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Abstract

Chemical reactions catalyzed by solid acids and bases often require that reactants, intermediates, or activated complexes
interact with several surface functions. Concerted and sequential bifunctional pathways also occur in homogeneous and
enzyme catalysis. Hydrogenation and dehydration reactions require acid-base site pairs of intermediate strength, because such
sites can form, stabilize, and discard adsorbed intermediates during a catalytic turnover. Deuterium exchange and H-H
dissociation reactions also occur on acid—base pairs present in single-component or binary oxides and in supported oxide
clusters. Hydrogenation of aromatic acids, dehydration of alkanols and methanolamine, condensation of alcohols, and
deuterium exchange provide specific examples of bifunctional acid-base catalysis. Dehydration and dehydrogenation
reactions of alkanols, widely used as probes of acid or base sites, probe instead the density and chemical properties of acid—
base site pairs. Concerted bifunctional pathways require that sites co-exist within molecular distances. On surfaces, the
inappropriate location of these sites can prevent concerted interactions, but rapid transfer of intermediates via surface or gas
phase diffusion leads to kinetic coupling between distant sites and to sequential bifunctional pathways. These bifunctional
sequences overcome proximity requirements by equilibration of adsorbed species throughout surface regions containing
several types of sites. Diffusion of alkenes in the gas phase couples dehydrogenation and acid sites during r-alkane
isomerization on bifunctional tungsten carbides modified by chemisorbed oxygen. These bifunctional surfaces form Bronsted
acid sites by surface migration of H adatoms from WC to WO, sites. Acid (or base) sites and H, dissociation sites on surfaces
interact via surface diffusion of H adatoms. This leads to bifunctional alkane and alkanol reactions via kinetic coupling of C-H
or O-H bond activation and hydrogen adsorption-desorption steps. Propane dehydrogenation on H-ZSMS5 modified by
exchanged cations, n-heptane isomerization on ZrO, doped with WO, and Pt, and alcohol condensation on Cu-promoted
MgsCeO, oxides illustrate the role of kinetic coupling mediated by migration of hydrogen adatoms. In each example, metal
clusters or isolated cations increase the rate of acid or base catalysis by providing a ‘porthole’ for hydrogen adsorption and
desorption.
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solids. This behavior finds analogs in homogeneous
and enzymatic catalysis, in which solvent effects and
amphoteric acid-base properties also lead to con-
certed and sequential interactions of reactants with
acidic and basic sites. On the surfaces of inorganic
solids, concerted interactions may be hindered by the
fixed and inappropriate location of the required cata-
lytic functions. In such cases, sequential interactions
can still influence catalytic paths via migration of gas
phase and surface intermediates. One specific example
is the rapid migration of hydrogen species on surfaces
at typical catalytic temperatures, which allows com-
munication between acidic (or basic) sites and H,
dissociation sites, leading to bifunctional activation
of C-H bonds in alkanes and alkanols.

This review describes recent examples of bifunc-
tional pathways in heterogeneous catalysis with
emphasis on reactions requiring acidic or basic sites
for one or more of the required catalytic steps. The
chosen examples cover a wide range of catalytic
reactions and materials in order to illustrate the ubi-
quitous requirement for multiple interactions between
molecules and surfaces in the formation and conver-
sion of reaction intermediates. The term bifunctional
catalysis is used with some concern, because in some
examples of acid-base catalysis the two required
functions may consist simply of a conjugate acid—
base pair.

2. Bifunctional pathways in homogeneous and
enzymatic catalysis

An often cited example of bifunctional homoge-
neous catalysis is the mutarotation of glucose, which
occurs much more rapidly in the presence of mole-
cules containing weakly acidic and basic functions
than on stronger basic or acidic molecules [1-4]. The
concerted interaction of the OH group in tetramethyl-
glucose with a basic group, such as the nitrogen atom
in 2-hydroxy-pyridine, and the ring oxygen atom in
glucose with the acidic OH group in 2-hydroxy-pyr-
idine leads to reversible ring opening with intervening
rotation along a C—C bond. Mutarotation reaction rates
are much faster with 2-hydroxy-pyridine than with
stronger acid catalysts, such as phenol, or stronger
bases, such as pyridine, which lack a strong corre-
sponding conjugate function. The presence of proton

acceptor and donor species in 2-hydroxy-pyridine
catalyzes the transfer of hydrogen from the OH to
the ring oxygen in glucose with the concomitant
opening of the glucose ring. Similarly, weak car-
boxylic acids catalyze these reactions much more
efficiently than stronger mineral acids, because of
the basic properties of the carbonyl oxygen in car-
boxylic acids [3,4].

The enzyme-catalyzed hydrolysis of phosphate di-
ester linkages in RNA by ribonuclease A also appears
to involve a concerted interaction of RNA with acidic
and basic sites in the enzyme [5,6]. Hydrolysis rates of
polyuridylic acid molecules, containing phosphate
diester linkages similar to those in RNA, reach a
maximum value when imidazole (Im) groups in
enzyme mimics reach an intermediate state of proto-
nation by varying the solution pH. Nitrogen groups in
unprotonated imidazole abstract a proton from OH
groups near ester linkages and the protonated imida-
zole (ImH™) protonates one of the oxygen atoms in the
phosphate group (Scheme 1) in a first step, followed
by the addition of water to the terminal phosphate
group. With homogeneous enzyme mimics, the acid
and base catalytic species act in a sequential fashion.
In actual enzymes, it is likely that the interactions of
RNA with both functions occur in a concerted manner
aided by the precise and fixed location of these func-
tions within the enzyme molecule.

This concept of bifunctional acid-base pairs has
also been used in the design of enzyme mimics for the
cleavage of ester linkages in the deacylation of p-
nitropheny! acetate [6]. The synthesis of molecular
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Scheme 1. Cleavage of phosphate diester linkages in ribonucleic
acid via acid-base bifunctional catalysis [5].
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Scheme 2. Bifunctional acid-base pathways for the addition of aniline to coordinated salicylic aldehyde using alcohols (ROH) as co-catalysts

[8].

catalysts containing a basic function provided by the
nitrogen in a imidazolyl group and an acid function
provided by an acidic OH group in a resorcinol moiety
leads to much faster rates than on the individual basic
and acid components or on mixtures of basic imida-
zole and acidic resorcinol molecules.

Bifunctional acid—base pathways are also involved
in reactions catalyzed by cationic transition metal
complexes. Halpern [7] showed that H; dissociation
by Cu®" ions in solution proceeds via a concerted
interaction of the H, molecules with a Lewis acid
(Cu®*") and a basic oxygen in coordinated water
molecules. H atoms associated with Cu centers retain
a net negative charge, while H atoms interacting with
water molecules acquire a net positive charge. Zamar-
aev et al. [8] have shown that the addition of aniline to
derivatives of salicylic aldehydes using Cu®*" and
Zn*" as coordinating agents for the aldehydes pro-
ceeds via a hydrogen atom transfer involving acid-
base pairs and requiring the presence of organic
alcohol co-catalysts (Scheme 2). The organic alcohol
co-catalyst acts as a Bronsted acid and the nitrogen
group in aniline as the base in hydrogen transfer steps
required for both the addition of aniline and the
subsequent dehydration of the carbinolamine inter-
mediate. The metal center acts as a coordinating agent,
but appears to play a minor role in this concerted acid—
base hydrogen transfer mechanism.

3. Early examples of bifunctional heterogeneous
catalysis

Bifunctional reaction pathways in heterogeneous
catalysis were first proposed for the isomerization
of n-alkanes and naphthenes in catalytic reforming
reactions [9,10]. Metal or redox sites catalyze dehy-
drogenation reactions and the resulting unsaturated

intermediates are protonated on Bronsted acid sites.
These protonated species then rearrange via carboca-
tionic pathways similar to those proposed for the
formation of isoalkenes and cyclic hydrocarbons using
homogeneous liquid acids as catalysts. Isoalkenes are
then hydrogenated on metal sites to form thermo-
dynamically favored alkanes. This type of bifunctional
catalysis involves the gas phase migration of unsatu-
rated molecules between acid and metal sites over
significant distances within catalyst pellets. Bifunc-
tional dehydrogenation reactions were also proposed
in order to explain the synergy between acid sites and
Mo or Cr cations in the conversion of cyclohexane to
benzene on Cr,03/Al,03 and MoO,/Al,O; catalysts
[11]. Gas-phase intermediates are not likely to be
involved in this type of synergistic behavior. The
two sites are likely to communicate instead via the
migration of hydrogen species from acid sites, where
C-H bond cleavage may occur, to metal cation sites
where H-adatoms are removed by recombinative de-
sorption. A similar mechanism was proposed by Fuji-
moto et al. for dehydrogenation of n-alkanes on
carbon-supported Pt catalysts {12]. On these catalysts,
C-H bond activation appears to occur on the carbon
support and H-adatoms are removed by Pt sites that
catalyze their recombinative desorption to form H;.
The requirement for both basic oxygen anions and
acidic protons in OH groups for dehydration of alco-
hols to alkenes on amphoteric oxides such as Al,Os,
which contain basic oxygens, acidic hydroxyls and Al
cation sites, was proposed by Knozinger et al. [13] to
explain the trans-elimination of water and the prefer-
ential formation of cis-2-alkenes. Basic surface oxy-
gens interact with protons in alkanols, while protons in
surface hydroxyl groups interact with the oxygen atom
in the alkanol. Tanabe et al. later suggested that the
unique catalytic properties of ZrO, in dehydration
reactions arise from the presence of weak acidic
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and basic sites on the surface [14—18]. In this proposal,
Zr** cations act as Lewis acids that stabilize anionic
species formed during hydrogen abstraction by basic
oxygen sites. Such site pairs may include metal
cations with orbitals accessible for coordination of
adsorbed molecules. These site pairs appear to be
involved also in the dissociation of H, in alkene
and diene hydrogenation and in H,-D, exchange
reactions on MgO [15,19], Cr,03 [20] and ZrO,
[14,15].

4. Bifunctional reaction pathways involving
acid-base site pairs

4.1. Hydrogenation—dehydrogenation and
dehydration reactions on metal oxides

The catalytic properties of amphoteric oxides with
weak acid-base site pairs often differ from those of
oxides with stronger basic or acidic sites. For example,
the exchange of isopropyl-dg alcohol with OH surface
groups occurs readily on ZrO; at low temperatures, but
not on more acidic alumina and silica—alumina cata-
lysts [15]. ZrO, [21] and ThO, [22] catalyze the
dehydration of 2-butanol to 1-butene with high
(> 90%) selectivity, suggesting the involvement of
anionic carbon species. In contrast, Al,O; leads to the
formation of 2-butenes (> 70% selectivity) [21]. On
ZrO,, 2-butanol dehydration is inhibited reversibly
by the addition of either a base (n-butylamine) or
an acid (CQO,) to the reaction mixture [21]. It appears
that C-H bond activation requires not only a basic
oxygen for proton abstraction, but a site capable of
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stabilizing the anionic product of C—H bond activation
steps (Scheme 3).

This role of acid—base site pairs is similar to the
stabilizing effect of solvent molecules in homoge-
neous acid—base catalysis. On surfaces, this stabilizing
effect is provided by interactions of carbanionic inter-
mediates with the conjugate (Lewis) acid of the basic
surface oxygens or via hydrogen bonding with neigh-
boring surface OH groups. Strongly basic oxides, with
much weaker conjugate acids, or strongly acidic
oxides, with weak conjugate bases, are unable to
activate C—H bonds in hydrocarbons and alcohols or
to dispose of the products of this reaction during a
catalytic cycle.

These catalytic properties of amphoteric oxides are
generally very sensitive to their thermal history, which
establishes the surface density of hydroxyls, oxygen
anions, oxygen vacancies, and coordinatively unsatu-
rated cations. For example, the rate of hydrogenation
of 1,3 butadiene on ZrQ, reaches a maximum when
samples are evacuated at 873 K before catalytic tests
[14]. After such treatments, the rate of H,-D,
exchange also reaches a maximum value. This beha-
vior is consistent with a rate-determining H, dissocia-
tion step in butadiene hydrogenation catalytic
sequences. This step appears to occur on site pairs
consisting of oxygen anions (Bronsted bases) and
coordinatively unsaturated Zr cations (Lewis acids),
which are required for the activation of butadiene and
H,. These site pairs are similar to those required for
the selective hydrogenation of aromatic acids and
discussed below.

Acid-base bifunctional effects have also been pro-
posed in the intramolecular dehydration of monoetha-
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Scheme 3. Activation of C-H [3,4,31], H-H [32] and O-H [13] bonds on metal oxides.
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Scheme 4. Intramolecular dehydration of methanolamine to
ethylenimine [23].

nolamine to ethylenimine (Scheme 4) catalyzed by
Si0, modified by Al, P, or Ti and by alkali ions [23].
On basic oxides, such as CaO and MgO, ethylenimine
selectivity was very low and the predominant reaction
products were acetaldehyde and NHj;. On acidic
oxides, such as TiO,, Si0,—Al,05, and even Si0O,, the
preferred reactions were intermolecular condensations
to form piperazine and its derivatives. The addition of
alkali, specifically Cs or Na, to SiO, or SiPgg0;2
leads to very high yields of ethylenimine. For exam-
ple, methanolamine reactions on Csg ;SiPg 0g02.25 at
647 K and 0.05 bar reactant pressure lead to 79%
ethylenimine selectivity at 70% reactant conversion
[23]. The most effective catalytic solids for intramo-
lecular condensation reactions desorbed NH; and CO,
near room temperature. Infrared studies of the inter-
actions of methanolamine with Csg ;SiPg 030,55 sug-
gest that Bronsted acid sites protonate the amine group
and a Lewis acid—-Bronsted base pair abstracts a proton
from the OH group in methanolamine, via bifunctional
mechanisms previously proposed for alcohol dehydra-
tion [3,4], followed by ring closure and water
elimination.

Table 1

4.2. Selective hydrogenation of aromatic acids to
aldehydes

Aromatic aldehydes useful as fine chemicals are
typically produced by low-yield substitution reactions
using halogenated intermediates. Direct reaction of H,
with aromatic acids on Cu/Cr,0; catalysts leads to
complete hydrogenation to form alcohols. Selective
hydrogenation of aromatic acids on TiO, catalysts
requires the use of formic acid as the hydrogen source.
Recently, Yokoyama et al. [24] have reported on the
selective hydrogenation of benzoic acid to benzalde-
hyde using H; as the hydrogen source on ZrO, treated
in air at 873 K. At 623 K, 97% selectivity to benzal-
dehyde was obtained at about 50% benzoic acid
conversion (Table 1). Reaction rates and selectivity
were highest on ZrO, samples with significant
uptakes, but low desorption temperatures for both
NHj; and CO,. These results suggest that weak acid
and base sites are both required for selective hydro-
genation reactions. Stronger acid sites appear to lead
to loss of selectivity by decarboxylation of surface
intermediates to form benzene and CO,.

The addition of small amounts of metal cations such
as Cr and Mn (Mg 4sZr0O,) increases reaction rates,
primarily because of their stabilizing effect on ZrO,
surface area (Table 1). Reaction rates appear to be
limited by the dissociation of hydrogen, which is
rapidly consumed in surface hydrogenation steps. This
leads to low surface hydrogen concentrations and to

Hydrogenation of aromatic acids to aldehydes on metal oxides [24] (625 h™' H, space velocity; 0.02 bar benzoic acid, 0.98 bar Hy)

Catalyst Temperature (K) Benzoic acid conversion (%) Benzaldehyde selectivity (%)
v-Al,03 713 20 53
MgO 713 62 4
TiO, 713 15 10
ZrO, 673 53 97
ZnO 673 55 54
Modified ZrO,

ZrO, 623 51 97
Pbg 0sZrO, 583 89 96
Ing osZrO, ) 603 100 91
Cro 05ZrO, 623 98 96
Mn0_05ZrOX 623 70 97
Cag osZrO, 623 50 98
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Scheme 5. Hydrogenation of aromatic acids on ZrO, surfaces [24].

limited hydrogenation of aldehydes to alcohols in
subsequent reactions. CrgsZrO, catalysts lead to
96% benzaldehyde selectivity at 98% benzoic acid
conversion. These materials also catalyze the hydro-
genation of aliphatic, substituted aromatic, and other
organic acids with very high (> 90%) aldehyde selec-
tivity [24].

These authors have proposed a mechanism invol-
ving the dissociation of the OH group in aromatic
acids and of H-H bonds in H, on site pairs consisting
of basic oxygens and Zr** unsaturated sites associated
with oxygen vacancies (Scheme 5). The reaction of
hydrogen adatoms (H~% with carbon atoms in eno-
late-type intermediates leads to the desorption of
aldehydes with the subsequent condensation of
hydroxyl groups to re-form basic oxygen sites and
coordinatively unsaturated Zr ions. Metal cations are
known to stabilize the surface area of ZrO,, but
may also influence the density of surface vacancies
and the rate-limiting H, dissociation steps on ZrO,
surfaces.

4.3. Condensation reactions on metal oxides

Condensation reactions of alcohols, aldehydes and
ketones occur on basic oxides, such as MgO and CaO,
with selectivity patterns characteristic of base-cata-
lyzed aldol condensation reactions [25]. The initial
step involves the abstraction of a hydrogen atom at the
a-position to the carbonyl group to form an anionic

enolate-type ion. This step is followed by condensa-
tion with another molecules containing a carbonyl
group, and by elimination of water from the resulting
aldol species to yield a—( unsaturated compounds.
Two features of these reactions suggest the require-
ment for a second function beyond the Bronsted base
provided by oxygen anions in MgO. Aldehyde con-
densation reaction rates are inhibited by both CO, and
pyridine [26] and transition metal cations strongly
influence the rate of alcohol condensation reactions
[27-29].

The rate of condensation of benzaldehyde to form
benzyl benzoate on MgO and CaO decreases mark-
edly when pyridine is introduced along with reactants
[26]. Pyridine appears to titrate Lewis acids that are
involved in rate-determining reaction steps, probably
involving C-H bond activation and hydrogen abstrac-
tion. Such Lewis acid sites, consisting of coordina-
tively unsaturated Mg or Ca cations, bind benzylate
anions formed during deprotonation of benzaldehyde.
A similar bifunctional acid-base mechanism was
proposed to describe the catalytic condensation of
formaldehyde with acetic anhydride to form acetic
and methacrylic acids on V-P-Si oxides [30]. Solids
with high densities of binding sites for both CO, and
NH; appear to be required for high condensation rates
and selectivity. Strong acidity or basicity, character-
ized by the requirement for high temperatures to
desorb CO, or NHj3, led to low reaction rates and
selectivity.
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The Guerbet synthesis is a type of condensation
reaction involving primary or secondary alcohols,
where at least one of the reactants contains a methy-
lene group at the a-position. Ueda et al. [27-29] have
reported that reactions between methanol and ethanol
on MgO lead to high selectivity to 1-propanol and 2-
methyl-1-propanol, the products expected in classical
base-catalyzed aldol condensation pathways. The
addition of Mn, Cr, or Zn cations (3—-15% wt.) to
MgO increased reaction rates and selectivity. In con-
trast, the addition of alkali, which increases the basi-
city of oxygen anions in MgO, decreases condensation
rates. Reactions rates appear to be limited by the
activation of C-H bonds in methanol because the rate
of condensation of methanol with C,H,,,OH was
independent of alcohol chain length [29]. Kinetic
isotopic effects confirmed the rate-determining nature
of the C-H bond activation step. Deuterium isotopic
tracer studies are consistent with presence of both
hydridic and protonic forms of hydrogen during con-
densation reactions on MgO. Condensation rates are
not proportional to the density of basic sites measured
by CO, chemisorption, but appear to correlate with the
ability of a solid to catalyze the dehydration of iso-
propyl alcohol, a reaction requiring acid-base site
pairs.

The more general condensation reaction between
methanol and RCH,Z molecules, where Z is an elec-
tron withdrawing group, such as —-CN, —~OOR, or —
C6H5:

R-CH;—-Z+CH3;0H — CH,=C-Z+ H; + H,0

|
R

also benefits from the presence of transition metal
cations on MgO catalysts {27]. For example, the rate
of the reaction between methanol and acetonitrile
increases by a factor of ca. 100 when MnO species
are present on the surface of MgO [27]. The selectivity
to acrylonitrile is 96% at reaction temperatures of 623
K. Mn-promoted MgO also catalyzes the reaction of
methyl-propionate with methanol to give methyl
methacrylate with 60% selectivity.

These results suggest that C-H bond activation
steps required for condensation reactions on basic
oxides also require cationic metal centers to stabilize
carbanionic intermediates. While coordinatively unsa-
turated Mg cations can play this role in MgO, the

presence of a more reducible or accessible cation
increases the density and strength of such Lewis acid
sites.

4.4. Acid-base site requirements in deuterium
exchange reactions

H,-D, equilibration and hydrocarbon exchange
with gas phase D, or with surface OD groups also
depend on the acid-base properties of metal oxides
and on the presence of hetero-cations that can form H
adatoms from H,. Hoq and Klabunde [31] have shown
that the exchange between hydrocarbons (RH) and D,
on MgO (dehydrated at 933 K) depends on the solu-
tion phase acidity of the C—H groups in RH. This
suggests that exchange occurs via a concerted
mechanism involving a Bronsted base (oxygen anions)
to abstract H'® and a ‘solvent’ effect by Mg ™2 or other
charged centers to stabilize the R~ in the products and
in the transition state for exchange. This bifunctional
catalytic behavior thus depends on solution-phase
rather than gas phase acidities. The participation of
the cationic center in Mg-O site pairs is also consistent
with the infrared observation of H™¢ species asso-
ciated with cationic centers and H™® in surface hydro-
xyl groups in ZnO, MgO, S10, and CaO [32]. These
site pairs appear to exist as low-coordination anion—
cation couples on high surface area oxides [36]. These
low-coordination sites allow the stabilization of H™°
and H*? to be shared by several anions and cations.

Boudart et al. [19] have shown that H,~D; equili-
bration occurs at 77-273 K with very low activation
energy (2.1-2.3 kcal/mol). Reaction rates reach a
maximum after dehydration of MgO at about 800 K
and decrease rapidly after dehydration at higher tem-
peratures or after exposure to H,O at temperatures
leading to MgO surface restructuring. These authors
have proposed that equilibration requires MgO(111)
surface planes, which contain OH groups and electro-
nic defects consisting of electron-deficient paramag-
netic centers.

Butadiene deuterogenation, however, occurs with
high selectivity on MgO samples evacuated at 1373 K
without detectable H,—D, equilibration [15]. The
predominant cis-2-butene product contains intact
two deuterium atoms, located at opposite ends of
the molecule, suggesting that dissociation occurs
before deuterogenation. These data suggest that dehy-
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Scheme 6. Proposed transition state geometry in exchange
reactions of CD4 with OH groups in aluminosilicates [33].

dration at high temperatures may inhibit the migration
of hydrogen adatoms on MgO, a step that is required in
H,-D, equilibration. The loss of OH groups after high
temperature treatments may isolate dissociated D-D
pairs on the surface, which may still react with phy-
sisorbed or 7-bonded butadiene by addition of D™° to
form allylic carbanions.

Another example of the ‘solvating effect’ of acid—
base pairs in exchange reactions was recently provided
by experimental and theoretical studies of the inter-
action and exchange of CD, with OH groups in
aluminosilicates [33,34]. The calculated transition
state geometry for this exchange process (Scheme
6) shows a concerted interaction of the carbon in
methane with the H in acidic OH groups and one
hydrogen atom in methane with a basic framework
oxygen. This species is covalently bonded to the
surface and the activation barrier for its formation
is determined by acidity differences between proton
accepting and donating sites [33]. This concerted
interaction of an alkane with an acid-base surface
pair is also likely to play a critical role in alkane C-H
bond activation on zeolites. For example, interactions
of additional H atoms with basic oxygens, which are
not possible in the small clusters used for the calcula-
tion of the transition state structures in Scheme 6 [33],
may lead to recombination to form H,, or for larger
alkanes, to the formation of methane by ‘hydride’
addition at the end of adsorbed hydrocarbons.

The promotional effect of cations or metal clusters
on the rate of exchange between gas phase D, and
surface OH groups in zeolites [35] show that rapid
surface migration of H atoms occurs at typical cata-

lytic temperatures. In effect, H atoms in structures
such as Scheme 6 or in unperturbed OH groups are
able to exchange with H-atoms formed by dissociative
adsorption on distant H, dissociation sites. Conse-
quently, we must consider the possibility that the
surface-coordinated H-atoms in Scheme 6 can diffuse
to distant recombinative desorption sites, thus allow-
ing the interaction of another H atom in adsorbed
species with framework oxygen sites during one
alkane surface sojourn. Exchange occurs when the
C—H activation reaction is reversed chemically but not
isotopically. Dehydrogenation and formation of alk-
oxide-type species occur when C—H activation steps
become irreversible as one of the coordinated H-atoms
in Scheme 6 is removed by diffusion to and recombi-
native desorption on cationic or metal sites. This
allows adsorbed intermediates to recycle basic frame-
work oxygen sites for sequential hydrogen abstraction
steps leading to C,Hj,+1—O species, at least for pro-
pane and larger alkane reactants. These concepts will
become relevant in Section 7.1, in the context of
unconcerted bifunctional pathways for the activation
and dehydrogenation of propane on cation-exchanged
H-ZSM5.

5. Stoichiometric and catalytic reactions of
probe molecules for the characterization of
acid and base sites

The ubiquitous role of multifunctional pathways in
catalysis by acids and bases complicates the structural
and mechanistic characterization of specific surface
species using stoichiometric and catalytic reactions of
probe molecules. For example, it appears that both
acid and base sites are involved in dehydration of
alcohols [4,13], a reaction frequently used to detect the
presence of acid sites on heterogeneous catalysts.
Also, alcohol condensation and dehydrogenation reac-
tions, normally associated with basic sites, appear to
benefit from the presence of Lewis acids that stabilize
the anionic product of hydrogen abstraction steps [26—
29]. Both types of reactions are inhibited by the
presence of basic (pyridine or NH,) and acidic
(CO;) molecules in the gas phase. In some cases,
Lewis acid sites are provided by coordinatively unsa-
turated cations in monometallic oxides, the surface
density of which depends sensitively on dehydration
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temperatures. In other cases, a second element, either
as part of a single phase binary oxide or as a separate
well-dispersed oxide phase, provides coordinatively
unsaturated cations for the stabilization of carbanion
intermediates.

Bronsted acid sites can be probed by reactions
involving ‘protonation’ of molecules with 7-bonds.
For example, reactions of alkenes on aluminosilicates
involve proton transfer to the alkene and stabilization
of adsorbed carbocations via electron donation from
the conjugate base consisting of oxygen atoms in
acidic hydroxyls [36]. These simple acid-catalyzed
reactions involve oxygen atoms acting as a conjugate
base. They have been described as bifunctional reac-
tions, even though the basic function merely replaces a
role normally played by the solvent in homogeneous
acid-base reactions. This process leads to covalently
bonded alkoxy-type species that nevertheless retain
carbocationic character in the transition state and,
thus, follow the rules for reactions of protonated
hydrocarbons [36].

The isomerization of 2-methyl-2-pentene, pio-
neered by McVicker et al. [37], probes the residence
time of these adsorbed intermediates by observing the
probability that desorbed molecules have undergone
double-bond shift, methyl shift, or ‘chain lengthen-
ing’. Weakly adsorbed intermediates with short resi-
dence times desorb either unreacted or after facile
hydride shifts leading to the migration of double
bonds. Methyl! shifts along the molecule backbone
also involve a shift in the location of the molecule-
surface linkage from a secondary to another secondary
carbon and requires longer surface residence times
than hydride shifts. Finally, chain lengthening
involves the shift of a backbone methyl chain to the
end of the molecule and the formation of surface
bonds with less coordinated carbons. It occurs only
when desorption (deprotonation) processes are slow, a
situation normally associated with strongly bound
intermediates. Thus, 2-methyl-2-pentene isomeriza-
tion reactions favor the formation of linear hexenes
only for Bronsted acid sites that interact strongly with
surface intermediates. Very strong acids, however,
lead to long surface residence times, which also favor
chain growth via alkylation reactions and permanent
attachment of adsorbed species, which lead to irre-
versible deactivation and to kinetically invisible strong
acid sites.

Catalytic probe reactions on basic sites generally
involve the initial abstraction of a proton from a
molecule and the formation of adsorbed carbanions.
These carbanions must be stabilized by interactions
with a Lewis acid site, such as a coordinatively
unsaturated cation. In many cases, such cations are
sterically hindered and become available for inter-
actions with adsorbed species only at surface steps or
near oxygen vacancies. As a result, it is likely that
many base-catalyzed reactions probe the basicity of
oxygen anions only indirectly during C-H or O-H
bond activation steps, because the concerted nature of
these steps and the resulting carbanion—cation inter-
actions make the sirength of the latter relevant to the
activation energy for C-H or O-H bond activation
steps. Thus, in general, base-catalyzed reactions probe
the properties of acid—base pairs. Condensation reac-
tions of acetone (Scheme 7) may provide an indirect
but useful probe of basic sites. The stability of the
surface enolate species formed in a-hydrogen abstrac-
tion steps make it likely that reaction rates will depend
primarily on the stability of the O-H bond formed and
thus on the basicity of the metal oxide. Reactions of
acetone, aldehydes and alcohols on base oxides, how-
ever, may depend sensitively on the presence of
cations and H, adsorption—-desorption sites. It appears
that most of these reactions probe to some extent a
balance between the basicity of the oxygen anions and
the ability of the balancing cation to accommodate the
products of proton abstraction steps.

Lauron-Pernot et al. [38] have recently used reac-
tions of 2-methyl-3-butyn-2-ol as a diagnostic tool to
determine the densities of acid and base sites and of
acid-base site pairs in metal oxides. The observed
reaction pathways of this tertiary alkynol are shown in
Scheme 8. Base oxides, such as MgO and ZnO, lead to
the exclusive formation of acetylene and acetone via
intramolecular hydrogen transfer. This reaction is
likely to involve the dissociation of O-H bonds in
acid—base site pairs and attack by protons at electron-
rich triple bonds in the acetylenic end of the molecule.
This type of ‘hydrogenation’ reaction is characteristic
of ZnO and MgO, which hydrogenate dienes at
relatively low temperatures. Bronsted acids, such as
SiOy—Al,0;, lead preferentially to dehydration to
form methyl-butyne and 3-methyl-but-3-ene-1-yne.
Amphoteric oxides, such as Al,03, lead to the forma-
tion of two new products: hydroxybutanone and
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methyl-isopropy! ketone. ZrO, leads to the formation
of hydroxybutanone with 76% selectivity. The forma-
tion of hydroxybutanone requires hydration of the
tertiary alkynol reactant, but water is available only
as it is formed in parallel dehydration reactions. Thus,
the high hydroxybutanone selectivity observed on
ZrO, must arise in part from a stoichiometric reaction
with surface hydroxyl groups on ZrO,. The mechan-
ism of these reactions remains unclear. This example,
however, demonstrates the complexity of molecular
structures and reaction pathways required in order to
probe multi-functional surfaces. One should consider,
at this level of complexity, the usefulness of the probe
molecule reactions in comparison with a direct study
of the mechanism and structural requirements for the
specific reaction of practical interest.

The titration of acid and base sites with molecular
acids and bases has been widely used to count the
number of surface sites on metal oxides. In addition,
temperature-programmed desorption and calorimetric
methods are frequently used in order to estimate the
desorption activation energy or the enthalpy of the
titration reaction. Recently, Tanabe [17] has proposed
the use of phenol as a titrant of acid-base site pairs.
Phenol can dissociate on acid—base pairs near room
temperature, but in contrast with aliphatic alcohols
cannot undergo dehydration or dehydrogenation
reactions during temperature-programmed desorption
studies. Therefore, desorption occurs by recombina-
tion of surface species to re-form phenol molecules.
Recombinative desorption of hydrogen atoms before
desorption, however, may isolate adsorbed phenolic
species on such bifunctional surfaces and lead to
incomplete desorption of adsorbed phenol.

Exchange reactions between hydrocarbons and OD
groups on Bronsted acid surfaces appear to depend
also on the corresponding basicity of the conjugate
basic oxygens [31,32]. These reactions are useful
probes of the reactivity and density of protons and
of the role of the conjugate base in the activation of
C-H bonds involved as the rate-determining step in
many reactions of practical interest. Exchange reac-
tions appear to be particularly useful probe reactions
because they probe elementary reaction steps without
requiring stoichiometric chemical reactions. Isotopic
transient methods using acidic, basic, or amphoteric
molecules provide a useful complement to other probe
reactions by determining the adsorption—desorption

properties of metal oxide surfaces at constant tem-
peratures and coverage. Our group has recently used
successfully a 3C0,-'?C0, isotopic switch method
for the characterization of basic sites in modified MgO
catalysts useful in alcohol condensation reactions
[39].

Titration of acid sites is most effective when the
titrant interacts weakly with the surface site and when
the structure of the adsorbed species is followed by
spectroscopic methods. In this regard, infrared studies
of weakly adsorbed H; [40], N, [41] and CO [42] on
metal oxides below room temperature have been
extremely useful in establishing the density and type
of Lewis and Bronsted acid sites on oxide surfaces.

Titration and catalytic reactions of probe molecules
are often used as indirect measures of the number of
sites or the reaction rate for a different reaction of
specific interest. Ultimately, these probe molecule
methods will be replaced by more direct and specific
techniques that measure the concenration and reactiv-
ity of intermediates as the catalytic reaction of interest
proceeds. Recent applications of these in-situ methods
include isotopic switch studies [43], dynamic infrared
spectroscopy [44] and in-situ X-ray absorption spec-
troscopy [45].

6. Bifunctional dehydrogenation-acid pathways
on WC modified by chemisorbed oxygen

Bifunctional pathways discussed in the previous
sections require that two sites co-exist within mole-
cular distances and act in a concerted manner on a
reaction step. Such sites and pathways can be
decoupled spatially, but remain coupled kinetically
when rapid gas phase diffusion transfers intermediate
species between the two sites. In most cases, this is
accomplished by placing crystallites with one type of
site onto a support that contains the second site. Here,
we discuss the behavior of WC, catalysts modified by
chemisorbed oxygen, in which a monofunctional sur-
face becomes bifunctional through a local transforma-
tion of surface regions by contact with oxygen.

Tungsten carbides (WC) prepared by isothermal
carburization of WO; or W,N with CH,/H, mixtures
catalyze n-alkane hydrogenolysis and methylcyclo-
hexane dehydrogenation with high selectivity [46—
49]. Bifunctional pathways are introduced by the
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Fig. 1. n-Hexane isomerization on tungsten carbides modified by
chemisorbed oxygen.

presence of chemisorbed oxygen on WC, carbide
surfaces, apparently by the formation of Bronsted acid
sites on WO, species using hydrogen atoms formed in
H; dissociation or C-H bond activation steps cata-
lyzed by WC, sites [46,47,50]. For example, n-hexane
hydrogenolysis (and dehydrogenation) rates are pro-
portional to the number of WC, sites counted by CO
titration methods (Fig. 1). The conversion of these
WC, sites to WO, sites by controlled contact with O,
inhibits hydrogenolysis rates, but increases markedly
the rate and selectivity of n-hexane conversion to
branched isomers (Fig. 1). Isotopic tracer studies have
shown that this reaction proceeds via quasi-equili-
brated dehydrogenation steps followed by rate-deter-
mining isomerization steps [47]. The products of 3,3
dimethyl-pentane isomerization are consistent with a
methyl-shift mechanism typical of acid-catalyzed iso-
merization steps [47]. The rate of n-hexane isomer-
ization was proportional to the density of oxygen
atoms present on oxygen-modified WC surfaces, sug-
gesting that WO, are responsible for Bronsted acidity.
Methylcyclohexane converts exclusively to toluene on
WC, but acquires ring isomerization pathways leading
to alkyl-cyclopentanes when oxygen atoms are placed

on the surface [47]. The isomerization pathways
involve methylcyclohexene intermediates and rate-
determining isomerization steps on acid sites consist-
ing of surface WO, species.

These bifunctional catalysts are unique in two
important aspects. They become bifunctional through
an incomplete oxidation process that permits the co-
existence of ‘reduced’ and ‘oxidized’ surface species.
Also, Bronsted acid sites form only when a comple-
mentary site is available in order to produce the
H-atoms required for the conversion of WO, into
protonic WO,—H species [50]. As we discuss later,
the formation of protonic sites via hydrogen spillover
from H, or C-H dissociation sites appears to be quite
prevalent in acid-base catalysis when H, activation
occurs on metal sites or reducible cations on oxide
surfaces. The resulting bifunctional pathways are
described in the examples of the next section.

7. Kinetic coupling between hydrogen activation
and acid-base functions in C-H activation
reactions

In many cases, the two functions required to com-
plete a catalytic sequence must reside within mole-
cular distances in order to act upon an elementary step
in a concerted manner and thus decrease its activation
barrier. In general, however, a second catalytic site can
be separated spatially beyond molecular distances and
remain effective in bifunctional pathways, but only if
the two sites communicate by surface or gas phase
diffusion within the time scale of a catalytic turnover.
Then, the two sites are able to couple kinetically
separate elementary steps or catalytic sequences
within a complex reaction scheme. Bifunctional
hydroisomerization and reforming reactions become
possible because alkenes diffuse through intrapellet
voids between dehydrogenation sites, where they are
formed, and acid sites, where they undergo skeletal
transformations [9,10]. Such bifunctional pathways
remain effective even when the functions become
separated by macroscopic distances (0.01-0.1 mm)
[10]. In this section, we discuss bifunctional pathways
in which hydrogen adsorption—desorption sites and
acid or base sites communicate by rapid surface
diffusion of hydrogen. In this manner, C-H bond
activation steps and hydrogen introduction or removal
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become kinetically coupled and overcome a rate-
determining step within a hydrogenation—dehydro-
genation catalytic sequence.

A second site influences an otherwise monofunc-
tional step with positive standard Gibbs free energy
(negative standard affinity) by coupling it kinetically
with a favorable elementary step. This new (or par-
allel) step either removes the products or increases the
surface concentration of the reactants involved in the
unfavorable step [51]. Propane dehydrogenation reac-
tions on H-ZSMS5 modified by Zn cations, n-heptane
isomerization on zirconia modified by WO, (or SO,)
and Pt, and alcohol condensation reactions on Cu-
promoted MgsCeO, oxides provide useful examples
of the role of kinetic coupling between hydrogen
adsorption—desorption ‘portholes’ [52,53] and acid
or base sites in catalytic reactions involving the acti-
vation of C—H bonds. In each case, sites introduced by
metal crystallites (Pt, Cu) or by isolated cations (Zn* ")
increase the rate of reactions typically occurring on
acid or base sites by introducing a ‘porthole’ for
adsorption—desorption reactions of H,. These bifunc-
tional pathways appear to avoid the need for unsatu-
rated gas phase intermediates such as alkenes or
aldehydes, which are not favored by thermodynamics
at low temperatures or high H, pressures. These
catalytic sequences require, however, the activation
of C—H bonds on acid or base sites, the formation of
mobile surface hydrogen species and their migration
on surfaces to hydrogen activation and desorption
sites.

7.1.  Catalytic dehydrogenation reactions of alkanes
on cation-modified H-ZSM5

Propane conversion to alkenes and aromatics on
cation-modified H-ZSMS5 requires sequential dehy-
drogenation steps followed by chain growth and cycli-
zation reactions of propene intermediates [45,54].
Reaction rates on H-ZSMS5 increase markedly when
some of the protons are exchanged with Zn or Ga
cations (Table 2). Cations must be located at exchange
sites in order to maximize their beneficial effect on
dehydrogenation rates and selectivity and to prevent
their elution from the catalyst as metal vapors at
typical reactions conditions.

Dehydrogenation reactions proceed via elementary
steps that require the activation of C-H bonds in

Table 2

Aromatics turnover rate and selectivities on H-ZSMS, 2.1% Ga/H-
ZSMS, and 1.3% Zn/H-ZSM5 (773 K, 26.6 kPa C3Hg, balance He,
8.6-9.6% propane conversion, Si/Al = 14.5)

H-ZSM5 Ga/H-ZSM5 Zn/H-ZSM5

Aromatics turnover rate 0.1 2.3 1.8
(per Al 107357

Carbon selectivity (%)

C-C, 62.3 29.3 25.8
Propene 249 30.8 329
Ce,. aromatics 39 31.2 35.8

Hydrogen selectivity (%)

Hydrogen (H;) 6.0 26.7 30.5
C-C, 66.7 29.2 26.2
Cg., aromatics 1.6 13.0 14.8

alkanes and the disposal of the H-atoms formed in
these reactions. The rates of C—H activation, recom-
binative hydrogen desorption and propane dehydro-
genation were measured simultaneously from isotopic
redistribution and chemical conversion data using
C3Hg/C3Dg and D,/C;Hg mixtures [45,54,55].

C-H bond activation rates measured from isotopic
scrambling rates in C3Hg/C3Dg mixtures are similar
on H-ZSM5, Zn/H-ZSMS5 and Ga/H-ZSMS and neg-
ligible on Na/ZSMS, suggesting that C—H activation
occurs predominantly on Bronsted acid sites
(Table 3). In contrast, dehydrogenation rates vary
by more than a factor of ten among these catalysts.
Isotopic scrambling rates are much faster than the rate
of propane conversion to aromatics, a complex

Table 3

Overall propane conversion turnover and C—H bond activation rates
on H-ZSMS, 2.1% Ga/H-ZSMS, 1.0% Zn/H-ZSMS5, 1.3% Zn/H-
ZSMS5 and Na-ZSMS5 (from cross exchange rates of C3Hg/C;Dg
mixtures) (773 K, 6.6 kPa C;Hg, 6.6 kPa C;Dg, balance He,
Si/Al = 14.5)

Propane conversion C-H bond activation
turnover rate per  turnover rate per Al
Alsite (1077 s™")  site (10757

H-ZSM5 0.3 322
2.1% wt. Ga/H-ZSM5 4.0 38.2
1.0% wt. Zn/H-ZSM5 2.9 62.2
1.3% wt. Zn/H-ZSMS5 43 70.8
Na-ZSM5 <0.1 1.6
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sequence of reactions controlled by the rate of the
initial propane dehydrogenation reaction. C—-H bond
activation steps occur rapidly even on protonic acid
sites, but they are quickly reversed by recombination
of hydrocarbon fragments with abundant surface
hydrogen species, because such sites are not able to
remove hydrogen via recombinative desorption. Zn
and Ga cations prevent these recombination reactions
by providing a function for recombinative desorption
and removing the hydrogen atoms formed during C-H
activation, as first proposed by Mole et al. [56].
Exchanged Zn and Ga cations increase the rates of
propane aromatization (Tables 2 and 3) by increasing
the rate of recombinative desorption of the hydrogen
atoms formed in C-H activation steps. In effect, C-H
bond activation steps that can occur with some diffi-
culty on acid sites because of unfavorable reaction
affinities become coupled with recombinative de-
sorption on a separate site. These sites communicate
with acid sites via rapid migration of H-atoms from
momentary adsorption sites in the vicinity of Bronsted
acid sites to Lewis acid sites provided by exchanged
metal cations.

This proposal is consistent with the effects of Zn
(and Ga) cations on the rate of H,-D, isotopic
exchange (Fig. 2) and with the rate of incorporation
of D-atoms from D, into the products of C;Hg-D»
reactions (Fig. 3). In addition, competitive reactions
of 2-'*C-propane and unlabeled propene have shown
that initial dehydrogenation steps become increas-
ingly irreversible as Zn cations deplete by recombi-
native desorption the surface pool of hydrogen
available for the reverse hydrogenation reaction
[55]. These conclusions are consistent with the results
of Le van Mao et al. [57] using physical mixtures and
confirm the original mechanistic proposal of Creer et
al. [56]. This ‘reverse spillover’ of hydrogen was first
observed during the decomposition of GeH, on a Ge
film [52,53], well before the discovery [58,59] and
popular acceptance {60-63] of hydrogen spillover
processes on heterogeneous catalysts. Reverse spil-
lover concepts were later used in order to describe the
function of Pt clusters in dehydrogenation reactions
catalyzed by carbon [12].

The initial dehydrogenation step in propane con-
version to aromatics on cation-modified H-ZSMS5
involves quasi-equilibrated exchange between zeolite
and alkane hydrogens, a reaction mechanistically
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ne/deuterium mixtures on H-ZSMS5 and 1.3% Zn/H-ZSMS5 in a
recirculating batch reactor (773 K, 26.6 kPa C;Hg, 6.7kPa D,,
balance He, Si/Al = 14.5).

related to C-H activation steps, and rate-determining
removal of hydrogen species formed during C-H
activation. Hydrogen removal can occur via bimole-
cular or surface-mediated transfer to adsorbed hydro-
carbons (hydrogen transfer) or by recombination to
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form H,. Stoichiometric hydrogen ‘acceptors’, such as
0,, CO and CQ, also increase aromatics selectivity by
coupling dehydrogenation steps with hydrogen
removal via hydrogenation of these molecular accep-
tors [45].

Rate-determining hydrogen desorption steps create
high hydrogen virtual pressures [64] at catalytic sur-
faces and lead to unfavorable thermodynamics for
surface C-H bond activation elementary steps and
to ‘hydrogenation’ surface reactions that form predo-
minantly light alkanes. The kinetic coupling between
Bronsted acid sites provided by Al sites within zeolite
channels and dihydrogen activation sites consisting of
isolated Zn>" cations bridging two exchange sites
leads to bifunctional pathways consistent with mea-
sured kinetic rate expressions for propane conversion
and with the observed correlation between dehydro-
genation rates and H—D; isotopic exchange rates. The
presence of exchanged Zn or Ga cations increases the
rate of hydrogen removal by introducing ‘portholes’
[52] for the recombinative desorption of H-atoms as
H, and decreases the rate of formation of undesired
light alkanes [45,54,55].

7.2.  Isomerization reactions on Pt/WO,-ZrO,
and Pt/SO,~ZrO,

Zirconia becomes a strong solid acid when modified
by depositing WO, [66] or SO, [65] species on the
surface of hydrous zirconium oxide. When promoted
with metals (e.g., 0.3% wt. Pt), these oxides catalyze
the selective hydroisomerization of S7* alkanes at
373473 K without the extensive cracking observed
on sulfated zirconia and zeolites promoted by metals
[67.68].

Kinetic and isotopic tracer data are not consistent
with Dbifunctional pathways involving gas phase
alkene intermediates. Instead, isomerization reactions
proceed via chain reactions involving hydrogen trans-
fer from alkanes, H,, or hydride donors, such as
adamantane, to adsorbed isomerized hydrocarbons
[67,68]. Hydrogen transfer steps lead to desorption
of surface intermediates and decrease the surface
residence time of such species. As a result, desorption
occurs before undesired C—C scission events. Hydro-
gen transfer occurs primarily using H-atoms formed
by H, dissociation on metal sites in Pt/SO,~ZrO, and
Pt/WO,~ZrO, catalysts.

Table 4

n-Heptane reactions on Pt/SO,~ZrO, and Pt/WO,~ZrO,. Isomer-
ization selectivity, reaction Kkinetics and isotopic tracer data
(Catalysts: 0.3% wt. Pt, 12.7% wt. W or 4.5% wt. S)

Pt/SO,-ZrO; Pt/WO,~ZrO,
Isomerization selectivity (%) * 32 89
n-Heptane reaction order ° 0.2 0.9
H, reaction order b 1.0 —-0.5-0
Adamantane reaction order *° 0.9 0.05
Deuterium content in 6 82
n-heptane (%) d
Deuterium content in 80 83

methylhexanes (%) d

?473 K, 650 kPa Hy, 100 kPa n-heptane, 50% n-heptane conver-
sion.

5473 K, 8002900 kPa H,, 33-200 kPa n-heptane.

¢ 0-1.0% mol. adamantane.

4343 K, 3.7kPa n-heptane, 97 kPa D,, 5% n-heptane conversion.

On Pt/SO,—Zr0O,, these hydrogen transfer desorp-
tion steps are slow because Pt surface atoms become
poisoned by chemisorbed sulfur. Slow desorption of
adsorbed intermediates then leads to significant (-
scission before desorption and to low isomerization
selectivity. Isomerization rates and selectivity increase
with increasing concentration of H, and n-heptane,
and also when very small concentrations of adaman-
tane are added to the reactant stream (Table 4) [67,68].
Reactions of n-C7H;6—D, mixtures lead to complete
scrambling and binomial deuterium distributions in all
reactions products, but not in ‘unreacted’ n-heptane
(Table 4), suggesting that desorption of intermediates
is slow and occurs only after significant skeletal
rearrangements have occurred. In effect, the introduc-
tion of n-heptane into the pool of surface intermedi-
ates, shown schematically in Scheme 9, is irreversible
on Pt/SO,~ZrO, catalysts, because n-heptane surface
species seldom desorb before several surface isomer-
ization events.

On Pt/WO,~ZrO,, hydrocarbon adsorption—deso-
rption via hydrogen transfer is rapid at 473 K. n-
Heptane adsorption—desorption is quasi-equilibrated
and surface isomerization steps limit the overall reac-
tion rate. As a result, desorption of isomerized surface
species often occurs before significant 3-scission on
Pt/WO,~ZrO,. Isomerization kinetics become of the
first order in n-heptane and of zero-to-negative order
in H,, suggesting that hydrogen transfer steps become
quasi-equilibrated and cause the undesired desorption
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Scheme 9. Reaction pathways for bifunctional isomerization of n-heptane on Pt/SO,~ZrO, and Pt/WO,~ZrO, [65].

of intermediates before skeletal isomerization occurs
(Table 4). Adamantane does not affect n-heptane iso-
merization rates or selectivity on Pt/WOQ,~ZrO,,
because hydrogen transfer steps are quasi-equilibrated
and, therefore, do not benefit from co-catalysts that
increase the rate of such reactions. Reactions of n-
C,H6-D; mixtures lead to complete scrambling and
binomial deuterium distributions in ‘unreacted’ n-
heptane and in all reactions products (Table 4), sug-
gesting the reversible (quasi-equilibrated) adsorption—
desorption of n-heptane reactants on catalytic sites. A
zero-to-negative hydrogen pressure dependence
reflects the frequent and undesired desorption of
adsorbed intermediates (by hydrogen transfer from
H,) before isomerization occurs.

On both Pt/WO,-ZrO, and Pt/SO,~ZrO,, hydro-
gen species formed by H, dissociation on Pt sites
participate in chain termination reactions of cationic
or alkoxide-like intermediates adsorbed on acid sites
and in the formation of Bronsted acid sites (Schemes
10 and 11). These bifunctional reaction pathways
appear to involve the spillover of hydrogen adatoms
from Pt sites, onto WO, centers, with the formation of

(C7H15) (W+6)n.q (W+5) O3n + H-Ptx —--> (W6 O3)n + C7H1g (g) + Ptx

Scheme 10. Desorption of carbocationic species by transfer of
hydrogen from Pt to WO, sites [65].

HH + (W0, o>  (H), (W),,(W?),0,

Scheme 11. Formation of Bronsted acid sites on WO, species by
migration of hydrogen atoms from Pt dissociation sites.

reduced tungsten species and acidic hydrogens or
tungsten bronzes (Scheme 11). As a result, hydrogen
atoms formed at H, dissociation sites become
involved not only in the desorption of hydrocarbon
intermediates, but in the generation of Bronsted acid
sites [68]. The formation of Bronsted acid sites during
H, treatment has been directly observed by infrared
measurements of the density of Lewis and Bronsted
acid sites in Pt/SO,—ZrO, by Hattori et al. [69,70],
who showed that Lewis acid sites are converted to
Bronsted acid sites during contact with H, at tem-
peratures typical of those required for their catalytic
action.

Pt/WO,—Zr0O, catalysts share the WO, acid func-
tion of the bifunctional oxygen-modified WC catalysts
discussed in Section 6. The hydrogenation—dehydro-
genation function is provided by Pt in the former and
by WC in the latter. Yet, n-alkane isomerization
proceeds by non-concerted bifunctional catalysis lead-
ing to similar products but involving the diffusion of
a different species between the two sites. On WC
catalysts, alkenes act as intermediates, while on
Pt/WOQO,~ZrO, surface hydrogen species are involved.
This appears to be principally the result of the much
higher temperatures (623 K vs. 453-473 K) required
for significant isomerization rates on WC catalysts. At
these higher temperatures, equilibrium alkene concen-
trations are much higher and provide an effective
diffusive pathway. On Pt/WO,-ZrO, (at 473 K),
hydrogen surface concentrations are sufficiently high
to provide an alternate and more effective pathway for
communication between hydrogenation—dehydro-
genation and acid sites than (undetected) gas phase
alkenes.
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The presence of dihydrogen appears to influence
acid-catalyzed reactions even in the absence of Pt sites
[71]. Dihydrogen (101 kPa) increased o-xylene iso-
merization rates by a factor of four on WO,-ZrO, at
523 K, suggesting the activation and involvement of H,
on WO,—ZrO, during acid-catalyzed reactions. The
absence of H, leads to irreversible loss of active sites,
apparently as the result of H, desorption and destruc-
tion of Bronsted acid sites during o-xylene reactions.
Reactions of o-xylene/D, mixtures show that dihy-
drogen participates in the formation of Bronsted acid
sites, but not in hydrogen transfer elementary steps
during xylene isomerization [71]. Instead, reaction
occurs by protonation—deprotonation reactions of o-
xylene with intervening methyl shifts. These Bronsted
acid sites consist of H,WO5 species present at the
surface of small octahedral WO; clusters and formed
by hydrogen migration from H, dissociation sites.

Recently, we have obtained independent evidence
for the presence of spillover hydrogen and for reduced
W centers. Near-edge X-ray absorption studies and
temperature-programmed reduction studies have
detected the reduction of WS centers during hydro-
gen treatment at 473-673 K [68,71]. Site titration
studies using H,, O, and CO show that hydrogen
uptakes exceed monolayer coverages on Pt sites after
H, treatments at typical isomerization temperatures
(Table 5). CO chemisorption leads to monolayer cov-
erage and to estimates of Pt crystallite diameters in
agreement with electron microscopy measurements.
O, uptakes are significantly higher than those of H, or
CO, especially as reduction temperature increases,
suggesting significant re-oxidation of reduced WO,
species formed during H, treatments. The marked
decrease in hydrogen uptake with increasing reduction
temperatures appears to be related to decoration of Pt

Table S
Chemisorption of H,, O,, and CO on Pt/WO,~ZrO, (0.3% wt. Pt,
10% wt. W)

Irreversible chemisorption uptake *
(H, O, or CO/Pt atom)

Reduction temperature (K) H, 0, CO
473 0.63 1.25 0.30
623 0.092 2.04 0.050

#Room temperature adsorption: irreversibly chemisorbed species
are defined as those that cannot be removed by evacuation at room
temperature.

crystallites with reduced WO,, as also proposed to ex-
plain similar effects in TiO, supported metal particles.

High isomerization rates appear to require the pre-
sence of WO, domains of intermediate size, which
form after oxidation at approx. 1000 K by controlled
sintering of octahedral WOj; clusters. These distorted
octahedral domains have been detected by X-ray
absorption and UV-visible spectroscopies [68,71]
and differ markedly in electronic structure, reduction
behavior and isomerization rate and selectivity from
previously reported isolated tungstate groups sup-
ported on Al,O3. Temperature-programmed reduction
measurements show that small WO, clusters on ZrO,
and large crystals of bulk WO; reduce at higher
temperatures than those of intermediate size, which
lead to highest isomerization rates [68]. The unique
acid properties of WO, domains of intermediate size
appear to be related to their ability to form W®"-Q,—
(n-H™) centers under reducing reaction conditions at
low temperatures. These centers are formed via inter-
actions between Pt and W®™ sites mediated by the
migration of hydrogen adatoms; these hydrogen ada-
toms also play a critical role in isomerization elemen-
tary steps, which benefit from bifunctional pathways
made available from the concurrent presence of H,
dissociation sites and Bronsted acid sites during
hydroisomerization reactions (Schemes 10 and 11).
These polyoxoanion clusters [(WOs3),] can stabilize
carbocationic species by delocalizing the correspond-
ing negative charge among several oxygen atoms, as
previously proposed for heteropolyoxoanions with
Keggin structures [72].

7.3.  Ethanol condensation reactions on Cu-
MgsCeO, catalysts

Recent studies [73-75] show that aldol condensa-
tion reactions of ethanol on ZnO [73] and modified
MgO [74,75] are strongly influenced by the presence
of Cu sites. Cu sites appear to act as more than
ethanol dehydrogenation sites and also influence the
rate and selectivity of acetaldehyde condensation
reactions. Metal sites also increase the rate of acid-
catalyzed condensation reactions of acetone on H-
ZSM5 [76].

Basic oxides catalyze the formation of higher oxy-
genates from aldehydes and alcohol reactants via aldol
condensation chain growth pathways [25]. MgsCeO,
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Table 6

Effects of Cu- and K-loading on ethanol consumption and product formation on MgsCeO,. (573 K, 4 kPa ethanol, balance He; initial rates in

gradientless batch reactor.)

wt.% wt.% Ethanol Rates of formation

Cu K Dehydrogenation Acetone Butyraldehyde
Areal rate Turnover rate Areal rate Turnover rate Areal rate Turnover rate
rnt e 7€ r ry€ 39

0 0 4.0x107° — 6.2 x 10711 6.5 x 1073 —© —°

7 0.1 3.6 x 1077 0.24 3.0x 107 2.2 x 1073 45x1071° 3.4 x 1074

7 1.0 2.4 x 1077 0.23 43 x107° 1.8x 1073 7.6 x 1010 32 x 1074

49 1.2 9.4 x 1077 0.24 44 %1078 1.0 x 1072 1.2x107° 2.8 x 1074

? Rate of ethanol consumption, expressed in mol/ m?s.
® Turnover rates per Cu surface atom, expressed in s~
© Rates of product formation, expressed in mol/m* MgCeO, s.

9 Turnover rates per basic site (from 13C02/ 12C0, switch) in mol /mol CO; s.

¢ Not detected.

oxides promoted with Cu and K catalyze the synthesis
of isobutanol from CO and H, via bifunctional path-
ways requiring methanol synthesis and aldol conden-
sation sites [74,75,77]. The Ce component increases
the density and strength of basic sites in MgO and the
rate of base-catalyzed chain growth reactions [74,75].
Potassium titrates Bronsted acid sites that lead to
undesired etherification and hydrocarbon formation
reactions.

Reactions of ethanol on Cu-MgsCeO, at 573 K lead
to the formation of acetaldehyde, n-butyraldehyde and
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Fig. 4. Site yields as a function of contact time on (1.0 wt% K)

Cup sMgsCeO, in reactions of ethanol (573 K, 101.3kPa total
pressure, 4.0 kPa ethanol pressure, balance He).

acetone as predominant products. Acetaldehyde con-
centrations increase rapidly to equilibrium levels that
become independent of Cu content in Cu,MgsCeO,
catalysts. The non-zero initial slope in the time evolu-
tion of acetone and n-butyraldehyde products (Fig. 4)
would be unexpected if these products formed via
sequential reactions of acetaldehyde gas phase inter-
mediates. It appears that ethanol undergoes condensa-
tion reactions directly, without requiring its
intermediate conversion to gas phase acetaldehyde.
This suggests, in turn, that the ethanol dehydrogena-
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Fig. 5. Initial rates of ethanol dehydration and condensation
reactions and of incorporation of deuterium into ethanol (in D,—
C,HsOH mixtures) as a function of Cu surface area on
Cu,MgsCeO, catalysts (573 K, 101.3 kPa total pressure, 3.7 kPa
ethanol (27 kPa D,), balance He).
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tion and condensation steps must occur on sites
located within molecular distances, in view of the
unlikely surface diffusion of ethoxide and related
adsorbed species.

The initial rate of ethanol dehydrogenation
increases linearly with the Cu surface area measured
by N,O decomposition methods, leading to turnover
rates that are not affected by Cu crystallite size or by
the presence of alkali (Table 6, Fig. 5). At similar
steady-state acetaldehyde concentrations, chain
growth rates to form acetone and n-butyraldehyde
differ markedly on MgsCeO,, (1.0% wt. K) Cug sMgs-
CeO, and (1.0% wt. K) Cu;sMgsCeQO, catalysts
(Table 6, Fig. 5), even though basic site densities
measured by CO, titration methods are very similar.
This marked effect of Cu on chain growth rates shows
that Cu metal sites participate in rate-determining
steps required for condensation reactions.

Isotopic tracer studies using 12C2H50H—13C2H40
reactant mixtures confirm that condensation reactions
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ever, may interact with Cu sites via migration of
hydrogen atoms formed in C~-H and O-H bond activa-
tion steps to Cu sites. These steps would lead to the re-
formation of hydrogen abstraction sites on MgO and
to the elimination of the hydrogen reaction products as
H, by recombinative desorption on Cu crystallites. If
hydrogen removal is rate-determining in ethanol dehy-
drogenation and condensation reactions, Cu may pro-
vide the needed ‘porthole’ for its removal from MgO
surfaces.

Acetaldehyde and ethanol condensation reactions
occur on acid-base site pairs present in basic oxides.
Infrared [79] and temperature-programmed surface
reactions studies [74,75] suggest that the initial step
in the activation of ethanol is the cleavage of OH
bonds in ethanol to form adsorbed ethoxide species
(on Mg”) and hydrogen atoms (on basic oxygens).
Hydrogen species are removed by migration to Cu
sites, reaction with another H species and desorption
as Hj:

H CH,
H\ Y H/ H /H H \C/
c—C—H ~Cc—cCc—H H @
/ \ o L
! He* i He* : Ho H H_ o
0 : 0? . 0? ; »
o - o —du—d
: ’ : . : : — Cu— Cu—
\Mg2+ N \Mg2+ TN \Mg2+ TN | |

can proceed via direct reactions of ethanol, without the
intermediate formation of gas phase acetaldehyde
molecules [78]. These results suggest that ‘dehydro-
genation’ and condensation reactions occur after bind-
ing of ethanol to the same type of active site, such as an
acid—base site pair on MgQO. These reactions, however,
are influenced by the presence of Cu metal crystallites,
which are unlikely to exist in atomic contact with a
large fraction of MgO surface sites. Basic sites, how-

Ethoxide species, however, do not undergo conden-
sation reactions and tend to re-form ethanol, unless
hydrogen adatoms are removed by recombinative
desorption processes. Several hydrogen abstraction
steps are required to convert ethoxide to enolate-type
species that can undergo aldol-type condensation
reactions. These hydrogen abstraction steps will
require the removal of previously formed H adatoms
from basic oxygens in MgO acid-base pairs:

CH,-CH,-OH / c—C : H H,
MgO
\» :05- Hs* 41_{\ H H _J
o ||
\Mg2+/ \ — Cu— Cu =
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The migration to Cu sites provides a recombinative
desorption pathway that is significantly less efficient
on pure MgO or MgsCeO, than on Cu-containing
surfaces. C-H bond activation steps on acid—basic
site pairs become kinetically coupled with hydrogen
desorption steps catalyzed by Cu in order to increase
the rate of formation of n-butyraldehyde and acetone
during ethanol and acetaldehyde condensation reac-
tions. Hydrogen migration on MgsCeO, surfaces and
recombinative desorption on Cu sites increase the rate
of aldol condensation by removing a surface bottle-
neck that tends to reverse the step leading to the
formation of unsaturated aldol-type species required
for chain growth. This mechanistic proposal is con-
sistent with the effect of Cu surface area on the rate of
deuterium incorporation into the ‘unreacted’ ethanol
in C;HsOH-D, reactant mixtures (Fig. 5).

The surface diffusion of hydrogen adatoms from
basic oxygens to Cu sites and their recombination on
Cu sites (and more slowly also on MgO) to form H,
allows basic oxygens to be rapidly re-used as hydro-
gen abstraction sites. Adsorbed acetaldehyde species
can desorb as acetaldehyde, or react with other surface
species to form aldol condensation products. Once
again, H species migrate from basic to Cu sites and
recombine on Cu sites to form H,:

Surface aldol species then undergo reactions via
pathways well established in homogeneous base cat-
alysis. In these reactions, the presence of copper sites
enhances hydrogen transfer and provides H species for
the hydrogenation of the unsaturated species, a step
required for the desorption of condensation products.

These bifunctional condensation pathways are qua-
litatively similar in kinetic structure to those discussed
earlier for C—H activation reactions of alkanes on
cation-modified zeolites. They are consistent with
the direct formation of aldol condensation products
from the ethanol component in '*C-ethanol /'*C-acet-
aldehyde mixtures and with the increased rate of
isotopic exchange in C,HsOH/D, mixtures as the
density of Cu surface atoms increases on the surface
of Cu-MgsCeO, catalysts.

8. Conclusions

Catalytic reactions of alkanes and alkanols fre-
quently require multiple surface functions and con-
certed or sequential interactions with acid, base and H,
dissociation sites. The activation of O-H and C-H
bonds in these reactant molecules benefits from con-
certed interactions with acid-base site pairs. Solid

H CH; H H
CH,O N7 _H
C. 8-c—Cs+
k | — - N —_—
B H Os.
O
o - 02'\ : -
ng / \ N[:g2 / Mg2+ Mgz
H CH, H
\ 5/ H u 2
C +
. H B H H__A
: 5 -~
| ‘\.',C——Cf’f — 3 Surface aldol species +  : —> | | —_—
5 H* N 0 —Cu—Cu—
o X o~ NN

e
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surfaces with weak acid-base site pairs catalyze
hydrogenation and dehydration reactions with high
selectivity, because of their ability to form and discard
reaction intermediates during a catalytic turnover. The
required site pairs may consist of conjugate acid—base
pairs in single element oxides or may be introduced by
a second component in binary oxides or supported
metal oxide clusters.

Concerted interactions with several surface func-
tions require that these functions exist within mole-
cular distances. Non-concerted bifunctional pathways
avoid this requirement and occur even when the
required sites are located farther apart. Then, sites
interact via the formation and migration of gas phase
and surface species. Alkenes migrate between metal
and Bronsted acid sites in catalytic isomerization and
reforming reactions. The diffusion of hydrogen ada-
toms on surfaces provides a more effective interaction
pathway than gas phase diffusion of alkenes for
coupling acid-base site pairs and ‘dehydrogenation’
sites in alkane dehydrogenation and isomerization
reactions and in condensation reactions of alcohols.
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