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ABSTRACT: This study reports evidence for the identity and
kinetic relevance of the elementary steps that mediate
condensation and esterification reactions of C2−C5 alkanals
and alkanones and for the number, role, and acid−base
properties of active Ti−O and Zr−O site pairs on catalytic
surfaces. Kinetic, isotopic, and theoretical methods show that
all reactants convert on TiO2 and ZrO2 surfaces via similar
routes, which involve (i) kinetically relevant α-C−H cleavage
in alkanals (alkanones) to enolates on sparsely covered M−O
pairs, (ii) selectivity-relevant subsequent enolate reactions with
coadsorbed alkanals/alkanones or 1-alkanols to form con-
densation or esterification precursors, mediated by C−C coupling steps with carbonyl reactants and C−O coupling steps with
alkanal−alkoxide pairs formed via H transfer in enolate−1-alkanol pairs, (iii) hydrogenation of C−C coupling products to
carbonyl compounds and dehydrogenation of hemiacetals formed via C−O coupling to esters on an interspersed Cu function
present as a physical mixture. For mixtures of oxygenate reactants, enolate formation rates from each reactant are unaffected by
the other reactants, while C−C and C−O coupling product ratios allow measurements of the relative reactivity of each enolate
with different carbonyls or alkanols; these reactivities are unavailable from carbonyl−alkanol mixtures derived from a single
reactant but are essential to benchmark theory and experiment. Density functional theory (DFT) treatments on model
Ti5O19H18 clusters give free energy barriers for enolate formation (ΔG‡) and ΔG‡ differences for the coupling of each enolate
with different alkanals, alkanones, or 1-alkanols in excellent agreement with measured values. Enthalpy and entropy components
of DFT-derived activation free energy barriers show that alkyl substituents influence enolate reactivity through their effects on α-
C−H bond energies and on steric hindrance at transition states (TS). Substituents influence enolate C−C coupling more
strongly than C−O coupling because steric effects predominate at the tighter TS structures that mediate condensation events.
Enolate formation turnover rates, based on the number of active M−O pairs measured by titration with propanoic acid during
catalysis, are higher on ZrO2 than TiO2. Titrations during catalysis showed that the higher intrinsic reactivity of ZrO2 reflects its
weaker Lewis acid centers and more strongly basic O atoms than on TiO2, which lead, in turn, to more stable enolate formation
transition states. The different properties of the two Zr centers in Zr−O−Zr structures lead to relative C−C and C−O coupling
rates that depend on the Zr center that stabilizes the O atom in enolates. This asymmetry contrasts the single-site character of
Ti−O−Ti structures and leads to marked differences in the effects of alkanal/alkanol reactant ratios on condensation and
esterification selectivities.

1. INTRODUCTION
Aldol condensations of carbonyl compounds form new C−C
bonds and remove O atoms via steps that involve the cleavage
of α-C−H bonds, nucleophilic attack of carbonyls by enolates
or enols, and dehydration of the aldols formed to α,β-
unsaturated carbonyl compounds.1,2 In doing so, condensation
and the mechanistically related esterification reactions form
larger alkanals, alkanones, and esters from alkanol−alkanal
mixtures; these products contain longer chains with fewer O
atoms than reactants, making such reactions ubiquitous in the
upgrading of biomass-derived oxygenates to molecules of
greater value and energy density.3−8 For instance, acetone−
butanol−ethanol mixtures (ABE)8,9 and ethanol3 can be used

as convenient renewable precursors to petrochemicals and
transportation fuels.
Aldol condensations can be catalyzed by monofunctional

acids and bases, resulting in enols and enolates as the respective
intermediates.10 The concerted effects of separate acid and base
sites effectively stabilize the transition states that mediate the
elementary steps involved in aldol condensation (α-C−H
cleavage and C−C coupling steps) on biological catalysts11 and
functionalized porous silicas.12,13 Such synergies also appear to
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prevail on oxides (e.g., MgO,14−16 MgxAlOy,
17−20 CexZrOy,

21,22

ZnxZrOy,
23 and TiO2

24−26), which exhibit surfaces with acid−
base site pairs consisting of M−O moieties (M, metal center;
O, lattice oxygen atom).27−31 Coordinative unsaturation is
required at metal centers for interactions with the carbonyl
group, with vicinal O atoms acting as the H abstractor, as
shown by infrared evidence,28,29 by the effects of titrants
differing in acidic or basic properties,15,30 and by theoretical
treatments.30,31 Thermodynamic hurdles, side reactions, and
fast deactivation18,25,26 have led to imprecise assessments of
reactivity and of the number of active sites; these phenomena
have led, in turn, to equivocal and contradictory proposals for
the elementary steps and their kinetic relevance in con-
densation catalytic cycles.
H2 and a Cu function, present as a mixed cocatalyst with

oxides (e.g., anatase TiO2 (TiO2(a))
30 and monoclinic ZrO2

(ZrO2(m)) shown here), circumvent the thermodynamic
bottlenecks and fast deactivation ubiquitous in these reactions
via hydrogenation of unsaturated products and dehydrogen-
ation of hemiacetals to complete catalytic turnovers that form
stable products; these bifunctional strategies also allow the
interchangeable use of alkanals/alkanones and their respective
alkanols as reactants via their fast equilibration. Our previous
study30 demonstrated the role of Ti−O Lewis acid−base site
pairs on TiO2(a) in stabilizing enolate formation transition
states (TS) in the conversion of C3 oxygenates. These enolates
then react with carbonyl molecules to form C−C bonds and
with 1-alkanols to form alkanal−alkoxide pairs that form C−O
bonds, thus completing condensation and esterification turn-
overs. The number of active acid−base site pairs, measured by
titration with propanoic acid during catalysis, allowed measure-
ments of intrinsic site reactivities and the benchmarking of
activation free energies and mechanistic conclusions against
density functional theory (DFT) estimates.30

The kinetic, isotopic, and theoretical assessments shown here
demonstrate the general nature of these mechanistic con-
clusions for diverse C2−C5 oxygenates on TiO2(a) and also on
ZrO2(m). Site titrations with CO2, pyridine, and propanoic acid
during catalysis confirm that Ti−O and Zr−O acid−base site
pairs of moderate acid−base strength preferentially stabilize
enolate transition states that involve concerted interactions with
O and Ti or Zr centers. Esterification/condensation rate ratios
on ZrO2(m) depend weakly on alkanol/alkanal ratios, in
contrast to the linear relations observed on TiO2(a) surfaces
with uniform Ti centers.30 Such differences reflect distinct Zr
sites on Zr−O−Zr structures, which predominantly lead to the
formation of C−C or C−O bonds, depending on the specific
Zr center used to stabilize the enolate at the bimolecular
transition states that mediate these reactions.
Detailed studies of the formation rates of various products

from mixtures of different alkanals/alkanones led to rigorous
assessments of the relative reactivity of different carbonyl
compounds and 1-alkanols with enolates, which cannot be
extracted from carbonyl−alkanol mixtures derived from a single
reactant. C−C bond formation rates of alkanals with a given
enolate depend weakly on alkanal size or substitution but are
significantly higher than for alkanone reactions with the same
enolate, as a result of steric effects brought forth by the alkyl
substituents at carbonyl C atoms in nucleophilic attack
reactions by enolates. H2O does not inhibit enolate formation
rates but acts as an esterification cocatalyst via its reaction with
enolates to form 1,1-diols, which undergo rapid etherification
with alkanols to form hemiacetals and H2O.

Theoretical treatments on model anatase clusters accurately
describe the effects of molecular identity on enolate formation
rates and on the selectivity for C−C and C−O formation steps
of enolates for C2−C5 oxygenates. These treatments and data
are useful in constructing kinetic models to describe rates and
selectivities in complex mixtures of alkanols and carbonyl
compounds. DFT-derived enthalpy and entropy components of
activation free energy barriers confirmed that enolate formation
rates depend on α-C−H bond energies and on repulsive
interactions that inhibit reactivity when alkyl substituents are
present at the α-C atom. Steric effects of alkyl substituents at
the carbonyl C atom of alkanal/alkanone reactants are the sole
descriptor of the relative rates of esterification and
condensation for each enolate and reflect transition states
that are much tighter for C−C coupling than for C−O
coupling.

2. METHODS
2.1. Catalyst Synthesis and Characterization. TiO2

Degussa P25 (99.8%, 50 m2 g−1, anatase/rutile = 3/1 mass)
was used as a catalyst; its condensation and esterification
reactivity arises exclusively from anatase surfaces30 and is
hereinafter denoted as TiO2(a). It was treated at 673 K (0.167
K s−1) for 3 h in flowing dry air (1.67 cm3 g−1 s−1, 99.999%,
Praxair) and then physically mixed with Cu/SiO2 (ca. 20% wt
Cu) catalysts30 using a mortar and pestle. The mixtures
(TiO2(a) + Cu/SiO2, 0−4 (Cu/SiO2)/TiO2 mass ratio) were
pressed into pellets, crushed, and sieved to prepare 180−250
μm aggregates. These mixtures are used to circumvent the
thermodynamic, selectivity, and stability hurdles ubiquitous in
condensation and esterification reactions.30

Monoclinic ZrO2 (ZrO2(m), 131 m2 g−1) was also used as a
catalyst; it was prepared using hydrothermal methods.32

ZrO(NO3)2·xH2O (99.99%, Sigma-Aldrich) and urea (CO-
(NH2)2, 99%, Aldrich) were dissolved in 60 cm3 of deionized
water (0.40 mmol cm−3 Zr4+, urea/Zr4+ = 10 mol). The
solution was placed in a Teflon-lined stainless-steel autoclave
(100 cm3) and held stagnant at 433 K for 20 h under its
autogenous pressure. The solids formed were washed with
deionized water until the filtrate reached a neutral pH and then
treated in ambient air at 383 K (0.167 K s−1) overnight and in
flowing dry air (1.67 cm3 g−1 s−1, 99.999%, Praxair) at 673 K
(0.167 K s−1) for 4 h. This catalyst was physically mixed with
the Cu/SiO2 catalysts, as described above (ZrO2(m) + Cu/
SiO2, 1:1 mass, 180−250 μm).
The Cu/SiO2 synthesis protocols were described else-

where.30 They involved treating an aqueous suspension of
colloidal silica (30% wt LUDOX SM-30), Cu(NO3)2·2.5H2O
(99.99%, Sigma-Aldrich), and urea (99%, Aldrich) (Cu/urea =
1/3 mol) at 363 K for 20 h while stirring. The powders were
rinsed with deionized water to a neutral filtrate pH and treated
in ambient stagnant air at 383 K for 20 h, then in flowing dry air
(1.67 cm3 g−1 s−1, 99.999%, Praxair) at 723 K for 5 h, and
finally in flowing 10% H2/He (5.56 cm3 g−1 s−1, 99.999%,
Praxair) at 573 K for 2 h. A treatment in flowing 1% O2/He
(0.83 cm3 g−1 s−1, 99.999%, Praxair) at ambient temperature for
1 h was used to passivate the samples before exposure to
ambient air. The line breadth in X-ray diffractograms gave a
mean Cu diameter of 7.9 nm.30

2.2. Catalytic Rate Measurements. C2−C5 oxygenates
and their mixtures were used as reactants; these oxygenates
included ethanol (>99.9%, Fisher), ethanol-d6 (>99.96%,
Sigma-Aldrich), 1-propanol (>99.9%, Sigma-Aldrich), 2-prop-
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anol (>99.5%, Sigma-Aldrich), acetone (>99.9%, Fisher),
acetone-d6 (>99.9%, Aldrich), 1-butanol (>99.8%, Sigma-
Aldrich), 2-butanol (>99.5%, Sigma-Aldrich), 1-pentanol
(>99.0%, Sigma-Aldrich), and 3-methyl-1-butanol (>99.0%,
Sigma-Aldrich). Their conversion rates and selectivities were
measured on TiO2(a) + Cu/SiO2 and ZrO2(m) + Cu/SiO2
mixtures (10−500 mg) using a quartz tubular flow reactor (1.0
cm i.d.). The catalyst mixtures were treated in flowing 10% H2/
He (5.56 cm3 g−1 s−1, 99.999%, Praxair) at 543 K (0.0833 K
s−1) for 2 h before contact with reactants. The liquid reactants
were vaporized by introducing them into a stream of He
(99.999%, Praxair) and H2 (99.999%, Praxair) mixtures with all
transfer lines after the point of introduction held at 433 K. H2
was replaced by D2 (99.8%, Praxair) when deuterated
oxygenates were used as reactants. Reactant pressures and
space velocities were varied by controlling the liquid and gas
flow rates using syringe pumps (Cole Parmer, 74900 series)
and electronic mass flow controllers (Porter, model 201),
respectively.
The speciation of reaction products was carried out using

known standards and mass spectrometry (HP 5972) after
chromatographic separation (HP 5890 GC) with a methyl
silicone capillary column (Agilent, HP-1, 50 m, 0.32 mm i.d. ×
1.05 μm). The concentrations of reactants and products in the
effluent stream were measured by online gas chromatography
(Agilent 6890) using the same capillary column but with a
flame ionization detector calibrated using response factors
determined from known standard compounds. Equilibrated
mixtures of alkanol−alkanal/alkanone reactants formed on
TiO2(a) + Cu/SiO2 or ZrO2(m) + Cu/SiO2 at all H2 pressures
were treated as lumped reactants that are hereinafter denoted as
the reactant pool; pool conversions and product selectivities are
based on the molecules that leave this pool (on a carbon basis).
Reaction rates are normalized by the number of accessible
acid−base site pairs on TiO2(a) (3.7 nm−2)30 or ZrO2(m) (6.0
nm−2, shown in section 3.2), determined by titration with
propanoic acid during acetone condensation at 453 K (section
2.3).
2.3. Titration of Surface Sites by Probe Molecules

during Catalysis. The number and type of active sites
involved in C−H bond activation steps leading to enolate
intermediates on TiO2(a)

30 and ZrO2(m) were determined by
in situ titrations with pyridine (>99.9%, Sigma-Aldrich),
propanoic acid (>99.5%, Sigma-Aldrich), and CO2 (50%
CO2/He, 99.999%, Praxair). Acetone condensation rates were
first measured here on ZrO2(m) + Cu/SiO2 mixtures (1:1
mass) without the titrants (523 K, 4 kPa acetone, 40 kPa H2)
for 2 h. Titrants were then introduced by mixing them with
acetone for liquid titrants (0.005 or 0.05 titrant/acetone molar;
20 or 200 Pa) or as a separate stream for CO2 (4 kPa).
Reactant, product, and titrant concentrations were determined
by the chromatographic protocols described in section 2.2. The
number of Zr−O site pairs on ZrO2(m) was determined from
the propanoic acid uptakes required to suppress reactant
conversion rates using a stoichiometry of one acid per two
vicinal Zr−O site pairs, as required for dissociative adsorption
to form carboxylates, based on theoretical33 and infrared34

evidence.
2.4. Density Functional theory (DFT) Methods. A

Ti5O19 cluster extracted from anatase (101) surface, the most
stable and prevalent exposed plane, was used to represent Ti−
O site pairs; the anatase structure was set based on
crystallographic data (tetragonal, I41/amd, a = b = 0.378 nm,

c = 0.949 nm).30 Two Ti5c sites (coordination number (CN) 5)
and one O3c site (CN 3) centered in the cluster are used as the
active sites (Scheme 1), as described elsewhere,30 with the

remaining O and Ti atoms providing the nonlocal coordination
and electronic environment. Eighteen H atoms were bound to
the edge O atoms of the cluster along the orientation of the
Ti−O bonds cleaved to extract the cluster from the extended
anatase structure in order to maintain the cluster charge neutral
and avoid extraneous H-bonding interactions at reactant and
transition states. These Ti5O19H18 clusters provide computa-
tionally tractable model surfaces that were shown to accurately
assess the kinetically relevant steps and estimate the activation
free energy barriers for the formation of enolates in
esterification and condensation reactions of C3 oxygenates.30

Similar theoretical protocols are extended here to describe the
effects of molecular identity and structure on reactivity and
selectivity and on the kinetic relevance of specific elementary
steps for reactants consisting of a much broader range of
oxygenates.
These theoretical methods used the Gaussian 09 program.35

All five Ti atoms and the three inside O atoms in the Ti5O19H18
cluster were relaxed, while the remaining atoms were held to
preserve the structure of the extended anatase parent surface.
Geometry optimization of reactants, products, and transition
states (TS) used the Berny geometry algorithm36 at the hybrid
B3LYP functional level of theory37,38 with the Gaussian-type 6-
311G(d,p) basis set for the C, O, and H atoms39,40 and the
effective core potential LANL2DZ basis set for the Ti atoms.41

An ultrafine grid (99590) was selected for numerical
integration; convergence criteria were set to 1.0 × 10−8 Ha
for energy and 1.5 × 10−5 Ha Bohr−1 for the maximum residual
force on each atom. The van der Waals contributions to
electronic energies of optimized structures were estimated by
Grimme’s D3BJ dispersion correction,42 and basis set super-
position errors (BSSE) were treated using the counterpoise
correction method to eliminate overestimation of binding
energies as a result of basis-function overlaps for the finite basis
sets used.43,44

Enthalpies and entropies were calculated based on the
vibrational partition functions derived from the rigid rotor
harmonic oscillator (RRHO) approximation45 using DFT-
determined frequencies; these frequencies were scaled by a
factor of 0.9682 to compensate for anharmonicity effects absent
in the theoretical treatments.46 For low-frequency modes (<100
cm−1) of weakly bound adsorbates, vibrational partition
functions were calculated using a free-rotor model instead of

Scheme 1. Ti5O19H18 Cluster Model for Theoretical
Treatments of Aldol Condensation and Esterification
Pathways
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the RRHO model to avoid significant errors caused by the
latter.47 Bonding properties of all reactants and TS structures
were analyzed using the Wiberg bond-order index48,49

(implemented in the NBO 3.0 program50) that calculates
bond orders based on the most possible Lewis electronic
structures.
The acid−base strength of exposed Zr−O site pairs on

ZrO2(m) surfaces was described using the affinities of these
sites for OH− or H+ gaseous ions using formalisms and
methods described previously.30 The OH− affinity (EHA)
reflects the energy released upon binding a gaseous OH− at a
Lewis acid center (A)

= − −− −E E E EHA AOH A OH (1)

The H+ affinity (EPA) reflects the energy released upon binding
a gaseous H+ at a basic site (B)

= − −+ +E E E EPA HB B H (2)

Here, Ei is the electronic energy of species i. These affinities for
the most stable (−111) surfaces of monoclinic ZrO2

51 were
calculated using periodic slab models, because the presence of
distinct Zr and O sites precludes the use of the small cluster
models that were adequate to describe single-site TiO2(a)
surfaces.30

Energy and geometry optimizations of periodic neutral ZrO2
slabs with and without adsorbed H+/OH− pairs were
performed using periodic plane-wave DFT methods, as
implemented in the Vienna ab initio Simulation Package
(VASP).52−54 These calculations used the Perdew−Burke−
Ernzerhof (PBE) exchange-correlation functional55,56 and
projector augmented-wave (PAW) pseudopotentials57,58 for
all atoms (400 eV energy cutoff). Bulk ZrO2(m) structures were
optimized using a 4 × 4 × 4 k-point mesh of the first Brillouin
zone generated from the Monkhorst-pack sampling method;59

lattice parameters measured from neutron powder diffraction
(P21/c, a = 0.515 nm, b = 0.521 nm, c = 0.532 nm)60 were used
to construct initial structures. All atoms were allowed to relax
until electronic energies varied by less 1 × 10−5 eV and forces
on each atom were below 0.02 eV Å−1. DFT-optimized lattice
parameters (a = 0.522 nm, b = 0.528 nm, c = 0.539 nm) were
determined from correlations between electronic energy and
volume of the bulk structures by using the Birch−Murnaghan
equation of state;61 these parameters were 1.4% larger than the
starting values derived from crystallography.
These DFT-optimized structures were used to construct 2 ×

2 supercells of the (−111) surfaces as slab models for the
calculations of OH− and H+ affinities; each unit cell consisted
of four Zr4O8 layers along the z direction and contained 64 Zr
and 128 O atoms. These periodic slabs were separated by 1.5
nm vacuum layers in the z direction. The atoms in the bottom
layer of these slabs were fixed at their bulk positions, while the
others were allowed to relax in all energy optimizations. A 4 × 4
× 1 Monkhorst-pack sampling k-point set and the energy and
force convergence criteria described above were used in all
optimizations. At each optimization step, dipole and quadru-
pole corrections were used to account for interactions among
periodic images.62,63 The Grimme’s D2 dispersion correction
was used to describe dispersion forces.64

3. RESULTS AND DISCUSSION
3.1. Turnover Rates and Selectivities on Anatase TiO2

Surfaces. Ethanol reaction rates and selectivities were
measured on physical mixtures of TiO2(a) and 20% wt Cu/

SiO2 catalysts (0−4 (Cu/SiO2)/TiO2 mass ratio; 523 K, 30 kPa
H2). The approach to equilibrium factor (ηdehy) for alkanol
dehydrogenation to alkanal (alkanone) is given by

+X Yooooalkanol alkanal(alkanone) H
K

2
dehy

(3)

η =
×

×
P P

P K
1

dehy
H Alkanal(Alkanone)

Alkanol dehy

2

(4)

where Kdehy is the equilibrium constant for the dehydrogenation
reaction. The ηdehy value for ethanol dehydrogenation,
determined from available thermodynamic data,65 increased
as the (Cu/SiO2)/TiO2 mass ratio increased and reached unity
for catalyst mass ratios above unity (Figure 1), indicative of full

ethanol−ethanal−H2 equilibration. Such rapid equilibration
renders alkanals and alkanols equivalent as reactants; their
mixtures can therefore be rigorously treated as a single reactant
lump in all kinetic treatments.
This equilibrated ethanol−ethanal reactant pool formed C4+

products (e.g., butanal, hexanal, and 2-ethyl-butanal) via ethanal
aldol condensation and subsequent hydrogenation; it also
formed ethyl acetate via dehydrogenation of hemiacetals
derived from ethanol−ethanal coupling reactions (Scheme 2).
Condensation and esterification turnover rates (per active Ti−
O site pair) were insensitive to the amount of Cu for ((Cu/
SiO2)/TiO2) mass ratios larger than unity (Figure 1). These
data indicate that kinetically relevant steps occur on TiO2(a)
surfaces, with the Cu function serving to equilibrate the
alkanol−alkanal reactants. This Cu function also removes
thermodynamic hurdles by hydrogenating unsaturated con-
densation products and dehydrogenating hemiacetals,30 thus
avoiding yield losses and deactivation processes mediated by
subsequent reactions of the initial condensation and
esterification products.
Combined aldol condensation and esterification rates of

ethanol−ethanal mixtures were proportional to ethanal
pressure but unaffected by ethanol pressure (Figure 2a);

Figure 1. Effects of (Cu/SiO2)/TiO2 mass ratio on rates of aldol
condensation (raldol) and esterification (rester) and the alkanol
dehydrogenation approach to equilibrium factor (ηdehy; eq 4) for
ethanol−ethanal reactants (TiO2(a) + 20% wt Cu/SiO2, 0−4 (Cu/
SiO2)/TiO2 mass ratio, 523 K, 0.8 kPa ethanol, 30 kPa H2). Dashed
lines indicate trends.
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esterification/condensation rate ratios, in contrast, increased
linearly with increasing ethanol/ethanal ratios (Figure 2b).
These pressure effects on conversion rates and selectivities
resemble those observed for 1-propanol−propanal reactant
mixtures in a previous study,30 suggesting that mechanistic
features are similar for all these reactants, as confirmed by the
evidence from experiment and theory described in the sections
that follow.
A plausible sequence of elementary steps is shown in Scheme

3 for aldol condensation and esterification reactions of C2−C5

alkanol−alkanal reactants on M−O site pairs (e.g., M = Ti or
Zr) at oxide surfaces (TiO2(a) used here as the illustrative
example). These steps are consistent with all rates and
selectivities measured (shown below) and with DFT-derived
free energies (section 3.5) for all C2−C5 oxygenate reactants.
An adsorbed alkanal, present at low coverages during

catalysis, undergoes α-H-abstraction by a basic lattice O
atom; the incipiently formed enolate moiety at the transition

state (TS) is stabilized via concerted interactions with a Lewis
acid center (step 2, Scheme 3). Another alkanal, coadsorbed on
a vicinal M site, is then nucleophilically attacked by the enolate
species to form the new C−C bond (steps 4−6, Scheme 3); the
aldol that forms dehydrates to an α,β-unsaturated carbonyl
compound (step 7, Scheme 3), which is hydrogenated to the
corresponding alkanones, alkanals, and alkanols on Cu sites.
The enolate can also react via reversible H-abstraction with a
vicinal coadsorbed alkanol to form an alkanal−alkoxide pair
(step 9, Scheme 3), which forms the new C−O bond via
subsequent nucleophilic attack (steps 10−12, Scheme 3); the
hemiacetal formed then dehydrogenates to an ester on the Cu
function (step 13, Scheme 3), thus completing an esterification
turnover.
The linear rate dependence on the pressure of the carbonyl

component (Figure 2a), the normal H/D isotope effects
(shown below), and the DFT-derived free energies (section
3.5) require that enolate formation (step 2, Scheme 3) be the

Scheme 2. Reaction Network for the Conversion of Alkanols (CnH2n+1OH) and Its Equilibrated Carbonyl Analogs (CnH2nO) on
Bifunctional TiO2(a) + Cu/SiO2 Catalysts

a

aThe products in brackets were below the experimental detection limit (0.001 kPa).

Figure 2. Effects of (a) ethanal pressure on pool turnover rates and (b) ethanol/ethanal ratio on ratios of esterification and condensation rates (523
K, TiO2(a) + 20% wt Cu/SiO2 (1:1 mass), 0.8 kPa ethanol/ethanol-d6, 10−60 kPa H2/D2). Solid lines in a and b represent the regression fits to the
functional forms of eqs 5 and 6, respectively.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b07304
J. Phys. Chem. C 2016, 120, 21589−21616

21593

http://dx.doi.org/10.1021/acs.jpcc.6b07304


sole kinetically relevant step. The relative rates of enolate−
alkanal C−C coupling (step 4, Scheme 3) and alkanal−alkoxide
C−O coupling (step 10, Scheme 3) determine only the fate of
the enolate species formed and thus the relative rates at which
enolates ultimately appear as condensation or esterification
products, consistent with the observed effects of ethanal and
ethanol pressures (Figure 2b), the weak H/D isotope effects
(shown below), and the DFT treatments of these enolate
conversion elementary steps (section 3.5).
The sequence in Scheme 3 gives mechanism-based equations

for enolate formation rates

=
+

= = ′
r

L
r r

L
k K P k P

[ ] [ ]
enolate aldol ester

enolate al alkanal enolate alkanal

(5)

and for the ratio of esterification to condensation rates

=
r
r

k K K P
k K P

ester

aldol

CO ol H alkanol

CC al alkanal (6)

Here, [L] is the number of active M−O site pairs on oxide
surfaces, renolate, raldol, and rester denote the respective rates of
enolate formation, aldol condensation, and esterification, the
kenolate, kCC, and kCO parameters represent the first-order rate
constants for enolate formation (step 2), C−C coupling (step
4), and C−O coupling (step 10), k′enolate is the effective rate
constant for enolate formation, Kol and Kal are the adsorption
constants for alkanol and alkanal reactants on metal centers,
and KH is the equilibrium constant for H transfer between
alkanols and enolates (step 9, Scheme 3).
The k′enolate parameter in eq 5 represents the slope of the

conversion rates shown in Figure 2a; it reflects the reactivity of
the carbonyl molecule in the formation of enolate species (step
2, Scheme 3) via concerted α-H abstraction (by lattice O sites)

Scheme 3. Aldol Condensation and Esterification Pathways for C2−C5 Alkanol−Alkanal Reactants (CH2RCH2OH−CH2RCH
O, R = H or alkyl) on Bifunctional TiO2(a) + Cu/SiO2 Mixturesa

aReactions on Ti−O site pairs and Cu surfaces are represented by solid and dashed arrows, respectively. Quasi-equilibrated steps are noted by a
circle over double arrows. Reaction numbers used throughout the text are in parentheses (e.g., (1)); the kj and Kj (j = 1−13) labels above each
reaction arrow represent their respective kinetic constants for forward steps and equilibrium constants.
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and stabilization of the enolate moiety (by metal centers). The
kCOKolKH (kCCKal)

−1 term in eq 6 corresponds to the slope of
the selectivity ratios in Figure 2b; it accounts for the relative
rates of C−O coupling (step 10, Scheme 3) and C−C coupling
(step 4, Scheme 3) steps from a given enolate intermediate.
Deuterated C2D5OD−CD3CDO−D2 mixtures were also

fully equilibrated on TiO2(a) + Cu/SiO2 mixtures (1:1 mass)
at all conditions (ηdehy 0.9−1; Figure S1, Supporting
Information (SI)); their conversion rates were proportional
to alkanal pressure (Figure 2a), but the rate constants were
smaller than for undeuterated reactants ((k′enolate)H/(k′enolate)D
= 2.3; 523 K; Table 1). These normal kinetic isotope effects are
consistent with kinetically relevant α-C−H bond cleavage steps.
These values are similar to those derived from DFT treatments
for the formation of enolates from ethanal (2.4; section 3.5)
and also to those measured (2.4; 523 K) and calculated (2.5;
523 K) for enolate formation from acetone.30

Deuterated ethanol−ethanal mixtures gave esterification/
condensation rate ratios only slightly smaller than for
undeuterated reactants ((kCOKolKH (kCCKal)

−1)H/(kCOKolKH
(kCCKal)

−1)D = 1.4; 523 K; Table 1), indicating that the
kinetically relevant steps for both condensation and ester-

ification reactions from enolates involve either similar hydrogen
rearrangements or none at all. DFT treatments (section 3.5)
show that the condensation steps from enolates are limited by
the C−C bond formation in enolate−alkanal pairs (step 4,
Scheme 3); esterification, in contrast, is limited by C−O bond
formation in alkanal−alkoxide pairs (step 10, Scheme 3) after
fast and equilibrated transfer of a H atom in enolate−alkanol
pairs (step 9, Scheme 3). The limiting steps in either C−C and
C−O coupling reactions do not involve activation of H atoms;
indeed, DFT treatments predict weak H/D isotope effects on
esterification/condensation rate ratios (1.2; 523 K; section 3.5),
consistent with measured values (1.4; Table 1).
Hydrogenation−dehydrogenation equilibria for C3−C5 alka-

nol reactants (i.e., 1-propanol, 2-propanol, 1-butanol, 2-butanol,
1-pentanol, and 3-methyl-1-butanol) were also achieved (ηdehy
0.9−1.0) on TiO2(a) + Cu/SiO2 mixtures (1:1 mass; 523 K,
10−60 kPa H2). These equilibrated 1-alkanol−alkanal and 2-
alkanol−alkanone reactant pools formed the products expected
from their aldol condensation and esterification reactions
(Scheme 2). Equilibrated mixtures of alkanones and their
nonterminal alkanol hydrogenation products cannot form
esters because −OH groups at tertiary C atoms in hemiacetal

Table 1. Number of α-H Atoms (nα‑H), Measured k′enolate, kCOKolKH(kCCKal)
−1, and ΔG Values for Enolate Formation,

Esterification, and Condensation Reactions of C2−C5 Alkanal and Alkanone Reactants on TiO2(a)

reactanta nα‑H k′enolatee (ks-kPa-(Ti−O))−1 ΔG′‡enolatef (kJ mol−1) kCOKolKH (kCCKal)
−1 ΔΔG‡

ester‑aldol
g (kJ mol−1)

C#H3CHO
b 3 37.7 ± 0.4 125 ± 1 0.034 ± 0.001 15 ± 1

C#D3CDO
b 3 15.9 ± 0.1 129 ± 1 0.025 ± 0.001 16 ± 1

CH3C
#H2CHO

c 2 31.3 ± 0.9 126 ± 1 0.101 ± 0.003 10 ± 1
CH3CH2C

#H2CHO
c 2 20.6 ± 0.4 127 ± 1 0.152 ± 0.002 8 ± 1

CH3(CH2)2C
#H2CHO

c 2 17.8 ± 0.4 128 ± 1 0.194 ± 0.004 7 ± 1
(CH3)2CHC

#H2CHO
c 2 0.64 ± 0.01 143 ± 1 2.36 ± 0.02 −4 ± 1

CH3COC
#H3

d 6 4.80 ± 0.05 134 ± 1 h h
CH3CH2COC

#H3
d 3 2.55 ± 0.03 137 ± 1 h h

CH3C
#H2COCH3

d 2 1.11 ± 0.02 140 ± 1 h h
aα-C atoms from which a H atom is abstracted in the formation of the enolate are indicated by the pound sign (#). bData shown in Figure 2. cData
shown in Figure 3. dData shown in Figure 4. eNormalized by nα‑H.

fCalculated from eq 7. gCalculated from eq 9. hEsterification reactions cannot
occur from alkanones and nonterminal alkanols, because dehydrogenation to form an ester from hemiacetal intermediates (formed from alkanones)
cannot occur at an OH group bound to a tertiary C atom.

Figure 3. Effects of (a) alkanal pressure in equilibrated alkanol−alkanal reactants on pool turnover rates and (b) alkanol/alkanal ratio on ratios of
esterification and condensation rates (TiO2(a) + 20% wt Cu/SiO2 (1:1 mass), 523 K, 0.8 kPa alkanol, 10−60 kPa H2). Solid lines in a and b
represent the regression fits to the functional forms of eqs 5 and 6, respectively. Data for 1-propanol−propanal mixtures have been adapted from ref
30.
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intermediates formed (step 12, Scheme 3) cannot dehydrogen-
ate to their more stable ester analogs (step 13, Scheme 3).
Butanone can form two condensation products, depending on
the location of α-H atom abstracted. Abstraction at the primary
C atom (CH3CH2COC

#H3) forms 5-methyl-3-heptanone,
while activation at the secondary C atom (CH3C

#H2COCH3)
forms 3,4-dimethyl-2-hexanone.
The effects of carbonyl reactant pressure and of alkanol/

alkanal ratios on rates and esterification/condensation rate
ratios obey eqs 5 and 6, respectively, for all reactants (Figures 3
and 4; Table 1). The mechanistic conclusions reached for

ethanol−ethanal reactants above and for C3 oxygenates
elsewhere30 seem general and accurately account for the
formation rate and conversion selectivity of enolates on
TiO2(a) and, without any required modifications, also on
ZrO2(m) (section 3.2).
For all reactant mixtures, the k′enolate term in eq 5 reflects the

free Gibbs energy barrier (ΔG′‡enolate) to form the enolate
transition state (TS) from a gaseous alkanal (alkanone)
molecule and a bare acid−base site pair (TiO2(a) used in
Scheme 4 as the illustrative example)

′ = −
Δ ′‡⎛

⎝
⎜⎜

⎞
⎠
⎟⎟k

k T
h

G
exp

RTenolate
B enolate

(7)

Δ ′ = − −‡ ‡
−G G G Genolate enolate carbonyl Ti O (8)

where G‡
enolate, Gcarbonyl, and GTi−O are the Gibbs free energies

for the enolate formation TS, the gaseous carbonyl reactant
(i.e., alkanal or alkanone), and the bare Ti−O pair. The
ΔG′‡enolate (523 K) values derived from measured k′enolate
increased slightly but systematically from 125 ± 1 (ethanal)
to 128 ± 1 kJ mol−1 (pentanal) as the alkyl chains bound to the
CO group lengthened (Table 1). The slightly lower
reactivity of alkanals with longer chains predominantly reflects
steric effects at the α-C atom, because DFT-derived α-C−H
bond heterolytic dissociation energies are actually lower for
alkanals with longer alkyl chains (from 1565 to 1545 kJ mol−1;
section 3.6). Measured ΔG′‡enolate values were much larger for
branched 3-methyl-butanal (143 ± 1 kJ mol−1; Table 1) than
for linear C2−C5 alkanals (125−128 kJ mol−1; Table 1),
consistent with steric effects by bulkier substituents at the α-C
atom and with the DFT-derived barriers for enolate formation
steps (section 3.5).
C3 and C4 alkanones showed larger ΔG′‡enolate values than

linear C2−C5 alkanals, indicating that alkyls at carbonyl C
atoms also interfere with enolate formation, in this case,

Figure 4. Effects of alkanone pressure in equilibrated 2-alkanol−
alkanone reactants on condensation turnover rates (TiO2(a) + 20% wt
Cu/SiO2 (1:1 mass), 523 K, 0.8−2.0 kPa 2-alkanol, 40 kPa H2). Solid
lines represent the regression fits to the functional form of eq 5. Data
for 2-propanol−acetone mixtures have been adapted from ref 30.

Scheme 4. Schematic Reaction Coordinate Diagram for Enolate Formation from a Gaseous Alkanal (alkanone) Reactant on a
Ti−O Site Pair of TiO2(a)

a

aΔG′‡enolate represents the experimentally-measurable free energy barrier of the enolate formation (eq 7).
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because of the combined effects of steric hindrance and of
electronic effects on the strength of the C−H bonds at the α
position, as shown by theoretical treatments in section 3.6. The
replacement of the H atom at the α-C atom with a −CH3 group
influenced ΔG′‡enolate for acetone (vs butanone) more strongly
than for ethanal (vs propanal) (6 ± 2 vs 1 ± 2 kJ mol−1; Table
1). DFT treatments (section 3.6) confirmed that −CH3 groups
at the α-C atom in alkanones distort enolate formation
transition states much more significantly than in alkanals.
The ratio of rate constants for C−O and C−C formation

from enolates (kCOKolKH (kCCKal)
−1) reflects differences in the

free energy barriers (ΔΔG‡
ester‑aldol; Scheme 5) between C−O

coupling (step 10, Scheme 3) and C−C coupling (step 4,
Scheme 3) steps

= −
ΔΔ

= −
Δ − Δ

‡
−

‡ ‡

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

k K K
k K

G
RT

G G
RT

exp

exp

CO ol H

CC al

ester aldol

ester aldol

(9)

Δ = − −‡ ‡
*G G G Gester ester ol enolate (10)

Δ = − −‡ ‡
*G G G Galdol aldol al enolate (11)

ΔΔ = − + −‡
−

‡ ‡G G G G Gester aldol ester aldol al ol (12)

ΔG‡
ester is the free energy difference between the C−O

coupling TS (G‡
ester) and the sum of a gaseous alkanol reactant

(Gol) and an enolate bound on a T−O site pair (Genolate*) (eq
10; Scheme 5); ΔG‡

aldol represents the free energy difference
between the C−C coupling TS (G‡

aldol) and the sum of a

gaseous alkanal reactant (Gal) and an enolate bound on a T−O
site pair (Genolate*) (eq 11; Scheme 5).
Measured ΔΔG‡

ester‑aldol values decreased from 15 ± 1
(ethanol−ethanal) to 7 ± 1 kJ mol−1 (1-pentanol−pentanal)
(523 K; Table 1) as alkyl chains lengthened, because larger
alkyl chains destabilize the C−C coupling TS more strongly
than the C−O coupling TS relative to their respective gaseous
reactants. Consistent with this trend for linear alkanals, 3-
methyl-butanal, with an isopropyl chain at the α-C atom,
actually favors esterification turnovers (ΔΔG′‡ester‑aldol = −4 ± 1
kJ mol−1; Table 1) because of its bulkier substituent. DFT
treatments show that alkyl groups in enolate−alkanal pairs at
the C−C coupling TS are much closer to each other than in
alkoxide−alkanal pairs at the C−O coupling TS (shown in
section 3.8); this leads to stronger steric effects for C−C
coupling than C−O coupling transition states and thus to
smaller ΔΔG‡

ester‑aldol values for longer alkanal/1-alkanol
reactants.
These data show that α-C−H bond cleavage to form enolates

is the sole kinetically relevant step in reactions of C2−C5

oxygenates on TiO2(a), as also found on ZrO2(m) (section
3.2). In contrast, esterification/condensation rate ratios are
mediated by C−O and C−C coupling reactions of enolates
with alkanol and carbonyl coadsorbed reactants, respectively.
The acid−base site pairs exposed at TiO2(a) and ZrO2(m)
surfaces stabilize the enolate formation TS as well as those that
mediate subsequent C−O and C−C coupling reactions.
Stabilization requires concerted interactions with acid−base
site pairs of intermediate strength (section 3.2). Rates and
selectivities are also influenced by the structure of the reactant
molecules. For example, alkyl groups influence alkanal reactivity
through steric effects that compensate for the weakening of the
more substituted α-C−H bonds, while steric hindrance and α-

Scheme 5. Schematic Reaction Coordinate Diagram for the Formation of C−C and C−O Bonds from Alkanal-Derived Enolates
with Alkanal or Alkanol Reactants on Ti−O−Ti Surface Structures of TiO2(a)

a

aΔΔG‡
ester‑aldol represents the experimentally-accessible difference in free energy barriers for esterification and aldol condensation (eq 9).
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C−H bond strength combine to make alkanones significantly
less reactive than the respective alkanals with similar alkyl
chains at the α-C atom. The C−C coupling TS involves
coreactants in tighter configurations than the C−O coupling
TS; as a result, esterification rates are less inhibited by alkyl
chains than condensation rates.
The above conclusions, derived here from experiments using

reactant pools formed from a single alkanol, alkanal, or
alkanone, are confirmed in section 3.3 using mixtures of C2−
C4 reactants. These reactions also provide kinetic details about
the reactivity of enolates with alkanols and alkanals/alkanones
derived from a different carbonyl precursor. Such kinetic details
cannot be extracted from reactant streams consisting solely of
one alkanol or its equilibrated carbonyl analog.
3.2. Site Titrations, Turnover Rates, and Selectivities

on Monoclinic ZrO2 Surfaces. ZrO2(m) also catalyzes aldol
condensation and esterification reactions of alkanol and
carbonyl reactants.21−23 Acid−base properties of ZrO2(m)
surfaces were examined here using site titrations with CO2,
pyridine, and propanoic acid during acetone condensation on
ZrO2(m) + Cu/SiO2 mixtures (523 K; 4 kPa acetone; 40 kPa
H2).
Condensation rates on ZrO2(m) + Cu/SiO2 mixtures (1:1

mass) decreased from 4.9 to 2.3 μmol C atom m−2 s−1 when
CO2 (4 kPa) was introduced into the acetone reactant stream
(CO2/acetone = 1.0; Figure 5); rates recovered gradually upon

CO2 removal (ca. 3 h, section S2, SI), suggesting that relatively
weak basic sites16 are involved in condensation turnovers.
These basic sites are stronger than on TiO2(a), for which
condensation rates were unaffected by 4 kPa CO2.

30 Pyridine
(200 Pa; pyridine/acetone = 0.05) did not affect acetone
condensation rates on ZrO2(m) (Figure 5), indicating that
strong Brønsted or Lewis acid sites15 are not present or
required for enolate formation. Lewis acid−base site pairs
account for enolate formation on TiO2(a), for which pyridine,
even at lower pressures (20 Pa; pyridine/acetone = 0.005), led
to small but detectable (and reversible) rate changes (ca. 20%;
523 K, 4 kPa acetone, 40 kPa H2). These data seem to indicate
that Zr centers on ZrO2(m) surfaces are involved in
condensation turnovers; such Zr centers are, however, weaker
Lewis acids than Ti centers in TiO2(a), while O atoms on
ZrO2(m) are stronger basic sites than those on TiO2(a).

Propanoic acid binds onto Zr−O pairs to form carboxylate
species bound at two adjacent Zr centers with the H atom from
its OH group bound at a lattice O atom; such surfaces saturate
at an acid/Zr stoichiometry of 0.5, as shown by infrared
spectra34 and DFT treatments.33 The presence of propanoic
acid (20 Pa; acid/acetone = 0.005) led to strong suppression of
acetone condensation rates (from 4.9 to 0.2 μmol C atom m−2

s−1; Figure 5); rates recovered only very gradually over an
extended period of time (ca. 5 h; section S2, SI); these data
confirm the presence of Zr−O pairs of moderate acid−base
strength and their involvement in condensation turnovers.
They also show that O atoms appear to act as a stronger base
(based on CO2 effects) and Zr centers as weaker Lewis acids
(based on pyridine effects) than Ti−O species in TiO2(a) but
that both surfaces can strongly bind carboxylic acids in
dissociated forms using acid−base site pairs present on these
surfaces.30,33

Titrations during acetone condensation at lower temper-
atures (443 K) led to irreversible adsorption of propanoic acid
and to the full suppression of condensation rates on ZrO2(m),
thus allowing the measurement of the number of accessible
Zr−O site pairs from the number of adsorbed propanoic acid
molecules requited to suppress rates. These Zr−O surface
densities (6.0 nm−2, Figure 6) resemble those estimated from

crystallography for low-index ZrO2(m) surfaces (6.8 (−111),
8.1 (111), and 5.7 nm−2 (−101); monoclinic ZrO2, space group
P21/c, a = 0.515 nm, b = 0.521 nm, c = 0.532 nm).60 Such site
densities, taken together with those measured by similar
methods for Ti−O site pairs on TiO2(a) (3.7 nm−2),30 allow,
for the first time, a rigorous comparison of reactivity as turnover
rates for ZrO2(m) and TiO2(a) surfaces and accurate theory−
experiment benchmarking.
As in the case of TiO2(a) (section 3.1), ethanol−ethanal

interconversions were equilibrated on ZrO2(m) + Cu/SiO2
mixtures (1:1 mass; 523 K; 15−40 kPa H2; ηdehy 0.9−1); the
lumped ethanol−ethanal reactants formed the expected
condensation and esterification products (Scheme 2). Turnover
rates were proportional to ethanal pressure (Figure 7a; eq 5)

Figure 5. Effects of CO2, pyridine, and propanoic acid introductions
on areal forward acetone condensation rates (ZrO2(m) + 20% wt Cu/
SiO2 (1:1 mass), 523 K, 4 kPa acetone, 4 kPa CO2, 200 Pa pyridine, 20
Pa propanoic acid, 40 kPa H2).

Figure 6. Forward acetone condensation rates before (vs time) and
after (vs cumulative titrant uptake) propanoic acid introduction
(ZrO2(m) + 20% wt Cu/SiO2 (1:1 mass), 443 K, 0.8 kPa acetone, 20
Pa propanoic acid, 20 kPa H2). Dashed lines are linear regression fits.
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and showed normal H/D isotope effects ((k′enolate)H/(k′enolate)D
= 1.8; 523 K; Table 2), similar to those on TiO2(a) (2.3; Table
1) and consistent with the kinetically relevant formation of
enolates via α-C−H bond activation in ethanal on surfaces
sparsely covered with intermediates. These first-order kinetic
dependence and normal H/D isotope effects were also
observed for acetone condensation on ZrO2(m) (Table 2;
data shown in section S3, SI). Measured k′enolate values (per site
pair) for ethanal and acetone are both slightly higher on
ZrO2(m) than on TiO2 (ethanal, 65.4 vs 37.7 (ks-kPa-(M−
O))−1; acetone, 6.70 vs 4.80 (ks-kPa-(M−O))−1; Tables 1 and
2). These data indicate that acid−base site pairs on ZrO2(m)
are slightly more effective than on TiO2(a) in α-C−H bond
activation for both reactants. The higher reactivity of ZrO2(m)
surfaces reflects their more strongly basic lattice O atoms,

which compensate for the weaker acid centers in the
stabilization of the concerted enolate formation TS.
ZrO2(m) (+Cu/SiO2) gave esterification/condensation rate

ratios that did not depend on ethanol/ethanal ratios (Figure
7b), in sharp contrast with the proportional effects observed on
TiO2(a) (Figure 2b). These different trends appear to reflect
the presence of more than one type of active structures on
ZrO2(m) surfaces (ZrO2(m) (−111) surface used here as the
illustrative example; Scheme 6) instead of different kinetically
relevant steps for condensation and esterification routes of
bound enolates (Scheme 3). The most stable and typically
exposed ZrO2(m) (−111) surface has four distinct Zr centers
and seven types of O centers; they are distinct because of the
number and distance of the nearest counterions.51 The DFT-
derived OH− affinities (EHA, eq 1) of the Zr centers ranged

Figure 7. Effects of (a) ethanal pressure on pool turnover rates and of (b) ethanol/ethanal ratio on ratios of esterification and condensation rates
(ZrO2(m) + 20% wt Cu/SiO2 (1:1 mass), 523 K, 0.6 kPa ethanol or 1.0 kPa ethanol-d6, 15−40 kPa H2/D2). Solid lines in a and b represent the
regression fits to the functional forms of eqs 14 and 22, respectively.

Table 2. Number of α-H Atoms (nα‑H) and Measured k′enolate,total and k′enolate,B(k′enolate,A)−1 Values for Enolate Formation and for
Esterification and Condensation Reactions, Respectively, of Ethanal and Acetone Reactants on ZrO2(m)

reactanta nα‑H k′enolate,totald (ks-kPa-(Zr−O))−1 k′enolate,B(k′enolate,A)−1

C#H3CHO
b 3 65.4 ± 0.6 0.51 ± 0.01

C#D3CDO
b 3 37.1 ± 0.5 0.41 ± 0.01

C#H3COCH3
c 6 6.70 ± 0.05 e

C#D3COCD3
c 6 2.61 ± 0.03 e

aα-C atoms from which a H atom is abstracted in the formation of the enolate are indicated by the pound sign (#). bData shown in Figure 7. cData
shown in section S3, SI. dNormalized by nα‑H.

eEsterification reactions cannot occur from 2-propanol−acetone reactants, because dehydrogenation to
form an ester from hemiacetal intermediates (formed from alkanones) cannot occur at an OH group bound to a tertiary C atom.

Scheme 6. Exposed Zr and O Centers for a Unit Cell of Monoclinic ZrO2 (−111) Surfaces
a

aDFT-derived affinities of these Zr and O centers for OH− (EHA, eq 1) or H+ (EPA, eq 2) gaseous species are included.
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from −1 to −54 kJ mol−1 (Scheme 6); the respective H+

affinities of the O centers (EPA, eq 2) ranged from −1461 to
−1619 kJ mol−1 (Scheme 6). These different affinities lead to
an expectation that the reactivity of these diverse structures
would also differ significantly.
One of the Zr−O pairs in Zr−O−Zr structures converts an

alkanal to an enolate via cleavage of the α-C−H bond in the
carbonyl reactant (steps 1 and 2, Scheme 3), while the other Zr
center in Zr−O−Zr structures must then bind the coreactant
required for C−C or C−O coupling steps (steps 3−6 or 8−12,
Scheme 3). Here, ZrA−O−ZrB sites (shown in Scheme 6) are
used to illustrate how the asymmetric nature of Zr−O−Zr
structures can affect their reactivity for enolate formation and
the extent to which enolates convert to esterification or
condensation products. Enolate formation from alkanals can
occur on either ZrA−O or ZrB−O site pairs at asymmetric ZrA−
O−ZrB structures at rates with similar functional forms

= ′
r

L
k P

[ ]
i

i
enolate,

enolate, alkanal
(13)

but different rate constants (k′enolate,i; i = A, B); their combined
contributions then give the total enolate formation rates

= ′ + ′

= ′

r

L
k k P

k P
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enolate,total alkanal (14)

which preserves the first-order nature of measured rates with an
effective kinetic constant of k′enolate,total, in agreement with
experiments (Figure 7a).
The enolate bound at ZrA (EnolateA) can then nucleophili-

cally attack a coadsorbed alkanal or 1-alkanol at ZrB to form C−
C and C−O bonds, respectively (Scheme 3). Conversely,

enolates formed at ZrB (EnolateB) can attack species
coadsorbed at ZrA. We assume, by analogy with TiO2(a) (eq
6), that the ratios of esterification (rester,i) to condensation
(raldol,i) for each enolatei (i = A, B) are given by

α
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in which αi is the kCOKolKH (kCCKal)
−1 term for the C−O and

C−C coupling reactions of enolates bound on Zri (i = A, B)
and the sum of rester,i and raldol,i is equal to renolate,i

= +r r ri i ienolate, ester, aldol, (16)

These equations (eqs 13, 15, and 16) can then be used to
describe measured esterification and condensation rates
(rester,total; raldol,total) and their rate ratios (rester,total/raldol,total) for
ZrA−O−ZrB surface structures (derivation in section S4, SI)
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As a result, measured esterification/condensation rate ratios (eq
19) depend linearly on alkanol/alkanal ratios when αA and αB
have similar values but become independent of these ratios
when the magnitudes of αA and αB differ significantly.

Scheme 7. C−C and C−O Coupling Transition State Structures for Enolates Bound on the ZrA Site of the ZrA−O−ZrB Surface
Structurea

aEnolateA with respective alkanal and 1-alkanol coreactants. The enolate formation transition states on ZrB are the same but with the other species
on ZrA.
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As for the condensation and esterification selectivities of an
enolate bound on a Ti center (eqs 9−12; Scheme 5), each αi
term (i = A, B) in eq 15 reflects the difference (ΔΔG‡

ester,i‑aldol,i)
between free energies of the enolate−alkanal C−C coupling
and the alkanal−alkoxide C−O coupling transition states
derived from an enolate bound to a Zri site (G‡

aldol,i, G
‡
ester,i;

referenced to a bare ZrA−O−ZrB surface structure and
respective gaseous reactants for each step)

α = −
ΔΔ ‡

−
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

G

RT
expi

i iester, aldol,

(20)

ΔΔ = − + −‡
−

‡ ‡G G G G Gi i i iester, aldol, ester, aldol, al ol (21)

Here Gal and Gol are free energies of gaseous alkanal and
alkanol reactants, respectively. Equation 20 shows that these αi
terms (i = A, B) depend most sensitively on how differently ZrA
and ZrB interact with C−C and C−O coupling transition states.
In C−C coupling, the enolate and the alkanal bind at ZrA−

O−ZrB structures with their respective O atoms interacting
with one Zr center at the TS (Scheme 7). The C−C coupling

TS contains a slightly anionic enolate (−0.20; section S12, SI)
and a nearly neutral alkanal (−0.02; section S12, SI), thus
making the strength of the Lewis acid more consequential for
enolate than alkanal stability. The C−C coupling TS is more
stable when the enolate binds on ZrA, which shows the stronger
OH− affinity (Scheme 6).
The O atoms in the alkanal and alkoxide moieties at the C−

O coupling TS also interact with each of the two Lewis acid
centers in ZrA−O−ZrB structures (Scheme 7). At the TS, the
alkoxide is slightly anionic (−0.31; section S12, SI) and the
alkanal is nearly neutral (0.03; section S12, SI). The C−O
coupling TS is therefore more stable when the alkoxide
(formed from 1-alkanol) binds on ZrA, the site with the
stronger OH− affinity in ZrA−O−ZrB structures (Scheme 6).
Consequently, esterification is favored over condensation when
the enolate precursor that forms the alkanal (via H transfer
from the alkanol; Scheme 7) binds at the weaker Zr center. The
strong preference for C−C or C−O coupling transition states
when the enolate binds to ZrA or ZrB and the consequently
smaller values of αA than αB reflect the very different OH−

Scheme 8. Aldol Condensation between (a) Ethanal and Propanal and between (b) Acetone and Propanal on Bifunctional TiO2
+ Cu/SiO2 Catalysts
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affinities of the ZrA or ZrB centers in ZrA−O−ZrB structures at
ZrO2(m) surfaces (−53 vs −8 kJ mol−1; Scheme 6).
These very different values of αi (αA < αB) allow eq 19 to be

simplified to

=
′
′

r

r

k

k
ester,total

aldol,total

enolate,B

enolate,A (22)

These ratios do not depend on alkanol/alkanal ratios, in
accordance with measurements (Figure 7b). They reflect the
ratio of enolate formation rate constants at ZrB and ZrA sites
(k′enolate,B/k′enolate,A), which depends, in turn, on the relative
stability of the enolate formation TS on ZrB−O and ZrA−O
pairs. On TiO2(a), the two Ti centers at Ti−O−Ti surface
structures are crystallographically and chemically identical,
leading to ratios of esterification and condensation rates that
depend on the concentrations of the C−O and C−C coupling
transition states (eq 6); these ratios reflect the relative stability
of the C−O and C−C coupling transition states and the
concentrations of their respective alkanol and alkanal
coreactants that react with the enolate on TiO2(a).
These k′enolate,B/k′enolate,A ratios on ZrO2(m) give the

individual k′enolate,B and k′enolate,A values that combine to give
the measured k′enolate,total values (eq 14) and depend on the
respective free energy barriers (ΔG′‡enolate) for enolate
formation on ZrA−O and ZrB−O pairs (eq 7). For ethanol−
ethanal reactants, ΔG′‡enolate values for ZrA−O and ZrB−O site
pairs are 121 ± 1 and 124 ± 1 kJ mol−1, respectively. The
smaller barrier on ZrA−O pairs is consistent with the larger
OH− binding energy of ZrA site (Scheme 6). ZrA is a stronger
acid than ZrB and stabilizes the enolate TS through more
effective interactions with the carbonyl O atom in alkanals than
the weaker ZrB centers. These k′enolate,B/k′enolate,A ratios are
similar for deuterated and undeuterated ethanol−ethanal
reactants ((k′enolate,B/k′enolate,A)H/(k′enolate,B/k′enolate,A)D = 1.2;
523 K; Table 2), indicative of transition states that exhibit a
similar extent of C−H bond breaking and O−H bond making
on each of the ZrA−O and ZrB−O pairs.
We conclude that condensation and esterification elementary

steps (Scheme 3) and their kinetic relevance are similar on
ZrO2(m) and TiO2(a) surfaces but that selectivity descriptors
must include the asymmetric nature of ZrA−O−ZrB centers,
absent for Ti−O−Ti structures. Detailed DFT descriptions of

these selectivity trends require the use of periodic slab
structures, because small cluster models that are appropriate
for enolate formation on ZrO2(m) and TiO2(a) are able to
capture the essential details required for selectivity predictions
in the case of symmetric Ti−O−Ti structures (sections 3.5−3.9
and ref 30) but not for asymmetric ZrA−O−ZrB species.51

3.3. Turnover Rates and Selectivities of Alkanol−
Alkanal/Alkanone Mixtures. Enolates form from two (or
more) carbonyl compounds at rates which depend on their
respective pressures at Ti−O or Zr−O site pairs on TiO2(a)
and ZrO2(m) surfaces that remain essentially uncovered during
steady-state catalysis (sections 3.1 and 3.2 and ref 30). Each
enolate can then react with either one of the two carbonyl
reactants to form four distinguishable condensation products
and also with each alkanol present to form distinct esterification
products.
For ethanol−1-propanol reactants on TiO2(a) + Cu/SiO2

mixtures, the Cu function equilibrates ethanol−ethanal and 1-
propanol−propanal reactants at each H2 pressure; ethenolate
(from ethanal) and propen-1-olate (from propanal) can each
react with either ethanal or propanal to form butanal, pentanal,
2-methyl-butanal, and 2-methyl-pentanal (Scheme 8a); each of
the two enolates also reacts with either ethanol or 1-propanol
to form ethyl acetate, propyl acetate, ethyl propionate, and
propyl propionate. Similarly, acetone−1-propanol reactants on
TiO2(a) + Cu/SiO2 mixtures form 2-methyl-pentanal, 2,3-
dimethyl-butanal, 4-methyl-pentan-2-one, and hexan-2-one
condensation products (Scheme 8b) and propyl propionate
and isopropyl propionate as esterification products. The relative
formation rates of these condensation and esterification
products depend on the rates at which each carbonyl reactant
forms its respective enolate and on the reactivity of the
respective enolates toward each of the gaseous carbonyl or
alkanol reactants. We examine here the ethanol−1-propanol
and acetone−1-propanol reactants on TiO2(a) + Cu/SiO2
mixtures as illustrative examples of cross-condensation and
cross-esterification reactions, but the conclusions are also
consistent with rate and selectivity data that we obtained for
several mixtures of the other oxygenates used in this study.
Ethanol−1-propanol−H2 reactants reached thermodynamic

equilibrium with ethanal (C2al) and propanal (C3al) at all
conditions on TiO2(a) + Cu/SiO2 mixtures (1:1 mass; 523 K,

Figure 8. Effects of reactant pressure ratio on ratios of C−C coupling rates for (a) ethanal−propanal and (b) acetone−propanal reactants (TiO2(a)
+ 20% wt Cu/SiO2 (1:1 mass), 523 K, 0−2.0 kPa ethanol/acetone, 0.5 kPa 1-propanol, 20 kPa H2). Solid lines in a and b represent regression fits to
the functional form of eq 23. Dashed line in b represents the maximum rate ratios estimated using the detection limit of the flame ionization
detector.
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20 kPa H2; 0−2.0 kPa ethanol; 0−0.5 kPa 1-propanol). The
conversion rates of each reactant did not depend on the
presence or the concentration of the other reactant (section S5,
SI), consistent with the low coverages of adsorbed
intermediates prevalent during steady-state catalysis (section
3.1).
All four products expected from C−C coupling reactions of

ethanal and propanal with ethenolate and propen-1-olate
(Scheme 8a) were detected. For each given enolate i (i.e.,
ethenolate or propen-1-olate), the C−C coupling rates were
proportional to the pressure of each carbonyl reactant (Figure
8a)

=
r

r

k K P

k K P
i

i

i

i

m,

n,

m, m m

n, n n (23)

where rm,i and rn,i are the respective reaction rates of enolate i
with carbonyl reactants m (C2al) and n (C3al) and km,i and kn,i
are the respective rate constants for these C−C coupling steps;
Km and Kn are the adsorption constants for m and n,
respectively. The grouping of rate and adsorption constants
in eq 23 is reflected in the slopes of the data shown in Figure
8a; these slopes depend on the difference between free energies
of the two C−C coupling transition states and the respective
gaseous alkanal reactants (ΔΔG‡

m,i‑n,i; m = C2al; n = C3al)

= −
ΔΔ ‡

−
⎛
⎝
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⎞
⎠
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i im, m
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(24)

ΔΔ = − + −‡
−

‡ ‡G G G G Gi i i im, n, m, n, n m (25)

where G‡
m,i and G‡

n,i are the free energies of the C−C coupling
transition state of enolate i with carbonyl reactants m and n and
Gm and Gn are the free energies of gaseous m and n.
Measured ΔΔG‡

C2al,i‑C3al,i values (523 K; eq 24) for reactions
of ethanal and propanal with ethenolate species were essentially
zero (±1 kJ mol−1; Table 3), indicative of their very similar
reactivity. Propanal and ethanal reacted with propen-1-olate
also at similar rates (ΔΔG‡

C2al,i‑C3al,i = 1 ± 1 kJ mol−1; Figure
8a; Table 3). These reactivities indicate that nucleophilic attack
by enolates on alkanals depends only weakly on the alkyl
substituents at the α-C atom in alkanals, consistent with the
DFT results discussed in section 3.9.
The four distinct esters expected from C−O coupling of

ethanol (C2ol) and 1-propanol (C3ol) with ethenolate and
propen-1-olate were detected. The C−O coupling rate for each
given enolate i (i.e., ethenolate or propen-1-olate) was
proportional to the pressure of each alkanol coreactant (section
S6, SI)

= −

−

r

r

k K K P

k K K P
i

i

i i

i i

M,

N,

M, H M, M M

N, H N, N N (26)

Here, rM,i and rN,i are the respective rates of enolate i reactions
with 1-alkanols M (C2ol) and N (C3ol), KH‑M,i and KH−N,i are

the equilibrium constants for the H transfer between each 1-
alkanol and enolate i to form alkanal−alkoxide pairs (step 9,
Scheme 3), kM,i and kN,i are the rate constants for each
subsequent alkanal−alkoxide C−O coupling (step 10, Scheme
3), and KM and KN are the adsorption constants of M and N,
respectively. The grouping of rate and adsorption constants in
eq 26 reflects the free energy difference between the two C−O
coupling transition states and the respective gaseous alkanol
reactants (ΔΔG‡

M,i‑N,i; M = C2ol; N = C3ol)

= −
ΔΔ−
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ΔΔ = − + −‡
−

‡ ‡G G G G Gi i i ,M, N, M, N i N M (28)

where G‡
M,i and G

‡
N,i are the free energies of the C−O coupling

transition states for enolate i with 1-alkanols M and N and GM
and GN are the free energies of gaseous M and N. Measured
ΔΔG‡

C2ol,i‑C3ol,i values (523 K; eq 28) for both ethenolate and
propen-1-olate were nearly zero (±1 and ±1 kJ mol−1; section
S6, SI). These data show that different enolates react at similar
rates in C−O coupling reactions with 1-alkanols; such similar
rates reflect the very weak effects of alkyl chains in 1-alkanols
on the stability of the TS that mediates C−O bond formation.
Hydrogenation−dehydrogenation equilibrium also prevailed

at all conditions for acetone (0−2.0 kPa) and 1-propanol (0−
1.0 kPa) mixtures on TiO2(a) + Cu/SiO2 catalyst mixtures (1:1
mass; 523 K, 20 kPa H2), and conversion rates for each
carbonyl reactant were independent of the presence or
concentration of the other (section S5, SI). Acetone (C3one)
and propanal (C3al) reactions with propen-2-olate (from
acetone) were proportional to the respective pressures of each
carbonyl reactant (Figure 8b), as expected from the pathways
depicted in Scheme 8b and consistent with eq 23 (m = C3one;
n = C3al). The slope of the regressed trend line in Figure 8b
(kC3one,iKC3one (kC3al,iKC3al)

−1 in eq 23) reflects the free energies
of the transition states for C−C coupling between the enolate i
and the two carbonyl compounds and the respective free
energies of the carbonyl reactants as gaseous molecules
(ΔΔG‡

C3one,i‑C3al,i; eqs 24 and 25).
The measured ΔΔG‡

C3one,i‑C3al,i value for reactions of acetone
and propanal with propen-2-olate was 22 ± 1 kJ mol−1 (523 K;
Table 3), indicative of the much more reactive nature of
alkanals than alkanones as reactants for each given enolate, as
also found for their reactions with propen-1-olates species
derived from propanal (ΔΔG‡

C3one,i‑C3al,i > 20 kJ mol−1, a limit
set by chromatographic detection). The steric effects are
imposed by the additional −CH3 group at the carbonyl C atom
in acetone (vs the H atom in propanal); they offset the higher
nucleophilic reactivity expected from the more electrophilic
nature of the additional −CH3 group in acetone. Such effects
are confirmed and accurately described by the DFT-derived
ΔΔG‡

C2al,i‑C3al,i and ΔΔG‡
C3one,i‑C3al,i values reported in section

3.9.

Table 3. kC2al,iKC2al(kC3al,iKC3al)
−1 and kC3one,iKC3one(kC3al,iKC3al)

−1 Obtained from Regression Fits of Rate Data and
Corresponding ΔG Values for C2 and C3 Enolate reactants

enolate reactant kC2al,iKC2al(kC3al,iKC3al)
−1 a ΔΔG‡

C2al,i‑C3al,i
b (kJ mol−1) kC3one,iKC3one(kC3al,iKC3al)

−1 c ΔΔG‡
C3one,i‑C3al,i

b (kJ mol−1)

ethenolate 0.91 ± 0.03 0 ± 1
propen-1-olate 0.89 ± 0.03 1 ± 1 <0.01 >20
propen-2-olate 0.0065 ± 0.0002 22 ± 1

aData shown in Figure 8a. bCalculated using eq 24. cData shown in Figure 8b.
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These mechanistic conclusions were also evident from the
rates and selectivities measured with acetone−butanal−ethanal
reactant mixtures, typical of those formed in ABE fermentation
processes,8 on TiO2(a) + Cu/SiO2 mixtures (1:1 mass; 523 K,
20 kPa H2; acetone:1-butanol:ethanol = 2.6:4.2:1.1 kPa). The
molecular speciation and selectivities of the products formed
were consistent with those independently measured from
condensation and esterification reactions of each of the
individual reactants involved. Specifically, conversion rates of
each species were proportional to the pressure of each
alkanone/alkanal and independent of the presence or
concentration of the other reactants. The enolates formed
from each carbonyl reactant preferentially reacted with butanal

and ethanal, instead of acetone, to form C5−C8 condensation
products (Scheme 9) and with the respective alkanols to form
C5−C8 esters. The selectivity to these primary condensation
and esterification products decreased monotonically as the
conversion of the reactant pool increased with increasing
residence time (Figure 9a) along with a concomitant increase in
the selectivity to C9+ products formed in secondary
condensation and esterification reactions (Figure 9b).
The average carbon number in the effluent stream (products

and unconverted reactants) increased from 3.4 in reactants to
6.6 at 85% pool conversion (Figure 10a); the O/C ratio of the
molecules in the effluent stream concomitantly decreased from
0.30 to 0.13 within the same conversion range (Figure 10b).

Scheme 9. Reaction Network of Aldol Condensation for Mixtures of Ethanal, Butanal, and Acetone Reactants on Bifunctional
TiO2(a) + Cu/SiO2 Catalysts

Figure 9. Carbon selectivities for (a) C≤8 and (b) C9+ products as a function of pool conversion for acetone−1-butanol−ethanol reactant feeds (2.6
kPa acetone, 4.2 kPa 1-butanol, 2.2 kPa ethanol, 20 kPa H2) on TiO2(a) + 20% wt Cu/SiO2 mixtures (1:1 mass) at 523 K. Dashed curves indicate
trends. Combined selectivities to C1−4 and C9−10 products (not included here) did not exceed 5%.
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Such trends resemble those observed for pure ethanol−ethanal
mixtures (Figure 10) on TiO2(a) + Cu/SiO2 mixtures (1:1
mass; 523 K, 0.8 kPa ethanol, 40 kPa H2). For these mixtures,
the average carbon number in the effluent stream increased
from 2.0 in reactants to 5.4 at 85% pool conversion (Figure
10a), while the O/C ratio concurrently decreased from 0.50 to
0.19 (Figure 10b).
3.4. Effects of H2O on 1-Alkanol Turnover Rates and

Selectivities. Condensation reactions form H2O and α,β-
unsaturated carbonyl molecules in equimolar amounts (Scheme
2), leading to H2O as a significant coproduct. H2O may
influence enolate formation or reaction rates through
competitive molecular or dissociative binding onto acid−base
site pairs or via interactions with enolates; H2O could also affect
the Cu function by inhibiting hydrogenation−dehydrogenation
reactions.
We examine here such effects of H2O for 1-propanol

reactants on two bifunctional TiO2(a) + Cu/SiO2 mixtures
with different ratios of the two functions (1:1 or 1:4 mass; 523
K; 40 kPa H2). The forward rates of 1-propanol dehydrogen-

ation to propanal on monofunctional Cu/SiO2 catalysts
decreased slightly (from 0.19 to 0.15 μmol gCu/SiO2

−1s−1) with
increasing H2O pressure (from 0.1 to 4 kPa; 523 K, 4.0 kPa 1-
propanol, 20 kPa H2, section S7, SI), consistent with weak
inhibition of the Cu function. These experiments were carried
out at much higher space velocities (>1.2 mmol gCu/SiO2

−1 s−1)
to prevent full hydrogenation−dehydrogenation equilibrium
(ηdehy < 0.25). Such H2O pressures did not preclude 1-
propanol−propanal−H2 equilibration within the catalyst bed at
lower space velocities on either TiO2(a) + Cu/SiO2 mixture
(1:1 or 1:4 mass; ηdehy 0.9−1, Figure 11a). Enolate formation
rates did not depend on H2O pressure (Figure 11a), indicating
that H2O did not interfere with their kinetically relevant step
and that equilibrated propanal pressures were established near
the entrance of the catalyst bed even in the presence of H2O.
These negligible H2O coverages on TiO2(a) surfaces are
consistent with the moderate strength of the acid and base
moieties in Ti−O site pairs, evident from the weak effects of
pyridine and CO2 titrants on enolate formation rates and from

Figure 10. Average number of (a) C atoms and (b) O/C ratio of liquid effluents as a function of pool conversion for acetone−1-butanol−ethanol
(2.6 kPa acetone, 4.2 kPa 1-butanol, 2.2 kPa ethanol, 20 kPa H2) and ethanol reactant feeds (0.8 kPa ethanol and 40 kPa H2) on TiO2(a) + 20% wt
Cu/SiO2 mixtures (1:1 mass) at 523 K. Dashed curves indicate trends.

Figure 11. Effects of H2O pressure on (a) approach to equilibrium factor for 1-propanol−propanal interconversions (ηdehy; eq 4) and enolate
formation rates (renolate) and (b) ratios of esterification and condensation rates for 1-propanol−propanal reactants (TiO2(a) + 20% wt Cu/SiO2 (1:1
or 1:4 mass), 523 K, 4 kPa 1-propanol, 40 kPa H2). Dashed lines indicate trends.
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theoretical treatments of the binding energies of OH− and H+

species formed via H2O dissociation on TiO2(a) surfaces.
30

In contrast, esterification/condensation rate ratios on
TiO2(a) + Cu/SiO2 (1:4 mass) increased from 0.38 to 1.2 as
the prevalent H2O pressure increased from 0.03 (2%
conversion; mean bed value; no H2O added) to 3 kPa
(added H2O) and reached nearly constant values before a slight
decrease at higher pressures (4 kPa) (Figure 11b). Such effects,
without any concomitant changes in conversion rates, indicate
that H2O favors C−O over C−C coupling reactions of the
enolates to form hemiacetals. The weakening and ultimate
reversal of such a preference reflect an inhibition of the Cu
dehydrogenation function, required to scavenge hemiacetals to
stable esters, at higher H2O pressures (Scheme 3; section S7,
SI); this is also shown by the monotonic effects of H2O
pressure on these rate ratios for TiO2(a) + Cu/SiO2 mixtures
with lower Cu contents (1:1 mass ratio; Figure 11b). H2O and
Cu contents can therefore be used in practice to control the
relative rates of esterification and condensation for equilibrated
1-alkanol−alkanal reactants on bifunctional systems with Cu
and TiO2(a) functions.
The strong promoting effects of H2O on esterification

selectivity, evident on the catalyst mixtures with higher Cu
contents (Figure 11b), indicate that H2O can increase
esterification rates by decreasing the activation barrier to
form C−O coupling products in enolate−1-propanol pairs.
Enolates can react with H2O to form 1,1-diols on Ti−O site
pairs (steps 1′−5′, Scheme 10) in reactions analogous to those
that form new C−O bonds via coupling of enolates with
alkanols (HOH vs ROH in Scheme 3). Subsequent ether-
ification reactions of these diols with 1-propanol (step 6′,
Scheme 10) then form the same hemiacetal as in the direct C−
O coupling of the enolate−1-propanol pair but apparently at
higher rates as the result of the action of H2O as a cocatalyst.

DFT calculations on Ti5O19H18 cluster models show that the
C−O coupling TS of the propanal−hydroxyl pair gives the
highest free energy along the proposed enolate−H2O reaction
pathway at Ti−O−Ti surface structures (section S13, SI),
suggesting that C−O coupling steps limit enolate−H2O
reactions, as also found for the analogous enolate−alkanol
esterification route (section 3.1). The free energy of this
propanal−hydroxyl C−O coupling TS is lower than for the
propanal−1-propoxide C−O coupling TS involved in the
propen-1-olate−1-propanol reaction by 21 kJ mol−1 (section
S13, SI), consistent with the proposed catalytic role of H2O in
hemiacetal formation. Therefore, H2O, albeit at concentrations
significantly higher than those prevalent at the low conversions
of this mechanistic study, leads to a preference for esterification
routes (Figure 11b). Such promotion requires, however, high
Cu contents in catalyst mixtures, because H2O also inhibits
dehydrogenation steps required for hemiacetal conversion to
esters, thus creating a thermodynamic bottleneck for any
hemiacetal formation route, irrespective of kinetic preferences
or the involvement of H2O.

3.5. Theoretical Assessment of Condensation and
Esterification Pathways on Ti5O19H18 Clusters. The
mechanistic inferences from the previous sections are
confirmed here by determining free energy barriers for the
elementary steps in Scheme 3 on Ti5O19H18 cluster models.
These clusters contain Ti (Ti5c and Ti6c, Scheme 1) and O (O2c
and O3c, Scheme 1) centers with the same coordination as
those exposed on the predominant (101) surfaces of TiO2(a).
Ti5c−O3c−Ti5c surface structures are more active than the other
structures for enolate formation and for subsequent coupling
reactions of C3 oxygenates because of their moderate acid−base
strength and the suitable distances between the O site and the
two Ti centers; these coupling reactions are required to
complete condensation and esterification turnovers.30 Similar

Scheme 10. Proposed Pathway of the C−O Coupling between Enolates and H2O on Ti−O−Ti Surface Structures (R = H or
alkyl)

Scheme 11. DFT-Derived Structures Involved in Enolate Formation of Ethanala

aOn Ti5c−O3c−Ti5c structures of the anatase Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O atoms, LANL2DZ for Ti atoms; only Ti5c−
O3c−Ti5c sites and two O atoms directly bound to the Ti5c sites are shown for clarity. Distances are reported in nanometers.
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conclusions were reached for reactions of C2−C5 carbonyl
molecules (section 3.1) in general, and these Ti5c−O3c−Ti5c
surface structures are used throughout the DFT treatments that
follow.
DFT-derived structures for enolate formation steps from

ethanal (step 2, Scheme 3) show that (i) the adsorbed ethanal
(ethanal*) binds to a Ti5c Lewis acid center via its carbonyl O
atom (Ti5c−O 0.219 nm, Scheme 11), (ii) an α-H atom in
ethanal* is abstracted by a basic O3c site (α-H−O3c 0.125 nm,
Scheme 11), while the organic moiety is stabilized by the Ti5c
center (Ti5c−O 0.200 nm, Scheme 11) at the enolate formation
TS, and (iii) the α-H−O3c and Ti5c−O distances at the TS
become shorter (0.098 and 0.185 nm, respectively; Scheme 11)
as enolates form. The α-C−H bond at the TS (0.140 nm,
Scheme 11) is longer than in ethanal* (0.109 nm) but much
shorter than the combined van der Waals radii of the C and H
atoms (0.29 nm), suggesting that the enolate formation TS
occurs at an intermediate point along the reaction coordinate.

The concerted and intermediate character of these transition
states thus requires an appropriate balance of acid and basic
strength at Ti−O site pairs. The intermediates and transition
states involved in enolate formation (Scheme 11) and in its
subsequent reactions (section S8, SI; Scheme 3) resemble those
involved in similar reactions of propanal and acetone,30

suggesting their general involvement in condensation and
esterification reactions on acid−base site pairs at metal oxide
surfaces.
Gibbs free energies of formation for the DFT-derived

structures involved in ethanol−ethanal reactions (Scheme 3)
on Ti5c−O3c−Ti5c surface structures are shown in Figure 12. All
free energies (and those in sections 3.6−3.9) are referenced to
a bare Ti5O19H18 cluster and to the respective gaseous carbonyl
or 1-alkanol reactants (at 523 K and 1 bar); the individual
enthalpy and entropy components of these free energies are
reported in the SI (section S8).

Figure 12. DFT-derived reaction free energy diagram of aldol condensation (solid lines) and esterification (dashed lines) for ethanol−ethanol
reactants (on Ti5c−O3c−Ti5c structures of the anatase Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O atoms, LANL2DZ for Ti atoms; 523
K, 1 bar). TSj and Pj notations represent the respective transition state and product of step j in Scheme 3. Free energies are relative to a bare cluster
and respective gaseous ethanal (C2H4O) and ethanol (C2H6O) reactants.

Figure 13. Measured and DFT-derived (a) ΔG′‡enolate and (b) ΔΔG‡
ester‑aldol for alkanals and alkanones (◆) CnH2nO, (◊) CnD2nO (n = 2−5) (on

Ti5c−O3c−Ti5c structures of the anatase Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O atoms, LANL2DZ for Ti atoms; 523 K, 1 bar).
Data points for propanal and acetone adapted from ref 30. Dashed lines represent the parity lines.
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The activation of the α-H atom in ethanal on Ti−O site pairs
forms enolates in the elementary step with the highest free
energy barrier along the condensation and esterification
reaction coordinates (Figure 12). This elementary reaction
thus represents the sole and common kinetically relevant step
for both reactions. DFT-derived ΔG′‡enolate values (121 kJ
mol−1, Figure 13a) and kinetic isotope effects ((k′enolate)H/
(k′enolate)D = 2.4, Figure 13a) for ethanal agree well with
measured values (125 ± 1 kJ mol−1 and 2.3, Table 1).
Among the subsequent steps, which determine the fate of the

enolate species, the C−C coupling TS (step 4, Scheme 3) gives
the highest free energy along the condensation path (ΔG‡

C−C
81 kJ mol−1, Figure 12), while the C−O coupling TS in
ethanal−alkoxide pairs (step 10, Scheme 3; formed via H
transfer in ethenolate−ethanol pairs in step 9, Scheme 3)
provides the highest barrier along the esterification reaction
coordinate (ΔG‡

C−O 97 kJ mol−1, Figure 12). These two
transition states thus determine the ratio of esterification and
condensation rates. DFT-derived ΔΔG‡

ester‑aldol (16 kJ mol−1,
eq 12, Figure 13b) and (kCOKolKH(kCCKal)

−1)H/(kCOKolKH

(kCCKal)
−1)D values (1.2, eq 9, Figure 13b) for ethanol−ethanal

reactants also agree well with their respective experimental
values (15 ± 1 kJ mol−1 and 1.4, Table 1). These theory−
experiment benchmarks indicate that the level of theory and the
small cluster structures used here are adequate to describe the
observed condensation and esterification reactions on TiO2(a)
catalysts.
DFT-derived and measured values of ΔG′‡enolate and

ΔΔG‡
ester‑aldol are also similar to each other for reactions of

C4 and C5 carbonyl molecules (Figure 13), confirming the
accurate and general nature of the mechanistic proposals
derived from experiments. The different values of ΔG′‡enolate
and ΔΔG‡

ester‑aldol among these oxygenate reactants (Figure 13)
reflect the effects of molecular identity on enolate formation
rates and on C−C/C−O coupling selectivities, respectively.
The quantitative analysis of these molecular effects on reactivity
in terms of DFT-derived enthalpy and entropy values is
discussed below (sections 3.6−3.9).
3.6. Theoretical Assessment of Alkyl Substituent

Effects on Enolate Formation Rates on Ti−O Site Pairs.
The value of ΔG′‡enolate represents the combined free energy
change upon adsorption of a gaseous carbonyl molecule onto a
Ti−O site pair (ΔGads) and the formation of the α-C−H bond
cleavage TS from the adsorbed precursor (ΔG‡

enolate; Scheme
4)

Δ ′ = Δ + Δ‡ ‡G G Genolate ads enolate (29)

The DFT-derived enthalpy (ΔH) and entropy (−TΔS)
contributions to ΔGads and ΔG‡

enolate values for C2−C5
carbonyl reactants are shown in Table 4. For linear alkanals,
ΔHads values become more negative (from −88 to −98 kJ
mol−1) as alkyl chains lengthen (from ethanal to pentanal) and
interact more strongly with Ti−O site pairs through van der
Waals interactions. In concert, the (−TΔSads) term becomes
more positive, thus compensating these changes in ΔHads and
leading to adsorption free energies that are essentially
independent of chain length for linear alkanals (±1 kJ mol−1

ΔGads differences). Consequently, the ΔG′‡enolate values that
account for reactivity predominantly reflect concomitant
changes in the activation free energy for the elementary step
that forms the enolate from the adsorbed linear alkanals
(ΔG‡

enolate, eq 29). Such ΔG‡
enolate values increase with the size

of the α-alkyl group for C2−C4 linear alkanals (121−125 kJ
mol−1, Table 4) but then decrease slightly for n-pentanal (124
kJ mol−1, Table 4). These effects of α-alkyl groups on ΔG‡

enolate
are discussed below in the context of their enthalpy (ΔH‡

enolate)
and entropy (−TΔS‡enolate) components.
First, we compare the ΔH‡

enolate and (−TΔS‡enolate)
contributions to ΔG‡

enolate for propanal and ethanal reactants.
ΔH‡

enolate values are smaller for propanal than ethanal (101 vs
105 kJ mol−1, Table 4), consistent with a −CH3 group at the α-
C atom stabilizing the enolate TS via p−π conjugation at the
incipiently formed CC bond.66 Such a trend is evident from
the smaller deprotonation enthalpy (ΔHDPE) for gaseous
propanal than ethanal (1557 vs 1565 kJ mol−1, Table 4). The
−CH3 group, however, also leads to larger (−TΔS‡enolate)
values (20 vs 15 kJ mol−1, Table 4) because it imposes greater
configurational rigidity along the carbon backbone during α-C−
H bond cleavage; such constrained structures are evident from
the increase in dihedral angles between the O−C1 and the C2−
C3 bonds along the reaction coordinate that converts adsorbed
propanal (162°) to the propen-1-olate formation TS (177°;
Scheme 12a). These compensating effects of the −CH3 group
on ΔH‡

enolate and (−TΔS‡enolate) result in the similar reactivities
of ethanal and propanal in the formation of their respective
enolates (ΔG′‡enolate 121 vs 122 kJ mol−1, Table 4).
An additional −CH2− group in the chain attached to the α-C

atom (e.g., propanal vs butanal) increased ΔH‡
enolate values

from 101 to 107 kJ mol−1 (Table 4) and decreased −TΔS‡enolate
from 20 to 18 kJ mol−1 (Table 4). The higher ΔH‡

enolate values
contrast the trends observed between ethanol and propanal;

Table 4. DFT-Derived ΔGads, ΔG‡
enolate, and ΔG′‡enolate Values, Corresponding Enthalpy (ΔH) and Entropy (−TΔS)

Contributions for Enolate Formation, and Deprotonation Enthalpies (ΔHDPE) for Gaseous C2−C5 Carbonyl Alkanals and
Alkanonesa

adsorption energy (kJ mol−1) enolate formation barrier (kJ mol−1)

reactantb ΔH −TΔS ΔG ΔH‡ −TΔS‡ ΔG‡ ΔG′‡enolate (kJ mol−1) ΔHDPE (kJ mol−1)

C#H3CHO −88 89 1 105 15 120 121 1565
CH3C

#H2CHO −92 93 1 101 20 121 122 1557
CH3CH2C

#H2CHO −97 96 −1 107 18 125 124 1547
CH3(CH2)2C

#H2CHO −98 99 1 107 17 124 125 1545
(CH3)2CHC

#H2CHO −94 99 5 114 20 134 139 1556
CH3COC

#H3 −92 97 4 109 17 126 130 1575
CH3CH2COC

#H3 −94 99 5 113 13 126 131 1568
CH3C

#H2COCH3 −94 99 5 114 19 133 138 1583
aOn Ti5c−O3c−Ti5c structures of the anatase Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O atoms, LANL2DZ for Ti atoms; 523 K, 1 bar.
bα-C atoms from which a H atom is abstracted in the formation of the enolate are indicated by the pound sign (#).
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they reflect a significant distortion of the carbon backbone at
the TS in order to avoid steric repulsion between the ethyl
group and the Ti−O site pairs as the C−H bond is incipiently
cleaved at the TS (Scheme 12b). Such trends are also found

with further lengthening of a linear alkyl chain (pentanal; Table
4). We conclude that the higher ΔG′‡enolate values and the lower
reactivity observed for butanal relative to propanal (Figure 13)
predominantly reflect steric effects caused by larger alkyls at the

Scheme 12. DFT-Derived Structures of Adsorbed Reactants and Transition States Involved in Enolate Formation for (a)
Propanal, (b) Butanal, and Butanone with α-C−H Bond Cleavage (c) at the Primary α-C Atom and (d) at the Secondary α-C
Atoma

aOn Ti5c−O3c−Ti5c structures of the anatase Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O atoms, LANL2DZ for Ti atoms; only the
Ti5c−O3c−Ti5c sites and two O atoms directly bound to the Ti5c sites are shown for clarity.
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α-C atom. Indeed, 3-methyl butanal, in which the α-alkyl
substituent is branched, gave a much larger ΔG′‡enolate value
than pentanal (139 vs 125 kJ mol−1, Table 4); the branched
alkyl group leads to less negative ΔHads values (by 4 kJ mol−1)
and to more positive ΔH‡

enolate values (by 7 kJ mol−1) for 3-
methyl-butanal than for the linear pentanal, even though both
reactants contain the same number of C atoms (Table 4).
A second alkyl group at the carbonyl C atom (to give

alkanones) makes adsorption less favorable (ΔGads less
negative) because of repulsion between the additional alkyl
and the Ti−O site pairs; it also leads to less stable enolate
formation transition states relative to its adsorbed carbonyl
precursors (lager ΔG‡

enolate). These trends reflect a concom-
itant strengthening of the α-C−H bonds, as shown from the
reactivity differences between acetone and propanal (Figure
13). Among alkanone reactants, butanone gave ΔGads and
ΔG‡

enolate values (for activation at the terminal α-C atom)
similar to those for acetone (Table 4), reflecting the similar
effects of −C2H5 and −CH3 species at the CO group on the
adsorbed intermediates and the TS as a result of their
compensating effects on enthalpy (ΔH) and entropy (−TΔS)
in their ΔG terms. Specifically, the butanone backbone distorts
during α-C−H cleavage at its primary α-C atom, with dihedral
angles between C1−C2 and C3−C4 bonds that decrease as the
adsorbed reactant (170°) forms the enolate TS (137°; Scheme
12c). This change leads, in turn, to larger ΔH‡

enolate values (113
kJ mol−1) but to smaller (−TΔS‡enolate) values (13 kJ mol−1)
than for acetone reactants (109, 17 kJ mol−1; Table 4). Such
compensation effects are responsible for the similar reactivity
and ΔG‡

enolate for butanone (at the terminal α-C atom) and
acetone (Figure 13).
The activation of the secondary α-C atom in butanone gave

significantly larger ΔG‡
enolate values than at the terminal α-

methyl group (133 vs 126 kJ mol−1, Table 4). These differences
predominantly reflect their different (−TΔS‡enolate) values (19
vs 13 kJ mol−1, Table 4), caused by the loss of rotational
freedom of the terminal −CH3 groups located at the secondary
α-C atom and the carbonyl C atom. These two −CH3 groups
are much closer to each other at the TS for the activation of the
secondary α-C atom than at the TS for the activation of the

terminal α-C atom, as shown by the smaller dihedral angle
between the C1−C2 and the C3−C4 bonds in the TS for the
secondary C atom than for the terminal α-C atom (16° vs 137°,
Scheme 12c and 12d). The similar ΔH‡

enolate values at terminal
and secondary α-C atoms in butanone (113 and 114 kJ mol−1;
Table 4) contrast their large ΔHDPE differences (15 kJ mol−1)
between these two α-C atoms for the gaseous molecule (1568
and 1583 kJ mol−1; Table 4). Their similar reactivity reflects the
steric influence of the −C2H5 group as the TS for C−H
cleavage at the terminal α-C atom interacts with vicinal O
atoms on TiO2 surfaces (Scheme 1). These findings highlight
the pre-eminent role of steric effects as the relevant descriptor
that complements the DPE values of gaseous reactants,
typically used to predict molecular reactivity in condensation
reactions catalyzed by liquid acids and bases.67

3.7. Molecular Descriptors and Brønsted−Evans−
Polanyi Relations for Enolate Formation Reactivity.
The activation barriers for enolate formation from carbonyl
reactants (ΔH‡

enolate) depend on the heterolytic dissociation
energies of their α-C−H bonds (ΔHDPE) in formalisms
typically known as the Brønsted−Evans−Polanyi (BEP)
relations.68 They also depend on steric effects imposed by
the α-alkyl substituents at the enolate formation TS. Such steric
effects, illustrated in section 3.6, are not inherently linked to the
ΔHDPE values for the gaseous reactants. Here, we examine
ΔH‡

enolate values as a function of ΔHDPE for C2−C5 carbonyl
reactants to discern the relative contributions of ΔHDPE and of
steric effects to the stability of their respective enolate
formation TS (ΔH‡

enolate).
The sensitivity of ΔH‡

enolate to ΔHDPE depends on the extent
to which the C−H bond is cleaved at the enolate formation
transition state.68 This reflects, in turn, the lateness of the TS
along the reaction coordinate, which can be defined as the
number of shared electron pairs in the most plausible Lewis
electronic structures.48,49 Enolate formation on Ti5c−O3c site
pairs involves the concerted cleavage of an α-C−H bond and
the formation of a bond between the H abstracted and the O3c
site (α-H−O3c) and between the carbonyl O atom and the Ti5c
center (O−Ti5c). These changes occur concurrently with the
transition of the carbonyl CO bond into to a single C−O

Table 5. Bond Order of Chemical Bonds Involved in Enolate Formation Transition States for C2−C5 Alkanals and Alkanonesa

reactantb α-C−H α-H−O3c O−Ti5c CO CC Ti5c−O3c

C#H3CHO 0.41 0.29 0.58 1.34 1.41 0.45
CH3C

#H2CHO 0.39 0.27 0.61 1.31 1.40 0.45
CH3CH2C

#H2CHO 0.39 0.27 0.61 1.31 1.40 0.45
CH3(CH2)2C

#H2CHO 0.39 0.27 0.61 1.31 1.41 0.45
(CH3)2CHC

#H2CHO 0.39 0.27 0.62 1.30 1.41 0.45
CH3COC

#H3 0.38 0.30 0.62 1.26 1.41 0.43
CH3CH2COC

#H3 0.38 0.30 0.62 1.26 1.41 0.43
CH3C

#H2COCH3 0.37 0.29 0.65 1.24 1.39 0.43
aR, R′  H or alkyl; on Ti5c−O3c−Ti5c structures of the anatase Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O atoms, LANL2DZ for Ti
atoms. bα-C atoms from which a H atom is abstracted in the formation of the enolate are indicated by the pound sign (#).
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bond, of the C−C bond in the carbonyl reactant into a CC
bond, and with the cleavage of the Ti5c−O3c bond (Scheme
11). For C2−C5 alkanals and alkanones, the orders of the α-C−
H bond at the TS are similar (0.37−0.41; Table 5), as is the
case also for the α-H−O3c (0.27−0.30), O−Ti5c (0.58−0.65),
CO (1.24−1.34), CC (1.39−1.41), and Ti5c−O3c (0.43−
0.45) bonds involved in the enolate formation TS (Table 5);
these values are indicative of transition states similar in lateness
along the reaction coordinate for all C2−C5 alkanals and
alkanones. As a result, a nearly linear dependence between
ΔH‡

enolate and ΔHDPE is expected for all C2−C5 alkanals and
alkanones in the absence of significant steric effects.
DFT-derived ΔH‡

enolate values for carbonyl reactants with
short alkyl groups at the α-C atom (ethanal, propanal, acetone,
butanone (CH3C

#H2COCH3)) are proportional to their
respective ΔHDPE values with a slope of 0.49 ± 0.03 (Figure
14), consistent with values expected for TS structures nearly

equidistant between reactant and product states along the
reaction coordinate. C4 and C5 alkanals with bulkier alkyls at
their α-C atom, however, do not lie along the trend lines
observed for the other alkanals (Figure 14); their TS structures
are less stable, and the ΔH‡

enolate values are larger than
predicted from their α-C atom DPE values. These deviations
increase as the size of the pendant alkyl groups increases (11,
12, and 14 kJ mol−1 for butanal, pentanal, and 3-methyl-
butanal; Figure 14). These differences seem unrelated to the
ability of such transition states to bind at Ti−O site pairs,
because (i) the orders of the α-H−O3c (0.27−0.30) and the
O−Ti5c (0.58−0.65) bonds at the TS are similar for all
reactants (Table 5) and (ii) the carbonyl O atoms in C4−C5
alkanals are more strongly basic than for propanal (DFT-
derived proton affinities: propanal −796 kJ mol−1; butanal
−810 kJ mol−1; pentanal −816 kJ mol−1; section S9, SI),
leading to stronger binding at Ti centers for the C4−C5 enolate
formation TS structures. Thus, we conclude that distortion at

the TS relative to the structure of the gaseous reactants
accounts for this strong destabilization.
Butanone activation at the terminal α-C−H position

(CH3CH2COC
#H3) also deviates from the linear trends in

Figure 14 (by 7 kJ mol−1); these linear trends describe the
activation of its secondary α-C atom, indicating that deviations
from such trends reflect the distortion imposed by the pendant
−C2H5 group attached at the carbonyl C atom. Such steric
hindrance is weaker than that observed for a −C2H5 group at
the α-C atom (butanal; 11 kJ mol−1; Figure 14), because of the
closer proximity of the −C2H5 group in butanal to the active
Ti−O structures at the enolate formation TS.
These deviations from a universal relation between ΔH‡

enolate
and ΔHDPE (Figure 14) reflect the significant consequences of
steric effects for reactivity on surfaces and the incomplete
character of DPE values as sole molecular descriptors of
reactivity. More complete descriptors must capture the lateness
of the concerted transition states and the distortion required to
accommodate concerted interactions with O and Ti surface
atoms. These complexities, brought forth by the rigid nature of
surfaces and by the distance requirements for incipiently
formed O−Ti and H−O bonds, contrast the more general
descriptions based solely on DPE values for enolate formation
in condensation and esterification reactions catalyzed by liquid
acids and bases.67 Their description requires a level of
theoretical treatment previously unavailable for these reactions
on realistic surfaces.

3.8. Alkyl Substituent Effects on C−C and C−O
Coupling of Enolates in Reactions of Alkanals and 1-
Alkanols. Esterification and condensation selectivities are
determined by the relative rates of C−C bond formation in
enolate−alkanal pairs and of C−O bond formation in the
alkanal−alkoxide pairs formed via H transfer between enolates
and 1-alkanols (section 3.5). For all C2−C5 alkanal−alkanol
reactants, the length of the incipiently formed C−C bond at the
C−C coupling TS is 0.213−0.220 nm, while that of the C−O
bond at the C−O coupling TS is 0.173−0.184 nm (section S10,
SI). The structures of the transition states that mediate
condensation and esterification routes of enolates are similar for
all reactants, irrespective of the backbone length or the extent
of branching at their alkyl chains.
DFT-derived enthalpy (ΔH‡

i) and entropy (−TΔS‡i)
contributions to ΔG‡

i (i = C−C for condensation or C−O
for esterification) values for C2−C5 alkanals are shown in Table
6. ΔH‡

i values are also dissected into their quasi-classical van
der Waals (ΔHvdw,i) and residual quantum mechanical
(ΔH‡

unc,i) components

Δ = Δ + Δ‡ ‡H H Hi i iunc, vdw, (30)

in order to probe the role of dispersion forces on TS stability.
For C−C coupling, ΔH‡

unc,C−C values became less negative for
larger alkyl chains (from −24 (ethanal) to −11 kJ mol−1

(pentanal)), indicative of the repulsive component included
in the quantum mechanical treatments used to derive the
magnitude of this term. Such repulsive interactions between the
alkyl groups in the enolate−alkanal pair at the TS are also
evident from the distance between the β-C atom in the enolates
and the α-C atom in the alkanals (0.315 nm for propen-1-
olate−propanal pairs; Scheme 13a), which is smaller than the
combined van der Waals radii of these two C atoms (0.34 nm).
These steric effects become more apparent for 3-methyl butanal
reactants, which show nearly zero ΔH‡

unc,C−C values (Table 6).

Figure 14. Correlation between DFT-derived ΔHDPE and ΔH‡
enolate

values for C2−C5 alkanals and alkanones (on Ti5c−O3c−Ti5c structures
of the anatase Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O
atoms, LANL2DZ for Ti atoms; 523 K). Solid line represents a linear
fit of the data for ethanal, propanal, acetone, and butanone (with a H
atom abstracted from the secondary α-C atom in enolate formation).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b07304
J. Phys. Chem. C 2016, 120, 21589−21616

21611

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07304/suppl_file/jp6b07304_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b07304/suppl_file/jp6b07304_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b07304


The van der Waals interactions (ΔHvdw) at the C−C coupling
TS become stronger for larger alkyls (−87 (ethanal) and −121
kJ mol−1 (3-methyl butanal)). The −TΔS‡C−C term con-
currently increases (192 (ethanal) and 205 kJ mol−1 (3-methyl
butanal)), because of the more rigid configurations imposed by
longer or bulkier alkyls. Free energy values for the enolate−

carbonyl C−C coupling TS (ΔG‡
C−C, relative to a bare

Ti5O19H18 cluster and gaseous alkanal/alkanone reactants)
decrease as the backbone lengthens (from 82 to 71 kJ mol−1)
for linear C2−C5 alkanals, reflecting the stronger van der Waals
interactions for larger bimolecular transition states; 3-methyl
butanal gave larger ΔG‡

C−C values (84 kJ mol−1, Table 6) than
the linear alkanals, because steric repulsion offsets the benefits
of van der Waals stabilization for the C−C coupling TS
structures derived from 3-methyl butanal reactants.
In contrast with the C−C coupling TS structures, the alkyl

groups at the C−O coupling TS analogs point away from each
other (Scheme 13b), thus minimizing any steric effects. Indeed,
ΔH‡

unc,C−O and −TΔS‡C−O are similar among all C2−C5

alkanals (Table 6). ΔHvdw,C−O values, however, become more
negative with increasing alkyl size (−95 (ethanal) and−116 kJ
mol−1 (pentanal)), leading to a decrease in ΔG‡

C−O for longer
backbones, as a result of the prevalent role of van der Waals
interactions that favor the larger bimolecular C−O coupling
transition states.
Table 6 lists the differences in the enthalpies uncorrected for

van der Waals effects (ΔΔH‡
unc, ester‑aldol) and in the van der

Waals interaction enthalpies (ΔΔHvdw, ester‑aldol) and entropies
(−TΔΔS‡ester‑aldol) involved in determining ΔG‡

C−O and
ΔG‡

C−C; their values determine, in turn, the relative
esterification and condensation rates through ΔΔG‡

ester‑aldol

values (eq 12). In contrast with the individual ΔG‡
C−O and

ΔG‡
C−C components, ΔΔG‡

ester‑aldol predominantly reflects the
ΔΔH‡

unc,ester‑aldol term, because of the ubiquitous compensation

Table 6. DFT-Derived Contributions of Enthalpy (ΔH‡
unc,i),

Dispersion Correction (ΔHvdw,i), and Entropy (−TΔS‡i) to
ΔG‡

i (i = C−C or C−O) and ΔΔG‡
ester‑aldol for C2−C5

Alkanalsa

alkanal reactant ethanal propanal butanal pentanal
3-methyl
butanal

ΔH‡
unc,C−C −24 −21 −15 −11 0

ΔHvdw,C−C −87 −104 −111 −116 −121
−TΔS‡C−C 192 200 199 200 205
ΔG‡

C−C 81 76 73 72 84
ΔH‡

unc,C−O 1 −1 −1 0 0
ΔHvdw,C−O −95 −106 −111 −116 −114
−TΔS‡C−O 192 196 196 195 197
ΔG‡

C−O 97 89 83 80 83
ΔΔH‡

unc,ester‑aldol 25 19 13 12 0
ΔΔHvdw, ester‑aldol −9 −2 0 1 7
−TΔΔS‡ester‑aldol 0 −4 −3 −5 −8
ΔΔG‡

ester‑aldol 16 13 10 8 −1
aUnits: kJ mol−1; on Ti5c−O3c−Ti5c structures of the anatase
Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O atoms,
LANL2DZ for Ti atoms; 523 K, 1 bar.

Scheme 13. DFT-Derived Transition State Structures of (a) C−C Coupling and (b) C−O Coupling Reactions for 1-Propanol-
Propanal Reactions, of (c) C−C Coupling between Acetone and Propen-1-olate (derived from propanal), and of (d) C−C
Coupling between Propanal and Propen-2-olate (derived from acetone)a

aOn Ti5c−O3c−Ti5c structures of the anatase Ti5O19H18 cluster, B3LYP, 6-311G(d,p) for C, H, and O atoms, LANL2DZ for Ti atoms; only the
Ti5c−O3c−Ti5c sites and two O atoms directly bound to the Ti5c sites are shown for clarity.
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between ΔΔHvdw,ester‑aldol and ΔΔS‡ester‑aldol. As a result, the
esterification and condensation selectivities depend most
sensitively on the different repulsive interactions between the
alkyl groups at the C−C and C−O coupling transition states;
these observations predominantly reflect the different orienta-
tions of these alkyl groups with respect to each other in the C−
C and C−O bond formation TS structures (Scheme 13a and
13b).
3.9. Relative Reactivities of Carbonyl and Enolate

Reactants in C−C Coupling Reactions. The reactivity of
different carbonyl reactants with a given enolate depends on
their different ΔG‡

C−C values, referenced to the gaseous
reactant and the given bound enolate (Scheme 5).
ΔΔG‡

C2al,i‑C3al,i (eq 25; m = C2al, n = C3al) values reflect the
ΔG‡

C−C difference between C−C coupling reactions of ethanal
and propanal with a given enolate i. DFT-derived
ΔΔG‡

C2al,i‑C3al,i values for reactions of ethanol and propanal
with ethenolates and propen-1-olates are 3 and 1 kJ mol−1,
respectively (Table 7), in agreement with measurements (±1

and 1 ± 1 kJ mol−1, Table 3). ΔΔG‡
C3one,i‑C3al,i values (eq 25; m

= C3one, n = C3al) represent the difference in ΔG‡
C−C for

reactions of a given enolate i with acetone and propanal. Their
values are large and similar (21 kJ mol−1; Table 7) for reactions
with propen-1-olates and propen-2-olates, consistent with the
observed preference of all enolates for reactions of alkanals
instead of alkanones (ΔΔG‡

C3one,i‑C3al,i > 20 and 22 ± 1 kJ
mol−1, Table 3). Such benchmarking of theory and experiment
confirms once again the adequacy of the theoretical methods
and of the small TiO2 model clusters used here to describe the
energetics of C−C and C−O coupling reactions of enolate−
carbonyl (enolate−alkanol) pairs for a broad range of
oxygenates of practical interest in condensation and ester-
ification reactions.
C2−C4 alkanal reactants show similar ΔG‡

C−C values for C−
C coupling reactions with a given enolate, irrespective of the
enolate structure (Table 7). For instance, ΔG‡

C−C values for
C−C coupling of propen-1-olates with C2−C4 alkanals decrease
only slightly with increasing chain length (ethanal (77 kJ
mol−1); butanal (74 kJ mol−1)) in response to the stronger van
der Waals interactions for longer alkyls, as also observed for
self-condensation of linear alkanals (Table 6). These similar
ΔG‡

C−C values for C2−C4 alkanal reactants reflect weak effects
of the α-alkyl substituents on alkanal reactivity, consistent with
the large distances between the α-alkyl substituent in alkanals
and the alkyl group in the enolates at the C−C coupling
transition states. For instance, the C−C distance between the
terminal −CH3 groups in propen-1-olate−propanal pairs

(0.356 nm) are slightly larger than the combined van der
Waals radii of the two C atoms (0.34 nm) (Scheme 13a).
As in the case of propanal and acetone reactions with

propen-1-olates or propen-2-olates, all ΔΔG‡
C3one,i‑n,i values (n

= C2al (ethanol) or C4al (butanal); eq 25) for enolates
(ethenolate, propen-1-olate, propen-2-olate, buten-1-olate) are
large and positive (Table 7), indicative of the ubiquitous lower
reactivity of alkanones in nucleophilic attack by enolates. The
C−C coupling TS structures for reactions of propen-1-olate
with propanal (Scheme 13a) and acetone (Scheme 13c) reflect
the significant steric effects imposed by the second −CH3
group at the acetone carbonyl C atom, which obstructs the
position of the −C2H5 group at the α-C atom in propen-1-
olate. These conclusions are consistent with the predominant
contributions of nondispersive interactions (ΔΔH‡

unc,C−C 13 kJ
mol−1, section S11, SI) and of entropy terms (−TΔΔS‡C−C 13
kJ mol−1, section S11, SI) to the ΔΔG‡

C3one,i‑C3al,i values (21 kJ
mol−1, Table 7) for propen-1-olates.
DFT treatments can also probe enolate reactivity, a property

inaccessible to experiment because of the low prevalent enolate
coverages at all conditions of practical condensation and
esterification catalysis. ΔG‡

C−C values (Table 7) show that
enolates derived from C2−C4 alkanals have similar reactivities
in C−C coupling reactions with a given alkanal or alkanone.
For instance, these C2−C4 enolates react with propanal with
ΔG‡

C−C values of 75−78 kJ mol−1 (Table 7), indicative of weak
effects of enolate structure on reactivity and a specific
insensitivity of C−C coupling reactivity with a given carbonyl
coreactant to the nature of the alkyl substituents at the α-C
atom.
Alkanone-derived enolates (e.g., propen-2-olate formed from

acetone), in contrast, showed much larger ΔG‡
C−C values than

those formed from alkanals (Table 7). For instance, the
coupling of propanal with propen-2-olate has a ΔG‡

C−C value
of 84 kJ mol−1, while its reaction with propen-1-olate exhibits a
free energy barrier of 75 kJ mol−1. The −C2H5 group in
propanal lies parallel to the CC bond in propen-2-olate at
the C−C coupling TS (Scheme 13d), so as to minimize steric
repulsion by the −CH3 group of the enolate. In contrast, this
−C2H5 group is positioned in a nearly perpendicular position at
the TS that mediates propanal reactions with propen-1-olate
(Scheme 13a). The propen-1-olate−propanal TS places the
−C2H5 group in propanal closer to the enolate than at the
propen-2-olate−propanal TS, thus leading to more effective van
der Waals stabilization of its C−C coupling TS (ΔΔHvdw,C−C 7
kJ mol−1, section S11, SI).

4. CONCLUSIONS
Enolate formation of carbonyl compounds (i.e., alkanals and
alkanones) via cleavage of α-C−H bonds is a common
kinetically relevant step for aldol condensation and esterifica-
tion of alkanol−alkanal (alkanone) mixtures catalyzed by Lewis
acid−base site pairs present on oxide surfaces. C−C coupling
reactions of the formed enolates with coadsorbed alkanals
(alkanones) and C−O coupling reactions of alkanal−alkoxide
pairs (derived from H transfer between the enolates and
coadsorbed alkanols) mediate selectivities of the enolates to
form condensation or esterification products. These mecha-
nistic conclusions are general for C2−C5 oxygenate reactants
and for anatase TiO2 and monoclinic ZrO2, as evident from
kinetic, isotopic, and theoretical assessments.
Enolate formation transition states at acid−base site pairs

with moderate acid−base strength occur at an intermediate

Table 7. DFT-Derived ΔG‡
C−C (kJ mol−1) for Aldol

Condensation between Ethanal, Propanal, Butanal, and
Acetone and Their Respective Enolatesa

carbonyl reactant

enolate reactant ethanal propanal butanal acetone

ethenolate 81 78 78 95
propen-1-olate 77 76 74 97
buten-1-olate 79 75 73 93
propen-2-olate 86 84 83 104

aOn Ti5c−O3c−Ti5c structures of the anatase Ti5O19H18 cluster,
B3LYP, 6-311G(d,p) for C, H, and O atoms, LANL2DZ for Ti atoms;
523 K, 1 bar.
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point along the reaction coordinate, irrespective of alkyl
substituents at the α-C or carbonyl C atoms in the reactants,
and show concerted interactions of α-H atoms with basic lattice
O sites and of the incipiently formed enolate moieties with
acidic metal centers. The free energies of these enolate
formation transition states are mediated by the heterolytic
dissociation energy of α-C−H bonds and steric hindrance of α-
alkyl groups to the abstraction of α-H atoms by the lattice O
sites, leading to lower reactivities of alkanones than alkanals and
to lower reactivities of alkanals with a longer or more branched
α-alkyl group.
Alkyl groups in enolate−alkanal pairs at C−C coupling

transition states are much closer with each other than those in
alkanal−alkoxide pairs at C−O coupling transition states,
leading to much stronger steric repulsion between alkyl groups
for the C−C bond formation. As a result of these steric effects,
the intrinsic esterification/condensation rate ratios of alkanol−
alkanal reactants increase as the alkyl chains of the reactants
lengthen or become more branched. These steric effects are
also reflected in cross condensation of alkanals and alkanones;
alkanones with two alkyl groups at the carbonyl C atom are less
reactive than alkanals with a single alkyl group in C−C coupling
reactions with enolates. H2O provides an alternative way to
mediate the esterification selectivity by acting as a cocatalyst, in
which H2O reacts with enolates to form 1,1-diols that undergo
esterification with alkanols to give H2O and hemiacetals
(precursors of ester products) with lower free energy barriers
than the direct C−O coupling reactions between enolates and
alkanols to form the same hemiacetals.
Monoclinic ZrO2 has weaker acid centers but stronger base

sites than anatase TiO2, resulting in more stable enolate
formation transition states that benefit from stronger
interactions between the base sites and the α-H atoms at the
transition states. The two Zr centers in Zr−O−Zr structures on
monoclinic ZrO2 surfaces are very different in acid strength and
lead to distinct esterification/condensation rate ratios for
enolates bound to one of these Zr centers, as the relative
stabilities of C−C and C−O coupling transition states (derived
from an enolate and an alkanal or alkanol coreactant) depend
on the interactions of these C−C and C−O coupling transition
states with the enolate-bearing and coreactant-bearing Zr
centers, respectively. This effect of asymmetric Zr centers
leads to a weak dependence of measured esterification/
condensation rate ratios on alkanol/alkanal reactant ratios, in
contrast to the linear relations between these ratios observed on
anatase TiO2 surfaces, which have uniform Ti centers.
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