however, all the four unequiv-
lent O atoms bonded to the Al atoms may accommodate the
rotons. The O atoms that are inaccessible to probe molecules
re excluded from calculations such as the Al1–OH–Si2 link. The
elative substitution energies for the Al1, Al6 and Al8 sites in H-
eta zeolite are calculated and listed in Table 1, ranging within
.0 kcal mol−1. The substitution energies increase in the order
f Al6–OH–Si4 < Al6–OH–Si8 < Al1–OH–Si3 < Al8–OH–Si3 < Al8–OH–
i6 < Al6–OH–Si5. That is, the Al6–OH–Si4 link is the most preferen-
ial location. However, the energy differences of different Al sites
re not more than 3.3 kcal mol−1, with the acid protons at the most
table Al–OH–Si links. It indicates that all these T sites are possibly
ccupied by Al atoms if the substitution processes in Beta zeo-
ite are thermodynamically controlled. Fajula and co-workers [40]
lso investigated the (Al, H)/Si substitutions in H-Beta zeolite using
entameric clusters and found that the relative substitution ener-
ies were within a narrow range (1.4 kcal mol−1). In the following
alculations of the interactions with probe molecules, three rep-
esentative acid sites of Al1–OH–Si3, Al6–OH–Si4 and Al8–OH–Si3
re chosen, since these Al–OH–Si links have the lowest substitution
nergies and therefore are most advantageous for the positions of
cid protons.

Besides substitution energies, proton affinity (PA) is also used to
easure the acid strengths of different T sites. The PA values can

e obtained by calculating the energy differences between the H-
orm and deprotonated cluster models. The smaller the PA values,
he stronger the acidities will be. The PA values using the ONIOM

−1
cheme are calculated to be 301.2, 297.1 and 296.1 kcal mol for
l1–OH–Si3, Al6–OH–Si4 and Al8–OH–Si3 links, respectively. It can
e found that the acid strengths of different T sites in H-Beta zeolite
re close to each other.

able 1
he relative substitution energies (�Erel)a and proton affinities (PA) for the different
l–OH–Si links in H-Beta zeolite.

�Erel (kcal mol−1) PA (kcal mol−1)

l6–OH–Si4 0.00 297.1
l6–OH–Si8 1.30
l6–OH–Si5 8.72
l1–OH–Si3 2.17 301.2
l8–OH–Si3 3.23 296.1
l8–OH–Si6 4.46

a The substitution energy was referenced to that of the Al6–OH–Si4 link.
Fig. 5. The B3LYP/TZVP optimized geometries for TMP adsorbed on the different
Brønsted acid sites of H-Beta zeolite.

4.3. Interactions of Brønsted acid sites with probe molecules

4.3.1. TMP as the probe molecule
The optimized structures of TMP bound to the Brønsted acid

sites of H-Beta are shown in Fig. 5, with the important geomet-
rical parameters and the adsorption energies given in Table 2.
The Oz–Hz bond length, about 0.970 Å in the bare cluster of H-
Beta, is elongated to 1.782 (Al6–O–Si4), 1.842 (Al8–O–Si3) and
1.874 Å (Al1–O–Si3) in the adsorption complexes, and the form-
ing P–Hz bond distances are 1.421, 1.417 and 1.414 Å, respectively.
It is found that for all the Brønsted acid sites, the protons have
been transferred to the adsorbed TMP molecules, thus generat-
ing the TMPH+ ions. The sequence of acid strengths increases as
Al6–OH–Si4 < Al8–OH–Si3 < Al1–OH–Si3, identical to those of the
increase of the Oz–Hz distances and the decrease of the P–Hz dis-
tances. Generally, the stronger the Brønsted acidity is, the stronger
the interaction between the adsorbed TMP molecule and the acid
site. However, the adsorption energy differences are small with a
maximum value of 1.5 kcal mol−1, suggesting that the acid strengths
of the three acid sites in H-Beta zeolite are close to each other. It is
in agreement with the above results of substitution energies and
proton affinities (PA).

The 31P isotropic chemical shifts for TMP attached to the differ-
ent Brønsted acid sites are calculated at HF/DZVP2 level of theory
[36]. As the data in Table 2 shows, the 31P chemical shifts are pre-
dicted at 0.9, 0.7 and −0.5 ppm for Al6, Al1 and Al8 sites, respectively,
in reasonable agreement with the experimental value at −4.5 ppm.

As expected, the calculated chemical shifts change within a small
range of 1.4 ppm, consistent with the experimental observation of
an average 31P chemical shift. Owing to the narrow 31P chemical
shift range (ca. 3 ppm) of the TMPH+ complexes and the close acid

Table 2
The B3LYP/TZVP geometries and adsorption energies (Eads) for TMP adsorbed on the
acid sites of H-Beta zeolite as well as the 31P chemical shifts obtained at HF/DZVP2
level of theory (ıcal) and from 31P MAS NMR experiments (ıexp).

Oz–Hz (Å) P–Hz (Å) Eads

(kcal mol−1)
ıcal (ppm) ıexp (ppm)

Al6–OH–Si4 1.782 1.421 −20.9 0.9 −4.5
Al8–OH–Si3 1.842 1.417 −19.4 −0.5
Al1–OH–Si3 1.874 1.414 −19.9 0.7
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ig. 6. The B3LYP/TZVP optimized geometries for TMPO adsorbed on the different
rønsted acid sites of H-Beta zeolite.

trengths of the different T sites, TMP underwent fast exchanges
etween the heterogeneously distributed Brønsted acid sites on the
xperimental NMR time scale. Hence, the 31P MAS NMR technique
ith adsorbed TMP may not accurately reflect the subtle differences

f the acid strengths in zeolites.

.3.2. TMPO as the probe molecule
Because the 31P nucleus in TMPO has a wider chemical shift

ange (>300 ppm) than that in TMP, TMPO has advantages for char-
cterizations of Brønsted acidity. As shown by Kao et al. [17], the
roton decoupled 31P MAS NMR spectra of TMPO/H-Beta zeolite
isplayed multiple resonances in the range of 45–90 ppm. The
hemical shifts at 71.3 and 67.3 ppm were ascribed to the proto-
ated TMPO species (TMPOH+), which were caused by two different
ypes of Brønsted acid sites.

The optimized structures of TMPO adsorption at the Brønsted
cid sites are shown in Fig. 6, with the geometrical parameters
nd adsorption energies given in Table 3. With the adsorption
f TMPO, the Oz–Hz distances are elongated to 1.432, 1.426 and
.404 Å for Al1, Al8 and Al6 sites, respectively; while the OT–Hz

istances are all optimized at ca. 1.06 Å, indicating that the acid pro-
ons are transferred to the adsorbed TMPO molecules and form the
MPOH+ ions. As the Oz–Hz distances indicate, the acid strengths
ecrease in the order of Al1–OH–Si3 > Al8–OH–Si3 >Al6–OH–Si4,
xactly the same as that of TMP adsorption discussed above. The
orresponding adsorption energies are calculated at −25.8, −25.7

nd −27.8 kcal mol−1, respectively.

For TMPO adsorbed on the acid sites of H-Beta zeolite, the 31P
sotropic chemical shifts at HF/DZVP2 level are calculated to be 72.1,
9.7 and 68.1 ppm for Al1, Al6 and Al8 sites, respectively (Table 3),
ery close to the experimental values at about 70.0 ppm [17]. The

able 3
he B3LYP/TZVP geometries and adsorption energies (Eads) for TMPO adsorbed on the acid
f theory (ıcal) and from 31P MAS NMR experiments (ıexp).

Oz–Hz (Å) OT–Hz (Å) OT–P(Å)

l8–O–Si3 1.426 1.057 1.563
l6–O–Si4 1.404 1.066 1.564
l1–O–Si3 1.432 1.060 1.565

a The second-order Møller-Plesset (MP2) chemical shift predicted by re
MP2 = [1.327(±0.03710) × ıHF − 20.811 (±2.617)] in reference [40].
Fig. 7. The B3LYP/6-31G (d, p) optimized geometries for TMP adsorbed on the three-
fold coordinated Al species (LI1, LI2, LI3, LI4) of H-Beta zeolite.

down-field signal at 71.3 ppm in the 31P MAS NMR spectra can
be attributed to TMPO adsorbed on the Al1 (72.1 ppm) and Al6
(69.7 ppm) sites, and the signal at 67.3 ppm corresponds to TMPO
adsorbed on the Al8 (68.1 ppm) site. The classification the acid sites
into two types correlates with the structural features. From Fig. 6
it is found that both Al6 and Al1 sites have one four-membered
ring associated with the Brønsted acid centers, whereas no four-
membered ring is present for the Al8 site. Furthermore, during the
adsorption processes, the resulting O–H bond causes the trans-
ferring of electron clouds from the TMPO O atom to the electron
deficient acid site, which can be reflected from the observance of
the 31P chemical shift. Accordingly, the stronger acidity of the Al1
site leads to a larger down-field shift of the 31P signal, consistent
with the geometric analysis discussed above.

Zheng et al. [41] calculated a series of 31P NMR chemical shifts
for TMPO adsorption on the Brønsted acid sites of zeolites and
derived a correlation function between the MP2 and RHF data:
ıMP2 = [1.327(±0.03710) × ıHF − 20.811 (±2.617)]. Accordingly, the
MP2/DZVP2 chemical shifts are obtained at 74.9, 71.7 and 69.5 ppm
for the Al1, Al6 and Al8 sites, respectively. It can be found that the
ıMP2 values are in good agreement with those of ıHF.

4.4. Interactions of Lewis acid sites with probe molecules

According to the variable-temperature 31P MAS NMR and
31P–27Al TRAPDOR results discussed above, at least three differ-

ent Lewis acid sites are proposed in H-Beta zeolite, with the
details given in Section 3.1. The optimized geometries are shown
in Figs. 7–10. For all the structures of the three-fold coordinated
Al species (Fig. 7), the Al atoms adopt the tetrahedral coordination
when interacting with TMP. The LI1, LI2 and LI3 clusters possess

sites of H-Beta zeolite as well as the 31P chemical shifts obtained at HF/DZVP2 level

Eads (kcal mol−1) ıcal (ppm) ıexp (ppm)

−25.7 68.1 (69.5)a 67.3
−27.8 69.7 (71.7) 71.3
−25.8 72.1 (74.9)

stricted Hartree-Fock (RHF) calculation using the linear correlation:
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ig. 8. The B3LYP/6-31G (d, p) optimized geometries for the extra-lattice AlO+ (LII1)
nd Al(OH)2

+ (LII2) species of H-Beta zeolite and the adsorbed complexes of TMP
nto these sites.

he highest steric strains of the [AlO3] moiety, with the Si–O–Al
ngles close to 120.0◦. Accordingly, the P lone pairs of TMP can eas-
ly fill the Al unoccupied orbitals, resulting in an enhanced Lewis
cid strength. The LI4 site is an exception, where the Si–O–Al angles
pproximate 160.0◦. The relevant adsorption energies of TMP indi-

ate that the values are larger for the LI1, LI2 and LI3 sites than for
he LI4 site, agreeing with the geometrical analysis. As indicated by
he adsorption energies of TMP bound to the Lewis acid sites, the
cid strength decreases in the order of LI1 > LI2 > LI3 > LI4.

ig. 9. The B3LYP/6-31G (d, p) optimized geometries for two energy minima (a and
) of the extra-framework Al(OH)3 species (LIII1) of H-Beta zeolite and the adsorbed
omplexes of TMP onto these sites.
Fig. 10. The B3LYP/6-31G (d, p) optimized geometries for (c) AlO+ (LIII2), (d) AlOH2+

(LIII3) and (e) Al(OH)2
+ (LIII2) cations of H-Beta zeolite and the adsorbed complexes

of TMP onto these sites.

With regard to the extra-framework AlO+ (LII1) and Al(OH)2
+

(LII2) species, the optimized geometries in Fig. 8 demonstrate that
the AlO+ and Al(OH)2

+ cations prefer to stay nearby the AlO4
−

tetrahedron, consistent with the structures of the EFAL monova-
lent cations on H-form Y zeolite [29]. The AlO+ fragment of the LII1
species falls within the same plane with the two lattice-O atoms
near the framework Al atom. The Al–O distance of 1.882 Å in the
coordination complex is longer than the framework Al–Oz distances
(1.735 Å). The TMP molecule attacks the AlO+ center from the top.
It results in the formation of a Al–P bond (2.442 Å) and meanwhile
changes the Al geometry from trigonal to tetrahedral. The binding
energy of TMP adsorbed on the AlO+ species is close to that of the
LI4 species. As to the Al(OH)2

+ species (LII2), it also preferentially
bi-coordinates with the O atoms near the framework Al. However,
the structure of TMP adsorbed on the Al(OH)2

+ species is quite dif-
ferent from that on the AlO+ species. Instead of the formation of
direct Al–P bond, only a weak hydrogen bond occurs between the P
atom and the terminal hydroxyl group of the Al(OH)2

+ species. The
P–H hydrogen bond distance is optimized at 2.432 Å. The calculated
adsorption energy equals to −5.0 kcal mol−1 and is characteristic of
physisorption.

Two possible structures of Al(OH)3 species (LIII1) having syn-
ergistic interplays with the Brønsted acid site, are given in Fig. 9a
and b. As shown in Fig. 9a, a direct bond is formed between the

Al(OH)3 species and the lattice-O atom. The extra-framework Al
atom attains a tetrahedral configuration close to that of the frame-
work Al atom, but the Al–O distances in the complex approximate
2.083 Å and are much longer than those of the framework Al–Oz

bonds (ca. 1.745 Å). No hydrogen bond interaction occurs between
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Table 4
The B3LYP/6-31G (d, p) geometries and adsorption energies (Eads) for TMP adsorbed
on the Lewis acid sites of H-Beta zeolite as well as the 31P chemical shifts obtained
at B3LYP/6-31G (d, p) and HF/DZVP2 levels of theory (ıcal) and from 31P MAS NMR
experiments (ıexp).

Lewis acids P–Al (Å) Eads (kcal mol−1) ıcal (ppm) ıexp (ppm)

LI1 2.428 −37.7 −48.9 (−39.6)b

LI2 2.428 −36.8 −48.8
LI3 2.435 −36.5 −49.5 −47.0
LI4 2.437 −27.6 −50.2
LII1 2.442 −28.0 −55.5 (−43.4) −60.0
LII2 2.432a −5.0 −55.8 (−57.3)
LIII1 2.431 −47.9 −46.9 −47.0
LIII′1 2.502 −13.3 −45.3
LIII2 2.449 −36.9 −46.1
LIII3 2.514 −6.9 −35.2 −32.0
J. Guan et al. / Journal of Molecular C

he Brønsted acid site (Hz) and Al(OH)3 species. When the TMP
olecule is adsorbed on the Al(OH)3 species, the acid proton is

ransferred to one of the O atoms of the Al(OH)3 species and the
FAL species interacts with two-lattice O atoms near framework Al
ia two hydrogen bonds. The resultant Al–P bond length is 2.431 Å
nd the adsorption energy is larger than those previously discussed
−47.9 kcal mol−1). Fig. 9b shows another stable minima for the
FAL Al(OH)3 species. A strong hydrogen bond is formed with the
rønsted acid site. The zeolite hydroxyl O–Hz bond was elongated
o 1.494 Å, and the acid proton has been transferred to one O atom
f the EFAL Al(OH)3 species. It should produce a remarkable effect
n the 1H chemical shift, which was, however, not observed by our
revious 1H MAS NMR spectra [42]. Accordingly, the structure of
ig. 9a instead of b is the preferred form of the Al(OH)3 species in
ealuminated H-Beta zeolite.

Fig. 10d displays the optimized geometries of the oxo-AlOH2+

pecies (LIII3) in close proximity to the Brønsted acid site. In this
ase, the EFAL species is located above the five-membered ring com-
ensated by two additional framework Al atoms. As deduced from
he Al–O distances in the AlOH2+ complex (1.983, 1.956, 1.957 and
.867 Å), the EFAL cation in tetra-coordination with the lattice O
toms is preferred. In recent 27Al MQ MAS NMR characterizations
f the non-hydrated zeolite HY [43], Jiao et al. found the appear-
nce of the 27Al NMR signal at about 35.0 ppm and attributed it to
he extra-framework AlOH2+ cation in the five-fold oxygen coordi-
ation. Furthermore, no hydrogen bonding is formed between the
lOH2+ hydroxyl and the framework AlO4

− tetrahedron. The unper-
urbed AlOH2+ hydroxyl is responsible for the resonances at ca. 0
o −1.0 ppm in 1H MAS NMR spectra [42]. When TMP is directly
ttached to the AlOH2+ species, the O–Hz bond length remains
lmost unchanged. However, the elongations of the Al–O distances
n the coordination complex (1.930, 2.948, 2.055 and 1.885 Å) are
bserved due to the steric hindrance of TMP suffering from the
luster edges, which can be deduced from the longer Al–P bond
f 2.514 Å and a lower adsorption energy of −6.9 kcal mol−1. In the
ase of the LIII2 site (Fig. 10c), the oxo-AlO+ species occupy a position
n the five-membered ring containing one additional framework
l atom. The calculated Al–O bond lengths in the AlO+ complex are
.763, 1.939, 2.066 and 1.885 Å, respectively. Upon the adsorption
f TMP on the AlO+ species, a hydrogen bond of 1.694 Å is formed
etween the Al O ligand and the acid proton (Hz), which causes
ramatic distortions of the ring structure and elongations in Al–O
istances (3.342, 1.884, 1.927 and 1.937 Å, respectively). The adsorp-
ion energy is estimated to be −36.3 kcal mol−1. The structure of the
l(OH)2

+ species (LIII4) interacting with the Brønsted acid center is
isplayed in Fig. 10e. A tetra-coordinated interaction is preferred for
his EFAL cation, which is positioned above the five-membered ring.
n addition, the hydrogen bonding is formed between the Al(OH)2

+

ydroxyls and lattice-O atoms, consistent with the low-field sig-
al at ca. 2.4 ppm in 1H MAS NMR spectra [42]. The adsorption
f TMP on the Al(OH)2

+ species leads to the formation of Al–P
ond at 2.533 Å. As expected, the geometry of the cluster experi-
nces a dramatic change upon TMP adsorption as reflected from
he increased Al–O distances. The adsorption energy is estimated
o be −15.9 kcal mol−1.

The 31P isotropic chemical shifts are calculated for TMP adsorp-
ion on all the Lewis acid sites and the data are given in Table 4.
he calculated 31P chemical shifts can be resolved into three types.
he first includes −48.9, −48.8, −49.5, −50.2, −46.9, −46.1 and
45.0 ppm, corresponding to the adsorption of TMP on the LI1, LI2,
I3, LI4, LIII1, LIII2 and LIII4 sites, respectively. This type of Lewis

cid site is ascribed to the experimental value at −47.0 ppm. Fur-
hermore, the strong 31P–27Al TRAPDOR effect of the −47.0 ppm
esonance is evidenced by the formation of direct Al–P bonds in
hese complexes. The second includes −55.5 and −55.8 ppm for the
II1 and LII2 species, which are in reasonable agreement with the
LIII4 2.533 −15.0 −45.2 −47.0

a The P–H distance (see Fig. 8).
b The 31P chemical shifts obtained at HF/DZVP2 level of theory.

experimental signal at −60.0 ppm. No direct Al–P bond is formed on
the LII2 site, consistent with the 31P–27Al TRAPDOR results. Owing
to the absence of the 31P–27Al TRAPDOR effect, the 31P NMR peak
at −60.0 ppm is probably caused by the physisorption of TMP at
the LII2 site, and the presence of the LII1 site can be excluded in H-
Beta zeolite. The 31P chemical shift for TMP interacting on the LIII3
site is predicted at −35.2 ppm, which is tentatively assigned to the
experimental resonance at −32.0 ppm. However, no close proxim-
ity of TMP molecule to the Al atom is found for this chemical shift as
revealed by our 31P–27Al TRAPDOR spectra, which might be caused
by the large QCC of the LIII3 site as proposed by Kao et al. [17] and
further investigations are needed to resolve the nature of this Lewis
acid site.

The HF/DZVP2 method is also employed to predict the 31P chem-
ical shifts for TMP adsorption on several selected Lewis acid sites.
The large discrepancies between the experimental and the HF cal-
culated chemical shifts suggest that the DFT method rather than
the HF method is superior to predict the 31P chemical shifts on the
Lewis acid sites of zeolites.

5. Conclusions

The 31P MAS NMR, 31P–27Al TRAPDOR NMR experiments and
theoretical calculations at various levels were combined to study
the Brønsted and Lewis acids in H-Beta zeolite, using TMP and TMPO
as the probe molecules. The main findings were given below.

Owing to the narrow chemical shift range and close Brønsted
acid strengths, the TMP molecules adsorbed at different Brønsted
acid sites will undergo fast exchanges and thus only an average
peak at −4.5 ppm was observed in 31P MAS NMR spectra. This peak
was caused by the transfer of the Brønsted acid protons to the TMP
molecules forming the ionized TMP (TMPH+), which was confirmed
by the calculated 31P chemical shifts. Three types of Lewis acids
were identified and correspond to the 31P MAS NMR peaks at −32.0,
−47.0 and −60.0 ppm, respectively. The 31P–27Al TRAPDOR exper-
iments further revealed that the 31P resonance at −47.0 ppm has
strong effect and should be caused by the direct Al and P interac-
tions.

The two-layer ONIOM scheme was used to determine the acid
proton positions in H-Beta zeolite modeled by a large 32 T cluster,
and the links with the acid protons at Al6–OH–Si4, Al1–OH–Si3 and
Al8–OH–Si3 sites were preferred. The substitution energies and pro-

ton affinities of the three acid sites were found to be close to each
other. In addition, the TMP molecules were adsorbed on the 9 T
cluster models of three distinct Brønsted acids, and the adsorption
energies and chemical shifts were calculated to be close for these
Brønsted acid centers. It indicated that the Brønsted acids in H-Beta
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eolite change slightly from site to site and TMP is unable to reflect
he subtle differences. Instead, two types of Brønsted acid sites
ere distinguished by TMPO. The HF/DZVP2 (MP2/DZVP2) chem-

cal shifts of TMPO/H-Beta zeolite were calculated at 68.1 (69.5)
nd 69.7–72.1 (71.7–74.9) ppm, respectively. The down-field sig-
al at 71.3 ppm can be attributed to TMPO adsorption on either the
l1–OH–Si3 or Al6–OH–Si4 site, whereas the signal at 67.3 ppm was
ue to TMPO attached to the Al8–OH–Si3 site.

Various types of Lewis acid sites were designed in H-Beta zeolite
nd the calculated 31P chemical shifts of the TMP adsorption com-
lexes were found to agree well with the experimental results. The
hree-fold coordinated lattice-Al species, and the extra-lattice oxo-
l species interacting with the Brønsted acid sites such as Al(OH)3,
lO+ and Al(OH)2

+ will give rise to the 31P MAS NMR resonance at
47.0 ppm. The Al(OH)3 species prefers a mono-coordination with

he lattice-O atom, whereas the AlO+ and Al(OH)2
+ cations are in

etra-coordination with lattice O atoms and occupy the positions
earby the centers of the five-membered ring. It is noteworthy that
he strong 31P–27Al TRAPDO effect of the −47.0 ppm resonance was
videnced by the formation of direct Al–P bonds in these cases.
he 31P MAS NMR peak at −32.0 ppm was probably caused by
MP adsorption on the extra-lattice AlOH2+ species located above
he plane of the five-membered ring, whose nature needs further
nvestigations. The peak at −60.0 ppm was conventionally assigned
o the TMP physisorption, but our calculations indicated the EFAL

onovalent Al(OH)2
+ cation coordinated with two lattice-O atoms

ear the framework Al atom can contribute to it as well. The TMP
olecules were adsorbed through the formation of weak hydrogen

onds.
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