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ABSTRACT:Differential pair distribution function analysis
was applied to resolve, with crystallographic detail, the
structure of catalytic sites on the surface of nanoscale γ-
Al2O3. The structure was determined for a basic probe
molecule, monomethylamine (MMA), bound at the min-
ority Lewis acid sites. These active sites were found to be
five-coordinate, forming distorted octahedra upon MMA
binding. This approach could be applied to study the
interaction of molecules at surfaces in dye-sensitized solar
cells, nanoparticles, sensors, materials for waste remedia-
tion, and catalysts.

Solid acids find widespread industrial application as hetero-
geneous catalysts, including in hydrocarbon cracking and

producing halocarbon-based refrigerants.1�3 However, direct
determination of the structure of the active acidic surface sites
remains elusive. The structural uncertainty derives from the
inherent difficulty in differentiating minority surface sites from
the bulk using standard spectroscopic and structural character-
ization tools. Conventional scattering probes of surface structure
(e.g., crystal truncation rod or X-ray standing wave analysis)
require single crystals. Many important acid catalysts cannot be
prepared as single crystals. This is particularly true for transition
or metastable forms of aluminas, widely used catalysts and
catalyst supports, which include γ-Al2O3, the prototypical acid
catalyst. The flexible alumina geometries tolerate a wide range of
distortions and coordination numbers (four, five, six). Although,
much has been inferred by studying model molecular analogues
and crystalline zeolites, a direct experimental probe that recovers
accurate distances and site geometries has not yet been realized.
Previous studies investigating the nature of the Lewis acid sites
on γ-Al2O3 have applied solid state NMR,4 vibrational spectros-
copy (Raman and infrared),5 computational methods,6 tempera-
ture-programmed desorption,7 and electron microscopy.8 While
these allow us to quantify the number and type of acid sites, the
insights provide far from the crystallographic level of detail
needed to predict and optimize reactivity.

By directly measuring atom�atom distances between a basic
probe molecule and the surface, we unravel the geometry of
the coordinately unsaturated Lewis acid site on the surface of
γ-Al2O3 with crystallographic detail. We probe the surface struc-
ture using differential pair distribution function (d-PDF) mea-
surements of monomethylamine (CH3NH2) bound to acid sites
on γ-Al2O3. The d-PDF approach selectively recovers only the
atom�atom distances involving the bound molecules: correlations
within the MMA probe molecule and between the MMA and the
surface.

High surface area (402 m2 g�1, see Supporting Information),
γ-phase aluminum oxide was prepared via hydrolysis of aluminum
ethoxide.9 The sample was loaded into a flow cell,10,11 dried in situ
under helium at 673K for 2 h, and immediately cooled to 80K.Data
suitable for PDF analysis were collected at the Advanced Photon
Source at beamlines 1-ID-C and 11-ID-B. Data were obtained for
the dehydrated sample in helium and after exposure to eitherMMA
orN2 gas.High-energyX-rays (∼77 keV,λ=0.1612Å;∼60 keV,λ=
0.2128 Å) were used in combination with an amorphous silicon-
based area detector.12 The PDFs, G(r), were obtained from the
X-ray scattering data as described previously.12

The bulk structure of the γ-Al2O3 was verified by refining a
model against the PDF emulsion data for the nonloaded,
dehydrated material (Figure 1). The structure consists of corner-
and edge-sharedAl octahedra and tetrahedra. A tetragonally distorted
c-centered model and a cubic spinel model were tested.13 The
tetragonal model provided a better fit to the data (Rw ∼27%); a fit
of comparable quality to that reported for boehmite-derived
γ-Al2O3.

14 Features in the residual at short distances indicate that
some local structure distortions are not fully described by this model.
The absence of correlations beyond ∼35 Å indicates that the
γ-Al2O3 exists as nanoparticles of ∼3.5 nm diameter.15 This is
consistent with the high surface area of the sample.

The d-PDF was obtained by subtracting a reference PDF,
collected for the dehydrated sample under He, from the PDF of
the MMA-loaded sample (Figure 1). The d-PDF contains both
intramolecular correlations within the MMA molecule and corre-
lations arising from interaction of the MMA molecule and the
γ-Al2O3 surface. Being a strong base (pKa = 10.62), of strength
similar to that of trimethylphosphine, MMA binds to all acid sites.
MMAwas selected as a probemolecule over a simplermolecule, such
as ammonia, so that the intensity of the N�C correlation could be
used as a reference to quantify the relative loading level. Larger probe
molecules, such as trimethylphosphine, have more intramolecular
correlations which would unnecessarily complicate the analysis.

Several well-defined correlations are evident in the d-PDF at
low r. These occur at distances below 2.5 Å, centered at 1.09,
1.45, 2.00, and 2.38 Å. The MMA molecule has C/N�H
distances of ∼1.1 Å, and a C�N distance of ∼1.48 Å.16 The
presence of additional well-defined correlations not intrinsic to
the probe molecule (2.00 Å, 2.38 Å) indicated that the MMA
forms strong bonds to the surface acid sites. By contrast, d-PDFs
for physisorbed gases are generally broad (Figure 1), with
features at longer distances, as seen for N2 within the nanopores
of a Prussian blue analogue.17 Due to the low Z of the atoms
involved, it would not be possible to gain these insights from an
EXAFS experiment.
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The well-defined intermolecular correlations between the
bound MMA and the γ-Al2O3 were tentatively assigned on the
basis of relative distance. The shorter correlation (2.00 Å) was
assigned to direct bonding of the amine at the Lewis acid site
(N�Al). The longer correlation (2.38 Å) was assigned to the
next-nearest neighbor distance between the amine and the Al-
coordinated O atoms (N 3 3 3O). d-PDFs were calculated for
structural models based on these assignments. A model of MMA,
based on the bond lengths indicated in the data, was treated as a
rigid body, iteratively varying its distance and orientation relative
to the surface. A model with four N 3 3 3O correlations per MMA
molecule yielded a significantly better fit to the data than one
with only three N 3 3 3O correlations. This indicated that Lewis
acid sites are five-coordinate (AlO5), and not four-coordinate, in the
unreacted state, leading to a six-coordinate MMA-bound Al. The
five-coordinate nature of the acid sites is consistent with solid state
NMR studies of this system,9 where fluorination of the surface Al
exclusively consumes the five-coordinate Al. Rotation of the MMA
about the Al�N bond did not significantly impact the quality of the
fit, suggesting that theMMA is free to precess about this bond. The
N 3 3 3O and N�Al distances in the d-PDF suggest a distortion of
the Al octahedra, with the Al displaced below the plane of four O
atoms by ∼0.45 Å. The model and fit are shown in Figure 2.

The absence of sharp features in the d-PDF beyond 2.5 Å is
consistentwith increaseddisorderbetween the surface and the remote
methyl group in theMMA. Specifically, theMMAmolecule is free to
rotate about the N�Al bond and forms no well-defined correlations
with the γ-Al2O3. The broad feature at∼4 Å can be attributed to the
distance between the dynamicmethyl group and theγ-Al2O3 surface.

The Al�N bond length of 1.94 Å, found here for γ-Al2O3-
bound MMA, is within the range of distances reported for amine
ligands coordinated to organometallic aluminum clusters (1.88�
2.05 Å),18,19 molecular analogues used to understand Lewis acid
sites in γ-Al2O3. However, most of these clusters involve tetra-
hedrally coordinated Al, a limitation of analyzing discrete molecular
clusters to understand active surface sites. Only one example has an
octahedral aluminum environment (dAl�N ≈ 2.05 Å).18

The data indicate that binding of MMA does not significantly
perturb the surface structure. This is evidenced by the invariance of
long distances in the PDF, which remain unchanged upon MMA
binding. However, even if surface reorganization were evident,
distortions of the AlOx polyhedral would minimally impact the
low r region of the d-PDF (<2.5 Å) which contains the correlations
characteristic of the bound MMA.

The application of d-PDF methods enabled us to identify the
structure of the Lewis acid sites in γ-Al2O3, which are minority
sites on the surface of nanosized particles. These acid sites
account for 1 in 8 surface Al in such sol�gel derived γ-Al2O3

9

or, for this system with 400 m2 g�1 surface area, approximately 1
in 50 of all Al or∼1.6 wt % bound MMA. This surface structure
analysis was only made possible using the differential approach;
direct refinement of models for the MMA-loaded sample would
be nearly impossible due to ambiguity in the model for the bulk
γ-Al2O3, such that the contribution from the surface-bound
MMA is smaller than the residual to the fit of the bulk phase.
This analysis provides crystallography-like structural detail relat-
ing to binding at active surface sites. This level of structural
resolution is needed to compare to real materials with computa-
tional simulations. This approach could be applied to other areas
where the interaction of molecules at surfaces is important, such
as dye-sensitized solar cells, nanoparticles, sensors, materials for
waste remediation, and catalysts.
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Figure 1. (a) PDF, G(r), measured for γ-Al2O3, the calculated PDF for
the best model fit to the data, and the residual to the fit. (b) d-PDF was
obtained by subtracting a reference PDF collected for the dehydrated γ-
Al2O3 from that measured for the MMA-loaded sample. The differential
corresponding to physisorbed N2 is given for reference.

Figure 2. (a) Low r region of the d-PDF. The PDF calculated for the
model of MMA-bound at the surface acid sites is shown in black. Atomic
distances were estimated from Gaussian functions fit to well-defined
features in the PDF. (b) The model of the bound-MMA. The bonds are
colored to match the corresponding Gaussian peak.
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