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ABSTRACT: Reactivity descriptors describe catalyst properties that
determine the stability of kinetically relevant transition states and
adsorbed intermediates. Theoretical descriptors, such as deprotonation
energies (DPE), rigorously account for Brensted acid strength for
catalytic solids with known structure. Here, mechanistic interpretations
of methanol dehydration turnover rates are used to assess how charge
reorganization (covalency) and electrostatic interactions determine
DPE and how such interactions are recovered when intermediates and
transition states interact with the conjugate anion in W and Mo
polyoxometalate (POM) clusters and gaseous mineral acids. Turnover
rates are lower and kinetically relevant species are less stable on Mo
than W POM clusters with similar acid strength, and such species are
more stable on mineral acids than that predicted from W-POM DPE—
reactivity trends, indicating that DPE and acid strength are essential but
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incomplete reactivity descriptors. Born—Haber thermochemical cycles indicate that these differences reflect more effective charge
reorganization upon deprotonation of Mo than W POM clusters and the much weaker reorganization in mineral acids. Such
covalency is disrupted upon deprotonation but cannot be recovered fully upon formation of ion pairs at transition states.
Predictive descriptors of reactivity for general classes of acids thus require separate assessments of the covalent and ionic DPE
components. Here, we describe methods to estimate electrostatic interactions, which, taken together with energies derived from
density functional theory, give the covalent and ionic energy components of protons, intermediates, and transition states. In
doing so, we provide a framework to predict the reactive properties of protons for chemical reactions mediated by ion-pair

transition states.

1. INTRODUCTION

Composition—function relations in catalysis seek to describe
how the properties of solids influence reactivity by stabilizing the
transition states (TS) and the reactive intermediates that ulti-
mately define the activation barriers for the kinetically relevant
elementary steps in catalytic sequences. For solids with known
structures, such relations can be constructed on the basis of
descriptors of reactivity accessible through theoretical estimates,
which can then be used to assess the reactivity of hypothetical
solids or to obtain measures of such descriptors for catalysts
of uncertain structures." Recent studies have established the
effects of central atoms (X** = P, Si**, AI**, Co*") in acid
forms of W-based Keggin polyoxometalate clusters (W-POM;
Hy_,X""W,0,9)*>* on deprotonation energies (DPE), a theo-
retical measure of acid strength, as well as the effects of DPE
on rate constants for H,O elimination from alkanol dehydra-
tion® and skeletal isomerization of alkenes via adsorbed
alkoxides.%”

DPE values define the energy required to remove a proton
from an acid to noninteracting distances from the conjugate
anion; thus, they represent probe-independent descriptors of
acid strength, accessible through theoretical estimates for solids
with known structures.®” The reactivity of W-POM clusters with
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different central atoms correlates with their DPE because
Bronsted acid catalysis proceeds by proton removal from the
acid to form a cationic TS (e.g, methanol dehydration TS in
Scheme 1), which becomes more stable when less energy is spent
to deprotonate the stronger acids. Reactions differ in their
dependence on acid strength because of the extent to which DPE
effects are attenuated by interactions of the cationic TS with the
conjugate anion.”'® The magnitude of this attenuation depends
on the charge and the size of TS cations; small cations are more
“proton-like” and interact more strongly with the POM anion,
making their formation energy less sensitive to DPE.® The for-
mation energies of reaction intermediates, which act as reference
states for measured activation energies, may also depend on DPE
because of the same factors that influence TS stability. Therefore,
activation barriers become more sensitive to DPE when the
energies of transition states are referenced to those of uncharged
adsorbed species (EI*"°, Scheme 1), which are insensitive to
DPE because they do not require proton transfer, or of protons
without interacting molecules than when reference intermediates
are charged (ES™, Scheme 1) because, in the latter case, the
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Scheme 1. Energy Changes Due to Elementary Steps That Form Reactive Intermediates (CH;OH Monomer and Dimer) and
Transition State for DME Formation via Direct CH;OH Dehydration Route on Bronsted Acids
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effects of DPE on the stability of transition states and reference
states are similar and tend to cancel."

Previous studies have developed rigorous relations between
acid strength (DPE) and reactivity for solid acids of the W-POM
type with different central atoms. Differences between their
reactivity trends with DPE and those for another class of solid
acids (zeolites) were interpreted in terms of additional stabi-
lization of TS structures by solvation within the confined pore
environments of microporous zeolite materials.'"'> Mo-based
POM clusters do not confine transition states or intermediates
because of their mesoporous structures; yet, they exhibited much
lower turnover rates for butanol dehydration than W-POM
clusters for samples of equivalent DPE;" we surmised at the time
that such differences arose from a weakening of the acid sites as a
result of the possible reduction of the Mo-POM clusters by
butanol reactants, which was qualitatively evident from observed
changes in their color."* These studies did not show, however,
whether, even in the absence of such extrinsic factors, turnover
rates for a given reaction would become a single-valued function
of acid strength for different classes of Bronsted acids.

Here, we contrast the reactivity and stability of reactive inter-
mediates and transition states for methanol dehydration reac-
tions on W-POM clusters with those on other classes of Brensted
acids (Mo-POM clusters, mineral acids in their gaseous form).
These studies show that methanol dehydration proceeds via simi-
lar elementary steps on POM clusters with Mo and W addenda
atoms and that changes in the central atom (S, P, Si, Al, Co)
similarly influence the DPE and the reactivity in these two
systems. Yet, measured first-order rate constants were much
lower and adsorbed species were less stable on Mo-based than
on W-based POM clusters of similar DPE values (and acid
strength). In contrast, the adsorbed species were more stable and
the predicted reactivities were higher on gaseous mineral acids
than that on W-POM clusters with a similar DPE. We show here
that such apparently disparate reactivities for catalysts with
similar acid strengths reflect covalent and ionic contributions to
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DPE values, which are recovered to different extents in transition
states, specifically because of the greater covalency of the H-Z
bonds (Z~ is the conjugate anion) and the greater ionic char-
acter of ion-pair TS—Z structures. In this study, we develop and
describe methods to calculate ionic and covalent components of
interaction energies between cations and anions and also present
a framework to incorporate them rigorously into descriptors
of stability for reactive intermediates and transition states in
general, using acid catalysis as a specific example.

2. METHODS

2.1. Catalyst Synthesis, Rates of CH;0H—O, Reactions, and
Titration of Acid Sites. Synthesis and characterization protocols
and catalytic measurement methods have been described elsewhere in
detail,"® and only a brief description is provided here. H;PMo;,0,0
(99.99%, Sigma-Aldrich) and H,SiMo,,0,4, (99%, Aldrich) clusters were
dispersed using incipient wetness impregnation of their aqueous solu-
tions under ambient conditions on SiO, (Cab-O-Sil HS-5, 1.5 cm® g™*
pore volume) powders previously treated with 1 M HNOj and then in
flowing dry air (UHP, Praxair, 0.83 cm® ¢! s7!) at 573 K for § h. Im-
pregnated samples were stored in closed vials at ambient temperature for
24 h and then treated in flowing dry He (UHP, Praxair, 0.83 cm® g™ s™")
at 323 K for 24 h. Samples were pressed, crushed, and sieved to retain
106—180 pum aggregates.

CH;0H conversion rates and selectivities were measured on SiO,-
supported POM clusters (0.03—0.05 g; surface density 0.16 POM nm™2)
at 433 K using a tubular quartz flow reactor with plug-flow hydro-
dynamics. Samples were heated to reaction temperature (0.05 K s~
heating rate) in 20% O, in He (99.999%, Praxair, 0.5 cm®s™*) and held for
0.5 h before rate measurements. Reactant mixtures contained CH;OH
(99.9%, Fisher Scientific), H,O (doubly distilled and deionized), O,
(99.999%, Praxair), and He (99.999%, Praxair). CH;OH and H,O were
introduced as liquids into a flowing O,/He stream at 393 K; liquid and
gas flow rates were controlled to set the desired CH;OH, H,0, and O,
pressures (0.15—4, 2.7, and 20 kPa, respectively) and the residence times
required to maintain <20% CH;OH conversions.

Reactant and product concentrations were measured by gas chro-
matography (Agilent 6890) using a methyl silicone capillary column
connected to a flame ionization detector and a Porapak Q packed
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H;PMo,,0,,

H,CoMo,,0,,

Figure 1. Optimized structures of H;PMo,,0,, and HCoMo,,0,, clusters. Protons (Hc,) and local O atoms that constitute the active sites in DFT

calculations are indicated.

column connected to a thermal conductivity detector. Dimethyl ether
(DME), formaldehyde (HCHO), methyl formate (MF), dimethoxy-
methane (DMM), and H,O were the only products detected. Rates
are reported as molar formation rates of DME and of oxidative dehy-
drogenation (ODH) products. DME formation rates (rpyg) are nor-
malized by the number of accessible protons, measured by titration
with 2,6-di-tert-butylpyridine (DTBP) during CH;OH-O, reactions
(4 kPa CH,OH, 2.7 kPa H,0, 20 kPa O,, 7 Pa DTBP). ODH rates
are defined as the sum of HCHO, MF, and DMM molar formation
rates because these products all require initial oxidation of one
CH;0H to HCHO (Supporting Information, Scheme S1). Kinetic
constants were determined by regressing rate data to integral form of
rate equations.

2.2. Computational Methods. Structures and energies of
stable intermediates, transition states, gaseous reactants and
products, and charged cations and anions were calculated using
periodic gradient-corrected density functional theory (DFT) as
implemented in the Vienna ab initio simulation package (VASP).'
Wavefunctions for valence electrons were represented using a periodic
plane-wave basis-set expansion to a cutoff energy of 396.0 eV.
Vanderbilt ultrasoft pseudopotentials (USPP)'” were used to describe
electron—core interactions. Exchange and correlation energies were
calculated within the generalized-gradient approximation using the
Perdew—Wang (PW91) functional.'® Electronic structures were
calculated by specifying integer band occupancies and were converged
self-consistently to energies <1 X 10 ~° eV for each step in both
structural optimizations and single-point calculations. Calculation of
Keggin clusters with Co central atoms were performed with spin-
polarization and three unpaired electrons, corresponding to the Co**
electronic configuration. Spin-restricted calculations were used for all
other compositions.

Full Keggin clusters (1.1 nm diameter) and the smaller structures of
mineral acids and of gaseous molecules were calculated at the center of a
2 X 2 X 2 nm® unit cell to provide a sufficient vacuum region that
prevents interactions among clusters in adjacent unit cells. A1 X 1 X 1
Monkhorst—Pack k-point mesh was used to sample the first Brillouin
zone. Structures of all stable intermediates were optimized until forces
on all atoms were <0.05 eV A™". Calculations of charged species, such as
protons and conjugate cluster anions required for DPE estimates and
ion-pair interaction energies, were performed with uniform background
charges to maintain neutral unit cells and correction to energies using
methods"® implemented in VASP. Dipole and quadrupole moments
were calculated with the center of the unit cell taken as the center of
charge and were used to correct for long-range interactions between
neighboring unit cells in both charged and neutral systems. Structures
of transition states were determined using the nud§ed elastic band
(NEB)* and dimer®' methods, as reported elsewhere."" The electronic
and geometric steps in NEB calculations were converged to energies

<1 X 107 eV and forces on atoms, <0.3 eVA 7}, respective convergence
criteria for dimer calculations were 1 X 1077 eV and 0.05 eV A 7',
Calculated energies were not corrected for zero-point vibrational
energies (ZPVE) because such corrections are expected to be similar
in magnitude for species of a given type and molecular composition
adsorbed on different POM compositions.

The stabilities of reactive intermediates and transition states for
CH;0H reactions were calculated using energies of structurally
relaxed surface species at a particular proton on POM clusters shown
in Figure 1 (H¢;), of bare clusters, and of gaseous molecules.
Deprotonation energies (DPE) for POM clusters and other acids are
defined as the energy required to remove a proton from an acid (HA)
to form an isolated proton (H') and a structurally relaxed isolated
anion (A”)

DPE = EH' 4 gA _ gHA (1)

Interaction energies of organic cations with POM anions were
calculated using energies of fully relaxed isolated cations and anions;
these energies are required in the thermochemical cycles relating sta-
bility of surface species to the DPE of POM clusters.

The reliability of the results obtained from the DFT treatments
described above and used in this work was tested by varying the edge
length of the cubic unit cell between 1.5 and 3 nm, by changing the
treatment of atom cores from USPP to projector augmented wave
(PAW) method,”* and by performing molecular DET calculations
with localized basis sets using the Gaussian program® (Supporting
Information, Section S11). These variations have only small effects on
DPE values for POM clusters and gaseous mineral acids (Supporting
Information, Section S11), which cannot change any conclusions
regarding the effect of compositions or cause a significant shift in the
numerical values of the results.

Electrostatic interaction energies (E,,) for ion pairs can be derived
from classical calculations because Hellman—Feynmann theorem states
that once the electron distribution has been determined from quantum
mechanics, all forces on molecules,®* and by extension the interaction
energies,” can be rigorously calculated by considering only the classical
effects. E,, values were calculated by numerical integrationz‘s’27 of the
Coulomb interactions between DFT-derived charge density distribu-
tions of structurally relaxed cations and anions; such distributions are
expressed as a three-dimensional mesh spanning the calculation unit cell,
and each element of the mesh is denoted as a mesh cell. The calculated
E,, is the sum of repulsion between atom cores (i.e., nucleus and inner
electrons treated as a point charge at the center) and valence electrons
and of attraction between atom cores and electrons of the cation and
anion species
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Figure 2. (a) DME formation (filled diamonds) and ODH (open diamonds) rates per POM for CH;OH—O0, reactions on HyPMo,,0,,/SiO, as a
function of time before DTBP injection (433 K, 4 kPa CH;0H, 20 kPa O,, 2.7 kPa H,0) and of cumulative titrant uptake after DTBP injection (7 Pa
DTBP). (b) DME turnover rates (per accessible proton) as a function of CH;OH pressure on HyPMo/SiO, (filled diamonds) and H,SiMo/SiO, (filled
squares) (surface density 0.16 POM nm™2; 433 K, 20 kPa O,, 2.7 kPa H,0). Dashed curves reflect best regression fits to the form of eq 5.
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where & is the permittivity of free space, Z, and Z_ are charges of atom
cores of the anion and cation respectively, p, and p, are electronic charge
densities of anion and cation at a given mesh cell, respectively, AV'is the
volume of a mesh cell, r,. are separations between the atom cores and
mesh cells in anion and cation distributions, M and N are total numbers
of atom cores in the anion and the cation, respectively, and S and T are
total number of mesh cells in the anion and the cation, respectively.
Charge distributions were calculated on a 210 X 210 X 210 mesh
spanning a 2 nm cubic unit cell (yielding 0.0095 nm cubic mesh cells);
meshes of higher and lower resolution (280 and 140 cubic mesh,
respectively) did not affect the calculated energies (Supporting
Information, Section S2.2). E calculations from eq 2 required
partitioning of the unit cell volume into cation and anion regions™” to
avoid terms with r,. = 0 (except when the cation is just a point charge, as
in the case of a proton); it was achieved by adding charge distributions of
isolated cations and anions, followed by partitioning using the Bader
method,”®*® which divides the charge density across planes of zero flux.
An illustration of the unit cell partitioning and comparisons of inter-
action energies between simple spherical charge distributions
(interactions of H* with F*~, CI'~, Br'~, and I'~ and of H° with H°)
derived from numerical integrations (eq 2) with values calculated using
their analytical expression (Supporting Information, eq S.1), which
confirm the accuracy of such integrations, are shown in the Supporting
Information (Section S2).

The Bader method”®*® was used to calculate charges on reaction
intermediates and transition states and to explore electronic effects of
deprotonating the POM clusters by calculating charges on their central
tetrahedra and oxide shells. The spatial relaxation of the anion charge
upon deprotonation was also estimated by calculating the displacement
of the center of the charge distribution between the relaxed and
unrelaxed anions. The center of charge at the anion ((,)) was calculated
by taking a ratio of the first and zeroth moments of the DFT-derived
charge distributions™

Za VA +2_1rapAV
Za=lza + 2a=1paAV (3)

(n) =

Here, 7, represents x, y, and z coordinates of the center of an atom core
(nucleus and core electrons) or a mesh cell (an element of the charge
density distribution mesh) in the charge distribution of a POM anion,
whereas the other symbols are defined as in eq 2.

3. RESULTS AND DISCUSSION

3.1. CH;0H Dehydration Turnover Rates and Reaction
Pathways from Experiment and Theory. The number of
Brensted acid sites responsible for CH;OH dehydration catalysis
was determined by titration of protons with di-tert-butylpyridine
(DTBP) during catalytic reactions (Figure 2a). DTBP molecules
are selective titrants of Bronsted acid sites because steric con-
straints prevent their coordination to Lewis acid centers.*!
Saturation uptakes of DTBP fully suppressed dehydration rates,
indicating that all accessible protons were titrated and that
any Lewis acid sites present did not catalyze dehydration at
detectable rates. These Bronsted acid site counts, determined
from saturation uptakes of DTBP, are used here to normalize
CH,OH dehydration rates on silica-supported Mo-POM clusters
as turnover rates in order to rigorously compare the reactivity of
protons among catalysts with different composition (and acid
strength). The number of protons accessible to DTBP was
smaller than values expected for stoichiometric H;PMo,,0,, and
H,SiMo;,0,, clusters (by factors of 0.8 and 0.6, respectively;
Table 1). The “missing” protons may reflect the formation of
water via condensation with other POM clusters to form
secondary structures or with silanols to form siloxane bridges.**

Table 1. Number Protons per POM Cluster Titrated by DTBP
during CH;OH—0, Reactions” and First-Order (k,,,,,) and
Zero-Order (kg,,..) DME Formation Rate Constants on
H,PMo,,0,,/Si0, and H,SiMo,,0,,/Si0,"*

accessible H* Kumono Kimer
composition (per POM cluster) (molecules H* ! kPa™' ks™")
H,PMo/SiO, 2.5 6.6 (+0.3) 9.3 (+0.4)
H,SiMo/SiO, 22 4.9 (+0.6) 8.9 (£1.0)

“At 4 kPa CH;OH, 2.7 kPa H,0. bSurface density 0.16 POM nm™%;
20 kPa O,, 433 K. “Reported uncertainties reflect 95% confidence intervals.
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Figure 3. Calculated structures and energies of reactive intermediates and transition state for direct dehydration route in which H-bonded CH;0H

reacts with another CH;0H to form DME on a H;PMo,,0,, cluster.

Figure 2b shows CH;OH dehydration turnover rates on
H,PMo,,0,, and H,SiMo,,0, as a function of CH;OH
pressure (0.15—4.0 kPa). Turnover rates increased linearly
with CH;OH pressure at low pressure values on both catalysts,
but the rate dependence became less sensitive to pressure as
pressure increased. Such shifts from first-order to zero-order
kinetic dependences are reminiscent of Langmuir-type rate equa-
tions, previously reported to describe dehydration rate data on
W-POM clusters with different central atoms'"

"DME ak CH,OH

[H'] 1+ BRyon 4)

The chemical origins of the @ and f parameters have been
mechanistically interpreted® on the basis of two plausible se-
quences of elementary steps, both of which can account for the
functional form of eq 4. One possible route involves the
sequential elimination of H,O from bound CH;OH monomers
to form methoxide species, which then react with a gaseous
CH,;OH molecule to form DME. An alternate route involves
direct H,O elimination from protonated CH;OH dimers that
form via reactions of gaseous CH;OH with H-bonded CH;0H
monomers. Our DFT estimates of the energies of transition
states for these two routes on both W-POM and Mo-POM
(Supporting Information, Figure S5), and previous estimates on
W-POM clusters'" show that the latter route prevails on both W
and Mo POM clusters (Supporting Information, Figure S5). As a
result, only the direct dehydration pathway is considered in the
discussion that follows.

Scheme 1 shows the elementary steps that mediate direct
dehydration routes. Quasi-equilibrated adsorption of a CH;OH
molecule, the product of which we denote as the monomer
intermediate, is followed by quasi-equilibrated adsorption of
a second CH;OH molecule to form a dimer, onto which the
proton is transferred to form cationic intermediates. These
dimers rotate to form coadsorbed charged structures with the
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atomic orientation required to eliminate water and form DME
in a step mediated by the transition state for this elimination
reaction. Turnovers are completed by desorption of the DME
molecules formed in the elimination step. These steps and
reversibility assumptions, taken together with the formalism of
the pseudo-steady-state hypothesis for all surface intermediates,
give a rate equation (derivation in Supporting Information,
Section S4) that follows a Langmuirian form

"DME _ kmonoP CH;0H
+ k,
[H] 14 o

dimer

Fen,on (5)

nono (= kpyeKp in terms of
rate and equilibrium constants shown in Scheme 1) and the zero-
order rate constant ky;., (= kDME) represent the apparent rate
constants for CH;OH dehydration under conditions that lead to
monomer and protonated dimers, respectively, at saturation
coverages on all accessible Bronsted acid sites. Dashed lines in
Figure 2b represent the regression of rate data to the functional
form of eq S.

DME formation transition states (TS) and the reactive inter-
mediates (monomer and protonated dimer) that act as reference
species for measured rate constants (kyon, and kgyme, respec-
tively) were previously proIposed on the basis of DFT calcula-
tions on W-POM clusters.'" Figure 3 shows the optimized struc-
tures and energies of formation of these species on H;PMo,,0,,
clusters (bond distances and Bader charges in Supporting
Information, Table S2). The formation energy of the TS (AE™)
was calculated using DFT-derived energies of the TS (E™), the
bare cluster (E™), and gaseous CH;OH molecules (E€H:OH(®))

Here, the first-order rate constant k,

AETS — ETS _ EHA _ 2ECH3OH(g) (6)

The formation energies of monomer (AE™™) and dimer
(AE*™) species were calculated using the analog of eq 6 and
their respective DFT-derived energies (E™™ and Edimer),
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Figure 4. Measured (a) first-order (kom0 €q S) and (b) zero-order (kgmes €9 S) rate constants for DME formation (433 K) on Hy_,X""Mo,,0,0/SiO,
(X™ = P%, Si*") and those previously measured on Hg_,X"*W,,0,,/Si0, (X" = P%, Si*, AI**, Co?*)"! as a function of calculated DPE. DPE of
bare POM clusters are used even though the clusters are covered with H-bonded CH;OH and dimers under conditions that lead to kyono and Kgimer
respectively. Saturation coverages increase the DPE of clusters, but by similar extents for W and Mo POM clusters and therefore do not significantly
affect the relative magnitudes of rate constants (Supporting Information, Table S3 and Figure S6).

Monomers (Figure 3, structure A) adsorb onto protons (Hc;)
via strong H-bonding, which elongates the O—H bond in the
POM cluster (O¢;—Hc;) from 0.097 to 0.105 nm. This O¢,—
Hg; distance, however, remains much shorter than that between
the proton and the O atom in CH;0H (H;—O,y, 0.145 nm),
suggesting that CH;OH monomers are not protonated, a con-
clusion consistent with their very small Bader charges (+0.10 e).
The protonated dimer, formed via the reaction of a second
CH;OH with the monomer, causes the proton to separate from
the cluster and to reside between the O atoms of the two CH;0OH
molecules in the dimer structure (Figure 3, structure B). The
(CH;0H),H" structure thus formed is charged (+0.87 e Bader
charge) and interacts with the conjugate POM anion. The dimer
rearranges to orient the C atom of one CH;OH molecule toward
the O atom of the other molecule in order to form the DME for-
mation TS (Figure 3, structure C); this TS structure resembles a
CH;" carbenium ion stabilized by ion-dipole interactions with
the O atoms in the H,O and the CH;0H molecules and through
ion-pair interactions with the POM conjugate anion. The
CH;0H—-CH;*—H,O TS structure is charged (+0.90 e Bader
charge), consistent with the ubiquitous involvement of ion-pair
transition states in mediating acid-catalyzed reactions.'”** The
two measured rate constants (k... and kge.), therefore, reflect
the stability of a charged TS with respect to a neutral monomer
(Kmono) and a charged dimer (kgpe,) Species.

These measurements and calculations show that the dehy-
dration kinetics previously established for W-POM are also con-
sistent with Mo-POM rate data and DFT estimates; therefore,
mechanistic differences cannot account for any differences ob-
served in the turnover rates of the two classes of POM clusters
at equivalent acid strengths. Next, we compare the values of
measured rate constants and the calculated energies of all
kinetically relevant surface species for these two classes of solid
acids.

3.2. Effect of Brgnsted Acid Composition on Rate
Constants and Stability of Surface Species. CH,OH
dehydration to DME and CH3;0H oxidative dehydrogenation
(ODH) reactions occur concurrently on Mo-POM because
MoO, addenda species can undergo redox cycles and cata-
lyze oxidation reactions using lattice O atoms, which are then
replenished by O, during each catalytic ODH turnover.** ODH
reactions can plausibly corrupt the measurement of DME for-
mation kinetics by introducing competing or inhibiting surface
intermediates or by changing the structure or the valence of
POM clusters as lattice oxygens react during these redox cycles.
Therefore, the effect of such factors on DME formation turnover
rates on bifunctional Mo-POM clusters must be assessed for
comparing them with the corresponding rates on monofunc-
tional and nonreducible W-based POM clusters.

Mechanistic interpretations of CH;OH—O, reaction rates on
Mo-POM"® have shown that ODH rates decrease upon addition
of H,O to CH;0H—-O, reactants because H,O and reactive
CH;O0H species adsorb competitively at redox sites. DME
formation rates, however, are not affected by H,O, suggesting
that acid catalysis occurs at sites distinct from redox sites, on
which H,O does not significantly adsorb.'® These conclusions
are consistent with DFT estimates of H-addition energies (HAE;
a descriptor of the stability of the rate-limiting H-abstraction TS
for ODH), which suggest that the HAE values of the O atoms
bound to the proton (acid sites) in POM clusters are much less
negative than those for O atoms away from protons; the latter O
atoms, therefore, act as the active redox sites in ODH catalysis.15

ODH reactions reduce Mo centers in POM clusters via hydro-
genation of lattice O atoms as part of the catalytic redox cycle.
These reduced centers lead to higher DPE values for POM
protons;32 thus, DPE values depend on the extent of reduction
during ODH catalysis, which is set by the kinetic coupling
between kinetically relevant reduction steps and the reoxidation
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of the reduced centers by O, (and thus by the CH;OH/O, ratio
in reactants). Measured ODH rates did not depend on O,
pressure, suggesting that reoxidation steps are fast and that the
number of reduced centers remains very small during steady-
state ODH catalysis."> The extent of reduction is particularly
low at high O, pressure and in the presence of H,O (20 kPa O,;
2.7 kPa H,0), as shown by in situ UV—visible spectroscopy.'*'®
Under these conditions, DME formation turnover rates reflect
the CH;0H dehydration reactivity of fully oxidized Mo-POM
clusters; such rates are com%)ared here with previously measured
rates on W-POM clusters,'" which remain fully oxidized during
CH;O0H dehydration catalysis, even in the absence of O,.

First-order (kyono) and zero-order (kgine,) rate constants were
determined by regressing measured CH;OH dehydration rates
to the functional form of eq S. Both rate constants decreased
exponentially with increasing DPE values on W-POM clusters
with different central atoms (Figure 4),"! consistent with activa-
tion energies (E,) that increased proportionally with increasing
DPE values

dE
2 _ _RT dink
dDPE dDPE (7)
The larger slope of k., relative to that of kg, in these plots

(Figure 4) reflects activation energies that depend more
sensitively on DPE when the DME formation TS energies are
referenced to neutral monomers (slope of —RT In k,,,, versus
DPE plot 0.30 + 0.12; Figure 4a and Table 2) than when

Table 2. Dependences of Calculated Formation Energies of
Monomers (AE™™), Protonated Dimers (AE“™"), and DME
Formation Transition States (AE™S); Activation Energies
(E™m° and EYimer); Measured Rate Constants on the DPE
Changes within a Given Class of Bronsted Acids; and Offsets
of These Values on Mo-POM and Mineral Acids from Those
on W-POM as Shown in Figures § and 6

offset (difference between
intercepts) (kJ mol ~*)

AEMc»-POM - AE

linear dependence on mineral acids

quantity DPE (slope) AEyw.pom Ew.pom
AE™? 0.15 (+0.04) 5 (+2) —18 (+4)
AEdimerb 0.38 (0.08) 14 (+4)
AE™S? 0.29 (+0.06) 15 (+3) —39 (+4)
Emene€ 0.14 (+0.05) 10 (+2) —21 (+8)
pdimere —0.09 (+0.05) 1(+3)
—RTIn k,,.* 0.30 (+0.12)
—RT In kyypo? 0.13 (+0.09)

“Reported uncertainties reflect 95% confidence intervals. “Derived
from eq 6 and its analogs for monomers and dimers (values in Figure S).
“Derived from eqs 8 and 9 (values in Figure 6). “Measured rate
constants regressed to the functional form of eq 7, 433 K.

referenced to protonated dimers (slope of —RT In kg, versus
DPE plot 0.13 + 0.09; Figure 4b and Table 2). For an equivalent
DPE value, Mo-POM clusters show lower k., values than
W-POM clusters (Figure 4a; k,on values on H;PMo;,0, and
H,SiMo0,,0,, are 22 and S times lower, respectively, than the
W-POM trend line, reflecting 11 and 6 kJ mol ~" higher respec-
tive activation energies calculated from differences in —RT In
Kono values at 433 K; eq 7). In contrast, kg, values are similar
on Mo-POM and W-POM clusters (Figure 4b; activation energy
differences <2 kJ mol 7', calculated from differences in —RT In
kgimer values at 433 K; eq 7), suggesting that Mo-POM clusters

show lower reactivity than W-POM when activation barriers
are referenced to neutral monomers (k,.,,) but not when
referenced to charged dimers (kgiper)-

These smaller k,,,,, values on Mo-POM than on W-POM at
equivalent DPE values may reflect (i) structural or electronic
changes induced by even slight reduction during concurrent
ODH reactions on Mo-POM" (in spite of conditions that mini-
mize such effects) or (ii) a lower intrinsic stability of TS relative
to monomers on Mo-POM than on W-POM because effects of
acid strength manifest themselves differently in these two
catalytic systems (in spite of their identical catalytic sequences
and kinetically relevant steps). DFT methods can determine any
contributions from the latter effects by comparing stabilities of
relevant surface species and transition states on fully oxidized
Keggin forms of W and Mo clusters; such calculations specifically
remove any effects of reaction-induced changes in POM
structure or oxidation state.

Figure S shows the formation energies of monomers (AE™™),
dimers (AEY™), and DME formation transition states (AE™S;
eq 6) on Mo and W POM clusters and of monomers (AE™")
and transition states (AE™) on gaseous mineral acids, as a
function of the DPE of these Bronsted acids. Structures of
monomers and transition states were similar on all acids, whereas
dimer species were protonated on all POM clusters but not
on mineral acids (Supporting Information; bond lengths and
structures in Tables S2 and S4, respectively). Therefore, the
energies of dimers on mineral acids are not compared here with
those on POM clusters. Within a given type of acid (W-POM,
Mo-POM, mineral acids), all surface species became less stable
with increasing DPE on acids with different central atoms, re-
sulting in a linear increase in AE with DPE (Figure S); their
slopes were identical on Mo and W POM within statistical
uncertainty (dAE/dDPE values in Table 2). The stability of
neutral monomers was less sensitive to DPE (dAE™"/dDPE =
0.15 + 0.04; Figure Sa and Table 2) than for protonated dimers
(dAE*™/dDPE = 0.38 + 0.08; Figure Sa and Table 2) or TS ion
pairs (dAE™/dDPE = 0.29 + 0.06; Figure Sb and Table 2), as
also found previously for W-POM clusters.""

Activation energies (E™™ and ES™) for first-order (Kyono)
and zero-order (kg,..) rate constants reflect the stability of the
DME formation TS referenced to neutral monomers and
protonated dimers, respectively
Emono AETS — AE™ono (8)

a

mono

E;iim er _ AETS _ AEdimer (9)

EMo° yalues were more sensitive to DPE than Edmer (dEmene/
dDPE = 0.14 + 0.05, dE4™" /dDPE = —0.09 + 0.05; Figure 6 and
Table 2); these findings are consistent with measured koo
values that are more sensitive to DPE than kg, values (slopes
0.30  0.12 and 0.13 =+ 0.09, respectively; Figure 4 and Table 2).
The measured effects of DPE on rate constants were stronger
than those given by calculations because the DPE values used are
for bare clusters (Figure 4) but monomers and dimers satu-
rate the acid sites under conditions that reflect k., and kgimer
respectively. Proton—CH;OH interactions in saturated clusters
increase DPE values for vicinal protons (Supporting Informa-
tion, Table S3; DPEyiercat > DPE om0t > DPEy,,.), and larger
DPE values (on bare clusters with different central atoms) increase
more strongly upon cluster saturation with monomers and dimers
(dDPE,,,/dDPE,,,. > 1; Supporting Information, Table S3). As a
result, the dependence of measured rate constants on DPE is
weaker than that on DPEy,,.. (—RT d1In ky,0n0/dDPE 0 < —RT
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Si**, AP*, Co™"). Protonated dimers were not stable on mineral acids. Dashed lines reflect best linear regression fits with identical slopes assumed for
W-POM and Mo-POM clusters. W-POM trend lines are extrapolated to compare with mineral acids at their DPE values. Vertical arrows reflect offsets

between energies on W-POM and those on other compositions.

d In kyono/dDPEy,; —RT d In kgpe,/dDPE g0 o < —RT d In
Kgimer/dDPE,..) and closer to calculated dE,/dDPE values
(Supporting Information; Figure S6). Such coverage effects are
similar on Mo and W POM clusters (Supporting Information,
Table S3); therefore, coverage effects do not affect the relative
values of these rate constants on Mo and W POM clusters with
equivalent DPE, .. (Figure 4). They also do not affect theoretical
comparisons among these POM clusters (Figures S and 6)
because theoretical treatments were restricted to bare clusters.
DFT-derived stabilities of monomers, dimers, and TS species
and activation energies are not single-valued functions of
DPE values among the different classes of Brensted acids
(even though each one depends linearly on DPE as the central
atom is changed), as shown by the offsets between W and Mo
POM clusters and mineral acids in Figures S and 6. For a given
DPE value (and acid strength), all surface species are less stable
on Mo than on W POM and more stable on mineral acids than
on POM clusters (Figure S and Table 2). Activation energies
referenced to monomers are higher on Mo-POM and lower on
mineral acids than on W-POM clusters (Efyicpom — Eswpom =
10 kJ mol ™5 Epore. 1 .ia — Emwibom = —21 kJ mol ~'; Figure 6
and Table 2) for the same DPE value; in contrast, those ref-
erenced to dimers are similar for Mo and W POM (Ei“MnﬁfPOM -
Ed‘\,"\}ef)OM =1 kJ mol ~; Figure 6 and Table 2), consistent with
the smaller k,,, values measured on Mo than on W POM
clusters, but the similar kg, values measured on both Mo and W
POM clusters (Figure 4). The offsets in EI**™ for Mo and W
POM clusters (10 kJ mol ') were calculated on fully oxidized
clusters; thus, they are not affected by any reaction-induced
catalyst changes. Yet, these offsets are similar to those found
for kpono values (Figure 4 and eq 7; E, = 11 and 6 kJ mol ~" higher
on H;PMo,,0, and H,SiMo;,0,, respectively, than that
on W-POM), suggesting that intrinsic differences exist in TS

stabilization for the same value of DPE on W and Mo POM
clusters. Such effects may account, at least in part, for the dif-
ference in measured reactivity at equivalent acid strengths.

The effects of DPE (for W-POM clusters with different central
atoms) on TS stabilities (dAE™/dDPE < 1; Table 2) were inter-
preted previously'' using thermochemical cycles that describe
the energy of surface species via those involved in the hypo-
thetical path® depicted in Scheme 2. These cycles allow TS
formation energies (AE™) to be expressed as a sum of the DPE
value (a catalyst property independent of the reaction of interest),
the energy gained by reacting the free proton with gaseous
CH;OH to form a cationic gaseous analogue of the TS (AEpmv a
molecular property that is catalyst-independent), and the
interaction energy of the TS cation with the conjugate POM
anion (ELY) (Scheme 2)

AE™ = DPE + AELS + E¢ (10)

prot int

For materials with known structure, the DPE values (eq 1) and
the other two terms in eq 10 can be obtained from DFT calcu-
lations of the structurally relaxed species involved in this cycle,
AEPmt values depend on the energies of the free proton (EH ) ) the
gaseous TS cation obtained from transition state calculations®**!
in the absence of a conjugate anion (E™ (g>), and two gaseous
CH;OH molecules

AEpTrit — pTs*(e) _ EH+ _ 2E(:HpH(@ (1)

ELS values depend, in turn, on the energies of the ion-pair TS

int

(E™), the gaseous TS cation (E™ ®), and the isolated conjugate
anion (E*)
ETS — ETS Ts+(g) _ EA‘ (12)

int
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Figure 6. Calculated activation energies for DME formation from
monomers and gaseous CH;OH molecules (closed squares, open
squares, half-open squares) and from protonated dimers (closed
triangles, open triangles) on Hg_,X""W,,0,, (closed symbols) and
Hg_,X"*Mo,,04, (open symbols) POM clusters and Hg ,X"*,0,
gaseous mineral acids (half-open symbols) as a function of their DPE
(X = 8%, %, Si**, AI*, Co*"). Protonated dimers were not stable on
mineral acids. Dashed lines reflect best linear regression fits with
identical slopes assumed for W-POM and Mo-POM clusters. W-POM
trend lines are extrapolated to compare with mineral acids at their DPE
values. Vertical arrows reflect offsets between energies on W-POM and
those on other compositions.

The effect of DPE on TS formation energies (Figure 4b) for
clusters with different central atoms reflects the independent
DPE sensitivities of each term in eq 10 (and of corresponding
steps in the thermochemical cycle, Scheme 2)

dAE™ dgTs
1+ ——

1Ilt

dDPE dDPE (13)

The term correspondmg to dAE mt/dDPE is rigorously zero
because AEPmt (—815k] mol '; eq 11) is a property of a gaseous
species and thus independent of any catalyst properties. The
value of dAE™/dDPE is less than unity (0.29; Figure Sb and
Table 2) and reflects how DPE influences the interaction energy
of the TS with its conjugate POM anion (E};f < 0), which be-
comes more negative as acids weaken (dE[;/dDPE < 0), thus
attenuating the effects of DPE on the formation energy of the TS
(i.e., dJAE™/dDPE < 1); such attenuations are similar for W and
Mo POM (dAETS/dDPE = 0.29 + 0.06 for both; thus, dEL;
dDPE,;, pom & dElnt / dDPE,y poy from eq 13). For a given DPE
value, however, AE™ values are larger on Mo than those on W
POM (AER vom — AEwspom = 15 £ 3; Flgure 5b and Table 2)
but smaller on mineral acids than the AE™ values predicted on
the basis of W-POM trends (AELS 1 wia — AES bom = =39 % 3;

Figure Sb and Table 2). These findings suggest that TS cations
are less effectively stabilized (interaction energy is less negative)
on Mo than on W POM anions (Emt Mo-POM > Eth oM >
Elnt mineral acid at the same DPE, from eq 10)

The thermochemical cycle shown in Scheme 2 describes the
TS formation energies in terms of interactions of protons (DPE)
and of TS cations (EL;) with the same conjugate anion. Such
interactions between ions consist of an ionic component that
reflects classical electrostatic forces as isolated ions reach inter-
acting distances®® and a covalent component that reflects stabi-
lization through electronic and structural reorganizations and
the sharing of electrons between neighbors in the ion pair®”*®
(shown in Scheme 2 using dotted and dashed arrows, respec-
tively). The O—H bonds in Bronsted acids are stabilized by
strong covalent interactions and by ionic stabilization that is
weaker than its covalent counterpart,” as previously interpreted
from measured potential energy profiles for the dissociation of
O—H bonds (derived from O—H stretching frequencies and
their overtones)*> and from theoretical analyses of the hybri-
dization of their molecular orbitals.” In contrast, the transition
states in acid-catalyzed reactions exist as ion pairs'®”*® (con-
sistent with +0.9 e Bader charge on the TS in Figure 3), for which
ionic interactions are expected to prevail over their covalent
counterparts.

The prevalence of covalent stabilization in O—H species in
Bronsted acids and of electrostatic interactions at TS structures
stabilized by such acids may account for the observed differences
among the formation energies of surface species and among
activation energies on Mo-POM, W-POM, and mineral acids
(Figures S and 6). We surmise, based on the covalent/ionic
nature of interactions in the relevant species, that protons may
form O—H bonds with a greater covalent stabilization on
Mo-POM than on W-POM anions; such covalency is disrupted
upon proton removal (i e.,in DPE), but not recovered in essentially
jonic TS structures,” leadlng to less negative TS formation
energies than those expected from DPE values on Brensted acids
with more covalent O—H bonds. Similarly, a less covalent O—H
bonds in mineral acids (relative to POM clusters) may account
for the more negative TS energies on mineral acids compared
with those predicted for their DPE values from the trends
observed in W-POM clusters (Figures S and 6). Next, we test this
hypothesis by dissecting DPE values and TS—anion interaction
energies (EL7) into their ionic and covalent components and
incorporating them in thermochemical cycles that describe TS
formation energies (Scheme 2) on W and Mo POM clusters and
mineral acids.

3.3. lonic and Covalent Contributions to O—H Bonds
and DPE Values for Brgnsted Acids. DPE values for O—H
bonds in Brensted acids can be dissected into their ionic (El}oln)
and covalent (ELL') components

DPE = Ej, + (14)
The classical electrostatic interaction energies between a pro-
ton and the DFT-derived charge distribution of a structurally
relaxed isolated POM anion (Ees ; eq 2) are first calculated as a
function of the proton—anion distance (without relaxing the
electron distribution in the anion in response to its interaction
with the proton). These interaction energies become more
negative with decreasing distance, reach a minimum value, and
then increase again (Flgure 7a), as expected for 1nteract10ns
between opposite charges.”™ The proton—anion distance for E!
minima (Ef ".n) depends on the anion size because overlap
between the proton and the diffuse electron cloud of the anion
(Scheme 3 and Figure 7) causes incipient repulsion by the
nuclear point charges. The proton—anion distances at energy mi-
nima are similar on all POM clusters (0.15 to 0.16 nm; Figure 7a)
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Scheme 2. A Thermochemical Cycle Accounting for the Thermodynamic Properties of the DME Formation Transition State
(AE™) in Terms of the DPE of the Acid (HA), the Energy To Form a Gaseous TS Cation from a Free Proton (AE};,), and the
Interaction Energy (EL;) of TS Cation with the Conjugate Anion (A™)“
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Figure 7. Electrostatic interaction energies of (a) a proton with [H,_,X"*W,0,,]~ POM anions (X"* = 8%, P**, Si*, AI**, Co**) and of (b) proton,
monomer, protonated dimer and TS cations with [H,PW,,0,,]~ anion as a function of cation—anion distance. Anion positions are taken as those of the
O~ atom from which an H" is removed. Cation positions are taken as those of the removed H" for all cations except the TS; the TS cation position is at
the C atom of the CH;" structure. The dotted line and vertical arrows reflect distances of the most negative electrostatic interaction energies.

due to the similar size and spatial charge distribution of all POM leading to concomitant differences in their “equilibrium”
anions. Cations (Figure 7b) and anions (Supporting Informa- distances for unrelaxed charge distributions in the anions. The
tion, Figure S3; HX with X = F, Cl, Br, I) of different sizes incipi- Eimin values reflect the most stable configuration for H—anion
ently overlap their charge distributions at different distances, pairs when the latter retain the electronic distribution of the
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Scheme 3. Surfaces of Constant Charge Density (at 200 e nm )
for Protons and Structurally Relaxed Gaseous Cationic
Analogues of Monomers, Dimers, and Transition States; for
[H,PW,,0,,]” Anions (Left; Ions Are Placed at Cation—
Anion Distances of Most Favorable Electrostatic Interactions
as Shown by Vertical Arrows in Figure 7b); and for Their
Respective Structurally Relaxed Neutral Structures (Right)?

Bare POM

Monomer

Protonated
Dimer

Transition
State

Cation Neutral

“Electrostatic interaction between ions at shown distances (left) reflect
ionic components while subsequent relaxations to form stable surface
intermediates (right) reflect covalent components of interaction ener-
gies. Structures A, B, and C correspond to those in Figure 3.

isolated anion. We define the ionic component of DPE (EL.) as
the energy required to overcome such electrostatic interactions
between the proton and the unrelaxed anion

EH*__ H+

ion T Ees,min (15)
The covalent component (Egv) reflects contributions from
relaxations of the anion and is given by the difference between

DPE and E.

The ionic component of DPE (Ef;[;) on W and Mo POM
(Table 3 and Figure 8; 238—296 and 246—289 kJ mol ',
respectively) are much smaller but change more significantly
than their covalent (X)) counterparts (830—847 and 853—863
kJ mol 7!, respectively) on clusters with different central atoms.

values (eq 14).

These linear changes in Efgn values with a central atom (Figure 8)
give rise to the linearity of rates and activation energies with DPE
(Figures S and 6). E?ov values much larger than Ef are consistent
with the known covalent nature of O—H bonds in solid acids™**
and with Fajans’ rules.*”?® These values illustrate how inter-
actions between small cations (proton, point charge) and large
anions (POM, ~1.2 nm) tend to be more covalent than those
between larger cations and smaller anions, as a consequence of
the more polarizing nature of smaller cations and the more
polarizable character of larger anions.””** Gaseous sulfuric and
phosphoric acid moieties have smaller Egv values (Table 3 and
Figure 8; 724 and 723 kJ mol ') than POM clusters because of
their smaller HSO,™ and H,PO,~ conjugate anions. The E;,, and
E,,, estimates for molecular systems (LiCl, HCI, CH,) are also
consistent with the expected covalent character of their bonds
(Supporting Information, Table S1; E o 1i-c < Ecou'—cr <
Eour'—cu,”), suggesting that the treatment that we propose here

(eqs 14 and 15) provides an accurate assessment of the ionic and
covalent components in interacting ions.

For POM clusters with either W or Mo addenda atoms,
changes in DPE values for different central atoms reflect con-
comitant changes in both covalent and ionic components. The
ionic component, however, increased more sharply than the co-
valent one with increasing DPE values (Figure 8a; dEf /dDPE =
0.75 =+ 0.08, ionic; Figure 8b; dEg;v/dDPE = 0.25 + 0.08,
covalent) for both Mo and W POM clusters. Mo-POM clusters
have larger Egv values and smaller EE; values than_those for
W-POM clusters for a given DPE value (Figure 8; E&y, umo-pom —

EIC{(,:,,W_POM = 16 + 4 kJ mol ~!). The size of W and Mo POM

Table 3. Calculated Deprotonation Energies (DPE), Their Ionic and Covalent Components (Efy; and EL), Bader Charges on

Central Tetrahedra (g% and %" ) and Metal-Oxide Shells (q

X0, X0

neutral

HeoM,,05, a0d g8, "M,,0,,) of Neutral Clusters and of Structurally

anion

Relaxed Conjugate Anions, and Displacements of the Center of Charge upon Relaxation of the Unrelaxed Conjugate Anions
(1¢Emrely — (F); eq 3) for POM Clusters and Mineral Acids in the Gas Phase®

neutral

9x+o,
composition DPE Elt Ef (e)
H,S$*W 1068 238 830 -1.75
H,PYW 1081 253 829 —244
H,Si*W 1105 269 837 —3.09
HAPW 1117 274 843 -3.71
H,Co**'W 1142 296 847 —4.11
H,S$%Mo 1095 242 853 -1.73
H;P*"Mo 1103 253 850 -2.39
H,Si*Mo 1125 267 858 —2.96
HA**Mo 1131 269 862 —3.44
HCo**Mo 1152 289 863 —3.37
H,$%*0,(g) 1319 595 724 -2
H,P**0,(g) 1395 672 723 -3

“All energies are in kJ mol ~".
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neutral anion anion

|<—r’:mel> _ <?;EI>I

H,_,M,,056 9x~o, GH,_,M;,054

(e) (e) (e) (4)
1.75 —-1.7§ 0.75 4.16
2.44 —2.45 145 4.15
3.09 —=3.11 2.11 4.20
3.71 -3.73 2.73 425
4.11 —4.11 3.11 4.36
1.73 —-1.73 0.73 4.35
2.39 —2.39 1.39 429
2.96 —2.98 1.98 4.36
3.44 —3.46 2.46 4.40
3.37 -3.38 2.38 4.52
2 -2 1 1.74
3 -3 2 1.70
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and Hg_,X"*Mo,,0,, (open symbols) POM clusters (X" = S, P%*, Si**, AI*, Co**). The g™ and I(72™!) — (7| quantities are reporters of the

X"0,

extent of charge localization near the center of POM clusters and of the extent of charge reorganization throughout the outer shell when clusters are

deprotonated, respectively.

clusters is similar and independent of the central atom (~1.2 nm),
indicating that these different relative magnitudes of the ionic and
covalent components of DPE reflect instead different intracluster
electronic distributions.

Next, we examine charge distributions in central tetrahedra
and octahedral shells in POM clusters and the extent to which

they reorganize upon deprotonation. The ionic component of
DPE (EEH) on Mo and W POM clusters correlates with estimates
of Bader charges”®*” on the (X"0,)"® tetrahedra (gx»o,) at
the center of these Keggin clusters (Figure 92; Mo and W POM
clusters follow the same linear trend) because gy»q, values re-

flect charges that are localized near the center of POM anions,

dx.doi.org/10.1021/ja506149c¢ | J. Am. Chem. Soc. 2014, 136, 15229—15247
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Scheme 4. A Thermochemical Cycle Describing the TS Stability in Terms of the Ionic and Covalent Components of the TS—Anion
Interaction Energy Expressed as Fractions (fio, f.ov) Of the Respective Components of the DPE®

TS
+H* AE‘pr(.vt H3C\ CT-I ¢H
—_— + HZUTHERY
+ 2CH,;0H
_______ ; :_______________________

>
b0
a DPE +TS
c s “ coy -
w ¢ Jcov T ); 01

I ;un‘ (Flg 1Ob)

~ H
[
con
[
[
+
H6
8- +2CH,0H
Abare

AETS

prot

+(1- ) EL

“Dotted and dashed arrows reflect ionic and covalent components of interactions energies, respectively, which are further illustrated in Scheme 2.

whereas their counter charges are near the charge balancing
protons (acid sites) that are well-separated from each other;
therefore, the proton being removed (in DPE) can interact more
strongly with gy, than with counter charges at vicinal protons.
The (S°*0,)*" tetrahedron in a neutral H,SW,,0,, cluster has
a qywg, value of —1.75 e (Table 3), whereas the cationic
(H2W12035) shell has a +1.75 e charge (making the overall
cluster neutral), suggesting that (SO,)*~ delocalizes the residual
—0.25 e of its —2 e formal charge via interactions with the oxide
shell. The q;?fg*’l values increase more weakly than the formal
charge for tetrahedra with different central atoms (n — 8 for
X"Q,). The q?(i“t“l/ (n — 8) ratio decreases from 0.87 on SO,*~

to 0.69 on CoO,"~ =5 (Table 3) because highly charged tetrahedra
interact more strongly with the oxide shell and delocalize a larger
fraction of their charge than less charged tetrahedra. The charges
on central tetrahedra are of similar magnitude for neutral POM
;en?gjl & q;‘bi%“‘; Table 3), consistent
with highly localized central charges that remain unperturbed by
interactions with protons located at the outer oxide shell.

The covalent component of DPE (Ecm,) on POM clusters
reflects the extent of charge reorganization upon deprotonation,
which can be quantified by the displacement of the center of
charge in converting the neutral clusters to the conjugate anions
(Ig7mely — (71,3 Figure 9b). The center of charge (eq 3) was
first calculated using the same anion charge distribution as that
derived from DFT for a neutral cluster, but without including the
proton ((7""!}), and then using the charge distribution of the
structurally relaxed anion ((#')). The (7"} position lies very
near the original location of the proton in the neutral cluster
(~0.1 nm; inset in Figure 9b), but the relaxation moves it close
to the central atom ((7')), suggesting that the negative charge

clusters and their anions (q

15241

reorganizes throughout the oxide shell but not through the
central tetrahedron because gy*q, is unchanged by deprotonation
(Table 3). A visualization of the charge density difference be-
tween deprotonated and neutral clusters (Supporting Information,
Figure S7) shows a depletion of electron density at the location
where proton used to be and an accumulation at all O atoms in the
oxide shell, including the terminal O atoms, consistent with such
reorganization. The values of EX and [P — (7)) depend very
weakly on the identity of the central atom (Figure 9b and Table 3),
indicating that more highly charged oxide shells around a central
atom of lower valence reorganize the anion charge over longer
distances than shells of lower charge, making the latter exhibit more
covalent character in their O—H bonds. Consistent with the effect

of addenda atoms on E., (Figure 8), the I(72™) — (79)| values are
indeed larger on Mo than on W POM clusters for the same central
atoms (Figure 9b and Table 3). These more extensive charge
reorganizations on Mo-POM are also consistent with their lower
energy gaps than W-POM clusters (Eyonmo-rumo, HPMo = =25¢eV,
Enomo-rumo ppw = 3.3 €V from UV—visible spectra’®), in light of
the expected inverse relation between the polarizability of metal
oxides and their HOMO—LUMO gaps.*

This analysis of charge localization and reorganization leads us
to conclude that central atoms in POM clusters affect the ionic
component of DPE to a greater extent than the covalent component
because of their greater charge localization near central atoms of
lower valence, whereas addenda atoms (Mo, W) affect the covalent
component of DPE (Eg:,‘MO_POM > Eg,:,,w_POM) because MoQ, shells
can reorganize charge more effectively than their WO, analogues.

Next, we consider how the ionic and covalent contributions to
DPE values in Mo and W POM clusters and mineral acids influ-
ence the extent to which neutral and cationic intermediates and

dx.doi.org/10.1021/ja506149c¢ | J. Am. Chem. Soc. 2014, 136, 15229—15247
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Table 4. Calculated Interaction Energies of Gaseous Cations of Monomers (Ef

ERo"), Protonated Dimers (EZ™"), and Transition

States (EL3) with Conjugate Anions on POM Clusters and Mineral Acids and Tonic (ERS™, Efmer and ELS, Respectively) and

int

ion s ~ion

Covalent (E™™, ESimer and ETS, Respectively) Components of Such Interaction Energies®

cov ) cov cov)

composition Epe™ Egr EZoe

pdimer

pimer peimer ETS ETS ETS

ion ‘cov int ion cov int ion ‘cov
HSW —959 —241 -718 297 -178 -119 —270 -187 -83
HPW -972 -252 —720 -310 —186 -123 -281 -195 —86
HSiW —992 —270 —722 322 -192 -130 —299 —205 —94
HAIW —1002 —267 —735 -327 -192 —135 —304 -205 -99
HCoW —1021 —291 —731 —341 —-207 —135 —-320 —220 —100
HSMo -975 —241 —735 —296 -178 -122 272 -186 -86
HPMo —985 -251 —734 —307 -181 -126 -280 -191 —88
HSiMo ~1003 —266 —737 -319 -188 -132 —297 —201 —96
HAIMo —1009 —264 —745 -324 —188 -136 —300 —202 —98
HCoMo -1025 —287 —738 -337 -199 -138 -317 213 -103
H,S0,(g) —1189 —555 —615 —503 —477 —388 -89
H,PO,(g) —1257 —639 —618 —581 —540 —393 —144
“All energies are in kJ mol ~".
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Figure 10. Fractions of (a) ionic (f.,; eq 17) and (b) covalent (£.,,; eq 18) components of DPE, recovered by interactions of monomer (closed squares,
open squares, half-open squares), protonated dimer (closed triangles, open triangles), and transition state (closed diamonds, open diamonds, half-open
diamonds) cations with conjugate anions on Hg_, X"*W,0,, (closed symbols) and Hg_,X""Mo,,0,, (open symbols) POM clusters and Hg_,X"*,0,
gaseous mineral acids (half-open symbols) as a function of DPE (X" = S, P**, Si**, AI**, Co*"). Protonated dimers were not stable on mineral acids.

The dashed lines reflect best regression fits to the forms of eqs 19 and 20; their corresponding regressed parameters are shown in Table S.

transition states are stabilized by conjugate anions (Scheme 4),
and in doing so, we develop a general framework to describe
compositional consequences for CH;OH dehydration activation
energies.

3.4. lonic and Covalent Contributions to Interaction
Energies of TS, Monomer, and Dimer Cations with
Conjugate Anions. As in the case of DPE, the interaction
energies of cationic TS structures with their conjugate an-
ions (EL%) can be dissected into their ionic (ELS) and covalent
(EL) components (dotted and dashed arrows in Scheme 2,

Ccov.,
respectively)

Eqe = Eign + Ecoy (16)

int ion

The minimum values of electrostatic interaction energies of the
TS cation (E;fss; Figure 7b) represent the ionic components of

15242

these interaction energies (Efs = Ez;‘smin; analogous to eq 15); the

covalent component that reflects electronic and structural
relaxation (as shown in Scheme 3) is then given by the difference
between EL; and ELy, (eq 16).

For a given acid, the effects of ionic and covalent interactions
on energies of monomers and dimers that act as references
for the activation energies (E™™, ES™r; eqs 8 and 9) are best
understood by the use of thermochemical cycles analogous to the
one used to describe TS energies in Scheme 2 and eq 10
(Supporting Information, Schemes S2 and S3). These cycles
express formation energies of respective species in terms of the
acid DPE, the reaction energy of a free proton with one or two
CH;0H(g) molecules to form a gaseous monomer or dimer
cation (AEg‘r‘(’,'t“), AEdmer) “and the interaction energies of such

prot
mono d

cations (EMOr, Edimer) with the conjugate anions. The Ej;™® an

dx.doi.org/10.1021/ja506149c¢ | J. Am. Chem. Soc. 2014, 136, 15229—15247
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Emono

Table S. Electrostatic Interaction Energies of the Gaseous CH;OH Monomers with a Proton (A prot ); Formation Energies of

Gaseous Cations of Protonated Dimers (AEY™") and Transition States (AELS

prot

prot); and Fractions of the Ionic (fion,1000) and Covalent

(feov,1000) Components of DPE Recovered by Interactions of Monomer, Protonated Dimer, and Transition State Cations with
Conjugate Anions at a DPE Value of 1000 kJ mol™! and Their Linear Dependences on DPE (a;,, and a,,)"

AEprot (5) mol ™) fi ion,lOOOb
monomer —182 1.01 (+0.01)
dimer —924 0.79 (+0.02)
TS —815 0.82 (+0.01)

alonh (10_4 kj_l mol) fcov,loooE Ao’ (10_4 kJ_l mol)
—1.5 (£0.5) 0.87 (+0.005) —0.4 (+0.3)
—6.5 (£1.4) 0.13 (+0.01) 2.1 (+1.0)
—5.7 (+£0.4) 0.08 (+0.01) 24 (+0.8)

“These quantities represent catalyst-independent properties of reactive species that are needed to describe their stability. ““Obtained by regression
of fi,n and f.,, values shown in Figure 10 to the forms of eqs 19 and 20, respectively.

Edimer yalues can be dissected into ionic and covalent components

in the same manner as that for EL; values (eq 16). The structure,
charge distribution, and energy of the cationic gaseous analogue
of protonated dimers were obtained from structurally relaxed
DFT calculations as in the case of TS cations (eq 12). CH;OH
monomers, however, are uncharged CH;OH molecules H-bonded
to protons instead of CH;OH," cations; therefore, the monomer
cation was approximated as an isolated proton stabilized only by
electrostatic dipole interaction from a neutral CH;OH placed at a
distance of most negative interaction energy with it (0.13 nm
Op—Hg; distance).

Table 4 shows the interaction energies of monomer, dimer,
and TS cations (E,,,) with anions formed by deprotonating POM
clusters and mineral acids and the ionic (E,,,) and covalent (E_,,)
components of these interactions energies. These Ej"°, pdimer
and EL values reflect the stabilization of the respective cations
(Ejne < 0; Table 4), which recovers some of the energy required to
deprotonate the acid in the form of the ionic and covalent
interactions of these species with the conjugate anion (IE,| <
DPE; Tables 3 and 4 and Schemes 2 and 4). The strength of ionic
interactions depends inversely on the cation—anion distance
(eq2; E, ~ 1/r,.); as a result, small cations (protons and mono-
mers) show stronger ionic interactions than larger cations (dimer
and TS cations). The more polarizing nature of smaller cat-
ions®”*® also induces more extensive charge reorganization
(covalent stabilization) in a given conjugate anion. Conse-
quently, both ionic and covalent DPE components are larger
than the corresponding ionic and covalent components of inter-
action energies of reactive intermediates and transition states

with conjugate anions (lEiI;In [Emone| » |gdimer| |ETS), |Exc'f,v| >
|Emene| > |Edimer| |ETS|; Tables 3 and 4) because a proton is the
smallest cation.

Figure 10 shows the ionic and covalent components of inter-
action energies of TS cation (Ers, ELy,) expressed as fractions

(fiS fo . illustrated in Scheme 4) of the respective components

for protons, reflected in their DPE values (Emn, Egv)
TS
TS __ Eion
fion - HT
Eion (17)
TS
fTS - _ Ecov
cov H
ECOV (18)

and for monomer (fipo", f2°*) and protonated dimer ( dimer

ff;;““) cations, similarly defined, as a function of the DPE of Mo
and W POM clusters and mineral acids. These fractions are
single-valued functions of DPE (described by a single trend line)
for Mo and W POM and mineral acids (Figure 10). Higher DPE
values coincide with smaller f; , values and larger £, values, indi-

cating that organic cations become more covalently stabilized
relative to protons for weaker acids. These effects can be empirically

described by the weak linear dependence of fi-y, and f&5 on DPE
evident from the results shown in Figure 10
TS _ TS
fon _fion,IOOO wn(DPE — 1000) (19)
TS _ /TS
fcov ~ Jcov,1000 COV(DPE - 1000) (20)

The regressed values of fractions recovered at a DPE of 1000
kJ mol ™" (fi 1000 and fiay 1000) and their slopes (aiy, and agg,
can then be used to obtain the relevant values of fractions for all
species on Mo or W POM or mineral acids (Figure 10 and Table S).
The fractions of the DPE components recovered by monomer
and dimer cations, which also show weak dependence on DPE
(Figure 10), can be described by the analogs of eqs 19 and 20
using their respective fioy and ¢ values shown in Table 5.

Cationic monomers recover essentially the full ionic

component and most of the covalent component of DPE values
via interactions with POM conjugate anions (fiao™® & 1, foer® =
0.86—0.87; Figure 10), consistent with their proton-like
character (H' and a neutral CH;OH). In contrast, protonated
dimers and TS cations recover large fractions of the ionic (fis =
0.79—0.74, flimer = 0.75—0.70; Figure 10) but much smaller
fractions of the covalent (13 = 0.10—0.12 and fim°" = 0.14—0.16;
Figure 10) components of DPE values, consistent with their
larger size compared to H* and with their ion-pair structures on
POM clusters, inferred from Bader charges (+0.90 e for TS and
+0.87 e for dimer).

The ionic and covalent components of the DPE values and the
fractions of each recovered via interactions of organic cations
with conjugate anions to form an ion-pair TS (as described by
the thermochemical cycle; Scheme 4) confirm that the different
ionic and covalent nature of O—H species in different acids are
responsible for the origins of the less stable nature of the TS on
Mo than on W POM clusters of similar DPE (Figure S). For a
given DPE, Mo-POM clusters have larger covalent and smaller
ionic DPE components than those for W-POM (Figure 8); ion
pairs at the TS, irrespective of acid identity, recover much smaller
fractions of the covalent (fI3 cor = 0.10—0.12; Figure 10 and
Scheme 4) than the ionic (fi, = 0.79—0.74; Figure 10 and
Scheme 4) DPE components, making such ion pairs less stable
on acids with higher covalency at a given DPE (Mo-POM).
Similarly, the smaller covalent component of DPE on mineral
acids (Figure 8) accounts for the more stable TS structures than
expected based on the trends established for W-POM clusters.
Monomer and dimer cations also recover smaller fractions of
covalent than of ionic components (Figure 10), which explains
(using treatments analogous to TS) why these intermediates are
less stable on acids with a larger covalent component of DPE at
similar DPE values.

Next, we incorporate the ionic and covalent components
of these interaction energies into the thermochemical cycles to
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which reflect unrecovered fractions of DPE for each species (X" = S°, P, Si*", AI**, Co?*). The dashed lines reflect best regression fits to eqs 23, 25, and
26; they have intercepts equal to AE,, values (shown in Table S) and slopes equal to unity.

develop quantitative correlations that describe the energies of
reactive intermediates and TS using probe-independent (and
reaction-independent) properties of acid catalysts (El, Efo;
Table 3) and properties of reactive species that do not depend on
acid identity or strength (fion fow and AE,,; Table S).

3.5. Influence of lonic and Covalent Interactions on
Stabilities of Surface Species and Activation Energies.
The TS formation energy (AE™), as described by the thermo-
chemical cycle in Scheme 2 and by eq 10, depends on the
interaction energies of H* (DPE) and the TS cation (EL;) with
their conjugate anion, which reflect the additive contributions
of their respective ionic (ELy, EL>) and covalent components

( H+ TS fon ion
Ecovr Ecov
TS H+ H+ TS TS TS
AE” = [Eion + Ecov] + AEprot + [Eion + Ecovj (21)

The EIS and EIS values reflect the fractions of the DPE
components (fis, fro, respectively; Figure 10 and Scheme 4)
recovered by interactions of TS cations with their conjugate
anions; substitution of these fractions (eqs 17 and 18) into eq 21

gives

AETS — [EH+ + EH+:| _ [fTSE-H+ +fTSEH+:| + AETS

ion cov jon —ion cov ™ cov prot
(22)
which can be rearranged as
TS TS TS
AE” = (1 _fr )DPE + AEprot (23)
Here
H+ H+
fTS :fTS Eion fTS Ecov
r fon DPE <Y DPE (24)

are composite fractions that reflect a sum of the individual
fractions of the DPE recovered by ionic and covalent interactions
of the TS cation with conjugate anion, described in terms of the
DPE components (EL, Eir; acid properties independent of
reactants or reaction; Table 3) and their respective fractions
recovered by the TS cation (fis, fas; TS properties that do not
depend on acid identity or properties; Table 5). The monomer
formation energies (AE™™) and protonated dimers (AE*™)
can be described using thermochemical cycles analogous to
Schemes 2 and 4 and relations of the form of eq 23 to give
mono mono mono

prot
for monomers and

AEdimer — (1 _f:Iimer)DPE + AEmono (26)

prot

for dimers, where f™™ and fY™ represent the composite
fractions reflecting both ionic and covalent individual fractions of
DPE recovered by interactions of monomer and dimer cations,
respectively, with the conjugate anion, which can be obtained by
replacing fi oo, in eq 24 with finero  and ﬁjg‘;;ov, respectively.

These values of the composite DPE fractions (sum of the
individual ionic and covalent fractions) recovered by each species
(f.; eq 24) were calculated for each combination of Brensted acid
and surface species using the ionic and covalent DPE com-
ponents (Table 3) and their recovered fractions for each surface
species and TS (Table S). The values of "™ are near unity (0.89
to 0.90 for different POM clusters) because monomer cations
resemble protons. The values of f3™ (0.28 to 0.30) and £ (0.25
to 0.28) are, however, much smaller than unity because the
cationic species present as dimers or transition states are larger
than protons, leading to weaker ionic and covalent stabilization
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by the conjugate anions than for protons. The (1 — f,) X DPE
term reflects an effective DPE, arising from differences between
the energy required to deprotonate acids and that recovered by
interactions of organic cations with conjugate anions; its mag-
nitude can be estimated by rigorously incorporating the different
covalent and ionic character of O—H bonds in each class of acids
(egs 23, 25 and 26). The monomer, dimer, and TS formation
energies can be described in terms of (1 — f***°) X DPE, (1 —
ffime‘) X DPE, and (1 — %) X DPE, respectively, using a single
trend line for all acids (Mo and W POM clusters, mineral acids).
This trend line has a slope of unity and an intercept that corre-
sponds to the protonation energies to form gaseous analogues
of each intermediate and of the TS (Figure 11; AE,, values in
Table S); these are molecular properties that do not depend on
the identity of the acid catalyst or its conjugate anion.

Monomer, dimer, and TS formation energies each correlate
with their respective (1 — f,) X DPE values (eq 23—26;
Figure 11); therefore, the activation energies (EX*™, Edimer corre-
sponding to measured ko kgimer) coOrrelate with the difference
between such values for the TS and for the respective reference
states for each rate constant on all acids (as shown in the
Supporting Information, Figure S8)

Emono — (frmono fTS )DPE + (AE AEmono (27)

a prot prot
B = (fimr — fTYDPE + (ABTS, — ABIT) ()

The (f™"° — 1) x DPE and (f&™ — fI%) x DPE values
reflect differences between the energies required to remove
monomer and dimer cations, respectively, from their conjugate
anions and the energy recovered by the interaction of the TS
cation with the same conjugate anion. The (fime — fI%) x
DPE values for dimers (21 to 28 kJ mol™ for POM clusters;
Supporting Information, Figure S8) are much smaller than the
(fome — £15) x DPE values for monomers (688 to 720 kJ mol™*
for POM clusters and mineral acids; Supporting Information,
Figure S8) because dimers closely resemble the charged nature of
the TS species, whereas monomers form neutral H-bonded
species that have stronger proton—anion interactions than TS—
anion interactions. The measured first-order CH;OH dehy-
dration rate constants (k,.,,) on Mo-POM clusters lie well
below the trends for W-POM clusters (Figure 4a) as a function of
DPE; in contrast, kyo,, Values as a function of (f"°™ — %) x
DPE can be described by a single trend line for the two types of
clusters (Figure 12). These treatments and their mechanistic
inferences rigorously resolve the apparent disparity in reactivity
for a given DPE for W and Mo POM clusters, which reflects the
larger covalent component of monomer—anion (and proton—
anion) interactions on Mo-POM than W-POM clusters; such
covalent components cannot be fully recovered at ion-pair tran-
sition states (or dimers), making them less stable, in a manner
that is accurately captured by the relations between activation
energies and recovered DPE fractions (eqs 27 and 28).

Equations 23—26 and their conceptual basis provide a gen-
eral and rigorous theoretical framework to describe molecular
reactivity in acid catalysis; its application and the resulting
conclusions are not restricted to any one class of Brensted acids.
These relations predict the formation energies of relevant surface
species, and thus reactivity, for CH;OH dehydration on Brensted
acids beyond those considered here when their ionic and
covalent DPE components can be estimated from theory. They
can also describe the energies of kinetically relevant species for
reactions other than CH;OH dehydration when the gas-phase
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Figure 12. Measured ki, values as a function of effective DPE values
that reflect the net energy to remove a monomer-covered proton from
POM clusters after subtracting the compensating interaction energy of
TS cation with the conjugate anion, calculated as (f™° — fI¥) x DPE
(eq 27; fIS and f™"° reflect fractions of the DPE of bare cluster
recovered by TS—anion and monomer—anion interactions, respec-
tively) on Hg_,X""W,0,, (closed diamonds) and Hg_,X""Mo;,04
(open diamonds) clusters (X" = P, Si**, AI**, Co®"). The dashed line
reflects the best exponential regression fit to ki, values.

mono

protonation energies and the fractions of DPE components
recovered by the gaseous analogues of such species, which do
not depend on acid strength or identity, can be estimated from
theory.

The approach described in this study shows that acids with
more covalent (and less ionic) H—Z bonds but similar acid
strength (and DPE) form less stable charged intermediates and
transition states, leading to higher activation barriers for kinetic
steps that reflect the stability of ion-pair transition states relative
to neutral species. Covalent components of DPE depend on the
effectiveness of charge delocalization in conjugate anions and
therefore on their polarlzablhty 3738 Smaller anions are less po-
larizable than larger anions (Euy mineral acid < Emv pon; Figure 8);
among large anions, those with larger HOMO- LUMO energy
gaps tend to be less easily polarized® (EcovW poMm < Ecov Mo-POMS)
Figure 8). Such trends lead us to expect that aluminosilicate
acids, and specifically those with crystalline microporous
structures (zeolites), would exhibit a smaller covalent compo-
nent in their DPE than POM clusters because of their more
insulating (and less polarizable) nature.”® The less covalent
nature of O—H bonds in zeolites may contribute to their higher
reactivity than that predicted from DPE trends derived from rate
constants on W-POM clusters,"> which have been solely attri-
buted to solvation via van der Waals interactions within voids of
molecular dimensions."

4. CONCLUSIONS

CH;OH dehydration rate constants on Mo-POM clusters
were compared with previously measured values on W-POM
clusters'’ as a function of their calculated DPE values. The

dx.doi.org/10.1021/ja506149c¢ | J. Am. Chem. Soc. 2014, 136, 15229—15247
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stabilities of reactive intermediates and transition states on these
two types of Keggin POM clusters and on gaseous mineral acids
(H,SO, and H;PO,) were also examined for comparison using
theoretical methods. For a given DPE value, Mo-POM clusters
show smaller first-order rate constants (Figure 4) and less stable
intermediates and transition states than those for W-POM clus-
ters (Figures S and 6), whereas such species are more stable on
mineral acids than that expected from the stability—DPE trends
observed on W-POM clusters (Figures S and 6). Our analysis
shows that the less stable nature of TS and charged intermediates
on Mo-POM clusters reflects a larger covalent component
in their proton—anion interactions than on W-POM clusters
(Figure 8). Such covalency is disrupted upon deprotonation but
is not recovered fully upon forming the ion pairs at the transition
states (Figure 10). These conclusions were rigorously reached
using thermochemical cycles (Schemes 2 and 4) that describe the
stability of surface species in terms of the interaction of protons
and organic cations with conjugate anions and by dissecting these
interactions into their respective covalent and ionic components.
Similarly, surface species are more stable on mineral acids because
their DPE values reflect a stronger ionic component than POM
clusters. In this study, we have developed and described methods
to calculate ionic and covalent components of DPE and other ion-
pair interactions and a general framework to incorporate them into
the descriptors of reactivity of solid acids (eqs 23—26). In doing so,
we have illustrated how acid strength, described by the energy
required to separate a proton (H") from the conjugate anion (Z~)
by cleaving an H—Z bond with a certain ionic character, influences
the stability of an ion-pair transition state (TS*—Z") with different
ionic character than that of the corresponding H—Z bond in the
acid.
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