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NMR and Theoretical Study of Acid Sites
Formed by Adsorption of SO; onto Oxide
Surfaces**

Jinhua Zhang, John B. Nicholas,* and James F. Haw*

The structure and function of acid sites formed by the
treatment of oxide surfaces with sulfur compounds is a current
problem in heterogeneous catalysis.!] While many studies
have considered hydrogen sulfate surface complexes as the
locus of solid acidity in such materials, other acidic surface
sites have also been proposed, including those formed from
adsorbed SO;. Haase and Sauer recently reported a periodic
ab initio theoretical study of sulfuric acid adsorbed on low-
index surfaces of ZrO,.?! One of the stable structures they
found on ZrO,(001) was a tridentate-adsorbed SOj; species.
This conclusion was consistent with an experimental study of
Babou and co-workers, who on the basis of infrared studies
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concluded that adsorbed SO; formed on sulfated zirconia
prepared by using sulfuric acid as the sulfur source.l!
Yamaguchi and co-workers found that generation of strong
acid sites on Fe,O; was independent of the sulfur source
including sulfate, SO,, and SO;.14

We treated various oxide materials with SO; and studied
them using a combination of solid-state NMR spectroscopy
and theoretical methods.”] Here we report results obtained
for a material prepared from silica gel (SO4/silica) and one
prepared from zirconia (SOj/zirconia). Figures 1a and 1b
show the '"H MAS NMR spectra of activated silica and SO,/
silica following evacuation at 473 K, respectively. Activated

1H 5§=19
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Figure 1. 359.7 MHz '"H MAS NMR spectra and 50.1 MHz 3C MAS NMR
spectra characterizing activated silica and SOy/silica: a) '"H MAS spectrum
of activated silica; b) 'H MAS spectrum of SOs/silica; ¢) *C MAS spectrum
of acetone-2-1C on silica; d) *C MAS spectrum of acetone-2-*C on SO/
silica. Asterisks (*) denote spinning side bands. All spectra were acquired
at 298 K.

silica displays isolated silanol groups at 6 = 1.9, but SOs/silica
has a new resonance signal at 4 =10.6. The "3C isotropic
chemical shift of adsorbed acetone is a useful spectroscopic
probe of relative acid strength.l®) Figure 1¢ shows the °C
MAS NMR spectrum of acetone-2-1*C on activated silica; the
BC shift at 0 =210 indicates hydrogen bonding but negligible
acidity. Figure 1d shows the *C MAS NMR spectrum of
acetone-2-*C on SOg/silica. The peak due to unreacted
acetone is at 0 = 217, this shift indicates acidity, but of slightly
lower strength than zeolite HZSM-5, which induces an
acetone shift at 6 =223. Figure 1d also shows small peaks at
0 =211 and 189, due to mesityl oxide, which forms from the
acid-catalyzed reaction of acetone.!)

We probed the nature of the acid sites formed by SO;
treatment by measuring the "N MAS NMR spectra of N-
pyridine on both materials.”? The "N spectrum of pyridine on
silica (Figure 2a) shows only hydrogen-bonded pyridine (6 =
—88) and a small amount of “free” pyridine (6= —065).
Figure 2b shows that much of the pyridine on SOj/silica is
protonated by Brgnsted sites (0 = —174). Figure 2c¢ is the "N
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Figure 2. 36.5 MHz SN CP/MAS NMR spectra of *N-pyridine on the four
oxide materials (0.3 mmolg~' on silica materials and 0.2 mmolg~' on
zirconia materials). a) Silica; b) SOs/silica; c) zirconia; d) SOs/zirconia. All
spectra were acquired at 123 K. Asterisks (*) denotes spinning side bands.

spectrum of pyridine on zirconia; the pyridine is complexed to
Lewis sites on this sample and resonates at 6 = —101. The
thermal stability of SOs/zirconia is remarkable; much of the
SO; initially adsorbed remains on the surface after evacuation
to 773 K. Figure 2d shows that this material contains Brgnst-
ed (0 = —180) as well as Lewis (0 = — 106) sites. The latter are
presumably the adsorbed SOj; species described by Hasse and
Sauer.

We applied theoretical methods to model the Brgnsted sites
formed by treatment of silica with SO;. We used cluster
models based on of -cristabolite to approximate the catalysts
and density functional theory to optimize the geometries of
the reaction products. Initial calculations used a cluster of
stoichiometry Si,O,;H,,, fixing the terminal OH groups in
crystallographic positionsl® and optimizing the inner nine
atoms of the cluster and the adsorbed SOj;. Final energies
were calculated by using a cluster to which an additional shell
of atoms was added (Si;;03H,). We considered both the
interaction of SO; with the silanol lone pairs in a dative
fashion, and as an insertion complex which creates an ester of
hydrogen sulfate bound to the silica surface (Figure 3). The
reaction of SO; with the surface silanol to form a dative
complex is exothermic by 5.1 kcalmol~!. Formation of the
hydrogen sulfate ester is further exothermic by 5.0 kcalmol~!.
The theoretical deprotonation enthalpy of the ester is
294 .4 kcalmol !, whereas it is 290.2 kcalmol ' for the dative
complex. For comparison, the deprotonation enthalpy of the
unactivated silanol group is 326.3 kcalmol~, in good agree-
ment with the experimental value of 332.2 4-6.0 kcalmol .
The ester is predicted to be a much stronger acid than the
unactivated surface silanols. In fact, the calculated acidity of
the ester is comparable to that of a similar model of zeolite
H-ZSMS5 at the same level of theory (294.1 kcalmol—!). These
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Figure 3. Optimized B3LYP/DZVP2 geometry of the hydrogen sulfate
ester formed by reaction of SO; on fS-cristabolite.

theoretical values compare to experimental deprotonation
enthalpies for ZSM-5 of 291 —300 kcal mol-.[]

In summary, NMR experiments confirm that adsorption of
SO; onto oxide surfaces introduces acid sites. On SO;/ZrO,,
both Lewis and Brgnsted sites are present, and theoretical
modeling, in agreement with NMR studies, supports the
formation of Brgnsted sites on SO4/silica.

Experimental Section

Electronic grade silicon(1v) oxide (Puratrem, 99.999 % ) was obtained from
Strem. This was evacuated at 873 K, cooled to 298 K, and then contacted
with SO; (0.8 mmol g!). SOy/silica samples were evacuated at 473 K prior
to investigation. Zirconia was prepared by the hydrolysis of zirconyl
chloride octahydrate (98 %, Aldrich), followed by washing and drying the
gel. All zirconia samples were first calcined at 773 K for two hours in
flowing air. SO; (1.43 mmol g~') was adsorbed at 298 K and all samples of
SOs/zirconia were further evacuated at 773 K before study. 'H and "N
MAS NMR spectra were measured at 9.4 Tesla on a Chemagnetics CMX-
360 spectrometer and *C MAS NMR spectra were measured at 4.7 Tesla
on a home-built spectrometer.

Theoretical calculations were performed by using Gaussian 94"l and the
B3LYP!" exchange-correlation functional and the DZVP2[3] basis set. The
terminal O and H atoms were held fixed in crystallographic positions, with
the OH bond lengths set to 0.9675 A. Frequency calculations on
H;SiOHSO; and H;SiOSO;H were used to estimate the zero-point and
thermal energy contributions for the determination of the deprotonation
enthalpies of the larger models.
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Syntheses, Structures, and Magnetic Properties
of Two Gadolinium (1) — Copper (1)
Coordination Polymers by a Hydrothermal
Reaction**

Yucang Liang, Rong Cao,* Weiping Su,
Maochun Hong,* and Wenjian Zhang

Studies on the syntheses, structures, and properties of
lanthanide —transition metal complexes are currently of great
interest because they are good models to investigate the
nature of the magnetic exchange interactions between 3d and
4f metal ions in magnetic materials that contain rare earth
metals.'>] Many such studies focused on discrete complexes,
which were synthesized from conventional, self-assembly
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