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ABSTRACT: The characterization of nanometer-scale interactions between
carbon-containing substrates and alumina surfaces is of paramount importance
to industrial and academic catalysis applications, but it is also very challenging.
Here, we demonstrate that dynamic nuclear polarization surface-enhanced
NMR spectroscopy (DNP SENS) allows the unambiguous description of the
coordination geometries and conformations of the substrates at the alumina
surface through high-resolution measurements of '*C—?>’Al distances. We
apply this new technique to elucidate the molecular-level geometry of '*C-
enriched methionine and natural abundance poly(vinyl alcohol) adsorbed on
7-Al,O;-supported Pd catalysts, and we support these results with element-
specific X-ray absorption near-edge measurements. This work clearly
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DNP SENS

demonstrates a surprising bimodal coordination of methionine at the Pd—Al,Oj; interface.

B INTRODUCTION

Dynamic nuclear polarization (DNP) has recently provided a
revolutionary means for increasing the sensitivity of solid-state
(SS) NMR experiments performed on surfaces, using an
approach termed DNP surface-enhanced NMR spectroscopy
(SENS).! In DNP SENS, the NMR response from surface
adsorbates is boosted by a microwave-induced polarization
transfer from the unpaired electrons of exogenously introduced
radical dopants. This transfer hyperpolarizes the 'H spins
situated at the surface, providing theoretical sensitivity
enhancements as large as y./yy = 658 and enabling previously
inconceivable means for atomic-scale characterizations of
surfaces and interfaces.”

DNP SENS has had an especially high impact on the
characterization of silica-supported heterogeneous catalytic
systems. The increase in sensitivity has enabled the rapid
acquisition of 1D and 2D SSNMR spectra of silica surface
species and catalysts, which, in particular, afforded “indirect”
Si—C proximity information through independent *C{'H} and
¥Si{'H} correlation experiments. These studies have generated
in-depth knowledge about the structures, conformations and
chemical activities of these species needed for ratlonal design
and synthesis of improved silica-based catalysts.’
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The application of DNP SENS to similarly characterize
alumina-supported heterogeneous catalysts is very desirable.
Gamma-alumina (y-Al,0;) is one of the most important, and
the most common, catalyst supports used by the petrochemical
industry,4 due to its low cost, high surface area, large pore size,
and high thermochemical stability, as well as the presence of
Lewis acidity. These properties also enable the synthesis of y-
Al O5-supported metal catalysts with high metal dispersions.
Some of the most industrially significant applications of such
catalysts 1nclude vehicle catalytic converters and the processing
of petroleum.® Clearly, gaining an atomic-scale understanding
of alumina-supported metal catalysts’ surface structures by
DNP SENS would accelerate the structure-driven development
of new catalytic materials, much like the work that has been
done on silica-supported catalysts. While pure alumina samples
have been studied by DNP,” this field remains largely
unexplored.

We recently applied *C DNP SENS to characterize the
degradation products of methionine on a Pd/y-ALO; catalyst.’
Methionine is a common impurity found in biological
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feedstocks, and is a strong inhibitor of reduced metal catalysts.”
Our post mortem studies were able to determine the pathways
and adsorbates that lead to catalyst deactivation. *C NMR
experiments, however, yield minimal information regarding the
location of these adsorbates at the surface. Here, we
demonstrate the use of DNP-enhanced double-resonance "*C-
{*’Al} experiments, in concert with X-ray absorption near-edge
structure (XANES) measurements and density functional
theory (DFT) calculations, to obtain precise locational and
conformational information about *C-enriched methionine as
well as natural abundance poly(vinyl alcohol) (PVA) adsorbed
on y-Al,Oj-supported Pd catalysts to inhibit deactivation.
Although the low surface loadings prevented the use of such
experiments in the past, the added dimension to structural
characterization offered by DNP SENS opens new horizons for
the design, evaluation, and development of alumina-supported
metal catalysts, so frequently used in industrial catalysis.

B MATERIALS AND METHODS

Catalyst Synthesis. The synthesis of Pd/y-ALO; catalysts (both
with and without PVA) was described previously.” Briefly, the parent
Pd/y-Al, Oy catalyst was prepared by loading Pd(NO;), (using Aldrich
10% Pd(NO;), solution in 10% HNO; 99.999%) onto y-Al,O,
(Strem, low-soda) by incipient wetness impregnation. The catalyst
was subsequently dried in air at 383 K for 2 h, calcined in flowing air at
673 K, reduced in flowing H, at 533 K, and passivated with 1% O, in
Ar. The PVA-impregnated catalyst was prepared in the dark (to
prevent premature cross-linking) by incipient wetness impregnation of
PVA (Aldrich, 99+% hydrolyzed, 89 000—98 000 amu) and benzoyl
peroxide (Luperox A98, >98%), both dissolved in a SO wt% mixture of
THF (Fisher Scientific, Certified) and Milli-Q grade water (<18 MQ-
cm), into the parent Pd/y-ALOj catalyst. The catalyst was then dried
under vacuum in the dark at 313 K for 2 h, cross-linked under UV light
at 365 nm, and washed by Soxhlet extraction with 1-butanol. Finally,
the catalyst was rinsed with Milli-Q grade water and dried under
vacuum at 313 K. The y-Al,O;, Pd/y-Al, O3, and PVA-impregnated
Pd/y-AlL,O; catalysts have been characterized in our earlier studies by
CO chemisorption, N, physisorption, transmission electron micros-
copy (TEM), and S 2p X-ray photoelectron spectroscopy (XPS).%”
The results from these measurements will be summarized later in the
text.

Prior to performing NMR measurements, the catalyst samples were
loaded with uniformly or selectively '*C-enriched methionine
(Cambridge Isotope Laboratories; L-methionine U-13CS 97—99%)
by incipient wetness impregnation as described previously. Briefly,
methionine was added to the reduced and passivated Pd/y-Al,O;
PVA-impregnated Pd/y-Al,O;, and y-Al,O; materials by incipient
wetness impregnation using solutions in D,O (Aldrich, 99.0 atom%
D). The samples were dried under vacuum at 318 K. The methionine
loadings used were 94 ymol g™' in both the Pd-free and Pd-containing
materials, which corresponds to ~0.3 molecule per nm? of total surface
area.

X-ray Absorption Near-Edge Structure (XANES). Sulfur K-
edge and Pd L;-edge XANES experiments were conducted at the soft
X-ray microcharacterization beamline (SXRMB 06B1-1, Canadian
Light Source, Saskatoon, SK, Canada). The powdered samples were
first dispersed onto double-sided carbon tape which was affixed to a
sample holder plate. The sample plate was then mounted inside the
chamber at a 45° angle to the incident X-ray beam and allowed to
reach ultra-high vacuum before the measurements. For the S K-edge
measurements, S Ko fluorescence was measured in the range of 2430—
2520 eV with a four-element silicon drift detector, while for Pd L;-
edge, the total electron yield was measured in the range of 3130—3210
eV. All of the XANES spectra were processed with Athena, part of the
IFEFFIT software package.®

SSNMR. Bruker AVANCE Il 400 DNP NMR Spectrometer. All DNP
SSNMR experiments were performed on a commercial Bruker
AVANCE 1III 400 DNP NMR spectrometer equipped with a 263
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GHz gyrotron and a 3.2 mm low-temperature MAS probe. The
samples were impregnated with a 16 mM solution of TEKPol,” which
was purchased from Aix Marseille, in 1,1,2,2-tetrachloroethane (TCE)
and packed into the sapphire rotors. The rotors were sealed with a
Teflon insert and pre-spun at room temperature prior to performing
the DNP SSNMR experiments at 105 K. The spinning frequency was
set to 10 kHz for all DNP SSNMR experiments.

1D BC cross-polarization (CP)MAS experiments were performed
using a 2.1 us 'H excitation pulse, a 2 ms contact time, and 128 scans
with a 6 s recycle delay. *’Al PRESTO-III'® (phase-shifted recoupling
effects a smooth transfer of polarization) experiments were performed
using four equal R18,” recoupling periods of 200 s, along with S and
10 s central transition-selective *’Al 90° and 180° pulses, respectively.
The recycle delay was set to 4 s, and 128 scans were acquired. The
DNP enhancement factors (¢) were measured by acquiring the *C
and 2’Al SSNMR spectra with the microwaves turned on and off; they
are listed in Table 1 in the section on DNP Performance.

2D YAl{'H} PRESTO-UI frequency-switched Lee—Goldburg
(FSLG) heteronuclear correlation (HETCOR) experiments were
performed using the same pulse parameters as the 1D PRESTO-III
experiments. FSLG homonuclear decoupling™* was applied to improve
the 'H resolution and 16 t, increments of 78.67 s, each consisting of
32 scans, were acquired. The States-TPPI procedure was used to
obtain purely absorptive 2D spectra. In an attempt to observe longer
range correlations, a second HETCOR spectrum was also acquired
using cross-polarization. The contact time was set to 1 ms, and 94 ¢,
increments, each consisting of 64 scans, were acquired.

The BC{*Al} rotational-echo saturation pulse double-resonance
(RESPDOR) experiments were performed using a REDOR box
purchased from NMR-service. CP parameters identical to those listed
above were used, along with a 10 us '*C refocusing pulse. The SEAM-
1 recoupling scheme'” was used with a 30 kHz frequency sweep and a
30 kHz "°C RF field strength. The use of SFAM-2, which in addition
decouples *C—"C homonuclear dipolar coupling interactions, was
also evaluated and led to consistent results. SFAM-1 was chosen in the
end due to its larger scaling factor enabling longer distances to be
measured.”® 13C spectra with varying recoupling times (f..) were
acquired with (S) and without (S,) the application of two 75 us 110
kHz Al saturation pulses situated symmetrically on either side of the
BC refocusing pulse. The recoupling curves were obtained by plotting
AS/S, for each *C resonance as a function of the recoupling time and
were fitted using an in-house C program described below.

Bruker AVANCE Il 600 NMR Spectrometer. Conventional *C
SSNMR experiments on Pd/y-Al,O; samples impregnated with
varying amounts of '*CHj-methionine were acquired at a field
strength of 14.1 T using a Bruker AVANCE II 600 NMR
spectrometer. The samples were packed into 4 mm rotors and spun
at 7 kHz. We used a spin echo sequence with 90° and 180° pulse
durations of 4 and 8 us, respectively, and a total of 1024 scans were
accumulated with a recycle delay of 2 s.

Varian NMR System 600 MHz NMR Spectrometer. The 2D
'"H{*’Al} DFS-CP-HETCOR experiment was performed on a Varian
600 MHz NMR system using a 1.6 mm fast MAS probe. The *’Al
central-transition polarization was enhanced by a 2.5 ms double-
frequency sweep (DFS) pulse,'* sweeping from +500 kHz to +50
kHz. A 20 ps central-transition selective 90° pulse was then applied to
the aluminum, and the polarization was transferred to 'H using a 15
ms CP contact time, following the t, evolution period. A total of 32 t;
increments of 50 ys were acquired, and the States-TPPI procedure was
used to obtain purely absorptive phase 2D lineshapes.

Density Functional Theory (DFT) Calculations. Methionine
chemisorption on a Pd,; cluster (see Figure S1 in the Supporting
Information) was studied with DFT," using the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)'® in a
plane-wave basis set with projector augmented waves,'” as
implemented in the Vienna Ab initio Simulation Package (VASP).'®
Chemical shifts were calculated using a linear-response method."” The
methionine-Pd,; cluster was placed in a 15 A cubic box and all atoms
were relaxed until the absolute values of the forces were below 0.02

DOI: 10.1021/jacs.6b11408
J. Am. Chem. Soc. 2017, 139, 2702—2709


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11408/suppl_file/ja6b11408_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11408/suppl_file/ja6b11408_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b11408

Journal of the American Chemical Society

eV/A. A kinetic energy cutoff of 400 eV for the plane-wave basis set
and a T’ Monkhorst-Pack’® k-point mesh were used for this cell.

B RESULTS AND DISCUSSION

Catalyst Characterization. Previously, we performed CO
chemisorption and N, physisorption measurements to
characterize the same y-AlL,O5;, Pd/y-Al,O;, and PVA/Pd/y-
AL O; catalysts as those used here.” For the 2% Pd/y-Al,O,
sample, the CO uptake measurement was 63 umol g~', which
leads to a dispersion of 50%, assuming a CO—Pd stoichiometry
of 0.67.” For spherical nanoparticles, the nanoparticle diameter
(d) is related to the metal dispersion (D) by the relation d =
1.1/D, indicating the surface-averaged Pd nanoparticle size is
2.2 nm for this sample. The average CO uptake decreases to 38
umol g~" following PVA intercalation, although TEM micro-
graphs and ICP-AES analysis in our previous work show that
such decreases correspond to site-blocking by PVA rather than
an increase in the metal nanoparticle size.” Intercalation with
PVA also causes a decrease in the pore diameter, from 7 nm for
the Pd/y-AL,O; catalyst to 6 nm for the PVA/Pd/y-Al,O,
catalyst.” In our previous work, we concluded that the decreases
in both CO uptake and pore size following intercalation are due
to a coating of PVA that is formed on the inside of the pore
walls of the y-Al,O; support.

3C MAS SSNMR Spectroscopy. We have investigated the
impregnation of methionine on supported Pd catalysts by *C
MAS SSNMR spectroscopy (Figure 1 and Table S1). The
bottom spectrum in Figure 1 represents uniformly-'*C-enriched
methionine on pure y-Al,O;, with the peaks at 31 and 13 ppm
corresponding to the methylene and methyl resonances,
respectively. As can be seen in the spectra of Pd/y-AlO;
catalysts (Figure 1b—d), this time impregnated with selectively
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Figure 1. 3C MAS spectra (methyl region) of pure y-Al,O,
impregnated with uniformly '*C-enriched methionine (a) and Pd/y-
ALO; samples impregnated with selectively ('*CH,) enriched
methionine (b—d). The methionine-to-surface-Pd ratios are given
based on the number of surface Pd sites determined by CO
chemisorption studies. An excess of methionine leads to the
appearance of the methyl resonance associated with y-Al,03-bound
methionine, while a larger excess leads to the appearance of resonances
from the a- and f-polymorphs of crystalline methionine.
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BCH;-enriched methionine, a significant chemical shift change
(to 19 ppm) and broadenin§ of the methylene resonance
occurs in the presence of Pd.”" A shoulder also appears at 22
ppm from dissociated, Pd-bound, SCH;.” Previous DNP-
enhanced '*C homonuclear correlation experiments have
confirmed that methionine retains its structure and that the
shift cannot be caused by a chemical reaction.”* Additionally, it
can be seen that this change in chemical shift is not due to a
susceptibility effect; if more methionine is impregnated than
there are available surface Pd binding sites (as determined by
CO chemisorption), a second resonance at 13 ppm appears
(Figure 1c), which, as previously stated, corresponds to
methionine adsorbed onto the alumina surface. Further
saturation leads to the crystallization of - and S-methionine
outside of the support (Figure 1d).”' The positive resonance
shift of 6 ppm must then originate from the coordination of the
methionine S atom with the Pd nanoparticle surface.”” This
assignment is further supported by DFT calculations and
XANES measurements, vide infra.

DFT Calculations. To determine the extent and direction of
the differences in '*C shifts associated with methionine binding
to Pd, DFT calculations were performed for free methionine
and methionine bound to a Pd,; cluster. In agreement with
previous experimental findings,” these calculations predict
slight positive shifts of 12 ppm for the methyl and y-carbon
sites while the other resonances are largely unaffected by the
interaction (see Table S2). These calculations, which reproduce
the magnitude and direction of the shifts, are thus consistent
with our experimental findings as well as our assignment of the
shift to a palladium—sulfur interaction. The absence of
relativistic corrections in the DFT calculations is responsible
for the overestimation of the shift.”> A similar calculation
performed on a Pd, cluster yielded the same trends, albeit the
use of a larger cluster improved the agreement with the
experiment. A Pd sheet was not used due to the inaccuracy of
GGA-calculated band gaps and the well-documented impact of
the nanoparticle size on the '*C chemical shifts.”*

XANES. Previous sulfur 2p XPS measurements of a
methionine-impregnated Pd catalyst showed a shift of the S
absorption peak to higher binding energy, when compared to
the absorbance for pure methionine, in agreement with S
binding to the Pd surface.”” Treatment at 353 K in hydrogen
and subsequent re-exposure to air led to methionine cleavage
and oxidation at the S position, in agreement with previous
NMR results.”® The structural information afforded by XPS was
insufficient to definitely confirm the binding of methionine to
Pd; thus, we opted to perform S K-edge XANES measure-
ments, on the same samples as those used for the NMR studies,
to probe the S s — p electronic transitions that are sensitive to
both chemical speciation and S oxidation states.”**

The S K-edge XANES of the methionine-impregnated y-
AL, O; and Pd/y-Al, O, revealed the various chemical states of S
in each sample (see Figure 2a). The peak observed in all spectra
around 2472.5 eV is attributed to S—C bonding in the
methionine® and is less intense in both y-ALO, and Pd/y-
ALO; as a result of the S-to-metal/metal oxide surface
binding.z‘s’27 Notably, the S—C feature for the Pd/y-Al,O,
was also further decreased and shifted toward a higher energy
compared to the y-Al,O;, likely as a result of the more intense
Pd—S interaction between the methionine and Pd nano-
particles.”®”” The bulk PdS sample did not exhibit the S—C
feature, although this sample does show an intense pre-edge
feature at 2470.5 eV, corresponding to the effect of Pd d- and S
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Figure 2. XANES data for y-Al,O; and Pd/y-Al,O; catalysts impregnated with methionine, as well as a clean Pd/y-AL,O; catalyst. The S K-edge
XANES data in (a) show more intense pre-edge features (~2470.5 eV) and less intense main absorption edge features (2472.5 eV) for the Pd/y-
Al O3, indicating Pd—S bonding. The 2475.5 eV feature reveals the presence of a methionine sulfoxide in the y-Al,O3, while the methionine in the
Pd/y-AlLO; has been converted to a sulfate species, as indicated by the feature at 2481.5 eV. The Pd L,-edge XANES data in (b) show a decrease in
the main absorption at 3175 eV, which correlates to reduction of the Pd with the addition of methionine.

p-orbital hybridization on S s — p transitions.”*”” The y-ALO,
and Pd/y-Al,O; samples also exhibit pre-edge features around
2470.5 eV that can be associated with metal—S interactions and
correspond to the change in their respective S—C features;” >’
however, the pre-edge of Pd/y-Al,O; is much more intense and
thus implies a bonding mode that is analogous to Pd—S in bulk
PdS. We also note that multiple overlapping pre-edge features
are discernible in the spectrum of Pd/y-Al,O;, which are likely
a result of Pd—S interactions similar to those in bulk PdS, as
well as Pd—S interactions similar to those in metal—thiolate
systems.”®>’ Taken together, the pre-edge and main absorption
edge features support that Pd—S bonding is the major
component of the stabilization of methionine in Pd/y-ALO;.

The S K-edge and the corresponding Pd L;-edge data also
allow for a better understanding of the overall reaction
mechanism between methionine and the catalyst. In particular,
7-Al,O; exhibits a large feature at 2475.5 eV consistent with
methionine sulfoxide,” which is known to form when
methionine is exposed to air,”® while Pd/y-ALO; does not
and rather exhibits a Iarge feature at 2481.5 eV consistent with a
more oxidized species,”” which was also indicated by earlier
XPS and NMR results. Further supporting this mechanism, the
Pd L;-edge (which probes Pd p — d transitions and is therefore
sensitive to the Pd oxidation state,””* see Figure 2b) shows an
explicit decrease in the major feature at 3175 eV of Pd/y-Al, O,
upon impregnation with methionine, demonstrating a corre-
sponding partial reduction of Pd and supporting a redox-type
reaction between methionine and Pd. Overall, the XANES
measurements support that the Pd—S interactions are a major
component of the stabilization of the methionine in Pd/y-
AL O;, as well as demonstrating the oxidative reactions that
methionine undergoes in the presence of Pd after exposure to
air.

DNP Performance. The DNP enhancement factors (g)
measured using both '*C CPMAS as well as ’Al PRESTO are
tabulated in Table 1. Interestingly, larger enhancement factors
were obtained in the absence of Pd nanoparticles, in otherwise
identical samples. The reduction in enhancement factors is
likely caused either by the magnetism of the Pd nanoparticles,
as reported previously,”' or a partial reflection of the
microwaves. The sample temperature was not unusually higher
in the presence of Pd, perhaps due to the low metal loading
(2%). Nevertheless, large enhancement factors are obtained in
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Table 1. DNP Enhancement Factors Measured for the
Different Samples

€

sample 3C, CPMAS 27Al, PRESTO-III
7-ALO, - 205
methionine on y-AlL O, 220 232
methionine on Pd/y-ALOj; 67 72
PVA/Pd/y-ALO, 90 112
methionine on PVA/Pd/y-AlL, O, 2307 130

“This factor corresponds to the enhancement of the solvent (TCE), as
the resonances from the sample were too weak to be detected in the
absence of microwaves. For PVA/Pd/y-Al,O;, the enhancement factor
of the solvent resonance was 162, while that of the sample was only 90.

the presence of Pd nanoparticles, permitting a more extensive
SSNMR characterization.

BC{?7Al} RESPDOR. Experimental Approach and Data
Analysis. To gain a greater insight into the location of the
adsorbates at the catalyst surfaces we first attempted to adapt
the approaches used for silica materials and perform *’Al{'H}
HETCOR experiments. For these experiments, we used a Pd/y-
ALOj; catalyst that was impregnated with natural abundance
PVA as a benchmark because this material has a high carbon
content (~10% w/w). Unfortunately, the *’Al{'"H} HETCOR
spectrum does not feature any resonances attributable to the
"H nuclei of the PVA coating. Instead, it is dominated by
correlations to physisorbed water, represented by a broad 'H
peak centered at ~4.5 ppm (see Figure S2 in the Supporting
Information).*” Evidently, the higher-resolution afforded by 1*C
NMR spectroscopy is needed to identify such intermolecular
contacts. We have thus opted to use dipolar recoupling to
probe the C—Al proximities directly with high resolution.

Dipolar recoupling experiments for the measurement of
internuclear distances between a spin-1/2 nucleus and a
quadrupolar nucleus, such as *’Al (spin, I = 5/2), have reached
a mature state. The most recent of these techniques, namely
RESPDOR™ and low amplitude/low alpha rotational-echo
double-resonance (LA-REDOR),** enable the facile measure-
ment of distances to quadrupolar nuclei possessing small-to-
moderate quadrupolar coupling strengths. The RESPDOR
experiment, in particular, has been applied for the measurement
of proximities and distances between '*C and *’Al spins in bulk
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materials where the use of a frequency—sglitter is required due
to the spins’ similar Larmor frequencies.”

RESPDOR involves the acquisition of two spin echo data
sets in which heteronuclear recoupling is applied at the *C
frequency. In one data set (S) the *’Al spins are saturated at the
midway point, whereas in the reference data set (S,) no pulses
are applied at the *’Al frequency. The extent of *C dephasing
by the *’Al pulses, which is due to the recoupling of *’Al to the
3C spins, is reported as the normalized difference between the
two data sets (AS/S,). Plots of AS/S, as a function of the
recoupling time (f,..) can be fit via a master equation to extract
the internuclear distance.>® For alumina, however, an additional
complication occurs due to the simultaneous recoupling of
multiple *C—*"Al spin pairs. Luckily, the RESPDOR experi-
ment, which uses heteronuclear zero-quantum recoupling, is
not affected by dipolar truncation®” (similarly to REDOR). The
total dephasing for an arbitrary number of *’Al spins can thus
be calculated relatively easily using a formalism similar to one
proposed earlier for REDOR,” leading to the following
equation, the derivation of which is detailed in the Supporting
Information.

2 b4 2
=1- i f / H?:l l
4 Jo o Jo 6

S (D,-m
—cos
18 2

17/ 1
sin 2/3 sin ai) + ;cos(ZDiTﬂ' sin 2/3 sin a,)

as
SO

+

2
sin 2/3 sin ai) + gcos(Di‘[ﬂ sin 2/3 sin a,)

+ o
6

!
—cos
18

In this equation a powder average is performed around the
orientation of a central C—Al vector whose orientation is
described by three Euler angles: @, f, and y. All other C—Al
spin pairs, having dipolar coupling constants of D, are related
to that orientation; their Euler angles correspond to ¢; and f,
where i is an index identifying a particular spin pair. A scaling
factor (f) is included to compensate for incomplete saturation
of the *’Al spins.” Using this equation, RESPDOR dephasing
curves can be calculated in a short period of time for spin
systems of arbitrary size. We have confirmed the validity of this
equation by comparing it, in the context of REDOR, to the
exact numerical result (from SIMPSON™) as a function of the
relative orientation of the dipolar coupling tensors (see Figure
S3 in the Supporting Information).

In this work, a model based on the 100 surface of y-Al,O,
was used to approximate the ensemble of *C—*"Al distances
found at the surface (see Figure 3).*" From this model, the
values of D, @, and f; can be calculated for each spin pair using
only the distance between carbon and the central aluminum
atom as a variable. This distance is used as a definition of the
distance to the alumina surface.

PVA-Impregnated Pd/y-Al,O; Catalyst. The DNP-en-
hanced *C{*’Al} RESPDOR curves for the PVA-impregnated
Pd/y-AlL,O; catalyst are shown in Figure 4. Resonances are
observed from the PVA coating itself (45 and 64 ppm, labeled
A and B in Figure 4), as well as from butyric acid (oxidized
solvent from the catalyst preparation method, 184, 39, 19, and
14 ppm; labeled C, D, E, and F, respectively) and dehydrated
PVA (130 ppm).® All of the resonances were dephased by a
BC—*Al dipolar interaction, with the exception of the

SDzm

sin 2/3 sin a,.)] sin f da df dy
(1)
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Figure 3. Model of the y-AlO; surface used to simulate the *C{*’Al}
RESPDOR curves. Each circle corresponds to an Al atom while the
shade indicates the depth of the Al site within the material. The C
atom is assumed to be directly above the central Al atom. This C—Al
distance is considered to be the distance to the surface.

resonances from the solvent (1,1,2,2-tetrachloroethane, 75
ppm) and from the unsaturated carbon atoms of dehydrated
PVA.

The C—Al distance measured for the carbonyl of butyric acid
(2.5 A) corresponds to that expected for carbonyl coordinated
to a surface aluminum site. The C—Al distances for the
remaining carbon atoms increase for carbons C2—C4 in butyric
acid (D, E, and F, respectively), yet remain sufficiently short
(3.6—4.4 A) to imply that the carbon chain is lying close to the
surface (Figure 4c). The measurement of such short distances
also suggests that the surface species have very restricted
motions, although the progressive decrease of the dipolar
coupling down the chain may be caused by slight librations.
Similar distances are observed from the carbon atoms of PVA,
indicating that it interacts with the surface by hydrogen
bonding interactions rather than by coordination to aluminum.
By the same token, when PVA is dehydrated, rendering it void
of hydroxyl sites, no interactions to the surface are observed, as
evidenced by the lack of dephasing of the peak at 130 ppm.
These unsaturated sites are then situated within the pore and
away from the support surface. Note that the PVA—surface
distances measured here (~4.5 A) are in perfect agreement
with the S A reduction in pore radius measured by N,
physisorption, suggesting that a monolayer of PVA is formed
on the pore walls.

Although the RESPDOR data cannot comment on the
identity of the aluminum sites that butyric acid is binding,
surface-selective DNP-enhanced *’Al PRESTO-III spectra show
a relative decrease of the four-coordinate aluminum sites in this
sample (Figure SS in Supporting Information). This finding
suggests that butyric acid is coordinating to four-coordinate
aluminum surface sites, thus creating new six-coordinate sites.

Methionine-Impregnated y-Al,0;. We have performed
similar *C{*’Al} RESPDOR experiments on a y-Al,O; sample
impregnated with methionine to elucidate its interactions with
the surface (Figure 5). Resonances corresponding to intact
methionine (15, 31, 53, and 180 ppm; labeled A, B, C, and D),
as well as one representing the carbonate produced by the
oxidation of methionine (164 ppm, labeled E), can be observed.
All resonances were dephased by an interaction with ’Al. We
were, unfortunately, unable to measure a meaningful portion of
the dephasing curve for the a-carbon of methionine (C) due to
the rapid decay of the signal, likely caused by the strong
BC—MN interaction. Similar to the results obtained with
butyric acid, the carbonyl of methionine is coordinated to the
alumina surface, as is the carbonate species. We can also
conclude that the chain of methionine is resting prone to the
surface, see Figure Sc. The reduced dynamics at low
temperature, that likely strengthen the S—Al interactions, may

DOI: 10.1021/jacs.6b11408
J. Am. Chem. Soc. 2017, 139, 2702—2709


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11408/suppl_file/ja6b11408_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11408/suppl_file/ja6b11408_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11408/suppl_file/ja6b11408_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11408/suppl_file/ja6b11408_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b11408

Journal of the American Chemical Society

D E
(a) F
AB
C
So
S
Vé§fv‘J\M”AHv~wﬂwvmwAﬁwhvjkaWMJ\WNwaMwwM
200 175 150 125 100 75 5 25 0
3(13C) / ppm
(b)
1.0 10
Tt ] T
l,Q':’o,e HO | Fos| T ],
Q04| 44A Jo4l 40A
0.2 0.2 s
o < A B
0 1 2 3 4 s 00
trec/ Ms
1.0 = 1.0
08 \/\?:\m 0.8
So8| 25 A { 508
Lo Doa4
02 0.2
0.0 0.0 3
trec/ Ms
1.0
1.0 5
0.8 0.8
o o O—Al
506 506 .
A A
Do So4
0.2 0.2
F
0.0 0.0 ; ‘
0 2 4 6 8 0 2 4 6 8
trec/ MS trec / Ms
() =
HO HO HO I\
0”0

Al,O3

Figure 4. ”Al{"*C} RESPDOR spectra and curves for a Pd/y-ALO;
catalyst coated with natural abundance PVA. (a) *C NMR spectra
corresponding to the S, Sy, and AS signal fractions with a 1.2 ms
recoupling time. (b) AS/S, fractions for individual *C resonances,
error bars correspond to the noise-to-signal ratios. The best-fit
distances to the surface are marked in accordance with the spectra.
The conformations solved by RESPDOR are shown in (c).

be the cause of the slightly higher methyl chemical shift
observed here, when compared to the room temperature data
shown in Figure 1. Note that the dipolar dephasing experiments
performed on this sample have shown that this chain is far
more dynamic at room temperature and thus the prone
configuration is likely short-lived at higher temperatures.””
Methionine-Impregnated Pd/y-Al,0;. The results of *C-
{*’Al} RESPDOR experiments performed on a methionine-
impregnated Pd/y-Al,Oj catalyst are shown in Figure 6. Again,
all of the resonances from intact methionine (19, 31, 54, and

2707

A
(@)
P B
S() E
*
5 /\}\ 5
AS___ N A
T T T T T T T T T
20 175 150 125 100 75 50 25 0
8(13C) / ppm
(b)
1.0 N 1.0 o
08| Qg 0 08| ~g 0
o o S [¢]
W06 w06
a_ | 46A S| 45A
<10.4 <04
i
0.2 02
A B
0.0 < 0.0
0 1 2 3 4 5
trec/ Ms
1.0 1.0
0.8 0.8
(@) (=]
K06 K086
Qo4 Qo4
0.2 0.2

0.0
00 05 10 15 20 25 30
trec/ Ms

0.0
00 05 10 15 20 25 3.0
trec/ Ms

(c)

Al,O3

Figure 5. ’Al{"*C} RESPDOR spectra and curves for *C-enriched
methionine adsorbed onto y-Al,O;. (a) *C NMR spectra,
corresponding to the S, Sy, and AS signal fractions with a 1.2 ms
recoupling time, an asterisk marks the position of a methylene peak
from a sulfoxide impurity. (b) AS/S, fractions for individual *C
resonances; error bars correspond to the noise-to-signal ratios. The
best-fit distances to the surface are marked in accordance with the
spectra. (c) Conformations solved by RESPDOR.

178 ppm), as well as carbonate, are observed. Surprisingly, the
carbon—surface distances determined from RESPDOR signal
dephasings are largely unaffected by the presence of the
nanoparticles. We can still unambiguously observe that
methionine coordinates with the alumina surface through its
carbonyl and lies lengthwise on the support surface. These
results are particularly interesting given that methionine’s
coordination to the Pd nanoparticle was confirmed by SSNMR,
XPS, and XANES measurements. Taken together, the data
show that methionine must be simultaneously coordinating
through S to the Pd nanoparticle and through the carboxylate
to the alumina support at an interfacial site (Figure 6¢). Such
interfacial sites are important for many catalytic processes."”
Note that there is undoubtedly some variability in the carbon—
surface distances not reflected by the numbers given in the
figure. Remarkably, the interfacially bound methionine does not
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Figure 6. ’Al{"*C} RESPDOR spectra and curves for *C-enriched
methionine adsorbed onto Pd/y-AlL,O;. (a) C NMR spectra
corresponding to the S, Sy, and AS signal fractions with a 1.2 ms
recoupling time. (b) AS/S, fractions for individual '*C resonances,
error bars correspond to the noise-to-signal ratios. The best-fit
distances to the surface are marked in accordance with the spectra. (c)
Conformations solved by RESPDOR.

degrade in air, which suggests that the interaction with alumina
can stabilize methionine against oxidation. The previously
observed oxidation reactions likely occur when methionine
reacts in air at a Pd site situated far from the Al,O;—Pd
interface. These reactions lead to previously identified
degradation products;** the signals from these low coverage
products® were too weak to be detected by RESPDOR.

This level of detail about the behavior of interfacial
nanoparticle-support sites in the presence of catalyst inhibitors
could not have been obtained by any other means. RESPDOR
experiments also show that this coordination is independent of
the presence of PVA (see Figure S4 in the Supporting
Information). We have recently shown that PVA-derived

2708

microenvironments stabilize reduced metal catalysts by
unfavorably solvating polar species.*’ In the case of interfacially
bound methionine, the polar group is coordinated to the Al,O;
surface, rendering the PVA less effective at preventing the
adsorption of these species and potentially providing an
explanation for the residual deactivation observed in the
previous work in this area.”

B CONCLUSIONS

We have shown that elusive interfacial sites at the surface of y-
AlL,O; can be scrutinized by DNP-enhanced '*C{*’Al}
RESPDOR experiments. Specifically, we determined the
intermolecular interactions between a protective PVA coating,
with natural *C abundance, and the surface of a Pd/y-Al,O,
catalyst. Furthermore, we discovered that methionine, a
commonly encountered inhibitor of reduced metal catalysts,
binds to interfacial Pd sites and is stabilized by coordinating to
Al,O; through its carbonyl group. This important new
methodology can be applied to measure coordination geo-
metries and conformations of other dilute organic species at
alumina surfaces, and to establish structure—activity relation-
ships in many industrially relevant heterogeneous catalyst
systems.
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