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Ethanol (EtOH) to diethyl ether (DEE) and
ethylene (EY) on solid acids:
Full Mechanism:

ABSTRACT: Elementary steps that mediate ethanol dehydration to alkenes and ethers are
determined here from rate and selectivity data on solid acids of diverse acid strength and
known structure and free energies derived from density functional theory (DFT).
Measured ethene and ether formation rates that differed from those expected from
accepted monomolecular and bimolecular routes led to our systematic enumeration of
plausible dehydration routes and to a rigorous assessment of their contributions to the
products formed. H-bonded monomers, protonated alkanol dimers, and alkoxides are the
prevalent bound intermediates at conditions relevant to the practice of dehydration
catalysis. We conclude that direct and sequential (alkoxide-mediated) routes contribute to
ether formation via Sy2-type reactions; alkenes form preferentially from sequential routes
via monomolecular and bimolecular syn-E2-type eliminations; and alkoxides form via
bimolecular Sy2-type substitutions. The prevalence of these elementary steps and their
kinetic relevance are consistent with measured kinetic and thermodynamic parameters,
which agree with values from DFT-derived free energies and with the effects of acid
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strength on rates, selectivities, and rate constants; such effects reflect the relative charges in transition states and their relevant
precursors. Dehydration turnover rates, but not selectivities, depend on acid strength because transition states are more highly
charged than their relevant precursors, but similar in charge for transition states that mediate the competing pathways responsible

for selectivity.

1. INTRODUCTION

The recent increase in demand for renewable carbon sources'
has led to a concomitant increase in ethanol (EtOH)
production (10-fold from 1995 to 2014 in the U.S.”). EtOH
has also emerged as an attractive feedstock to produce
hydrocarbon fuels (via deoxygenation—oligomerization)' and
chemical intermediates, such as ethylene (EY) and diethyl ether
(DEE) (via dehydration on solid Bronsted acids).”~” EtOH
dehydration rates and selectivities have been widely
reported,” ™ ~'* but only on solids with acid sites uncertain
in number, type, location, or local structure, obfuscating
reactivity comparisons among catalysts and mechanistic
elucidation. In the absence of clear mechanistic insights, the
role of acid strength and confinement on reactivity (as turnover
rates) and selectivity, required for systematic catalyst improve-
ments, has remained unclear and not rigorously demonstrated.

Tungsten polyoxometalate (POM) clusters with Keggin
structures and charge-balancing protons (Hg_,X""W,0,,) are
used in practice to convert EtOH to EY.">~"” These solids also
represent a family of Brensted acids with uniform and well-
defined atomic arrangements and diverse chemical composition
(X" = P>, Si**, AI*, Co?*)."® The identity of the central atom
(X) influences acid strength and consequently the reactivity of
the protons, through changes in their number and in the
stability of the conjugate anion formed upon deprotonation of
the solid acid."” Deprotonation energies (DPEs) reflect the
energy required to heterolytically cleave a proton from its
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conjugate base, thus providing a rigorous and probe-
independent measure of acid strength; their magnitude can
be determined using density functional theory (DFT) because
of the known and stable structure of these catalysts.'”*’

Methanol (MeOH) can form only bimolecular dehydration
products (dimethyl ether), while larger 1-butanol and 2-butanol
reactants (BuOH) predominantly convert via monomolecular
routes (to butenes) on Keggin POM clusters and acid forms of
zeolites.””™>* Consequently, these reactants cannot probe
reactions (and transition states) of different molecularity
involved in the two dehydration paths. EtOH reacts via
monomolecular (to EY) and bimolecular (to DEE) routes on
Bronsted acids at conditions relevant to the practice of
dehydration catalysis, thus providing a unique opportunity to
explore these mechanisms in concert.

Here, alcohol dehydration routes to alkenes and ethers are
explored by combining EtOH rate and selectivity data on
Brensted acids of known structure and a broad range of acid
strength (Hg_, X""W,0,) with density functional theory
(DFT) treatments of acid strength and plausible elementary
steps. Total EtOH dehydration rate data can be made
consistent with several mechanistic interpretations, including
one that is often implicated, in which monomolecular and
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bimolecular elementary steps mediate EY and DEE formation,
respectively. The measured ratios of formation rates (rpgg/7sy),
however, are inconsistent with these accepted pathways. It is
such inconsistencies that motivate our reassessment of alkanol
dehydration pathways. Such an assessment, if it is to be
rigorous and complete, requires that we enumerate each
plausible sequence of elementary steps, that we calculate their
rates through accurate estimates of Gibbs free energies for all
intermediates and transition states (instead of only their
enthalpies), and that we systematically evaluate their respective
contributions to measured rates, using protocols based on
sensitivity and rate-of-production analyses. These protocols
replace the customary visual inspection of graphical reaction
coordinate depictions with a more complete theoretical
framework suitable for quantitative comparisons. Such
strategies are employed here, using constants predicted from
DFT-derived free energies, to reduce the number of relevant
species and connecting reactions by retaining only those
consequential for the formation of EY and DEE at conditions
relevant to the practice of catalytic dehydration. The resulting
reduced mechanism is consistent with all measured rates and
selectivities; the measured rate and equilibrium constants agree
well with those obtained from DFT-derived free energies on all
POM acids.

2. METHODS

2.1. Catalyst Synthesis. Catalyst synthesis details have
been reported elsewhere.”> H;PW,,0,, (Sigma-Aldrich;
reagent grade; CAS #12501-23-4), H,SiW,0,, (Aldrich;
>99.9%; CAS #12027-43-9), H AIW,,0,,°" and
H5C0W1204025’26 were dispersed onto colloidal SiO, (Cab-O-
Sil HS-5; 310 m” g™'; 1.5 cm® g™" pore volume) using incipient
wetness impregnation at 0.04 POM [nm-SiO,]* surface
densities (~5.0% wt), unless noted otherwise. SiO,-supported
POM clusters are denoted here as “H,XW/SiO,”, where n is
proton stoichiometry. *'P-MAS NMR spectra showed that
H;PW Keggin structures were unchanged upon dispersion onto
the SiO, support and after use in catalysis;”’ transmission
electron micrographs showed that POM clusters were present
as isolated clusters with two-dimensional aggregates as minority
species at these surface densities.”

2.2. Dehydration Rate Measurements and Titrations
with 2,6-Di-tert-butylpyridine. Ethanol (EtOH) dehydra-
tion rates and selectivities were measured on samples (0.02—0.7
g) held within a packed-bed stainless steel tubular reactor (3/8
in. O.D.) with plug-flow hydrodynamics. Reactor temperatures
were controlled using a resistively heated furnace and measured
with two K-type thermocouples (Omega; +0.2 K), one held
within a 1/16 in. stainless steel sheath aligned axially along the
bed and another held against the external reactor wall. Pressure
was controlled with a backpressure regulator (Equilbar, model
EBILF2).

Liquid ethanol (EtOH; Sigma-Aldrich; >99.5%, anhydrous)
was evaporated into a flowing He stream (UHP Praxair) using a
syringe pump (Cole-Palmer 74900 Series). All transfer lines
were kept at 423 K to prevent condensation of reactants,
products, and titrants. He flow rates were metered using
electronic mass flow controllers (Porter, model 201). Molar
flow rates of EtOH and He were controlled to give the desired
EtOH pressures and maintain low EtOH conversions (<15%).
Reactant and product concentrations were measured by gas
chromatography using flame ionization detection (Agilent
6890N GC; 50 m HP-1 column). Diethyl ether (DEE) and
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ethylene (EY) were the only products detected on all catalysts;
no products were detected when reactant streams were exposed
to empty reactors; and gas chromatography measurements of
reactor effluent streams using temperature conductivity
detection (Agilent 6890N GC; 50 m HP-1 column) did not
show any additional products besides water. Moderate catalyst
deactivation was observed on H;AIW/SiO, (<25% after 18 ks
time on stream) and HsCoW/SiO, (<50% after 18 ks time on
stream) catalysts. In such cases, rates were corrected for any
intervening deactivation by periodic rate measurements at a
reference condition (1.0 kPa EtOH).

The number of Bronsted acid sites (H') accessible during
catalysis was measured by titration with a noncoordinating base
during catalysis. Titrations were conducted by dissolving 2,6-di-
tert-butylpyridine (DTBP, Aldrich; >97%; CAS #585-48-8) in
EtOH (0.024—0.086% mol) and introducing the mixture into a
He stream (UHP Praxair) to give 045 or 2.6 Pa DTBP
pressures. EtOH dehydration rates and DTBP uptakes were
determined from EtOH, EY, DEE, and DTBP concentrations in
the reactor effluent. The number of DTBP molecules required
to fully suppress dehydration rates was used to determine the
number of H* responsible for measured rates.”’

2.3. Computational Methods. Periodic gradient-corrected
density functional theory (DFT) was used as implemented in
the Vienna ab initio simulation package (VASP)** ™! to
calculate structures and energies of gaseous reactants and
products and of bound stable intermediates and transition
states (TS) on Keggin POM clusters (Hg_,X""W,,0,,) with
different central atoms (X" = P, Si**, AI**, and Co**). A
periodic plane-wave basis-set expansion to a cutoff energy of
396.0 eV was used to represent the wave functions for valence
electrons. The projector augmented-wave method (PAW)*>*
was used to describe electron—core interactions. The Perdew—
Wang (PW91)** functional was used to calculate exchange and
correlation energies within the generalized-gradient approx-
imation. Electronic structures were converged self-consistently
to energies within 1 X 107 eV with a 1 X 1 X 1 Monkhorst—
Pack™ sampling of the first Brillouin zone (k-point mesh) and
specified integer band occupancies (appropriate for the
nonperiodic molecular systems treated here) for each step in
both structural optimizations and single-point calculations. All
calculations for POM clusters with Co central atoms were
performed with spin polarization and three unpaired electrons,
corresponding to the Co®" electronic configurations. Spin-
restricted calculations were used for all other compositions.

The structures and energies of Keggin clusters (~1.2 nm
diameter) and gaseous molecules were calculated by placing
them at the center of a cubic unit cell with an edge length of 3
nm to provide an intervening vacuum region sufficiently large
to prevent interactions among clusters in adjacent unit
cells.””***” Calculations of charged species were performed
with uniform background charges to maintain neutral unit cells,
and the resulting energies were corrected using methods®®
implemented in VASP. Long-range interactions among atoms
in neighboring unit cells in charged and neutral systems were
corrected using dipole and quadrupole moments, with the
center of charge located at the center of the unit cell. Structures
were relaxed until forces on all atoms were within 0.05 eV A™".
The charges at individual atoms were determined by Lowdin
population analyses,””*" after transforming converged wave
functions of optimized structures into a set of localized
quasiatomic orbitals (QUAMBO).*'~**
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Figure 1. Total dehydration turnover rates on (a) HyPW/SiO, and (b) H,SiW/SiO, as a function of time before 2,6-di-tert-butylpyridine injection
(1.0 kPa EtOH) and as a function of cumulative titrant uptake (1 kPa EtOH, 0.3 Pa 2,6-di-tert-butylpyridine) at 409 K.

Table 1. Number of Accessible H* per POM Cluster Measured by Chemical Titration with 2,6-Di-tert-butylpyridine” during
Ethanol Dehydration” on H,XW,,0,,/SiO, (X = P, Si, Al, and Co) Catalysts

catalyst POM content (% wt.)
H,PW,,0, 5 0.034
10 0.067
H,SiW,,0,0 5 0.034
HAIW,,0,0 5 0.033
HeCoW,,0, 5 0.039

POM surface density (POM (nm? SiO,)™")

accessible H" (per POM)  H* surface density (H" (am? SiO,)™")

2.5 0.09
2.9 0.18
1.9 0.06
2.7 0.09
2.5 0.10

“Assuming a 1:1 DTBP:H" adsorption stoichiometry bH3PW12040/ SiO, (5 wt %):0.08 kPa EtOH, 409 K. Other catalysts: 1 kPa EtOH, 409 K.

Minimum energy reaction paths were calculated using
nudged elastic band (NEB) methods™ with structures
converged to energies within 1 X 107* eV and forces to within
0.3 eV A™' to identify starting structures for TS structures and
reaction modes. NEB TS structures were refined using Dimer
calculations*® with convergence criteria of within 1 X 107 eV
for energies and 0.05 eV A™' for forces on each atom. The
structures of bound intermediate and TS were determined at
the proton location labeled Hy in Figure 3 for H;PW,0,,.

Deprotonation energies (DPEs) are defined as the energy of
an isolated proton (H*) and a structurally relaxed and isolated
anion (A~) relative to that for an intact acid (HA)

(1)

DPE values reported are for protons located at the bridging O
atom labeled as Hy in Figure 3 for H;PW,0,.

For all reactant, product, and transition states reported here,
enthalpies

DPE = EY 4 g — g2

H= EO + ZPVE + Hvib + Htrans + Hrot (2)
and free energies
G = E; + ZPVE + G, + G + G 3)

include contributions from electronic energies (E,), zero-point
vibrational energies (ZPVEs), vibrational enthalpies and free
energies (H,, and G,), and for gaseous molecules their
translational and rotational enthalpies (H,,,, and H,) and free
energies (Guys and Gy,). ZPVE, Hy, and G, values were
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determined from the frequencies in optimized structures.”’
Low-frequency modes of weakly bound adsorbates give rise to
significant inaccuracies in vibrational contributions to free
.37 .
energies;”" they were excluded from Gibbs free energy
calculations. These modes were assumed instead to retain a
fraction (0.7) of the translational and rotational entropies
estimated by statistical mechanics for gaseous EtOH (3.15 x
10~* eV/K), which was shown to provide accurate estimates of
adsorption entropies for adsorbed molecules on oxide
48 .

surfaces.” Hy,ng Hiopy Guany and Gy values for gaseous species
were computed using statistical mechanics formalisms.*”

Rate constants for elementary steps were estimated from
differences in free energies between each TS and its relevant
precursors (AG¥)

exp(_A_G*]
RT )

where kz is Boltzmann’s constant and h is Planck’s
49,50
constant.*”

p = kel
h

3. RESULTS AND DISCUSSION

EtOH dehydration rates were measured on silica-supported
Keggin POM clusters (H,XW/SiO,) with different central
atoms (X = P, Si, Al, and Co) at 409 K. EtOH formed
bimolecular and monomolecular dehydration products (DEE
and EY, respectively) at all conditions and on all catalysts. Total
dehydration rates are defined here as the combined molar rates
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Figure 2. Measured (a) total EtOH dehydration turnover rates and (b) ratios of the rate of DEE formation to the rate of EY formation (rpgp/rgy) as
functions of EtOH pressure (kPa) on H;PW/SiO, (H* [nm-SiO,] ™ = 0.09 (M) and 0.18 (O)), H,SiW/SiO, (@), H;AIW/SiO, (@), and H,CoW/
SiO, (A) (reaction conditions: 409 K, 0.02—4 kPa EtOH). Dashed lines represent the regression of the data to the functional form of eqs 15 and 16.

Scheme 1. Plausible Sequences of Elementary Steps for the Formation of EY and DEE from EtOH on Brensted Acid Sites”
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“Surface intermediate labels correspond to bare protons (*), EtOH monomers (M*), protonated EtOH dimers (D*), ethoxides (X*), and
ethoxide/EtOH site pairs (MX*). Label colors indicate elementary steps that form DEE (red), EY (blue), and ethoxides (gold).

of DEE and EY formation (., = fpgg + gy). Titration with
DTBP led to dehydration rates that decreased with increasing
DTBP uptakes and were fully suppressed after all protons were
titrated (Figure 1; (a) H;PW/SiO, and (b) H,SiW/SiO,).
These data indicate that Brensted acid sites account for all DEE
and EY products formed and that DTBP titrates all protons in
POM/SiO, catalysts. DTBP uptakes (per POM; Table 1) are
smaller than stoichiometric values (i.e., 8 — x where x is the
valence of the central atom) for all POM catalysts, suggesting
that some protons are inaccessible to EtOH and DTBP or are
not present at reaction conditions; this may reflect intracluster
or intercluster POM dehydroxylations, which remove some H*
and POM O atoms as H,O, or condensation reactions of OH
groups in POM clusters with support silanols.”’ ™ Total
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dehydration turnover rates for each sample are reported here
normalized by the number of H' titrated by DTBP during
catalysis.

Figure 2a shows measured total dehydration turnover rates
(per accessible H") as a function of EtOH pressure on each
POM/SiO, catalyst. Turnover rates are initially proportional to
EtOH pressure but become insensitive to EtOH at higher
pressures, a transition that occurs at higher pressures for POM
clusters with lower-valent central atoms. The areal density of
protons (0.09—0.18 H* (nm’ SiO,)™!) did not influence
turnover rates on H;PW/SiO, catalysts (Figure 2a), suggesting
that measured rates are unaffected by intraparticle ethanol
concentration gradients, which would become stronger with
increasing H* density. The lower reactivity of POM clusters
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with central atoms other than P on the same silica support
precludes any effect of transport corruptions on these other
catalysts.

The ratios of DEE formation to EY formation rates (rpgp/
rgy) are shown in Figure 2b as a function of EtOH pressure on
all H, XW/SiO, samples. These rate ratios increase sharply with
increasing EtOH pressure at first and then more gradually at
higher pressures; their values were similar for H,XW/SiO,
samples with different central atoms and did not depend on
areal H" density (Figure 2b), indicating that selectivities are
unaffected by diffusion-enhanced interconversions of EY and
DEE products within acid domains. Consequently, the
nonlinear relationship between EtOH pressure and rpgp/rey
in Figure 2b, and the nonzero EY formation rates at high EtOH
pressures of practical applications, are kinetic in origin.

3.1. Mechanism for EY and DEE Formation. Conven-
tional mechanisms that propose only monomolecular elemen-
tary steps for EY formation and bimolecular steps for DEE
formation predict a simple linear relation between EtOH
pressure and rpgg/rgy with a zero intercept

"DEE _ kppe[ EtOH]

"By key (%)

in sharp contrast with the data in Figure 2b. Therefore, the
elementary steps that actually contribute to EY and DEE
formation must include at least two distinct pathways (with
different EtOH pressure effects) to form one or both
dehydration products. In what follows, we assemble a
comprehensive set of plausible elementary steps for EY and
DEE formation (Scheme 1) and evaluate their kinetic relevance
using systematic protocols based on sensitivity and rate-of-
production analyses together with thermodynamic and kinetic
constants derived from density functional theory.

These plausible EtOH dehydration catalytic sequences
(Scheme 1) include direct and sequential (alkoxide-mediated)
routes (Steps 1-5, 8, 9, 11). These steps account for EY and
DEE formation from ethanol>>'"'***=%% and for the direct
formation of EY from protonated EtOH dimers (Step 6), also
proposed in the case of butanol dehydration on MFI zeolites;>”
additional steps, first proposed herein, account for bimolecular
ethoxide formation and EtOH-assisted ethoxide deprotonation
(Steps 7 and 10, respectively). The mechanism depicted in
Scheme 1 involves five surface intermediates (bare protons (*),
EtOH monomers (M*), protonated EtOH dimers (D*),
ethoxides (X*), and ethoxide/EtOH site pairs (MX*)), three
quasi-equilibrated steps (Steps 1—3), and eight irreversible
steps (Steps 4—11). The reverse reactions for Steps 4—11 all
depend on the concentrations of one or more dehydration
products (EY, DEE, or H,0). The irreversibility of these steps
is evident from total dehydration rates and product formation
rate ratios that do not depend on space velocity and,
consequently, on the concentrations of dehydration products
on H,SiW/SiO, at differential EtOH conversions (Figure S1—1
in Supporting Information (SI)), indicating that Steps 4—11 do
not proceed at detectable rates in their reverse direction at the
conditions of our experiments.

In these pathways, EtOH physisorbs at unoccupied Bronsted
acid sites (Step 1; quasi-equilibrated) by forming an H-bond
between the O atom in EtOH and a proton. This H-bonded
EtOH (or EtOH monomer) then protonates and reorients to
eliminate H,O to form a z-bonded EY that desorbs without
protonation (Step 4) or an ethoxide at a terminal O atom (Step

3375

5). This ethoxide can form EY directly by cleaving its covalent
C—0 bond, leaving the H" at a bridging O atom (Step 9). The
adsorption of another EtOH at an O atom adjacent to an EtOH
monomer (Step 2; quasi-equilibrated) leads to the full transfer
of the proton to the EtOH monomer to form protonated EtOH
dimers, which can rearrange and release H,O to form a
protonated DEE that deprotonates and desorbs (Step 8); these
dimers can also form a z-bonded EY adjacent to an adsorbed
EtOH (from which EY desorbs; Step 6) or an ethoxide bound
to a terminal O atom with an adjacent EtOH (Step 7). EtOH
adsorption next to an ethoxide (Step 3, quasi-equilibrated)
forms a weak H-bond between the OH in EtOH and a bridging
O atom on the POM acid. The coadsorbed EtOH molecule can
react with the bound ethoxide by either a substitution reaction,
in which the EtOH O atom forms a bond with the a-carbon
atom of the ethoxide while displacing the POM terminal O
atom to form DEE (Step 11), or acting as a proton shuttle in
assisting EY formation (Step 10).

The elementary steps depicted in Scheme 1 taken together
with the assumptions of quasi-equilibrated EtOH physisorption
at H" and at O atoms vicinal to ethoxides or EtOH monomers
(Steps 1—3), of irreversible elimination and substitution steps
(Steps 4—11), and of pseudo-steady-state for all bound species
give equations for the rates of EY formation

[H']

+ (ke + kg Kp[ECOHD (1 = f o) 1Ky [EtOH]}
/{1 + (1 + p)Ky[EtOH] + (Kp + fKyy)
Ky [EtOH]*}

= {[km,EY + kd,EYKD[EtOH]

(6)
and DEE formation

"DEE
[H']

= {[k; ppeKp[EtOH] + (k,, . + k; ., Kp[EtOH])

£ oes JKm[EtOHT}/{1 + (1 + f)Ky[EtOH]

+ (Kp + Ky ) Ky [EtOHT*} 7)
In these equations, f,_,pgg is given by
kmx,DEEKMX[EtOH]

,EY + (kmx,EY + kmx,DEE)I<MX|:EtOH]

fx—>DEE -

k

X

(8)

and represents the fraction of the ethoxide consumed that
forms DEE. The § term, in turn, is given by

km,x + kd,meD[EtOH]
iy T (ke py + Ko ppe) Kyix [EtOH]

F=x

X

©)

and reflects the ratio of ethoxide to EtOH monomer at surfaces.
The rate constants are: (i) k,, gy and k,,, for H,O elimination
from monomers for EY (Step 4) and for ethoxide formation
(Step S); (ii) kypee kypys and kg, for H,O elimination from
EtOH dimers to form DEE (Step 8), EY (Step 6), and ethoxide
(Step 7); (iii) k,gy and k,,, gy for EY formation from ethoxides
via unassisted (Step 9) and EtOH-assisted (Step 10) routes;
and (iv) k. peg for DEE formation from ethoxides (Step 11).
The Ky, Kp, and K parameters denote, respectively, the
equilibrium constants for EtOH physisorption at protons (Step
1) and at O atoms vicinal to EtOH monomers (Step 2) or
ethoxides (Step 3). [H'] represents the total number of
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Figure 3. Structures for surface intermediates in Scheme 1 on H;PW,0,,: bare protons (*), EtOH monomers (M*), protonated EtOH dimers

(D*), ethoxides (X*), and ethoxide/EtOH site pairs (MX*).

protons, determined by titration with 2,6-di-tert-butylpyridine
during EtOH dehydration (Table 1).

In Section 3.2, DFT-derived free energies for intermediates
and transition states are used together with sensitivity analysis
protocols to determine the magnitude of the rate and
equilibrium constants in eqs 6—9 and the respective
contributions of each of the routes in Scheme 1 to the
observed rates of formation of EY and DEE.

3.2. Theoretical Treatments of Intermediates and
Transition States in Ethanol Dehydration on POM
Clusters. 3.2.1. EtOH Adsorption at Protons and at O
Atoms Vicinal to EtOH Monomers and Ethoxides. EtOH
interacts with protons attached to O atoms in POM clusters
(Step 1 in Scheme 1) to form a strong bond between the POM
proton (Hg; nomenclature defined in Figure 3) and the O atom
in EtOH (Og) (M*; Figure 3); the Oy—Og distance in M*
(2.50—2.55 A; Table 2) is much shorter than in H-bonded
alkanols (2.74 A),**%%¢! suggesting that the POM proton is
partially transferred to the EtOH molecule. The Oy—Hj bond
in M* resembles that in the bare POM cluster (Oy—Hjg = 0.97
A vs 1.04—1.06 A for M*; Table 2) and is much shorter than
the bond between the O atom in EtOH and Hy (Og—Hj =
1.44—1.51 A for M*; Table 2), indicating that adsorbed EtOH
monomers are not fully protonated by POM clusters because
proton transfer would result in longer Og—Hjp and shorter Og—
Hgp bonds than in M¥*. Yet, the charge on the Hy atom
decreases from 0.443—0.452 in the bare proton to 0.376—0.379
in M* (Table 2), and the POM conjugate anion becomes more
negatively charged (0.443—0.452 in *; 0.539—0.568 in M*)
with the additional net positive charge residing at the adsorbed
EtOH (0.160—0.192 in M*), consistent with significant
electronic reorganization upon formation of the H-bond.
EtOH adsorption enthalpies were more negative on POM
clusters with smaller DPE values (stronger acids; Figure 4a),
ranging from —75.5 kJ mol™' on the weakest acid
(H4CoW,,0,,, DPE = 1141 kJ mol™) to —86.7 k] mol™ on
the strongest acid (H;PW,0,o, DPE = 1085 kJ mol™"); these
trends are consistent with the higher energetic cost of charge
separation and the lower stability of the negative charge at the
conjugate base for the weaker acids. EtOH adsorption
enthalpies vary by less than concomitant changes in DPE
(AH,4 = 11.2 k] mol™" vs ADPE = 56 kJ mol™" going from
H;PW,04 to HeCoW,04) because negative charges on
POM anions decrease (0.568—0.539 for M*) as acids weaken,
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thus attenuating the greater energetic costs of charge separation
in weaker acids. These adsorption enthalpies indicate that the
interactions between EtOH and POM protons are much
stronger than for H-bonding among gaseous EtOH molecules
(=21 kJ mol™" per H-bond),** as a consequence of electrostatic
interactions between the partially charged Hy and the O atom
in EtOH. EtOH adsorption entropies are negative (Figure 4b)
because EtOH(g) loses significant mobility upon adsorption.
These entropy losses are smaller on weaker acids because the
Op—Hj distances (Table 2) and the partial charges in adsorbed
EtOH (Table 2) are smaller than on stronger acids to offset the
higher costs of charge separation on weaker acids; as a result,
the Hp—Op bond is weaker and the adsorbed EtOH less rigid.

A second EtOH molecule can adsorb at an O atom adjacent
to the EtOH monomer (Step 2 in Scheme 1) to form
additional H-bonds with the O atom and the coadsorbed
EtOH. The most stable structure of these EtOH dimers (D* in
Figure 3) contains an Og—Hg—Op, bridge between the two
EtOH molecules, as well as a H-bond between each EtOH and
a POM O atom. The O—O distances between the two EtOH
molecules (Og,—Op, = 2.44—2.46 A; Table 2) are shorter than
for Op;—Og and Og,—Or; bonds between EtOH and the
surface (2.50—2.60 A and 2.60—2.66 A, respectively; Table 2).
These dimers (EtOH—Hg—EtOH) are more cationic than
EtOH monomers (0.701—0.776 for D* vs 0.539—0.568 for M*,
range for POM clusters with different central atoms; Table 2),
consistent with the more complete transfer of the proton upon
dimer formation. The dimer formation enthalpies (from EtOH
monomers and EtOH(g)) are large and negative (—74.1 to
—85.9 kJ mol™'; Figure 4a) and become less negative with
increasing DPE (Figure 4a) because the concomitant increase
in energetic costs of charge separation is offset only in part by
their smaller charge in the conjugate anion (0.776—0.701 for
D*). Dimer formation entropies are negative (Figure 4b) as a
result of the binding of the second EtOH molecule, and more
so than for EtOH monomer formation (Figure 4b) because the
Og;—Hg—Op;, bridge in dimers (Figure 3) makes the bound
EtOH molecules more rigid. Entropy losses are larger on
weaker acids, consistent with their shorter Og—Hjg; and Op;—
Hg, bonds (Table 2), which compensate for the higher cost of
charge separation in weaker acids by decreasing the amount and
the separation of charges, thus making dimers slightly more
rigid on weaker acids.

DOI: 10.1021/acs jpcc.5b11127
J. Phys. Chem. C 2016, 120, 33713389


http://dx.doi.org/10.1021/acs.jpcc.5b11127

The Journal of Physical Chemistry C

Table 2. Atomic Distances (A), Bond and Dihedral Angles
(degrees), and Charges (Electron Charges) Of Surface
Intermediates on Keggin POM Clusters

central atom

species” P Si Al Co
bare cluster (*)
Op—Hjp 0.97 0.97 0.97 0.97
charge — Hy 0.452 0.451 0.449 0.443
EtOH monomer (M*)
0505 2.50 2.52 2.53 2.55
Op—Hj 1.06 1.05 1.05 1.04
Op—H, 144 148 148 1.51
C,—Oy 147 146 146 146
charge — Hyg 0.376 0.379 0.379 0.379
Charge — EtOH 0.192 0.176 0.173 0.160
charge — EtOH + Hp 0.568 0.555 0.552 0.539
protonated EtOH dimer (D*)
Op—Or, 2.45 2.45 2.44 2.46
Op—Hg L11 110 1.10 1.08
Op—Hg 135 1.36 135 1.39
Op—Op 2.60 2.57 2.56 2.50
O —Hy, 1.03 1.04 1.04 1.07
Op—Hp, 1.58 1.53 1.53 144
Og,—Or, 2.66 2.63 2.60 2.60
Op,—Hp, 1.00 1.00 1.00 1.00
Op—Hp, 1.74 171 1.67 1.66
£0y—Hyg,—Op, 1723°  1714°  168.7°  169.3°
205, —Hg—Op, 1719°  171.8°  1715°  171.5°
205 —Hp—Opy 151.6°  151.8°  153.8°  154.4°
charge — EtOH dimer 0.776 0.754 0.741 0.701
ethoxide (X*)
Op—Cy 145 144 144 143
C,—Cp 1.51 1.51 1.51 1.51
H~C, 110 1.10 110 110
ZW,—03,—C, 145.0°  147.1°  1474°  1502°
charge — ethyl 0.350 0.344 0.340 0.332
(C,H,CyH3)
ethoxide/EtOH site pair
(MX*)
Op,—C, 1.46 145 144 144
0p—0p 2.93 291 2.89 2.86
Og—Hg 0.98 0.98 0.98 0.98
Op—Hj 197 195 1.92 1.89
ZW,—-0p,—C, 1495°  1545°  1545°  154.8°
charge — ethyl 0.365 0.360 0.354 0.346
(C.H,CH,)
charge — EtOH -0.013 —-0.019 —-0.010 —-0.032
charge — ethyl + EtOH 0.352 0.341 0.344 0.314

“Atomic and structural labels correspond to diagrams in Figure 3.

The adsorption of an EtOH molecule at an O atom adjacent
to an ethoxide (Step 3; Scheme 1) forms a bond between the H
atom in the EtOH hydroxyl group and an O atom in the POM
cluster (MX*; Figure 3). W,—Orp,—C, bond angles in
ethoxides (X*; Figure 3) increased slightly upon EtOH
coadsorption to form MX* (LW,—Op,—C, = 149.5—154.8°
for MX* vs 145.0—150.2° for X*; Figure 4, Table 2). The
enthalpies of MX* formation (from X* and EtOH(g)) (—29.6
to —34.8 kJ mol™'; Figure 4a) resemble those in the H-bonds
prevalent among gaseous EtOH molecules (—21 kJ mol )%
but are much less negative than that for EtOH adsorption at
POM protons (—75.5 to —86.7 k] mol™'; Figure 4a) or at POM
O atoms adjacent to EtOH monomers (—74.1 to —85.9 kJ
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mol™'; Figure 4a). These weak ethoxide—EtOH interactions
give rise to large O;—Oy distances (2.86—2.93 A; Table 2), to
slightly negative charges on the EtOH group (—0.010 to
—0.032; Table 2), and to smaller entropy losses upon
adsorption than for EtOH adsorption on protons or adjacent
to EtOH monomers (Figure 4b). The enthalpies and entropies
for the formation of EtOH/ethoxide moieties become slightly
more negative as DPE increases because the higher electron
densities in the weaker POM acids lead to stronger interactions
with the H atom at the OH group in EtOH.

In Section 3.2.4, these adsorption enthalpies and entropies
(Figure 4) are used to estimate the relative abundance of these
bound species, which interconvert via the quasi-equilibrated
steps shown in Scheme 1 (*—M*—D*; Steps 1, 2; X*—MX*;
Step 3). In contrast with quasi-equilibrium concentrations of
these species, the concentration of ethoxides (X*, MX*)
relative to those interacting with bare protons or EtOH(g)
(M*, D*) reflect their relative rates of formation (Steps S, 7)
and consumption (Steps 9—11), as prescribed by the pseudo-
steady-state hypothesis.

3.2.2. Ethylene Formation via syn-E2-Type Elimination
Steps from EtOH Monomers, EtOH Dimers, Ethoxides, and
EtOH/Ethoxide Pairs. All four routes leading to EY in Scheme
1 (Steps 4, 6, 9, 10) involve a concerted syn-E2-type
elimination, in which a C,—O; bond cleaves with the concerted
abstraction of a f-hydrogen atom by a basic O atom (Op).
When EY forms directly from EtOH monomers or dimers, this
p-hydrogen (Hy) is abstracted by a POM O atom, and C,—Oy,
cleavage either releases a H,0O(g) molecule (direct mono-
molecular EY formation; TS4; Figure S) or forms a H,O that
interacts via H-bonding with the vicinal EtOH (direct
bimolecular EY formation; TS6 in Figure 5). Sequential EY
formation routes involve the prior evolution of water and the
subsequent formation of an ethoxide; these steps cleave the
C,—0O. bond between the ethoxide and the terminal O atom
while a p-hydrogen atom is abstracted by either a bridging O
atom in the POM (sequential monomolecular EY formation;
TS9 in Figure 5) or an O atom in a coadsorbed EtOH
(sequential bimolecular EY formation; TS10 in Figure S). The
p-hydrogen (Hy) and the O atom at the a-carbon (Oy) in all
the elimination TS structures (TS4, TS6, TS9, and TS10) are
nearly syn-coplanar on all POM clusters; their H;—C;—C,—O,
dihedral angles range from 0.4° to 13.0° (Table 3), consistent
with those expected for syn eliminations (<20°).* In all
elimination TS structures, the C,—O; bonds are more
elongated (relative to those in ethoxides) than the C;—Hy
bonds (44—61% for C,—Oy; 14—31% for C;—Hj bonds; Table
3); the C,H, fragments have positive partial charges (0.271—
0.350; Table 3), while the C;H, fragments are slightly negative
(0.071—0.126; Table 3), indicating that C,—O; bond cleavage
is farther along the reaction coordinate for C,—O; bonds than
Cs;—Hjy bonds at the TS. The simultaneous proton transfer,
double bond formation, and expulsion of the leaving group at
these TS is consistent with those for syn-E2-type elimina-
tions.”>"® E2-type elimination TS structures can vary from
being “El-like” when C—H cleavage is more advanced than
C—O0 cleavage, to being “El-like” in the other extreme (when
C—O cleavage is more advanced than C—H cleavage).”* Thus,
the elimination TS structures for direct and sequential routes
are more precisely characterized as syn-E2-type TS with some
“El-like” character.

The POM conjugate anions are more negatively charged for
sequential bimolecular EY formation (0.667—0.701; TS10) and
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Figure 4. Calculated (a) adsorption enthalpies and (b) adsorption entropies as functions of DPE for monomers (M* in Figure 3, 4) relative to a
bare cluster and EtOH,), protonated dimers (D* in Figure 3, ) relative to an EtOH monomer and EtOH(%z, and for ethoxide/EtOH site pairs

(MX* in Figure 3, A) relative to an ethoxide (X* in Figure 3) and EtOH,) for Hg_, X""W;,0, (X" = P%, Si

linear best fits of the calculated values to changes in DPE.

*, A**, and Co?*). Dashed lines are

Figure S. Structures of transition states that mediate elementary steps in Scheme 1 for direct monomolecular EY formation (Step 4; TS4), direct
bimolecular EY formation (Step 6; TS6), sequential monomolecular EY formation (Step 9; TS9), and sequential bimolecular EY formation (Step 10;

TS10) on H;PW,,04.

direct monomolecular EY formation (0.607—0.668; TS4)
transition states than for sequential monomolecular EY
formation (0.530—0.570; TS9). This is consistent with
favorable ion—dipole interactions between the additional H,O
and EtOH fragments in TS4 and TS10 and the POM O atoms,
which cause the transfer of more charge from the POM
conjugate anions to the cationic moieties at the TS. Weaker
acids give smaller charges at the conjugate anion in TS4, TS9,
and TS10 than stronger acids because the charge at the
conjugate anion is less stable. Proton transfer has occurred to a
much greater extent in TS6 than in TS4 or TS10 as evidenced
by their shorter Ox—H; bonds (1.22—1.30 A; TS6, 1.32—1.44
A; TS4 and TS10) and smaller charges on C,H, (0.275—0.289;
TS6, 0.287—0.350; TS4 and TS10). Also, TS6 exhibits less
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negative conjugate anions (0.565—0.577; TS6) than TS4 and
TS10 (0.607—0.668; TS4, 0.667—0.701; TS10), in spite of its
additional EtOH or H,O fragments, suggesting that ion—dipole
interactions between the H,O and EtOH fragments and the
POM O atoms are less favorable in TS6 than in TS4 or TSI10.

Figure 6a shows enthalpies for all elimination TS structures
(TS4, TS6, TS9, and TS10) referenced to a bare proton and
two EtOH(g) as a function of DPE for Hy_, X"*W,,0,, clusters
with different central atoms (X** = P**, Si**, AI**, and Co®*).
These enthalpic barriers are larger for TS moieties with fewer
molecular fragments (ethyl, EtOH, or H,0). For instance, the
TS for sequential monomolecular EY formation (TS9; Figure
5), with a single ethyl fragment, has the highest barriers (Figure
6a), while the TS for direct bimolecular EY formation (TS6;
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central atom central atom

species” P Si Al Co species” P Si Al Co
direct monomolecular EY charge—cationic moiety 0.576 0.565 0.577 0.575
formation (TS4) sequential monomolecular EY
Or—Hj, 1.37 1.32 1.34 133 formation (TS9)
Cs—Hy 1.28 131 1.30 130 Or—Hy 1.40 137 137 1.38
C,—Cp 1.39 1.39 1.39 1.39 Cs—Hy 1.26 1.27 1.27 1.25
C,—O, 225 221 2.18 2.16 Co=Cy 1.40 1.40 1.40 1.40
H,,—-Op 1.89 1.76 175 171 C,—Oy, 2.14 212 2.10 2.08
£Hy—Cy—C,—Oy 12.0° 2.8° 1.8° 0.4° £Hy—Cy—C,—Oy 4.4° 3.2° 3.1° 3.2°
charge — ethyl 0.550 0.512 0.506 0.486 charge — ethyl 0.570 0.549 0.540 0.530
(C,H,C/H,H,) (C,H,C/H,H,)
charge — Hy 0.299 0.304 0.302 0.300 charge — Hy 0.292 0.295 0.297 0.295
charge — C;H, —0.075 —0.092 —0.096 —0.101 charge — C;H, —0.071 —0.079 —0.086 —0.098
charge — C,H, 0.326 0.300 0.299 0.287 charge — C,H, 0.349 0.333 0.329 0.334
charge — leaving H,O group 0.118 0.116 0.121 0.121 charge — cationic moiety 0.570 0.549 0.540 0.530
charge — cationic moiety 0.668 0.628 0.627 0.607 sequential bimolecular EY
direct bimolecular EY formation formation (TS10)
(TS6) Op—Hj 144 142 143 1.39
Or—Hy 1.22 122 1.26 1.30 Hy—Cy 1.25 1.26 1.26 1.28
Cs—Hy 1.39 1.40 1.35 133 C,—Cy 1.40 1.40 1.40 1.40
Co—Cy 1.38 1.38 1.38 1.39 C,—O, 207 2.05 2.09 2.08
C,—Oy, 232 2.30 228 229 H—Oy 172 1.67 1.65 1.60
Hy,—Og 1.90 1.87 1.85 1.83 ZHy~Cy—C,—Oy 0.5° 4.7° 13.0° 12.1°
H;,—Og 1.73 1.72 1.76 1.76 charge — ethyl 0.524 0.507 0.515 0.494
Hg—Orp, 1.86 1.85 1.87 1.85 (CH,CyH,Hp)
ZH,~CyC,O, 540 90 08°  123° charge — H, 0290 0289 0290 0293
charge — ethyl 0519 0506 0512 0504 charge — C,H, —0116 0122 —0.115  -0.126
(C,H,C/H,Hy) charge — C,H, 0350 0340 0340 0327
charge — Hy 0.340 0.339 0.332 0.327 charge — EtOH 0.177 0.180 0.174 0.173
charge — C;H, —0.096  —0.103 —0.105 —0.112 charge — cationic moiety 0.701 0.686 0.688 0.667
charge — C,H, 0.275 0.271 0.285 0.289 “Atomic and structural labels correspond to diagrams in Figure S.
charge — H,0 leaving group 0.018 0.021 0.031 0.039
charge — EtOH 0.039 0.038 0.034 0.032
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Figure 6. Calculated (a) apparent enthalpy barriers and (b) apparent entropy barriers as functions of DPE for direct monomolecular EY formation
(TS4 in Figure S, ), direct bimolecular EY formation (TS6 in Figure S, O), sequential monomolecular EY formation (TS9 in Figure S, 4) and
sequential bimolecular EY formation (TS10 in Figure 5, A) on Hy_, X""W,0,, (X" = P*, Si**, AI**, and Co*"). Barriers are with respect to bare
protons and two EtOH(g) molecules.
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Figure 7. Structures of transition states that mediate elementary steps in Scheme 1 for monomolecular ethoxide formation (Step S, TSS),
bimolecular ethoxide formation (Step 7, TS7), direct DEE formation (Step 8, TS8), and sequential DEE formation (Step 11, TS11) on HyPW,,0,.

Figure S), with ethyl, EtOH, and H,O fragments, shows the
lowest barriers (Figure 6a) among elementary steps that lead to
EY on all POM acids. These trends reflect the larger number of
H-bonds and ion—dipole interactions at TS structures
containing additional EtOH or H,O molecules. This enthalpic
stabilization, conferred by the presence of several fragments
(Figure 9), is attenuated by concomitant entropy losses upon
formation of the larger and more complex TS structures
(Figure 6b). Weaker acids (larger DPE values) give larger
enthalpy barriers for all EY formation routes than stronger acids
(Figure 6a) because the formation of all TS structures requires
charge transfer into the POM clusters to form the cationic
organic moiety at the TS (0.530—0.701; Table 3). The enthalpy
and entropy barriers in Figure 4 are used in Section 3.2.4,
together with those for the formation of DEE and alkoxides
(Section 3.2.3) to determine the relative contributions of these
elimination steps (Steps 4, 6, 9, and 10) to EY formation.
3.2.3. DEE and Ethoxide Formation via SN2-Type Path-
ways. All steps that form ethoxides (Steps S and 7; Figure 3) or
DEE (Steps 8 and 11; Figure 3) involve Sy2-type reactions that
cleave and form O—C bonds at the a-carbon (C,) of an ethyl
fragment in a concerted manner (Figure 7). In ethoxide
formation, a terminal POM O atom acts as the nucleophile in
displacing either a H,O molecule (monomolecular ethoxide
formation; TSS in Figure 7) or a H,O molecule that is H-
bonded to a coadsorbed EtOH (bimolecular ethoxide
formation; TS7 in Figure 7) at the C, of a protonated EtOH
monomer, thus forming the new O—C, bond. In DEE
formation, the O atom in a coadsorbed EtOH acts as the
nucleophile in displacing either a H,O molecule at the C, of a
protonated EtOH (direct DEE formation; TS8 in Figure 7) or a
terminal POM O atom (sequential DEE formation; TS11 in
Figure 7) at the C, of an ethoxide, thus forming the new O—C,
bond. The C, atom in the ethyl cationic species (C,H,CHj,) at
the TS structures for all Sy2-type substitution steps is nearly
equidistant from the attacking (O,) and leaving (O;) O atoms
(Cy=0, = 1.99-2.20 A; C,—O; = 2.04—2.15 A; Table 4); this
C, center is pentacoordinated with a nearly trigonal
bipyramidal geometry, consistent with the concerted nature
and the required orbital alignment of Sy2-type substitution
reactions. Also, the partial charges in C,H,CHj; fragments at
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the TS (0.484—0.553; Table 4) are smaller than unity,
consistent with solvation of the sp*hybridized a-carbon and
with the concomitant delocalization of its positive charge by the
attacking and leaving groups.

Figure 8a shows the enthalpies of these Sy2-type transition
states (referenced to a bare POM proton and two EtOH(g)) as
a function of DPE for Hg_, X"*W,0,, clusters (X"* = P>*, Si*,
Al**, and Co®"). The enthalpy barriers for bimolecular ethoxide
formation (TS7; Figure 7) and direct DEE formation (TSS;
Figure 7) are similar to each other on each given POM acid and
smaller than those for monomolecular ethoxide formation
(TSS; Figure 7) or sequential DEE formation (TS11; Figure 7)
(by 64.9-73.4 and 94.5-103.5 kJ mol™, respectively),
consistent with their larger number of H-bonds and ion—
dipole interactions. Enthalpy barriers for all of the Sy2-type TS
structures were smaller on the stronger POM acids because of
the more stable conjugate anions at these transition states.
Entropy losses upon formation of Sy2-type transition states
(Figure 8b) are larger for transition states with additional
molecular fragments (TS7 and TS8), consistent with the
decrease in entropy accompanying the adsorption of EtOH(g)
(Figure 4b).

In the next section, sensitivity and coverage analysis
protocols are used to assess how each transition state (and its
associated precursor steps) and surface intermediate contribute
to EY and DEE formation on these solid Brensted acids. These
assessments are based on the DFT-derived enthalpies and
entropies shown in Figures 4, 6, and 8 (values also shown in
Tables S2—1 and S2—2 in SI).

3.2.4. Gibbs Free Energy Comparisons Among TS and
Surface Intermediates in Ethylene and Diethyl Ether
Formation Routes. Figure 9 shows Gibbs free energies at
409 K for all transition states and surface intermediates in
Scheme 1 referenced to a common precursor state (a bare
proton and two EtOH(g)) on the strongest (H;PW,,0,0; solid
lines) and the weakest (H¢CoW,,04; dashed lines) acids.
H¢CoW,0, gives higher Gibbs free energy barriers for all TS
structures than H;PW,,0,, The direct monomolecular EY
formation route (TS4; Figure S) shows free energy barriers
similar to those for the monomolecular ethoxide formation
route (TSS; Figure 7) on H3PW,04. On HCoW,,0,,

DOI: 10.1021/acs jpcc.5b11127
J. Phys. Chem. C 2016, 120, 33713389


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5b11127/suppl_file/jp5b11127_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.5b11127

The Journal of Physical Chemistry C

Table 4. Atomic Distances (A), Bond and Dihedral Angles

(degrees), and Charges (Electron Charges) For Transition

States That Mediate Ethoxide and Diethyl Ether Formation
on Keggin POM Clusters

central atom

species” P Si Al Co
monomolecular ethoxide
formation (TSS)
0,—C, 216 2.17 2.17 220
C,—O, 212 2.11 2.08 2.08
20,—~C,—Oy, 1557°  1529°  1532°  1469°
charge — ethyl 0.553 0.551 0.540 0.545
(C.H,CH;)
charge — H,0 leaving 0.205 0.207 0.222 0.218
group
charge — cationic moiety 0.759 0.758 0.762 0.762
bimolecular ethoxide
formation (TS7)
0,—C, 1.99 2.00 2.01 2.02
C,~O, 2.15 213 2.15 215
H;,—Or, 1.62 1.59 1.61 162
Hy,,—Opy 1.99 1.92 1.86 1.90
20,—C,—0, 1614°  161.8°  1597°  159.1°
charge — ethyl 0.504 0.494 0.494 0.486
(C,H,CH,)
charge — H,0 leaving 0.091 0.091 0.093 0.092
group
charge — EtOH 0.086 0.084 0.074 0.075
charge — cationic moiety 0.680 0.669 0.661 0.653
direct DEE formation (TS8)
0,-C, 212 2.12 2.11 2.09
C,—Oy 2.06 2.06 2.06 2.04
H,~Op 175 1.73 172 171
H;,—Op, 1.67 1.67 1.67 1.65
£0,~C,—O, 1613°  16L1°  1609°  161.2°
charge — ethyl 0.497 0.496 0.496 0.484
(C,H,CH,)
charge — H,0 leaving 0.157 0.157 0.150 0.154
group
charge — EtOH 0.155 0.150 0.151 0.148
charge — cationic moiety 0.808 0.802 0.797 0.786
sequential DEE formation
(TS11)
0,—C, 2.10 2.07 213 2.09
C,~O, 2.06 2.08 2.09 2.10
£0,~C,—O, 159.2° 153.0° 151.2° 150.8°
charge — ethyl 0.522 0.523 0.525 0.518
(CH,CH,)
charge — EtOH 0.227 0.229 0.219 0.229
charge—cationic moiety 0.750 0.753 0.744 0.747

“Atomic and structural labels correspond to diagrams in Figure 7.

however, free energy barriers for TS4 are lower than those for
TSS. On each acid catalyst, free energy barriers for bimolecular
ethoxide formation (TS7; Figure 7) and direct DEE formation
(TS8; Figure 7) routes are similar to each other and lower than
those for direct bimolecular EY formation (TS6; Figure S) and
monomolecular routes for direct EY or ethoxide formation. The
stability of alkoxides (X*; Figure 3) is similar on H;PW;,0,
(—32.1 kJ mol™’; Figure 9) and HsCoW,,0,y (—34.0 kJ mol;
Figure 9), consistent with the small charges in such alkoxide
species (0.332—0.350; Table 2) and with their largely covalent
attachment to terminal O atoms. Free energy barriers for
sequential bimolecular EY formation (TS10; Figure S) and
sequential DEE formation (TS11; Figure 7) were similar on
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each given catalyst and smaller than those for sequential
monomolecular EY formation routes (TS9; Figure 5).

Gibbs free energy differences among the intermediates in
Figure 9 reflect their relative concentrations at equilibrium and
1 bar EtOH or H,O gaseous species

(Bl
RT In ﬁ (PEtOH)/l (PHZO)]/

=Gy, — G — A'GEtOH(g) — 7'Ghyo(g) (10)

where [A],, and [B],, are the surface concentrations of any two
intermediates at equilibrium; G, and Gy are the free energies of
the respective intermediates relative to bare protons and two
gaseous EtOH molecules; Pg,op and Py o are in units of bars; 4

and y are the differences in the number of EtOH(g) and
H,0(g) in the A and B intermediates; and Gg,oy and Gy are
the respective free energies of EtOH(g) and H,0(g) molecules.
The relative surface concentrations of A and B will depend on
Pgon and Py as prescribed by eq 10 at equilibrium; away

from equilibrium, their free energies cannot be compared
directly to assess their relative coverages. The concentration of
ethoxides (X*, MX*) relative to those intermediates interacting
with bare protons or EtOH(g) (M*, D*) reflects their relative
rates of formation (Steps S and 7) and consumption (Steps 9—
11), according to the pseudo-steady-state hypothesis (not
equilibrium); therefore the relative concentrations of these
groups are not given by eq 10. In Section 3.2.5, the fractional
coverage of each of the intermediates in Scheme 1 is
determined explicitly at all relevant reaction conditions in
order to rigorously assess its abundance during EtOH
dehydration on these catalysts, thus avoiding the problems
associated with direct free energy comparisons.

Gibbs free energy differences among the TS structures in
Figure 9 give the relative rates of their associated elementary
steps at equilibrium concentrations of their reactive inter-
mediates

fi 2
RT In| r_l(PEtOH) (P HZO)Y
j

Gf - Gf - A-Gongg) ~ 7" Gryo() (11)
where 7; and 7; are the turnover rates for the two elementary
steps; G;F and Gj* are the free energies of their respective
transition states (relative to a bare proton and two EtOH(g));
and 4 and y are the differences in the number of EtOH(g) and
H,0(g) between their two transition states. If the reactive
intermediates for two elementary steps are not at equilibrium,
eq 11 cannot be used to determine their relative rates.
According to Scheme 1, ethoxides (X*, MX*) are not in
equilibrium with those intermediates interacting with bare
protons or EtOH(g) (M®*, D*); therefore, the relative
contributions of the elementary steps in Scheme 1 to EtOH
dehydration rates on these catalysts cannot be determined
solely from direct comparisons of free energies. Rate sensitivity
protocols overcome these limitations and provide a more
complete theoretical framework suitable for quantitative
comparisons among elementary steps. These are used next to
assess the relative contributions of the elementary steps in
Scheme 1 to EY and DEE formation rates.

3.2.5. Rate Sensitivity and Coverage Analyses. The
previous sections have enumerated plausible sequences of
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Figure 8. Calculated (a) apparent enthalpy barriers and (b) apparent entropy barriers as functions of DPE for monomolecular ethoxide formation
(TSS in Figure 7, <), bimolecular ethoxide formation (TS7 in Figure 7, A), direct DEE formation (TS8 in Figure 7, M), and sequential DEE

formation (TS11 in Figure 7, ®) on Hy_ X""W,,0,, (X"
molecules. Dashed lines are linear best fits of the calculated values.
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Figure 9. Gibbs free energy diagram for direct EY formation (TS4 and TS6 for monomolecular and bimolecular routes; Figure S), direct DEE
formation (TS8; Figure 7), and ethoxide formation (TSS and TS7 for monomolecular and bimolecular routes, respectively; Figure 7) from adsorbed
ethanol monomers (M*; Figure 3) or protonated EtOH dimers (D*; Figure 3) and sequential EY formation (TS9 and TS10 for monomolecular and
bimolecular routes; Figure 5) and sequential DEE formation (TS11; Figure 7) from ethoxides (X*; Figure 3) or EtOH/ethoxide site pairs (MX*;
Figure 3) on HyPW,0,, (solid lines) and H,CoW,0,, (dashed lines) at 409 K and standard pressure for all gaseous species.

elementary steps for the formation of EY and DEE from EtOH
and reported DFT-derived estimates for the enthalpies and
entropies of the intermediates and transition states involved.
Next, we rigorously compare the contributions of each of these
routes and species to EY and DEE formation at relevant
reaction conditions on solid acid catalysts with a broad range of
acid strenﬁgth using rate sensitivity and coverage analysis
protocols®>®” instead of the mere visual inspection of reaction
coordinate energy diagrams.

The contribution of an elementary step to the rate at which a
given product forms (r,) can be determined for a given
condition by evaluating the fractional change in r; caused by a
small fractional change in the magnitude of the DFT-derived
rate constant for the elementary step (k;)

3382

Olnr,
F=tt

Olnk; (12)
An elementary step is inconsequential for forming all (n)
products (and can thus be excluded from a sequence) when its
overall rate sensitivity coeflicient (Vl)

v=(LE)"
i=1 (13)

is smaller than a specified threshold at all conditions of interest.
Here, the contributions to DEE and EY formation rates by each
elementary step in Scheme 1 (Steps 4—11) are determined on
each POM acid using eqs 12 and 13 at 0.1-10 kPa EtOH, 0
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EY formation (Step 4; V,,gy), direct bimolecular EY formation (Step 6; V,gy), sequential monomolecular EY formation (Step 9; V, gy), sequential
bimolecular EY formation (Step 10; V,,.ry), monomolecular ethoxide formation (Step S; V,,.), bimolecular ethoxide formation (Step 7; V,zy),
direct DEE formation (Step 8; V,;pgg), and sequential DEE formation (Step 11; V,, pgs) on HPW,,04, (H), H,SiW,,0,, (O), H;AIW,,0,, (@),
and HgCoW ;04 (A) clusters at 409 K. Shaded regions show range of EtOH pressures considered (0.1—10 kPa) during rate sensitivity analysis.
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Figure 11. Maximum overall rate sensitivity coefficient for the irreversible steps in Scheme 1 within the considered EtOH pressure range (0.1—10
kPa) on H;PW,,0,0, H,SiW},0,, HiAIW,0,,, and HCoW,,0,, clusters at 409 K.

kPa H,O (valid at differential conversions), and 409 K. DEE Figure 10 shows V; values for the rate constants for Steps 4—
and EY formation rates are calculated from eqs 6—9 with 11 in Scheme 1 at each EtOH pressure on Hg_  X""W,0,,
kinetic and thermodynamic constants calculated from DFT- clusters (X" = P>, Si**, AI**, and Co?*). The rate constants for
derived Gibbs free energies. Steps 4, 5, and 6 in Scheme 1 give V; values below 0.11 at all
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Figure 13. Maximum fractional coverage for the surface intermediates in Scheme 1 within the considered range of EtOH pressure (0.1—10 kPa) on
H;PW,0,45, H,SiW,0,0, H,AIW,0,4, and HeCoW,,0,, clusters at 409 K.

pressures (0.1—10 kPa) on all POM acids (Figure 11); the rate
constants for Steps 7—11 give V; values above 0.22 at some or
all EtOH pressures (Figure 11), suggesting a value of 0.11 as a
reasonable threshold V; value. Using this V; value, direct
monomolecular EY formation (Step 4; V,,zy, TS4), mono-
molecular ethoxide formation (Step S; V,,,, TSS), and direct
bimolecular EY formation (Step 6; V,gy, TS6) would not
contribute to EY or DEE formation. Therefore, only Steps 1—3
and 7—11 are retained in describing the rate and selectivity data

in Figure 2. Next, estimates of the prevalent coverages of all
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bound species are used to assess the contributions of each of
the denominator terms in eqs 6 and 7.

The fractional coverage of a given bound intermediate j (91-)
is defined as the number of sites occupied by that intermediate
([B}]) divided by the total number of sites ([H'])

5]
/ [H+]

(14)

Values of ¢, much smaller than unity indicate that the
denominator term in eq 6 that accounts for its coverage can
be neglected in the rate equation, without any associated
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implications for the involvement of such intermediates in EY
and DEE formation rates. Here, fractional coverages of the
surface intermediates in Scheme 1 (bare protons (*), EtOH
monomers (M*), protonated EtOH dimers (D*), ethoxides
(X*), and EtOH/ethoxide pairs (MX*)) on each of the POM
clusters are evaluated at a wide range of EtOH pressures and
409 K.

Values of 6, from eq 14, the steps in Scheme 1, and DFT-
derived free energies are shown in Figure 12 as a function of
EtOH pressure for Hg_ X""W,0,, clusters (X" = P%, Si*,
AP, and Co™). The 0, values for bare protons and MX* are
smaller than 0.06 at all relevant EtOH pressures (0.1—10 kPa)
on all POM acids, while X*, M*, and D* give 6’]- values larger
than 0.07 at most EtOH pressures (0.1—10 kPa) on most POM
acids (Figure 13), suggesting a threshold 6, of 0.06 and leading
us to consider only EtOH monomers (M*), protonated EtOH
dimers (D*), and ethoxides (X*) as most abundant surface
intermediates (MASI). The steps retained from Scheme 1 by
the sensitivity analysis and the MASI identified by the coverage
analysis can then be used to simplify the equations for EtOH
dehydration rates and (DEE/EY) ratios (rppp/rgy) and to
compare their functional form with that inferred from the rate
and selectivity data in Figure 2.

3.2.6. Simplified Rate Expressions for Total Ethanol
Dehydration Rates and for the Ratio of Diethyl Ether and
Ethylene Formation Rates. The elementary steps depicted in
Scheme 1, the results of the rate sensitivity analysis, and the
assumptions of quasi-equilibrated EtOH physisorption at H*
and O atoms vicinal to ethoxides or EtOH monomers (Steps
1-3) and irreversible elimination and substitution steps (Steps
7—11) give an expression for the ratio of DEE and EY
formation rates (rpgp/rgy)

"DEE _ (1 + y)éa[EtOH]
ey 1 + a[EtOH]
kmx,EY‘KMX kd,mx kmx,DEE
a = = 6 =
ky ey kg pEE Ky, EY (15)

These rates depend on three parameters:

(i) @ (kPa™'): the ratio of rate constants for sequential
bimolecular EY formation with respect to ethoxides
(Steps 3 and 10; k,,pyKyx) and sequential mono-
molecular EY formation (Step 9; k. gy);

O: the ratio of rate constants for sequential bimolecular
DEE formation (Step 11; k,,ppe) and sequential
bimolecular EY formation (Step 10; k,,.y); and

(i)

(iii) y: the ratio of the rate constants for bimolecular ethoxide
formation (Step 7; kg,,) to that for direct DEE
formation (Step 8; kypgz)-

The similar rppp/rey values on H,XW/SiO, of very different
acid strength at all EtOH pressures (Figure 2b) reflect @, &, and
x values that do not depend on POM composition or acid
strength. Therefore, one value for each of these three
parameters is regressed from the data in Figure 2b using the
functional form of eq 15 (dashed line; Figure 2b); their values
are shown in Figure 14 (as dotted lines).

The additional assumptions of pseudo-steady-state for all
bound species and of ethoxides, EtOH monomers, and
protonated EtOH dimers as MASI give an equation for
EtOH dehydration rates
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Figure 14. Values of § (unitless; @), y (unitless; W), and & (kPa™; A)
(for associated steps see the mechanism in Scheme 1) predicted from
DFT-derived energies as functions of DPE for Hy_ X""W,,0,, (X"* =
P%, Si**, AP**, and Co®*) catalysts at 409 K. Dotted lines are the values
of the ratios derived from the regression of experimental data (Figure
2b) to the functional form of eq 15.

kd,mx(l + Z)KD[EtOH]

Ttotal  _
[H'] e
L+ {1+ 1+ (14 6)a[EtOH] KD[EtOH]
kd mx
p="
«,EY (16)

that depends on three additional parameters

(i) kgme (ks™): the rate constant for bimolecular ethoxide
formation (Step 7);

(ii)) Kp (kPa™'): the equilibrium constant for protonated
EtOH dimer formation from EtOH monomers and
EtOH(g) (Step 2); and

(iii) ¢: the ratio of rate constants for bimolecular ethoxide
formation (Step 7; k,,,,) and sequential monomolecular
EY formation (Step 9; k,gy).

The terms in the denominator of eq 16 reflect (from left to
right) the relative coverages of EtOH monomers (M*),
protonated EtOH dimers (D*), and ethoxides (X*) at acid
sites. The dashed lines in Figure 2a represent the regression of
all rate data to the functional form of eq 16, using the same
values of the three parameters in eq 15 for all acids (dotted
lines; Figure 14) and allowing the three parameters in eq 16 to
differ among the catalysts if so required in the regression. The
regressed values of k., Kp, and ¢ are shown in Figure 15a for
H,XW/SiO, samples (X = P, Si, Al, and Co).

Next, these parameters, derived from rate and selectivity data,
are compared with those derived from DFT estimates of Gibbs
free energies. The observed and predicted effects of acid
strength on their values are discussed in the context of
differences in charge among the different species involved in
the steps accounting for the groupings of thermodynamic and
kinetic rate constants that define the parameters in eqs 15 and
16.

3.3. Comparison of Experiment and Theory and the
Consequences of POM Composition and Acid Strength.
3.3.1. Ratios of Rates of DEE and EY Formation. Each of the
three parameters that determine rppp/rpy values (eq 14)
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catalysts (X = P, Si, Al, and Co; Figure 2a) to the functional form of eq 16 and from (b) DFT-derived energies for Hg_, X"*W,0,, clusters (X"*

P, Si**, AI*, and Co*") as functions of DPE at 409 K. Dashed lines are best fits of the calculated values.

depends on the ratio of constants for routes from a given
intermediate (D* for ky,,, and kypgs, MX* for k,,pge and
K gyy and X* for k. ;yKyx and k,gy; Scheme 1). As a result,
these ratios, and thus selectivities, reflect differences in free
energy between the two TS structures that define each ratio
and are unaffected by the stability of their common precursor

RT ln(M(bar_l)] = Gi_c — Gi_p — 4Groug
kA—>C

(17)
where k,_p and k,_,¢ are rate constants for the two competing
routes in each ratio; G,f_,B and Gif_,c are the free energies of the
respective transition states; A is the difference in the number of
EtOH(g) in the two transition states; and Greonyg is the free
energy of an EtOH(g) molecule.

The value of & reflects the relative free energies of TS9 (Step
9) and TS10 (Step 10) with a A value of —1 (TS9 has one more
EtOH(g) than TS10). The value of a regressed from
measurements on POM/SiO, catalysts (0.22 kPa™'; Figure
14) is within the range of values estimated from DFT (0.10—
0.24 kPa™'; Figure 14); thus, Steps 9 and 10 become equal in
rate at 4.6 kPa EtOH (experiment) and 4.2—9.7 kPa EtOH
(theory, range for different POM), and Step 10 becomes the
preferred route at the higher EtOH pressures typical of
commercial practice.

The value of y reflects the relative free energies of TS8 (Step
8) and TS7 (Step 7) with a A value of zero. It is near unity on
all POM/SiO, acids (0.89; Figure 14), indicative of TS7 and
TS8 structures of similar free energies and leading to similar
barriers for bimolecular ethoxide formation (Step 7) and direct
DEE formation (Step 8). The measured y value is in reasonable
agreement with DFT estimates (0.28—0.64; Figure 14). These
two transition states (TS7 and TS8 in Figure 7) contain the
same molecular fragments (ethyl, H,O, and EtOH) but in
different geometric alignment. In TS7, the displaced H,O is H-
bonded to the O atom in EtOH, and a POM terminal O atom
interacts with the a-carbon in the ethyl fragment. In contrast,
the displaced H,O in TS8 is H-bonded to a terminal O atom in
the POM and the O atom in EtOH and interacts with the C, in
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the ethyl fragment. The similar free energies of TS7 and TS8
indicate that terminal O atoms in POM acids, and O atoms in
EtOH behave similarly when either interacts with the a-carbon
of an ethyl fragment or with an H atom in H,O.

The & value reflects the relative free energies of TS10 (Step
10) and TS11 (Step 11) with a A of zero. Its measured value is
6.5 on H,XW/SiO, acids (Figure 14). Thus, TS11 has a slightly
lower free energy than TS10 and consequently lower barriers
for sequential DEE formation (Step 11) than for sequential
bimolecular EY formation (Step 10). DFT-derived & values are
1.3—7.6 (Figure 14), in reasonable agreement with measure-
ments. The variability of 6 values among the POM clusters is
equivalent to DFT-derived free energy differences that vary by
less than 3 k] mol™ from their average; this range of 0 values, as
opposed to the single & value predicted from experiments, is
attributed to the inherent inaccuracies of theoretical treatments.
These results suggest that O atoms in EtOH are only slightly
better as nucleophiles (for DEE formation; TS11) than as H*
abstractors (for EY formation; TS10) in reactions with
ethoxides.

DFT-derived enthalpies for TS7, TS8, TS9, TS10, and TS11
depend similarly on DPE (dH/dDPE = 0.39—0.52; Table 5),
consistent with the significant cationic character for the organic
moieties at each of these ion-pair transition states (0.530—
0.808; Table 3 and Table 4). These TS enthalpies all increase
with increasing DPE (Figure 6 and Figure 8) because both
protons and ion-pair transition states benefit from the more
stable conjugate bases in stronger POM acids. In contrast, rpgp/
rpy ratios are not sensitive to DPE because both transition
states in each ratio of rate constants benefit to the same extent
from more stable conjugate anions. The unexpected rpgg/rpy
trends observed experimentally on these POM acids (Figure
2b), which first motivated our re-examination of plausible
alcohol dehydration pathways on Brensted acids, are well
described by eq 15 and give constants in excellent agreement
with those obtained from DFT-derived free energies. These
findings indicate that that these selectivity trends reflect the
contributions of bimolecular routes to ethoxide formation,
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Table 5. Dependences of Calculated Enthalpies and
Entropies for Surface Intermediates and TS Relative to Bare
Protons on Deprotonation Energies (dH/dDPE and dST/
dDPE) for Hy_ X""W,,0,, (X" = P%, Si**, AI**, and Co**)
Catalysts at 409 K

species” dH/dDPE dST/dDPE
EtOH monomer (M*) 0.20 + 0.01 0.08 + 0.04
protonated EtOH dimer (D*) 042 + 0.04  0.06 + 0.04
cthoxide (X*) 003 +0.06 007 + 0.04
bimolecular ethoxide formation (TS7) 0.52 = 0.04  0.07 + 0.03
direct DEE formation (TS8) 0.51 +£0.04  0.06 + 0.04
sequential monomolecular EY formation 0.39 +0.02  0.08 + 0.03

TS9)

sequential bimolecular EY formation (TS10) 041 + 0.06  0.08 + 0.03
sequential DEE formation (TS11) 0.50 + 0.07  0.08 + 0.03

“Labels correspond to structures in Figure 3, Figure S, or Figure 7.

direct and sequential routes to DEE formation, and sequential
monomolecular and bimolecular routes to EY formation.

3.3.2. Combined EtOH Dehydration Rates to EY and DEE.
Figure 15a shows measured k., Kp, and ¢ values (obtained
by regressing the data in Figure 2a to the form of eq 16) as a
function of the DPE values of H, XW/SiO, with P, Si, Al, and
Co central atoms. The k. value reflects the free energy barrier
for Step 7 (Scheme 1; free energy difference between TS7, for
bimolecular ethoxide formation, and D¥, a protonated EtOH
dimer). Measured k., values (3.3—8.0 ks™'; Figure 15a) are
larger than those calculated from DFT-derived free energies
(0.05—0.20 ks™'; Figure 15b); these differences correspond to
DFT-derived free energy barriers that are 12.6—14.8 kJ mol™"
larger than measured values and appear to reflect approx-
imation methods for calculating entropies of low vibrational
modes of weakly bound intermediates that underestimate TS7
entropies relative to those for protonated EtOH dimers (D*).
The k;,, values decrease exponentially with increasing DPE,
but they reflect an increase in activation barriers much smaller
than the concomitant changes in DPE; such attenuation
effects”®>® arise from TS7 structures that benefit from a more
stable conjugate anion only slightly more than D*, a conclusion
consistent with the similar positive charges at the TS7 cation
(0.653—0.680; Table 4) and D* (0.701—0.776; Table 2) and
with DFT-derived enthalpies of their formation from bare
clusters that depend similarly on DPE (dH/dDPE = 0.42—0.52;
Table S).

The Kp values reflect free energy differences between a
protonated EtOH dimer (D*) and an EtOH monomer (M*)
and an EtOH(g) molecule (Step 2, Scheme 1). Measured K
values are larger than unity on POM acids (6.5—156 kPa™';
Figure 15a) and similar to those from DFT-derived free
energies (2.4—112 kPa™'; Figure 15b). Measured and DFT-
derived K, values decreased with increasing DPE because
protonated EtOH dimers (D*) exhibit larger partial charges
than EtOH monomers (0.701—0.776 for D* vs 0.539—0.568
for M* on POM clusters with different central atoms; Table 2);
therefore, they benefit from the more stable conjugate anions
on stronger acids more than EtOH monomers.

The value of ¢ reflects differences in free energy barriers
between Step 7 (D* to TS7) and Step 9 (X* to TS9).
Measured ¢ values (0.3—4.3; Figure 15a) are somewhat larger
than estimates from DFT-derived free energies (0.03—2.6;
Figure 15b). Measurements and theory give ¢ values that
increase with increasing DPE (Figure 15), indicating that
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activation barriers for Step 7 are less sensitive than those for
Step 9 to acid strength. The larger ¢ values on weaker acids
reflect protonated EtOH dimers (D*) whose stability depends
on DPE more sensitively than for ethoxides (X*), while TS7
and TS9 depend similarly on acid strength. These trends are
consistent with the larger positive charges in D* than ethoxides
(0.701—0.776 for D* vs 0.332—0.350 for X* on POM clusters
with different central atoms; Table 2).

Measured rates and (DEE/EY) selectivity ratios are well
described by eqs 15 and 16 (dashed lines; Figure 2). The
regressed rate and equilibrium constants agree well with those
obtained from DFT-derived free energies (Figure 14 and Figure
15) and resolve long-standing uncertainties surrounding the
mechanism for ethanol dehydration reactions on Brensted
acids. We expect these kinetically relevant routes and MASI to
be valid in general for alkanol dehydration reactions on solid
Bronsted acid catalysts, with the identity of the alcohol or the
Bronsted acid only affecting the relative contributions of the
elementary steps or the relative coverages of surface
intermediates. With dehydration rates for other alcohols still
reflecting alcohol monomers, protonated alcohol dimers, and
alkoxides as MASI, reflect a bimolecular route for alkoxide
formation, direct and sequential routes for ether formation, and
(for C2 alcohols and above) sequential monomolecular and
bimolecular routes for alkene formation. The approach
described here also demonstrates how the enumeration of
plausible steps, DFT-derived estimates of their dynamics and
thermodynamics, and sensitivity analysis methods is a more
rigorous framework for determining the relevant steps and
species in complex mechanisms than their determination via
mere visual inspection of reaction coordinate energy diagrams.

4. CONCLUSIONS

In this study, the elementary steps for alkanol dehydration
reactions to alkenes and ethers on solid Bronsted acid catalysts
were identified through theoretical investigations of EtOH
dehydration reactions on several Brensted acids of known
structure and a broad range of acid strength. The elementary
steps in all plausible dehydration routes were enumerated and
evaluated based on their respective contributions to product
formation rates (predicted from DFT-derived free energies)
using protocols based on sensitivity and rate of production
analyses that allow quantitative comparisons among routes. The
full mechanism was modified to retain only those steps and
surface intermediates that are consequential for product
formation at conditions relevant to the practice of catalytic
dehydration. Experimental rate and rate—ratio data were well
described by the simplified mechanism and gave rate and
equilibrium constants in good agreement with those obtained
from DFT-derived free energies, demonstrating the usefulness
of the systematic protocols used for identifying relevant
elementary steps and prevalent bound intermediates and
validating the proposed simplified mechanism.

H-bonded monomers, protonated alkanol dimers, and
alkoxides are the prevalent bound intermediates at conditions
relevant to the practice of dehydration catalysis. Direct and
sequential routes contribute to ether formation via Sy2-type
reactions, with the O atoms in alkanols acting as nucleophiles in
attacking the a-carbon in either protonated monomers (direct
routes) or alkoxides (sequential routes), displacing a H,O or a
surface O atom, respectively. Alkenes form preferentially via
sequential routes involving syn-E2-type eliminations, with the
C—O bond in alkoxides cleaving while its f-hydrogen is
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abstracted by an O atom at either the solid acid surface
(monomolecular routes) or at a vicinal physisorbed alkanol
(bimolecular routes). Alkoxide formation involves Sy2-type
substitutions, with O atoms on surfaces acting as nucleophiles
in attacking the a-carbon in protonated monomers and
displacing a H,O molecule, while a second physisorbed alkanol
forms hydrogen bonds with the leaving H,O and a surface O
atom. Favorable bimolecular routes for alkene and alkoxide
formation demonstrate the profound effects spectator mole-
cules can have on transition state stability, when their presence
leads to the formation of strong H-bonds between cationic
moieties and negatively charged surface O atoms.

Total dehydration rates increase with increasing acid strength
on POM clusters (H,XW/SiO,) with different central atoms (X
= P, Si, AL, and Co) because the ion-pair transition states that
mediate kinetically relevant dehydration steps benefit more
than their relevant precursors from the more stable conjugate
anions in stronger acids (with lower DPE). Dehydration
selectivities, however, are independent of POM composition
because the elementary steps that contribute to EY and DEE
formation from EtOH are all mediated by ion-pair transition
states that exhibit a similar amount and distribution of charge.
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