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ABSTRACT: The metal—support interaction in y-Al,O;

supported WOx catalysts is investigated by a combination of
high field quantitative single pulse (SP) *’Al MAS NMR

spectroscopy, 2D MQMAS, '"H—*’Al CP/MAS, and electronic
structure calculations. NMR allows the observation of at least
seven different Al sites, including a pentahedral Al site (Alp),
three different tetrahedral Al sites (Aly), and three octahedral
Al sites (Alp). It is found that the Al site density decreases
monotonically with an increased WOy loading, the Al site
density increases concurrently, and the density of Al; sites
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remains constant. This suggests that the Al} sites are the preferred surface anchoring positions for the WOy species. Importantly,
the Al}, site isotropic chemical shift observed for the unsupported y-Al,O; at about 38 ppm migrates to the octahedral region with
a new isotropic chemical shift value appearing near 7 ppm when the Al, site is anchored by WOy species. Density functional
theory (DFT) computational modeling of the NMR parameters on proposed WOy/y-ALO; cluster models is carried out to
accurately interpret the dramatic chemical shift changes from which the detailed anchoring mechanisms are obtained. It is found
that tungsten dimers and monomers are the preferred supported surface species on y-Al,O;, wherein one monomeric and several
dimeric structures are identified as the most likely surface anchoring structures.

1. INTRODUCTION

The use of y-alumina (y-Al,03) as an industrial catalyst and
support in a wide variety of industrial processes' " motivates
scientific investigations into the nature of the interaction
between the metal and the support surface, which has a
profound influence on the catalytic activity.”~” As a model
system, the interaction between a metal and the y-Al,O; surface
has been a subject of fundamental studies for many years;*’
however, the highly disordered structure and the metastable
nature associated with the commonly used industrial-grade,
high surface area y-Al,O; make it quite challenging to
investigate. Various experimental techniques, such as infrared
(IR) spectroscopy, nuclear magnetic resonance (NMR)
spectroscopy, X-ray diffraction (XRD), and transmission
electron microscopy (TEM), have been used for structural
characterization of y-ALO;.'""""* The coordinatively unsatu-
rated “defect sites”, i.e., the penta-Al sites (Alp), are believed to
be the metal oxide anchoring positions;'* however, there is still
some debate regarding the structure of y-Al,O; supported
metal/metal oxide catalysts. In particular, the nature of the
surface interaction between a metal atom/metal oxide and the
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support surface in terms of the detailed atomic coordination is
not fully established due to the lack of experimental evidence.”

NMR, a nondestructive and atom-specific tool, is ideal for
such an investigation since the chemical shifts are highly
sensitive to local structural changes. NMR can be used to study
the detailed structural changes in both crystal and amorphous
states and, notably, detect the presence of surface species. In
fact, solid-state magic angle spinning (MAS) *’Al NMR has
been used extensively to investigate the structure changes
associated with y-Al,O; supported metal catalysts such as Ba,
Ni, Pt, Cu, etc, where single pulse (SP) experiments were
carried out.'*™'° However, SP Al NMR investigations are
challenged by the lack of surface sensitivity. Both bulk
structures (majority) and the surface species (minority) are
observed simultaneously, and often the surface species are
buried at the baseline or tails of the major peaks of the bulk
structures making quantitative analysis challenging. This is
particularly a problem when SP *’Al MAS NMR experiments
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are conducted at low magnetic field where line broadening from
the second-order quadrupolar interaction becomes serious.”””!
*’Al MAS NMR experiments have been reportedly carried out
at high fields of 19.975 and 21.1 T where remarkable spectral
resolution can be obtained, allowing APP* cations in octahedral
(Aly), pentahedral,” and tetrahedral (Al;) coordination to be
clearly resolved. Even the fine structures among different Alg
sites can be observed.'”*’ With the help of the high field, Al,
has been identified as the anchoring sites for Al,O; supported
Pt catalyst,'* where for the first time the decrease of the
integrated Alp peak intensity in a *’Al MAS NMR spectrum was
found to be correlated with the increase of the integrated peak
intensity of the Aly peak. Despite this interesting finding, the
nature of the new Al sites remains unclear. Complimentarily,
one can use multiple quantum (MQ) MAS *Al NMR to
further increase the spectral resolution. The isotropic
dimension of the two-dimensional MQMAS NMR spectrum
is unperturbed by quadrupolar broadening, offering high
spectral resolution along the evolution dimension. High
resolution and clear assignation of the spectral features of
Alp, Aly, and Al sites have been obtained with this technique
even at low magnetic field.”*** To emphasize the contributions
from surface species, the '"H—*"Al cross-polarization (CP) MAS
NMR experiments that are highly surface sensitive can be
employed to probe Al sites that are near the surface OH
groups.23’25

In this work, the y-AL,O; supported tungsten oxide (WOy/y-
AL O;) catalysts, which have been extensively used for olefin
metathesis as a bifunctional catalyst,”***” were used to
investigate the details of the metal—support interaction. Two
types of y-Al, O3, including a platelike Al,O; with surface area of
56.9 m?/ g and a regular Al,O; with surface area of 217.6 m?/ g
both with varying amount tungsten oxide (WOx) loadings,
were analyzed. Single pulse *’Al MAS NMR and MQMAS *’Al
NMR were conducted to analyze the bulk alumina, and the
"H—*"Al CP MAS NMR was carried out to obtain information
on the local environment of surface Al species. Furthermore,
electronic structural calculations of the 2’Al chemical shifts
using density functional theory (DFT)**™**
accurately assign the NMR signals and related the experimental
results to the detailed interaction between tungsten and
alumina surface environment. The combined analyses reveal
unambiguously how the tungsten oxide interacts with the
surface Al sites of y-ALO,.

were used to

2. EXPERIMENTAL SECTION

2.1. Sample Preparations. The platelike y-AlL,O; was
prepared by calcining a boehmite precursor (Catapal-200 from
Sasol) at 800 °C in ambient air using a box furnace. Regular y-
Al,O; was obtained from Sasol (Catalox SBa-200). The
Brunauer—Emmett—Teller (BET) surface areas of these two
materials are 56.9 m?/g (platelike, named Series 1) and 217.6
m?/g (regular, termed Series 2). The method of incipient
wetness impregnation was used to obtain WOy surface
coverage ranging from 0.2 to 12 W atom/nm? (labeled as
02W/y-ALO; to 12W/y-AL,O;) and by using an aqueous
solution of ammonium metatungstate hydrate (99.99%, Sigma-
Aldrich) as a precursor. The sample without W (labeled as y-
AL O;) was processed using the same method with pure water.
The impregnated samples were dried in ambient air overnight
and then were calcined at 450 °C in flowing dry air for 4 h. The

sample information is summarized in Supporting Information
Table S1.

2.2. NMR Measurements. All ’Al MAS NMR experiments
were performed at room temperature (20 °C) on a Varian-
Inova 850 MHz NMR spectrometer with a commercial 3.2 mm
HEXY probe, operating at a magnetic field of 19.975 T. The
corresponding *’Al Larmor frequency was 221.413 MHz. The
1D spectra were acquired at a sample spinning rate of 22 kHz
using a commercial 3.2 mm pencil-type MAS probe. A single
pulse sequence with a pulse width of 0.4 ys (corresponding to a
solid 77/4 pulse) and *’Al radio-frequency (rf) field strength of
104.2 kHz (i.e., 2.4 us for liquid 7/2 calibrated by using 1 M
Al(NO;); aqueous solution) was used. Each spectrum was
acquired using a total of 2500 scans with a recycle delay time of
5 s and an acquisition time of 20 ms. The *’Al 3Q MAS NMR
(ie, the MQMAS) spectra were obtained using a z-filter 3Q
MAS pulse sequence,”° i.e., the mqmas3qzf2d on a Varian-
Agilent system, at a sample spinning rate of 20 kHz using the
commercial 3.2 mm pencil-type MAS probe. The optimized
pulse widths were pwlX = 2.4 pus and pw2X = 0.9 us both at
104.2 kHz rf field strength and the selective pulse of pwXzfsel =
10.0 ps at rf field strength of 5.7 kHz. The pulse lengths for the
three pulses were carefully optimized so that optimum
MQMAS signal was obtained. In the hypercomplex 3Q MAS
experiment, 96 transients for the real and imaginary F, FID
were collected for each of the 90—192 evolution increments.
The recycle delay was 2 s, and acquisition time was 10 ms.
Spectral widths for the F, (acquisition) and F; (evolution)
dimension were 250 and 40 kHz, respectively. The '"H—>"Al CP
NMR experiments were carried out at a rotor spinning rate of
20 kHz using the commercial 3.2 mm pencil-type MAS probe
and 'H rf field strength of 47.6 kHz for the 7/2 pulse. The
method of ramped CP was used for cross-polarization.”” The
CP match condition, including determining the optimal length
of contact time, that generates the highest CP signal at 20 kHz
spinning rate was carefully set up using the sample of boehmite
(y-AlIO(OH)). Note that by using this standard a CP signal
with good signal-to-noise ratio (about 10) was obtained using
only one scan on 850 MHz if the CP match condition is
accurately set. The optimized pulse width and contact time
were 5.25 ps and 2 ms, respectively. Each CP spectrum was
acquired using a total of 30K scans with a recycle delay time of
2 s and an acquisition time of 9.6 ms. All spectra were externally
referenced to a 1 M Al(NO;); aqueous solution (0 ppm). The
simulations of the spectra were performed using the
Quadrupolar MAS 1/2 (Q mas 1/2) model implemented in
the DMFIT program.”

2.3. Computational Method. The Amsterdam Density
Functional (ADF-2014) package was used for electronic
structure modeling. The geometry optimization was carried
out using the generalized gradient approximation (GGA) based
Becke—Lee—Yang—Parr function with dispersion functions
(BLYP-D).” Furthermore, all the calculations were performed
using the TZ2P basis set (triple {, two polarization functions)
with the Slater-type functionals.”” The large frozen core
approximation, which demonstrated a similar accuracy to an
all-electron solution,”™** was used to reduce the size of the
basis set and therefore promote computational efficiency. For
the calculation of NMR parameters, including chemical shift
and quadrupolar coupling constant (Cq), geometrically
optimized structures at the same level of the theory and with
the same basis set were employed.
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The calculation of Al NMR chemical shifts utilized a-Al,O5
as a secondary reference. Several clusters containing gradually
increased numbers of Al atoms (10—56 Al atoms) were
extracted from the crystal structure of @-Al,O; from the
American Mineralogist Crystal Structure Database,** and the
geometries of the structures were fully optimized with terminal
oxygen atoms charge balanced by adding hydrogen atoms. The
NMR calculations were carried out on the geometry-optimized
structures at the same level of the theory and with the same
basis set. The calculated chemical shift values of the center Al
atoms of @-Al,O; were used to mimic the bulk a-AlLO;
coordination. The predicted absolute isotropic chemical shifts
of the Al atoms in a-Al,O; converged at 580 ppm. Since the
experimental isotropic chemical shift value of bulk a-Al,O; is
located at 16 ppm with reference to 1 M Al(NO;); aqueous
solution (0 ppm),*” all the calculated shielding for Al atoms are
converted using the equation

8o = 8(a-ALO,) — 8. + 16 = 580 — §

calc

+16 = 596 — 8.

(1)
This chemical shift reference is further validated by direct
calculations on AI**(H,O) clusters. The AI** jon coordinated
with six H,O molecules was used to mimic the AI** ion in dilute
AI(NO;); aqueous solution. With the addition of H,O
molecules in a second solvation shell, the absolute chemical
shielding of AP’ in a AI*(H,0)s(H,0), structure is obtained
as 598 ppm, where the second solvation shell of a AI’* ion has
four H,O molecules. The value of 598 ppm is only 2 ppm
higher than the 596 ppm given in eq 1, validating the use of eq
1. It should be noted that the use of eq 1 as the chemical shift
reference is based on a prior literature report.”> Detailed
information regarding the calculations of @-Al,O; and
APP*(H,0); clusters is provided in the Supporting Information
Figure SI.

alc

3. RESULTS AND DISCUSSION

3.1. SP Al MAS NMR on WO,/y-Al,0; with Various
W-Loadings. Figure 1 shows the center band SP *’Al MAS
NMR spectra for both the platelike and regular series of
supported WOy/y-Al,O; catalysts with different loadings of
WOy, ie, 0—12 W atom/nm’. Figure la was obtained with
series 1 samples, and Figure 1b was obtained with series 2
samples. Both series have three peak regions at around 12, 35,
and 70 ppm, which can be assigned to Aly, Alp, and Aly site,
respectively. Neither the peak positions nor the line shapes of
Aly or Alp sites change significantly as a function of WOy
loading. However, the intensities of Al, peaks decrease with
increasing loading of WO for both series, indicating changes in
the distribution and coordination of various surface WOy
species on the Al sites of these catalysts. This result strongly
indicates that the Al, sites are the primary sites responsible for
the interaction between the WOy and y-Al,O; surface.

3.2. MQMAS %Al NMR Spectra. The 2D MQMAS YAl
NMR spectral study enables Al sites to be detected with greater
detail. The results obtained on the OW/y-ALO; and 12W/y-
Al,O; samples from both series are shown in Figure 2. Notably,
the off-diagonal peaks in Figure 2 are due to the selection of a
spectral width (i.e,, 40 kHz) for the F, (isotropic) dimension
that is twice the spinning rate of 20 kHz in order to observe the
full isotropic spectral peaks along the F; (isotropic) dimension
at high field of 850 MHz. By doing so, the first-order side bands
associated with the octahedral and the tetrahedral aluminum
sites were observed, accidentally appearing at around the
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Figure 1. Center band spectra of SP Al MAS NMR spectra of the y-
ALO; samples with various WOy loadings of (a) platelike series 1 and
(b) regular series 2. All of the 1D spectra were acquired with 2500 scan
at 22 kHz spinning rate. Label scheme: y-Al,O; indicates y-Al,O;
samples with 0 W atom/nm?” loading, and 12W/y-AlLO; indicates y-
Al,O; samples with 12 W atom/ nm? loading, etc.

positions of diagonal peaks. The high quality of a 2D MQMAS
has previously been demonstrated on H-Beta dehydration/
rehydration experiments.”> Seven Al sites with substantially
different line shapes can be unambiguously detected. Three
peaks can be identified in the Aly region (85 to 60 ppm) with
their peak centers located at about 65, 70, and 78 ppm.
Likewise, three peaks can also be found in the Al regions (25
to 0 ppm) with their peak centers located at about $, 10, and 12
ppm. A shoulder peak at about 0 ppm is clearly observed with
significantly increased peak intensity for the higher WOy
loaded samples. In addition, the Al sites are observed in the
parent samples (0 W atom/nm? loading) of the two series, and
the center of the Al, peak is around 35 ppm, consistent with 1D
NMR (see Figure 1).

To gain further insight into the quantitative spectral
information on the y-AlL,O; supported WOy with different
W-loadings, sliced spectra can be cut parallel to the F,
(anisotropic) dimension at various F, (isotropic) chemical
shifts to observe the detailed changes of the peaks. Each sliced
spectrum can be fit using one or two simple quadrupolar line
shapes from which the isotropic chemical shift value,
quadrupolar coupling constant (Cg), and associated asymmetry
factor (11q) can be determined. By progressively incrementing
the F, values, simulations of the sliced spectra can distinguish
three classes of quadrupolar line shapes in the Al spectral
region, three in the Al region, and one in the Al region for
both two series. The detailed fittings of the sliced spectra are
shown in Figure S2, and the simulated result parameters are
summarized in Table S2. As shown in Figure 2, four slices from
F, chemical shift at about 0 ppm were selected to demonstrate
the significant line shape change. Obviously, the most upfield
peaks (isotropic chemical shift at about 7 ppm) of the 12 W
atom/nm? loading samples in both series are significantly
enhanced compared with their corresponding parent y-Al,O;
samples.

3.3. SP Al NMR Spectra Fitting. Using the known Cy,
N and isotropic chemical shift values from 2D MQMAS 27Al
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Figure 2. ”’Al MQMAS NMR spectra of (a) y-Al,O5 of series 1 with 0 W loading, (b) y-Al,O5 of series 1 with 12 W loading, (c) y-Al,O; of series 2
with 0 W loading, and (d) 7-Al,Oj of series 2 with 12 W loading. For the sliced spectra, the dashed green lines indicate deconvoluted peaks; solid red
lines are simulated overall spectra; solid black lines are experimental spectra. The asterisks denote spinning side bands.

NMR spectra, the 1D SP MAS *’Al NMR spectra can be fit
quantitatively by locking these key parameters, i.e., allowing less
than a 5% variation during fitting. The results from spectral
fittings are summarized in Figure 3, while the detailed fitting
parameters are summarized in Table S3. Note that the quantity
of each Al site extracted from the 1D simulation is normalized
to the absolute integrated signal intensity per unit scan and per
unit sample weight. As shown in Figure 3, three quadrupolar
line shapes are identified in the Al region. These correspond
to the y-Al,O; phase with isotropic chemical shift at about 16
ppm,' ' Al nucleation sites that eventually evolve into the 6-
AL O; phase (Nj, near 13 ppm),** and an additional
unassigned alumina phase that appears at the lowest isotropic
chemical shift of about 7 ppm (O -ALO;). > ** Likewise, for
the Alr spectral region, three unique quadrupolar line shapes
are observed that can be related to the Ny-AlL,O; (isotropic
chemical shift at about 80 ppm), y-ALO; (near 74 ppm), and
Tu,-ALO; (tetrahedral Al sites that are unassigned around 67
ppm) phases.'*'”***~* Byrthermore, the isotropic chemical
shifts of Al sites for the two series are located at about 38 ppm.

The results in Figure 4 and Figure S3, where the normalized
peak areas for Aly, Aly, Alp, and O,-Al,O; sites as a function of
WOy loading are shown, allow for the Al sites to be compared
quantitatively between samples with different WOy loadings.
Since the amount of each type of Al site is proportional to its
corresponding integrated peak intensity, the results clearly
show that the amount of total Al, and total Aly sites changes
monotonically with the increasing of WOy loading. Specifically,
the quantity of total Alg sites and O,,-Al,Oj sites are shown to
increase with greater WOy loading while the amount of Alp
sites decreases accordingly for both the platelike and the regular
Al O; series. This result strongly indicates that the Al sites are
the WOy anchoring positions. Furthermore, the quantity of Al,

sites, especially the detected O,,-Al,O; species, increases fast at
lower W loadings and approaches a plateau when the Al, sites
are consumed, suggesting the loaded WOy species prefer to
generate new Aly sites at low W loading, resulting in better
dispersion of WOy species at low loadings. This result is further
validated by the relatively unchanged Al; intensities over the
entire WOy loading values studied, indicating no noticeable
correlation between Aly region and WOy loading.

To further validate the association of WOy with the
pentahedral AP* ions, the data points for y-Al,O; samples at
low WOy loading (ie., 0, 0.2, 0.5, and 1 W/nm? loadings) are
analyzed further, and the results are summarized in Figure S4.
For series 1, it is obvious (Figure S4a—c) that the peak areas of
Al and Al (both the sum of Alg sites and the O,,-Al,O; site)
sites change linearly with increasing WOy loading (R-squared
values: 0.96 for Al,, 0.81 for Al,, and 0.93 for O,,-ALO;).
Meanwhile, the slope values of total Al site and O,,-Al,O; site
(1.0 and 1.4, respectively) are in correlation with the value of
Al, site (—0.9), suggesting that the decreased amount of Al,
sites is almost the same as the increased amount of O,,-Al,O,
sites at low loading of WOy on the platelike y-Al,O; surface
(series 1). These results strongly support the conclusion that
WOy interacts with the y-Al,O; surface by preferentially
interacting with Al, surface sites, and the anchored Al sites
turn to O,,-Al, Oy sites. Similarly, the regular series 2 (Figure
S4d—f) data demonstrate the same growth and decay trends,
but the correlations (R-squared values: 0.54 for Aly, 0.87 for
Alp, and 0.88 for O,,-AL,O;) are not as convincing as those
obtained from series 1.

To quantitatively determine the dispersion of WOy on the
surface Al sites, the number of Al} sites from the estimated SP
NMR peak areas and the known WOy loading are used to
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Figure 3. Quadrupolar line shape simulated 1D *’Al MAS NMR
spectra of WOy/7-AL,O5 samples with different WOy loadings of (a)
platelike series 1 and (b) regular series 2. The dashed green lines
indicate deconvoluted peaks; solid red lines are simulated overall
spectra; solid black lines are experimental spectra. “N,,”: Al nucleation
sites that eventually evolve into the a-Al,O; phase; “N,”: Al nucleation
sites that eventually evolve into the 6-Al,O; phase; “O,,” and “T,”:
octahedral and tetrahedral Al sites that remain unassigned based on
our recent work.”?

calculate the average number of W per Al, site in accordance
with the following equation:

Wt(W) % X m(sample)
w _ M(W)

Al occupied - Wt(AlP occupied) % X m(sample)
’ M(AD
W W% 26.98

Wt(AL, occupied)%  183.84

where m is the mass of the sample, M is the molecular weight,
and Wt% is the loading in weight percentage. The calculated
results are summarized in Table S4. Figure S displays the
number of W atoms per Al sites as a function of WOy loading
on y-Al,O; surface. Two linear relationships can be defined
between the W/Al, (occupied) and the WOy loading: one at
low (0—1 W/nm?) loading and the other one at high (2—12
w/ an) loading. Comparing these two linear trend lines, the
slopes at low W loading (0.4748 for platelike series 1 and
2.5048 for the regular series 2) are significantly higher than
those at high loading (0.2657 for series 1 and 0.2979 for series
2). At low loadings, the change in the quantity of tungsten
anchored aluminum is much more drastic than at higher
tungsten loadings. This possibly suggests that at higher loadings
tungsten is forming larger domains that possess more W—O—
W bridging structures that anchor to the surface aluminum less
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Figure 4. Normalized integrated peak areas of O,,-Al,O; and Al sites
as a function of WOy loading. (a) O,,-AlLO; site and Al site of series
1. (b) O,,-ALO; site and Al, site of series 2. The insets indicate the
corresponding linear corrections at low W loading, wherein the black
lines are the linear trend lines. The corresponding equations and R-
squared values displayed.
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Figure 5. Number of W atoms per Aly, sites as a function of W loading
on 7-ALO; surface: (a) platelike series 1 and (b) regular series 2.

per tungsten atom (e.g, trimers). This may be due to fewer
new Al, sites being available at higher loadings where the
plateau region is prevalent (see Figure 4). Additionally, the W/
Al, (occupied) value of 2 W/nm? loading for series 1 (0.88)
and 0.2 W/nm” loading for series 2 (0.92) are less than 1,
suggesting that each occupied Alp site interacts with no more
than one tungsten atom and thus meaning the loaded WOy
must be atomically dispersed on the occupied Al sites at low
W loading 2 W/nm? and lower for series 1 and 0.2 W/nm?

23097 DOI: 10.1021/acs.jpcc.6b09060
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and lower for series 2), and larger WOy domains are formed as
monolayer coverage is approached.”” Furthermore, by the
comparison between the trend lines of the low loading samples
for the two different series, the slope of series 1 (0.4748) is
obviously lower than that of series 2 (2.5048), indicating the
loading of tungsten for each Al sites of series 1 is less than that
of series 2 as can be also seen directly in the occupation values;
i.e, the dispersion of loaded WOy on series 1 y-Al,O; is higher
than that on series 2 y-Al,O5. Also, as shown in Table S4, the
Al sites per nm?® of the bare series 1 y-Al,0; (3.32 Al,/nm?) is
higher than that of series 2 (2.12 Al,/nm?), suggesting higher
density of Al, sites for the series 1 catalyst support. These
results strongly imply that better dispersion and a greater
quantity of Al sites are obtained for the platelike series 1 y-
Al,O;, making it a better catalyst support than regular series 2.

In summary, the following results are obtained. (1) WO
interacts with alumina by preferentially anchoring to the Alp
AI** surface sites at low metal loading. (2) With the loading of
WOy in y-Al,O; surface, the Alp site turns into the O,,-Al,O4
site in the ’Al MAS NMR spectra. (3) The loaded WOy is
atomically dispersed on the occupied Al sites at low W loading
(€2 W/nm? for series 1 and <0.2 W/nm? for series 2), and
larger WOy domains are formed at higher W loading situation.
(4) The platelike series 1 y-ALO; is a more suitable catalyst
support than series 2.

3.4. 'H-?Al CP NMR. Figure 6 shows the comparison
between 1D SP *’Al MAS and 'H—*’Al CP MAS NMR spectra.

a) Series 1 b) Series 2

12W/y-Al,0,

80 60 40

Figure 6. SP Al MAS NMR and '"H—?’Al CP NMR spectra of y-
ALO; samples without and with WOy loading. (a) Platelike series 1.
(b) Regular series 2. The dashed green lines indicate deconvoluted
peaks; solid red lines are simulated overall spectra; solid black lines are
experimental spectra.

The CP MAS NMR spectra emphasize the signal contributions
from the surface where only Al sites that are close to surface
protons (—OH groups) are observed. Since Al, sites are
exclusively surface species, the peak corresponding to the Al,
sites in the CP MAS NMR spectra is dramatically enhanced
compared with its counterpart in the SP MAS NMR spectra.
Another very interesting finding is that for both the Aly and the
Al spectral regions the peak center is shifted upfield
dramatically in the CP MAS NMR spectra compared with
that of the SP spectra, possibly due to aluminum’s proximity to
hydroxyl groups or water. A detailed evaluation of the

deconvoluted peaks reveals that the peaks corresponding to
the O,,-AL,O; sites are also dramatically enhanced in the CP
MAS spectra. Like the results obtained from 1D SP *’Al MAS
NMR above, the intensities of CP Al, peaks decrease with an
increase in WOy loading for both two series. Meanwhile, the
line width of Al sites increase significantly with the increasing
of WOy coverage. To obtain more detailed information from
the CP spectral results, these spectra can be simulated using the
quadrupolar coupling constants derived from the 1D spectra.
Two peaks were found at the Al and Al region, and one peak
was used to fit the Alp region. Figure 6 also displays the
simulation lines, and the parameters of simulations are
summarized in Table SS.

Obviously, the relative intensity of the most upfield peak,
which has isotropic chemical shift at around 5 ppm,
dramatically increases with the increasing of WOy loading.
This peak is assigned to Oy, site of 1D spectra (around 7 ppm).
Meanwhile, the relative intensities for the 13 ppm (assigned to
Ny site of Alg region) and 39 ppm (which is corresponding
with Al site) peaks decrease with an increasing WOy loading
for both series. Furthermore, there are two peaks at Aly region:
one of the peaks is located at around 70 ppm, which is close to
T,, site of 1D spectra (around 68 ppm); while another small
peak is located at around 57 ppm, which is not observed in the
corresponding 1D spectra. These results suggest that (1) most
of the Alp and unassigned (T,, and O,,) sites are dispersed at
the y-Al,O; surface and (2) the conclusion of WOy
transforming the surface Al sites to O,,-Al,Oj sites is further
validated.

3.5. DFT Simulations. 3.5.1. Computational Modeling
and the Calculated NMR Parameters for y-Al,O; without
WOy Loadings. Based on previous studies, the predominant
terminations of y-Al,0; surface are the (110) (74%
abundance), (100) (16% abundance), and (111) (10%
abundance) facets.*>*°>* It has also been reported that the
(100) facet is the preferentially interacted surface for anchored
metal oxides because of its relatively low hydration state
compared with the low reactivity of the (110)***~° and the
(111)*7° facets under the pretreatment conditions of 450 °C
in flowing dry air. Therefore, we focus our investigations of the
bare y-Al,O; surface on the most reactive (100) facet and the
most abundance (110) facet and WOy anchored y-Al,O,
surface on the most reactive (100) facet. Before calculations
of WOy/y-AL Oj clusters, the y-Al,O; surfaces of the (100) and
(110) facets were constructed first. The periodic model
published by Krokidi et al,*® derived from simulating the
dehydration process of the boehmite precursor, was used as the
base model for constructing the cluster models for the DFT
surface calculations herein. Note that with this approach the
terminal oxygen atoms were charge balanced by adding
hydrogen atoms. Both the (100) and (110) surfaces were
simulated using both fully dehydrated and hydrated models.
The geometrically optimized models were used to calculate the
corresponding NMR parameters, including chemical shift and
Cq For the model of (100) facet, five central pentahedral
coordinated surface Al sites were selected for comparing the
changes of NMR parameters, while for the model of (110)
facet, four central pentahedral and one trihedral surface Al sites
were selected (see Figure SS). The calculated NMR parameters
for surface sites of all terminations are summarized in Table S6.

Figure 7a shows the distribution of calculated chemical shifts
and C, values for the various Al sites on bare y-Al,O; surface,
which clearly demonstrate clustering into four groups based on
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Figure 7. (a) Calculated isotropic chemical shift () as a function of Cq, for Al surface sites on (100) and (110) terminations of y-Al,O5 at various
levels of hydration. Calculated &, as a function of Cq, for pentacoordinated Al surface sites on (100) terminations of y-Al,O, that are anchored by
(b) monomer WOy cluster, (c) dimer WOy cluster, and (d) trimer WOy cluster, where detailed models corresponding to A1, BI—B4, and C1 are
given in Table 1. The 3-coordinated y-Al,O; sites have J;, values of 60—70 ppm and Cq, values of 20—25 MHz. The tetracoordinated Al sites have
Oi50 Values of 40—50 ppm and C, values of 3—8 MHz. The pentacoordinated have 6, values of 25—40 ppm and Cq, values of 10—15 MHz, while the

octahedral Al sites have J;, value of 0—25 ppm and Cq of 7—12 MHz.

the type of Al coordination. The calculated chemical shifts
values for Alg (0—25 ppm) and Al, (25—40 ppm) sites are in
good agreement with the corresponding experimental values
(0—20 and 38 ppm, respectively), indicating the validity of the
models. However, the calculated values of Al (40—S0 ppm)
are smaller than the experimental values (60—80 ppm)
primarily due to the use of cluster models where the Al sites
are all on the surface or close to the surface and Al, sites. Note
that the chemical shift (60—80 ppm) for Al are obtained from
the quantitative 1D *’Al MAS NMR spectra where the bulk Aly
species dominate. Therefore, the calculated 40—50 ppm
chemical shifts for the Al; are likely due to those sites that
are near the surface, considering a 57 ppm peak was observed
from the spectral simulation results of the surface-sensitive
"H—*"Al CP NMR spectra (see section 3.4 and Figure 6, Table
SS). Furthermore, the resulting distribution of the calculated
Cq values for Aly and Aly sites conforms to experimental
results (around S MHz for Aly site and around 6 MHz for Al
site from the line fitting results of 1D experimental spectra). It
is also observed that the predicted Cq values for the Aly sites
(10—15 MHz) are higher than the experimental results (around
6 MHz), indicating the Al, sites experience significant dynamics
such as bond vibrations. It is generally accepted in the field of
NMR that molecular motion can partially average the
anisotropic line shape to generate a narrowed peak depending
on the degree of the motion or dynamics. Therefore, these
surface models are consistent with experimental results and are
suitable for the further investigation on the effects of WOy
anchoring.

3.5.2. Effect of WOy Anchoring on the Surface Sites to the
NMR Parameters. After successfully constructing the bare
surface structures of y-Al,0;, WOx clusters were anchored onto
the surface sites of (100) facet. The NMR chemical shifts were
calculated on fully optimized models, and the results are

23099

summarized in Table 1 and Table S7. Figures 7b—d highlight
the distribution of calculated chemical shifts and Cq, for WOy
anchored Al, sites, showing that monomers, dimers, and

trimmers exhibit quadrupolar coupling constants akin to those

Table 1. Calculated *’Al Averaged Chemical Shifts in Ppm of
WOy Loaded Al, Sites with a-Al,O; Cluster as a Secondary
Reference to AI(NO,); (0 ppm)

Averaged Averaged
Model surface W- caleula te% N calculated *’Al
species after Structure | WOy cluster . NMR chemical
NMR chemical .

geometry label formula . . shifts (ppm)

timization® shifts (ppm) with ithout WO.

optimization’ WOx loading Wil 1 our X

p)

ﬁ* Al WOsH, 13 36
ﬁ% B1 W.04H, 5 39
% B2 W,0sH, 6 39
% B3 W20sH; 8 39
% B4 WO4H, 0 39
% C1 W30 8 32

“The atoms that are not directly connected to a WOy cluster display
as wireframe. Color scheme: yellow, tungsten (W); gray, aluminum
(Al); red, oxygen (O); white, hydrogen (H).
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reported for octahedral sites; detailed parameters are
summarized in Table S8.

Four monomeric tungsten species were examined for the
(100) facet. Most notable is a W-cluster model with formula of
WOH, (labels as Al in Table 1) has one double bond with
oxygen, one single bond connected to an —OH group, and
three W—O—Al bonds anchored to the three oxygen atoms
belonging to three different Al, sites. The predicted chemical
shift value of Al for the Al, sites with WOy anchored is
decreased from the corresponding bare Al sites of 36 ppm to
the anchored sites of 13 ppm, which is close to the
experimental isotropic chemical shift of O,,-Al,O; sites
(about 7 ppm). Al is a highly probable morphology given
that the experimental isotropic chemical shift of Al, sites (about
38 ppm) migrates to the upfield edge of the Aly position to
about 7 ppm. Detailed information and discussion regarding
the calculations of the three additionally nonpreferential
monomeric WOy anchored structural models (A2, A3, and
A4) are provided in the Supporting Information Section S1 and
Table S7. Therefore, the VI valent WOy species, Al, is likely
the preferential monomeric anchored mode.

Dimeric tungsten species allow for the consideration of
several morphological possibilities. Initially, we tried the
structures with two W—O—W bridges, and the geometry
optimization successfully converged. These clusters are labeled
as B1, B2, B3, and B4 in Table 1 as well as BS and B6 in Table
S7. In each of the first four dimeric models (B1, B2, B3, and
B4), each W atom has one double-bond oxygen atom and four
single-bond oxygen atoms where two of them are W—0O—Al
bonds and two are W—O—W bridges. To consider the role of
Bronsted acid location on supported tungsten oxide cata-
lysts,”*"%> the placement of acidic —OH groups was
investigated for these structures, either in W—OH"—W or
W—OH"—Al acidic form. The structure in B1 has one acidic
hydrogen on one of the W—O—Al bonds, giving rise to a
calculated *’Al isotropic chemical shift value of S ppm for the
We-anchored Al, sites. Likewise, the structures in both B2 (6
ppm) and B3 (8 ppm) have one acidic hydrogen on one of the
two W—O—W bridges giving rise to calculated *’Al isotropic
chemical shift values of 6 ppm (B2) and 8 ppm (B3) for the W-
anchored Al} sites, respectively, and B4 with 0 ppm for the
anchored Al} sites has two acidic hydrogen on both the two
bridging W—O—W bonds. Clearly, with the increasing number
of Bronsted acidic hydrogens, the averaged isotropic chemical
shift value for the anchored Al sites decreases. Even though
these dimeric structural models slightly differ from each other,
the predicted isotropic chemical shifts for the anchored penta-
Al sites are all in excellent agreement with the experimental
results.

Additional double W—O—W bridge structures were consid-
ered in models BS and B6 (see Table S7). The frames of the
WOx cluster are asymmetric, where one of the tungsten atoms
of BS has one W—0O—Al bond and one of the tungsten atoms
of B6 has no double-bond oxygen atom. The structure BS has
no acidic hydrogen, giving rise to a predicted *’Al isotropic
chemical shift value of 10 ppm for the anchored Al, sites.
Furthermore, the structure B6 has two acidic hydrogen atoms
on both bridging W—O—W bonds, giving rise to a predicted
chemical shift of 11 ppm for the anchored sites. Thus, these
two asymmetric structures are close to the experimental results
since the experimental isotropic chemical shift of O,-Al,O4
sites is about 7 ppm. Detailed information and discussion
regarding the calculations of the two additionally non-

preferential dimeric WOy anchored structural models (B7
and B8) are provided in the Supporting Information Section S1
and Table S7.

The trimeric WOy cluster (W;0,), previously studie
was evaluated with two different anchoring modes (C1 in Table
1 and C2 in Table S7), and their geometry optimizations were
successfully converged, indicating stable structures. The parent
structure of tungsten oxide has been constructed as a 6-member
ring, including three W atoms with two doubly bonded O
atoms and three bridging O atoms (see Table S7). In the first
trimeric model (C1), all three W atoms are anchored on the
surface Al sites via a W—O—Al bond. The averaged calculated
chemical shift of C1 is 8 ppm, which is in good agreement with
the experimental results (7 ppm). Evaluating the C2 structure
(see Table S7), the top W atom kept its two double-bonded
oxygen atoms, and the four bonded O atoms of the two lower
W atoms were connected with surface Alp sites by W—O—Al
bonds. However, the averaged predicted chemical shift values
(33 ppm) for the anchored Al, sites in C2 are close to the value
of bare Al sites in C2 (i.e., 40 ppm in Table S7), indicating the
unlikely existence of a C2 structure.

For the predicted C, values of the WOy anchored Al sites,
most of them have changed from 10 to 15 MHz at bare Al,
sites to 5—10 MHz (see Figure 7b—d), which is consistent with
the predicted C, values of Al sites of bare y-Al,0,
terminations (7—12 MHz, see Figure 7a) as well as the
experimental Cq, values of O,,-Al,O; site (around 5 MHz, see
Table S3). For the Aly sites of these preferential WOy anchored
(100) facet of y-AL,O; clusters, most of them presented slightly
higher chemical shifts at 50—60 ppm than that of the bare
surface (see Figure S6 and Table S9), which is more close to
the chemical shift value of the surface Aly sites from CP spectra
(57 ppm, see Figure 6 and Table SS), further validating the
consistence between the calculated and experimental results.

In summary, there are several potential anchored WOy
clusters on (100) termination of y-Al,O;. For the monomeric
WOy species, only an —OH group included VI valent WOy
species (i.e, Al) generates an isotropic ’Al NMR chemical
shift that is close to the experimental result. For the dimeric
WOy species, the acid site location and quantity have an
influence on the predicted chemical shifts. Most of the
structures (Bl to B6) are in good agreement with the
experimental results. For the trimeric WOy species, only flat
anchored trimeric W30, ring (C1) is in agreement with the
experimental results.

63,64
d,

4. CONCLUSIONS

The y-ALO; supported WOy (WOy/y-ALO;) catalysts were
used for investigating the metal—support interaction. Two
types of y-AL,O;, platelike AL, O, with a surface area of 56.9 m?/
g and regular AL,O, with a surface area of 217.6 m’/g, were
impregnated with a varying amount tungsten oxide (WOy).
Quantitative single pulse Al MAS NMR and MQMAS *’Al
NMR were conducted to provide both the bulk and the surface
information on alumina without discrimination while the
surface-sensitive '"H—?’Al CP MAS NMR was carried out to
obtain information on the local environment of surface Al
species. Electronic structural calculations of the *’Al chemical
shifts using DFT were used to accurately assign the NMR
signals and relate the experimental results to the detailed
interactions between tungsten and alumina. The integrated
NMR spectroscopy approach allows the observation of at least
seven different Al sites, including a penta-Al site with isotropic
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chemical shift value located at about 38 ppm, three different
tetrahedral Al sites (isotropic chemical shift values at about 79,
74, and 66 ppm), and three octahedral Al sites (isotropic
chemical shift values at about 16, 13, and 7 ppm). It is found
that the amount of pentacoordinated Al sites decreases
monotonically while the amount of octahedral Al (Aly) sites
increases with an increasing WOy loading, indicating that the
Al, sites are the preferred surface anchoring sites for the WOy
species. For the first time, we found that the Al, sites with
isotropic chemical shift originally located at about 38 ppm
observed for the unsupported y-AlL,O; migrates into the
octahedral region with new isotropic chemical shift value
appearing at about 7 ppm when the Al site is anchored by
WOy species. DFT computational modeling of the NMR
parameters on proposed cluster models is carried out to
accurately interpret the changes of such dramatic chemical
shifts from which the detailed anchoring mechanisms are
obtained. It is found that tungsten dimers and monomers are
the preferred supported surface species on y-Al,O;, wherein
one monomeric (Al in Table 1) and several dimeric structures
(B1 to B4 in Table 1 and BS, B6 in Table S7) are identified as
the most likely surface anchoring structures.
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