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Abstract

Mechanistic Insights into Metal-Catalyzed Hydrogenations and
the Role of Metal Oxide Co-catalysts

by
Ari Fischer
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Enrique Iglesia, Chair

The mechanistic origins of bifunctional synergies between metal nanoclusters and
insulating oxide materials, present as a support or volumetric diluent, for catalytic hydrogenation
reactions remains controversial despite decades of research. These bifunctional routes are often
attributed to reaction pathways mediated by hydrogen spillover whereby H atoms migrate from
metal surfaces, where they form from dissociated Ha, to oxide surfaces and react with unsaturated
molecules; however, such routes are unlikely to occur with insulating oxides which do not interact
favorably with H atoms except at crystallographic defects. Herein, alternative explanations for
such effects are investigated by exploring the mechanistic underpinnings of toluene hydrogenation
on Pt surfaces and extending these insights to bifunctional reactions with y-Al20O3 as a co-catalyst
as an example of such phenomena.

Turnover rates of methylcyclohexane formation from toluene and H: reactants were
measured on SiOz-supported Pt nanoparticles (3.6 mean Pt diameter) across a wide range of
temperatures (333-533 K) and reactant pressures (20-80 kPa Hz, 0.3-3 kPa toluene). Gaseous
pressures of 1-methylcyclohexene and 4-methylcyclohexene intermediates are also reported.
These methylcyclohexene species form as reactive intermediates during kinetically-relevant
toluene hydrogenation routes; their gas-phase concentrations reflect the pseudo-steady state
balance of their rates of formation (from toluene-Hz reactants) and consumption (by reaction with
H2 to form methylcyclohexane) at lower temperatures (393-493 K), and their approach to
thermodynamic equilibrium with toluene and Ha reactants at higher temperatures (493-533 K).
These insights are leveraged to reduce the mechanistic complexity of toluene hydrogenation into
two half reactions allowing for the kinetically-relevant steps and most abundant surface
intermediates to be identified through kinetic modeling coupled with density functional theory
calculations that probe binding energies and geometries of surface intermediates.
Methylcyclohexane formation is shown to be kinetically limited primarily by the addition of the
second H atom to toluene at low temperatures (333-493 K) and by the addition of the second H
atom to methylcyclohexene intermediates at higher temperatures (493-533 K). These kinetic
interpretations along with density functional theory calculations also show that the Pt surfaces are
saturated with molecularly bound forms of toluene at all temperatures considered. Such a shift in
the kinetically relevant steps towards later H additions along the toluene hydrogenation reaction
coordinate as the temperature increases occurs because each H-addition step incurs a large entropic
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penalty due to the loss of highly entropic translation degrees of freedom of H2 molecules. The
toluene-derived intermediates that participate in these later H-addition reactions are formed
exothermically from stoichiometric amounts of toluene and Ha, resulting in a negative apparent
activation enthalpy when their hydrogenation becomes rate limiting. These behaviors account for
the decrease in methylcyclohexane formation rates with increasing temperature that was observed
at higher temperatures (>453 K).

The ubiquitous presence of gaseous methylcyclohexene intermediates during toluene-H>
reactions on Pt surfaces informs plausible bifunctional reactions on Pt/SiO2+y-Al2O3 mixtures.
Two novel mechanistic interpretations are proposed and compared to relevant experimental and
theoretical observations. One route involves the formation of partially hydrogenated toluene-
derived intermediates (THa™*) from toluene-Hz reactions on Pt surfaces. These species can desorb
and hydrogenate at nearby y-Al203 surfaces, without requiring atomic contact between Pt and -
Al2Os, thus circumventing the monofunctional bottlenecks at Pt surfaces and increasing
methylcyclohexane formation rates. Another route involves the formation of THn* species that
undergo slow H-addition reactions to form methylcyclohexane, but which compete effectively for
binding sites on crowded Pt surfaces with the predominant reactive intermediates involved in
monofunctional routes. These stranded, less reactive THna* species can desorb to give very low
equilibrium concentrations of their gaseous analogs; their migration to and hydrogenation at vy-
AlOs surfaces present beyond atomic distances leads to their scavenging from the fluid phase,
thus decreasing their equilibrium surface coverages and increasing the binding spaces available
for the competitive reactions of intermediates that mediate monofunctional hydrogenation
turnovers at Pt surfaces.

Toluene hydrogenation was carried out over Pt/SiOx+y-Al2O3 mixtures with varying
separation between the Pt/SiO2 and y-Al203 domains (via variation in the aggregate domain size
of the respective catalytic components contained in physical mixtures). Methylcyclohexane
formation rates were largest for Pt/SiO2+y-Al2O3 mixtures with the smallest separation (and
therefore greatest site proximity) and decreased asymptotically towards the rate observed on
ALOs-free Pt/SiO2 as the domain sizes of the respective components increased. Such trends
resemble characteristic features of bifunctional reactions mediated by mobile and highly reactive
gaseous intermediates. 1,3-Cyclohexadiene and 4-methylcyclohexene reactions with Ha were
carried out over Pt-free y-Al2O3 surfaces (30-300 Pa hydrocarbon, 0-90 kPa Ha, 393 K). These
unsaturated molecules are shown to hydrogenate predominantly via reaction with molecular Hz at
rates that are catalytically significant in the context of Al2Os-catalyzed rates in bifunctional
Pt/Si0O2+y-Al2O3 mixtures necessary to account for rate enhancements. Reaction-transport
modelling based on the proposed bifunctional mechanisms and measured reactivity trends for
independent Pt/SiO2 and y-Al2O3 functions show that bifunctional synergies are best attributed to
v-Al203-mediated scavenging of methylcyclohexadiene inhibitors at low temperatures (393 K),
prevalent only on Pt/SiO> catalysts with small Pt clusters (0.7 nm mean diameter). At higher
temperatures (493-533 K), in which methylcyclohexene hydrogenation becomes rate-limiting on
Pt surfaces, an additive methylcyclohexene hydrogenation route at nearby y-Al2Os is likely to
become more prevalent.

These results thus provide novel mechanistic interpretations of bifunctional hydrogenation
catalyzed by Pt/SiO2+y-Al203 mixtures involving mobile, highly reactive gaseous molecular
shuttles rather than H-atom spillover. Insights gained from this work advance the understanding
of bifunctional synergies between metals and their nearby supports or diluent materials in
composite catalytic materials.
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CHAPTER ONE

Introduction to Mechanistic Insights into Metal-Catalyzed Hydrogenations and
the Role of Metal Oxide Co-catalysts

In the seminal work of Khoobiar [1], WO3 was shown to reduce to tungsten bronze in the
presence of H> when mixed physically with Al2Os-supported Pt nanoclusters, despite no evidence
of such reduction on Pt-free WO3. Benson et al. [2] elucidated the mechanistic underpinnings of
such processes, showing that H atoms bound to Pt nanoclusters within atomic distances of WO3
surfaces donate their valence electrons to the conduction band of the WO3 to form proton-electron
pairs that can migrate across WOs3 surfaces. Rates of WOs3 reduction were later shown to increase
in the presence of H2O and other oxygenates with large proton affinities which stabilize the H"
species thus lowering the barrier for migration of Pt-bound H atoms to the WO3 surfaces [3].
Mechanisms inspired by such H-atom migration from metal surfaces (where they form from Ha
dissociation) to oxide surfaces (where they react with a substrate), commonly referred to as
hydrogen spillover (H-spillover), have been proposed to account for selective acetylene
hydrogenation to ethylene on Cu supported single-atom Pd catalysts [4], increased CO
hydrogenation turnover rates to methanol on Cu nanoparticles when ZrO: is used as a support
compared with SiO2 [5], and increased monoarene [6] and alkene hydrogenation [7] turnover rates
on metal oxide-supported Pt nanoclusters when they are mixed physically with y-Al2Os.

Among these mechanistic proposals, the catalytic consequences of H-spillover from Pt
nanoclusters to y-Al2O3 surfaces (or other insulating oxides) present as a support or diluent is
especially controversial [8,9]. y-Al203 is an insulating material that, unlike WO3, lacks reducible
metal cations to react with the valence electrons of Pt-bound H atoms to form stable H'-¢™ pairs
necessary for H migration [10]. H atoms can only bind to y-Al.O3 surfaces at crystallographic
defects, such as coordinatively unsaturated AI** centers [11,12], which may not be abundant
enough to provide sufficient connectivity for H migration. In order to be of catalytic significance,
H atoms must migrate from the Pt to the y-Al2O3 and diffuse across its surface at rates that are
commensurate with increased hydrogenation rates [8]. Surface diffusion, in general, requires that
adsorbates translate from one binding site to another, overcoming significant activation barriers to
form transition states between local energy minima in the process. Coordinatively unsaturated AI**
centers form at 0.5 sites nm™ [13] on y-Al203, which corresponds to an average distance of 1.4 nm
between such sites, provided that they are evenly distributed; the surface between such defects is
terminated with coordinatively saturated Al-O-Al and Al-OH groups which interact only weakly
with diffusing H atoms [12]. Thus, a large activation barrier is incurred as strong AI** and H
interactions are broken without significant compensation by interactions with Al-O-Al and Al-OH.
These limitations have been born out experimentally using nano-fabrication techniques to
synthesize TiO2 (a semi-conductive material) and y-Al2O3 (an insulating material) surfaces as
supports for Pt and Fe2O3 nanoclusters separated by nanometer length scales [11]. Exposure to H2
led to significant reduction of the Fe2Os particles when TiO2 was used as the support irrespective
of the Pt-Fe203 separation, but a much lower extent of Fe2O3 reduction was observed with the y-
Al203 support and decreased monotonically with increasing separation distances [11]. Activation
barriers (calculated using density functional theory) for translation between coordinatively
unsaturated AI’* centers was calculated to be 1.15-1.63 eV (depending on the H20 coverage at the
Al203 surface), which was similar to the desorption barrier for these same bound H atoms [11],
revealing that H atoms desorb to form H-radicals just as easily as they diffuse across the surface.
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Alternate explanations that do not involve H-spillover have been proposed to account for
the promotional effects of y-Al2Os3 for metal-catalyzed hydrogenation reactions. Higher ethylene
hydrogenation rates were reported for Pt/SiOz diluted with y-Al2O3 compared with SiOz; these rate
differences were attributed to the poisoning of the Pt by carbonaceous impurities introduced into
the reactor by the SiO:2 diluent, but absent on y-Al2Os3 surfaces [14]. These rate differences
disappeared upon brief treatment in oxygen at 493 K, a finding attributed to the removal of such
impurities by oxidation [14]. Higher rates for benzene hydrogenation [6] on Pt/y-Al2O3 and for
toluene hydrogenation on Pt/SiO2 (as shown in Chapter 3) when mixed with y-Al2O3 persisted,
however, even after such treatments in Oz, suggesting that the effects of any such impurities cannot
account for the y-Al203-induced rate enhancements in these monoarene hydrogenation reactions.
Hydrogen spillover has been shown to occur from Pt particles to carbon supports [15,16],
suggesting that carbonaceous deposits consisting of unsaturated organic residues may form on
AlOs surfaces, thus potentially acting as conducting bridges for hydrogen spillover from Pt
nanoparticles to unsaturated molecules bound at y-Al2O3 surfaces or at such organic debris [9].

In light of the uncertainties surrounding the catalytic importance of H-spillover for
increased reactivity for metals mixed with insulating oxides, this dissertation investigates
alternative bifunctional mechanisms that are mediated by organic species serving as molecular
shuttles, instead of H atoms directly, as pathways for the hydrogenation of unsaturated molecules.
These mechanisms involve the formation of reactive intermediates by reactions of the hydrocarbon
and Hz at the metal surface to form gaseous intermediates that then diffuse to and react at the oxide
support or diluent surfaces in advantageous reactions. Such bifunctional reaction schemes have
been well established in catalytic processes such as dehydro-isomerization, hydrogenolysis, and
aromatization of alkylcycloalkanes [17]. In such processes, the two catalytic functions are
kinetically coupled via gaseous intermediates that diffuse through barrierless Knudsen or
molecular diffusion instead of slow, activated diffusion across catalyst surfaces. Toluene
hydrogenation on Pt/SiO2 mixed physically with y-Al203 is examined in Chapter 3 as an example
of bifunctional synergies during metal-catalyzed monoarene hydrogenations (and hydrogenations
of unsaturated hydrocarbons, more generally). The mechanistic origins of several characteristic
features of monoarene hydrogenation reactions on metal surfaces remain controversial, however,
impeding mechanistic interpretations of bifunctional processes. To identify plausible bifunctional
routes involving toluene-derived molecular shuttles during toluene-H2 reactions on Pt/SiO2+y-
ALlO3 mixtures, the mechanistic underpinnings of toluene hydrogenation on y-Al2Os-free Pt
surfaces during these reactions is first elucidated (Chapter 2).

Monoarenes, such as benzene and toluene, are hydrogenated by six successive H-addition
steps between bound arenes and H atoms (formed from H: dissociation) forming partially
hydrogenated surface intermediates with a range of H content in the process [18-20]. The
kinetically-relevant steps among these sequential H additions and the most abundant surface
intermediates (MASI) remain controversial because several competing mechanistic interpretations
are able to account for reactivity trends [19,20]. Such complexities manifest in unique kinetic
trends for monoarene hydrogenations including rates that reach a maximum value as a function of
temperature (which cannot be attributed to thermodynamic equilibrium between toluene, H2, and
methylcyclohexane) and rate dependences on Hz and toluene pressures that increase monotonically
with temperature.



Unsaturated hydrocarbons form strong covalent bonds with transition metal surfaces, and
in the presence of Hz, moreover, undergo H-addition and H-abstraction reactions and
rearrangements on the surface to reach their kinetic or thermodynamic endpoints. Ultimately, such
strong interactions lead to metal surfaces that become saturated at high coverages with
hydrocarbon moieties, as is evident from surface science investigations [21,22] and from
ubiquitous zero-order reaction kinetics for hydrocarbon conversions [20]. Aromatic rings can,
moreover, be hydrogenated via several parallel sequences of H-addition steps that differ in the
relative C atom positions of the added H atoms that contribute to overall hydrogenation rates to
varying extents. The multiplicity of surface species among this hydrocarbon pool presents a
formidable challenge in identifying which species cover the metal surfaces and impede active sites
from forming transition states that mediate rate-limiting elementary steps. Interactions between
unsaturated hydrocarbons and metal surfaces decrease with increasing surface coverage because
electron donation from the hydrocarbon to the metal changes the metal’s electron density and thus
the strength of the metal-adsorbate interactions [23]. As a result, high hydrocarbon coverage on
metal surfaces attenuates the binding energies of individual intermediates rendering their
desorption comparable to their forward rates of reaction with H atoms. Indeed, gaseous
methylcyclohexene intermediates are formed from toluene-Hz reactions on Pt surfaces at pressures
that reflect quasi-equilibrium with their surface counterparts (as shown in Chapter 2). Their
pressures reflect a balance at pseudo-steady state between the rates that they are formed from
toluene and Hz, and consumed by reaction with Hz, providing valuable insight into which H-
addition step(s) along the sequence of steps that govern toluene hydrogenation are rate limiting.
This novel insight is leveraged in Chapter 2 to reduce the mechanistic complexity of toluene
hydrogenation into two simpler half reactions to an extent where the kinetically-relevant steps and
MASI can be identified through kinetics-based reaction modeling coupled with density functional
theory calculations to probe binding energies and geometries of surface intermediates. In doing so,
the mechanistic origins of controversial kinetic behaviors of monoarene hydrogenation reactions
are elucidated.

Ubiquitous gaseous methylcyclohexene intermediates formed during toluene-H> reactions
on Pt surfaces may react further at y-Al2O3 surfaces present within diffusion distances in Pt/S102+
v-Al203 physical mixtures. Gaseous methylcyclohexadiene intermediates may also form from
desorption of their Pt-bound counterparts (at concentrations below the limits of detection due to
their low thermodynamic stability) and react in advantageous reaction at proximate y-Al2O3
surfaces. Such toluene-derived gaseous intermediates unlock additional mechanistic avenues for
bifunctional metal-metal oxide mixtures, explored in detail in Chapter 3.

Rates of toluene hydrogenation reactions are reported for physical Pt/SiO2+y-Al2O3
mixtures where the two components are geometrically segregated into distinct domains (Chapter
3). Such segregation requires that intermediates generated at the Pt function must diffuse across
distances on the order of 10-100 pum to reach sites at the y-Al2O3 function to carry out a catalytic
turnover. The data reported in this study demonstrate that rates decrease as the domain size of the
two components increase (along with the intermediates’ diffusion path), a strong indication that
bifunctional routes mediated by gaseous intermediates are of catalytic importance [17].

Surfaces of 7-AlOs; catalyze reactions including alcohol dehydration, skeletal
isomerization of alkenes, and H2-D2 exchange [13]. Recent studies have also reported that y-Al203
surfaces can heterolytically cleave H-H and C-H bonds [12]. Reactions of cyclohexenes and
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cyclohexadienes with Hz are investigated on Pt-free y-Al2Os surfaces to elucidate reaction
pathways that partially hydrogenated toluene-derived intermediates undergo that may be of
catalytic importance for bifunctional Pt/SiO2+y-Al2O3 catalytic mixtures (Chapter 3).
Appreciable hydrogenation rates of these unsaturated molecules via reaction with Hz are reported
(but not for toluene hydrogenation); while these rates are relatively slow compared to metal-
catalyzed rates for alkene hydrogenation reactions at similar conditions, they become significant
at the temperatures in which toluene hydrogenation (a slower reaction than alkene and alkadiene
hydrogenations) are carried out (Chapter 3).

Considering these demonstrations of y-Al2Os-catalyzed C=C bonds hydrogenations, two
novel bifunctional reaction schemes are proposed to account for the methylcyclohexane formation
rate enhancements conferred by y-Al203 in Pt/Si02+y-Al2O3 physical mixtures. One route involves
the formation of partially hydrogenated toluene-derived surface intermediates (THa*) at the Pt
surface from reactions between toluene and Hz. These THn* species desorb to form their gaseous
counterparts that can diffuse to and hydrogenate at nearby y-Al2O3 surfaces, without requiring Pt-
v-Al203 atomic contact, thus providing an additive THn(g) hydrogenation route that bypassing
rate-limiting steps at the Pt surfaces. Another route involves the formation of THn* species from
toluene-H2 reactants at Pt surfaces that react slowly in subsequent H-addition steps to form
methylcyclohexane, but which form at significant coverages on crowded surfaces and inhibit the
formation of other, more reactive toluene-derived intermediates. These stranded, less reactive
THn* species can desorb to form their gaseous counterparts at low equilibrium concentrations
which diffuse to and react at nearby y-Al2O3 surfaces thus decreasing their concentrations in the
fluid phase and their equilibrium surface coverages at the Pt. Such THn* scavenging increases the
number of binding sites available for the competitive reactions of intermediates that mediate
predominant toluene hydrogenation routes at Pt nanocluster surfaces, thus increasing
methylcyclohexane formation turnover rates (Chapter 3).

Predicted kinetic trends in reactant pressures and catalyst domain sizes from mechanism-
based reaction-transport models developed from these proposed mechanisms are compared with
observed behaviors for Pt/SiO2+y-Al2O3 mixtures to investigate their catalytic importance
(Chapter 3). Comparisons between kinetic and thermodynamic parameters derived from these
modeling efforts and relevant experimental and theoretical benchmarks are drawn to assess their
chemical significance and lend credence to the mechanistic conclusions from which they derive.
Ultimately, the data and analysis reported in this dissertation provide a mechanistic picture
consistent with experimental observations pertaining to y-Al2Os-promoted Pt hydrogenation
reactions with general insights that are likely relevant for metal-characterized reactions that occur
under conditions with high metal coverages and mobile gaseous intermediates. These mechanistic
considerations enable future catalytic design that leverages these bifunctional pathways mediated
by molecular shuttles.
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CHAPTER TWO

Mechanistic Interpretations of Pt-catalyzed Toluene Hydrogenation: Unravelling the
Effects of Saturation Coverages, Adsorption Site-ensemble Requirements, and the
Emission of Reactive Gaseous Alkene Intermediates.

Abstract

Kinetics-based modeling and density functional theory (DFT) calculations are combined
here to examine toluene hydrogenation on SiO2-supported Pt nanoclusters. Methylcyclohexane
(MA) forms as the complete hydrogenation product while methylcyclohexene (ME) isomers form
as partially hydrogenated intermediates; the kinetic trends of gaseous ME pressures are leveraged
in order to separate toluene hydrogenation into two half reactions, thereby reducing the
mechanistic complexity to an extent where identification of the kinetically-relevant steps and most
abundant surface intermediate (MASI) becomes tenable. At high temperatures (493-533 K),
pressures of ME intermediates approach gas-phase equilibrium values for their formation from
toluene and two Hz, which indicates that MA formation turnover rates are limited predominantly
by H: addition to ME (493-533 K). The exothermic nature of gas-phase ME formation from
toluene and two Ha results in decreasing ME pressures as temperature increases. ME pressures and
MA formation rate dependences on H2 and toluene pressures (493-533 K) reflect MA formation
rates that are limited, in large part, by the addition of bound H atoms to co-adsorbed
methylcyclohexyl intermediates (THs*). DFT-derived estimates of the Gibbs free energy to form
molecularly bound toluene from toluene(g) on Pt(111) are more negative than the DFT-derived
free energies to form other toluene-derived surface species from stoichiometric amounts of
gaseous toluene and Ha, indicating that toluene is the MASI during toluene-H> reactions (493-533
K). Kinetics-based mechanistic models formulated using multisite, multicomponent adsorption
isotherms to describe the site occupancies of the various intermediates on the Pt surface reveal that
the transition states for H-addition to prevalent THs* intermediates (6CH TS) occupy a two-fold
smaller ensemble of adjacent Pt sites than bound toluene. The consequences of these site ensemble
differences for measured activation enthalpies and entropies from kinetic models are elucidated.
At low temperatures (333-393 K), prevalent ME pressures reflect the balance between their rates
of formation from toluene-H> reactants and consumption by reactions with H2 at pseudo-steady
state. Measured ME pressure and MA formation rate dependences on Hz and toluene pressures at
333-393 K, combined with DFT-derived free energies of surface species reveals that MA
formation is limited by reactions between surface-bound mono-hydrogenated toluene moieties
(TH1*) and co-adsorbed H atoms on a toluene-saturated surface. MA formation turnover rates at
these low temperatures increase exponentially with temperature, reflecting a positive enthalpy
difference between the transition state that mediates H addition to TH1* and the reactant state
consisting of bound toluene and Hz(g). These findings elucidate the mechanistic origins of negative
rate dependences on temperature and shifting rate dependences on reactant pressures, ubiquitous
among monoarene hydrogenation reactions on metal surfaces. These findings are relevant to other
hydrocarbon conversion processes characterized by high coverages and involving reactants and
intermediates with different sizes and binding orientations.



2.1. Introduction

Monoarene hydrogenation is used to decrease the aromatic content in fuels [1] and is also
an important step in bio-oil [2] and petroleum hydroprocessing [1]. Hydrogenating monoarene
molecules to their saturated cycloalkane products is also a promising strategy for storing Ho
molecules as a liquid in the form of C-H bonds that can be released in a subsequent
dehydrogenation process [3]. Arene hydrogenation is typically carried out via surface catalysis on
supported transition metal nanoclusters [1] because aromatic rings interaction strongly with their
surfaces and they easily dissociate Hz into reactive H adatoms. Monoarenes, such as benzene and
toluene, are hydrogenated by six successive H-addition steps forming partially hydrogenated
surface intermediates with a range of H content in the process [1,4,5]. The kinetically-relevant
steps among these sequential H additions and the most abundant surface intermediates (MASI)
remain controversial because several competing mechanistic interpretations are able to account for
reactivity trends [1,5].

Arene hydrogenation occurs on hydrocarbon-covered surfaces because arenes and their
partially hydrogenated products form strong covalent bonds with metal surface atoms [5-9].
Benzene hydrogenation on Pt nanoclusters [1] occurs at rates that are independent of benzene
pressure, consistent with saturation coverages of benzene-derived intermediates [4,10].
Dehydrogenated benzene derivatives [4,10], benzene [8], and mixtures of partially hydrogenated
benzene-derived species with different H content [11] have all been proposed as MASI. Sum
frequency generation (SFG) vibrational spectroscopy on Pt(111) revealed that surfaces became
saturated with molecularly bound forms of benzene and H adatoms at typical hydrogenation
conditions (1-2 kPa benzene, 2-20 kPa Hz, 310-440 K) instead of hydrogenated or dehydrogenated
benzene-derived surface species [12]. The number of bound species at saturation coverage, from
microcalorimetry on Pt(111), was greater for cyclohexene (0.24 monolayer, denoted ML, and
defined as the number of adsorbed molecules per exposed Pt-atom; 300 K) [13] than for benzene
(0.15 ML, 100 K) [14], consistent with a larger ensemble of adjacent Pt sites required to bind
benzene than partially hydrogenated benzene derivatives. SFG vibrational spectroscopic studies
showed that benzene [15-17], 1,3-cyclohexadiene, and 1,4-cyclohexadiene [18] bind on Pt (111)
with the ring aligned parallel to the surface, while molecularly-bound cyclohexene binds
perpendicular to the surface by forming two c-bonds between two of its C atoms and the Pt surface
[15,19]. Mechanisms for arene hydrogenation typically assume, however, that all intermediates
bind to same sized site ensembles [4,11,20], despite of the differences between binding
orientations of benzene and its partially hydrogenated counterparts evident from surface science
studies.

Gaseous cyclohexene forms as an intermediate at low concentrations during benzene-Hz
reactions on Pt surfaces [11,20-22] because of its rapid sequential hydrogenation to cyclohexane.
Bound cycloalkenes are reactive intermediates in kinetically-relevant steps for monoarene
hydrogenation because aromatic rings are hydrogenated more rapidly through sequences of
elementary steps where H atoms are added to unsaturated C atoms at positions vicinal to C atoms
saturated in previous steps [23,24]. Comparing pressures of gaseous cyclohexene intermediates
generated during monoarene-Hbz reactions to their equilibrium values reveals whether the first four
H additions to the arene are irreversible and limit overall arene conversion rates or are quasi-
equilibrated and rates become limited by the two H additions to the cyclohexene intermediate.
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In this work, toluene reactants, that show similar reactivity trends as benzene [1,4,10,25],
are used to assess the identity and kinetic relevance of elementary steps, the abundance and type
of bound intermediates involved, and the size of the Pt ensembles required to bind them (0.3-3 kPa
toluene, 20-80 kPa Hz, 333-533 K). The gas-phase approach to equilibrium for I-
methylcyclohexene (1ME) and 4-methylcyclohexene (4ME) formation from toluene and two Hz
shows that methylcyclohexene (ME) intermediates form irreversibly at low temperatures (333-453
K) but at near-equilibrium pressures at higher temperatures (493-533 K). These trends provide
evidence for a shift in the kinetically-relevant steps for MA formation from one or more of the first
four H additions to the final two H additions as the temperature increases. The dependences of
prevalent ME pressures and MA formation turnover rates on Hz and toluene pressures at the low
temperatures (333-393 K) reveal that MA formation is limited by the addition of H atoms to mono-
hydrogenated toluene (TH:1*) intermediates. At higher temperatures (493-533 K), on the other
hand, the dependences of prevalent ME pressures and MA formation turnover rates on H2 and
toluene pressures reveal that MA formation is limited predominantly by H addition to bound
methylcyclohexyl (THs*) intermediates. Moreover, the exothermic nature of gas phase ME
formation from toluene and two H> results in decreasing ME pressures as temperature increases.
Such a decrease in ME pressure manifests in decreases in the MA formation turnover rates with
temperature (493-533 K). Density functional theory (DFT)-derived electronic energies combined
with statistical thermodynamic formalisms are used to calculate the coverages of toluene-derived
intermediates and to show the prevalence of molecularly-bound toluene as the MASI. Differences
between the number of adjacent Pt sites that bind the toluene MASI and the kinetically-relevant
transition states for MA formation are elucidated from the MA formation turnover rates and
prevalent ME pressures dependences on toluene pressure using a kinetics-based mechanistic model
derived using a multisite adsorption isotherm to describe site occupancy [26]. At low temperatures,
the kinetically-relevant step consisting of H addition to THi1* is mediated by a transition state that
occupies an ensemble of vicinal Pt sites that is similar in size to that which bound toluene occupies.
At high temperatures, on the other hand, the kinetically-relevant step that involving H addition to
THs* is mediated by a transition state that occupies a two-fold smaller ensemble of vicinal Pt sites
than that which bound toluene occupies. The consequences of such site requirements for the
chemical interpretations of kinetic and thermodynamic parameters derived from kinetics-based
modeling are explored. The combined theoretical and experimental evidence provide a
mechanistic picture that is consistent with the shift from positive to negative MA formation
turnover rate dependence on temperature (ubiquitous for metal-catalyzed monoarene
hydrogenation reactions [5,27]), the changes to MA formation turnover rate dependences on
toluene and Hx pressures with temperature, and the differences between the numbers of site
occupied by toluene and its partially hydrogenated derivatives.

2.2. Methods and materials
2.2.1. Catalyst synthesis and characterization.

Pt nanoclusters dispersed on SiO2 (Pt/Si02) were prepared using electrostatic adsorption
methods. SiO2 (Cabot Cab-o-sil HS-5; washed with deionized (DI) H20 (resistivity > 17.6 ohm-
cm), treated in ambient air at 373 K for 12 h, and treated in ambient air at 873 K (0.017 K s!) for
4 h) was added to a solution of Pt(NH3)4(NO3)2 (Sigma-Aldrich, 99.995%) and DI H20 (4 cm?® g'!
Si02) and then stirred magnetically for 4 h at ambient temperature. NH4OH (Sigma-Aldrich, 28%
NH3 in H20, 99.99%) was added to the SiO2, DI H20, and Pt(NH3)4(NO3)2 mixture in order to
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maintain 7-8 pH. The solids were collected by filtration and rinsed with DI H20, then treated in (i)
flowing dry air (Praxair, ultra-zero purity) at 1.7 cm® g s™! by increasing the temperature from
ambient to 873 K at 0.017 K s! and holding for 3 h, (ii) flowing He (Praxair, 99.999%) at 1.7 cm’
g’! s7! by decreasing the temperature to 373 K at 0.083 K s™!, (iii) flowing Hz (Praxair, 99.999%)
at 1.7 cm® g'! s7! by increasing the temperature from 373 to 773 K at 0.017 K s! and holding for 2
h then decreasing the temperature at 0.083 K s™! to below 373 K, and (iv) flowing 2% O2 with He
bal. (Praxair) at 1.7 cm? g!' s7! for at least 1 h. The Pt content was determined by inductively-
coupled plasma—atomic emission spectroscopy (ICP-AES; Galbraith Laboratories). Pt dispersions

(D = %, where N is the total number of surface metal atoms and Ny is the total number of metal
T

atoms) were measured by H2 chemisorption uptakes as described in Section 2.8.1. The Pt content,
dispersion, and treatment temperatures are reported in Table 2.1.

2.2.2. Catalytic rate measurements.

Products formed during toluene-Hz reactions were measured on Pt/Si02 samples (0.005-
0.01 g) using a fritted U-shaped quartz tube reactor (1.3 cm internal diameter). Catalyst powders
were pressed into wafers then crushed and sieved to retain the target aggregate sizes (180-250 pum,
Gilson sieves). These aggregates were mixed with quartz granules (Sigma-Aldrich, 180-250 um;
treated in ambient air at 973 K) to maintain a bed height of 3 cm. Hydrogenation rates were
unaffected by changes in volumetric heat release rates (varied by changing the Pt/SiO:2 loading),
thus confirming the absence of reaction-induced bed temperature gradients. The reactor was
electrically heated (National Electric furnace), and the temperature was maintained constant with
a Watlow controller. The bed temperature was measured by a thermocouple placed in a dimple at
the center of the bed. Catalysts were treated in (i) flowing 10% O2/He (Praxair) at 100-200 cm® g
Pt/SiO>! s7! by increasing the temperature from ambient to 573 K at 0.033 K s! and holding for 1
h, (ii) flowing He (Praxair, 99.999%) at 100-200 cm® g Pt/SiO>! 57! by holding at 573 K for 0.25
h, and (iii) flowing Hz (Praxair, 99.999%) at 100-200 cm® g Pt/SiO>! s! by holding at 573 K for 1
h before decreasing the temperature to the reaction temperature in flowing H2. The O2/He, He, and
H> were purified by passing over moisture traps (Agilent BMT). Inlet molar rates were set using
electronic Parker mass flow controllers. Liquid toluene (Sigma-Aldrich, 99.9%) was injected into
flowing H2 and He mixtures (100-200 cm? g Pt/SiO2! s™!) upstream of the reactor using a Parker
Hamilton syringe pump. The effluent stream was analyzed online using gas chromatography (GC;
Agilent 6890A) with flame ionization detection (FID) after separation using a capillary column
(HP-1). Methylcyclohexane, 1-methylcyclohexene and 4-methylcyclohexene products were
identified in the chromatographs by comparing their retention times to those of chemical standards.
Process lines between the liquid injection port and the inlet of the GC instrument were held at 373-
473 K to prevent reactant and product condensation; these heated lines contributed negligibly to
measured rates.

MA formation turnover rates (mole methylcyclohexane g-atom surface Pt (Pts)™! s7') were
measured as functions of toluene pressure (0.3-2.1 kPa), hydrogen pressure (10-80 kPa), and
temperature (333-533 K) by varying toluene and H: pressures at a constant temperature. MA
formation turnover rate data were collected for each toluene pressure, Hz pressure, and temperature
for a duration of 1.5-2 ks. MA formation turnover rates were measured at 1.4 kPa toluene and 80
kPa Hz every 5-8 ks; these MA formation turnover rates followed a first-order trend at 333-453 K
given by:
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r(t) = rye Fat (2.1)

where r(t) is the MA formation turnover rate at time ¢, ry is the MA formation turnover rate at
zero time on stream, and k, is the deactivation rate constant. Values of k; at each temperature
were determined by regressing the time-dependent MA formation turnover rate at 1.4 kPa toluene
and 80 kPa H: to the functional form of equation 2.1. These k; values were then used to calculate
1o values from measured r(t) for other toluene and H: pressures. Measured k,; values were
smaller than 0.01 ks! in all experiments; these values correspond to mean-lives longer than 100
ks, making such corrections relatively minor. MA formation turnover rates at 493-533 K decreased
asymptotically towards a value below one-half of the value after initial contact (following the
pretreatment) during the first 50 ks, then stabilized with negligible k; values. The extrapolated
MA formation turnover rates at zero time on stream at 333-453 K and the stable values following
the initial deactivation period at 493-533 K are reported.

2.2.3. Computational methods.

Density functional theory (DFT) calculations were used to assess the energies for bound
toluene and its partially hydrogenated and dehydrogenated derivatives on model Pt(111) surfaces
using periodic plane-wave DFT methods implemented in Vienne Ab-Initio Simulation Package
(VASP) [28-31]. The projector augmented-wave (PAW) potentials [32,33] with a cutoff energy
of 396 eV were used to generate the plane waves. The optPBE-vdW [34,35] version of the vdW-
DF [36] functional was used as implemented in VASP to calculate the exchange correlation energy
[37]; this functional was used because of its accurate calculation of adsorption energies for
unsaturated hydrocarbons on Pt(111) surfaces [38]. An optimization of bulk Pt gave a lattice
constant of 3.986 A which was used to construct slabs with a 3x3 unit cell exposing the Pt(111)
surface with four layers of Pt present in the z-coordinate and with a 10 A vacuum space above and
below the Pt atoms. The bottom two layers were kept at their bulk coordinates and the top two
layers were relaxed to their energy minima during all geometry optimization calculations. Forces
on the unconstrained atoms were <0.05 eV A"l in all relaxed structures. The wavefunctions were
converged to <10 eV using an 8x8x1 gamma-centered k-point mesh to sample the Brillouin zone.
Binding sites for hydrocarbons included atop, two-fold bridge, three-fold hcp hollow, and four-
fold bridge (shown in Scheme 2.S1). Atomic coordinates of optimized geometries are reported in
Appendix A.1 (adsorbates) and Appendix A.3 (gaseous molecules).

Zero-point energies (ZPE), enthalpies (H), entropies (S), and Gibbs free energies (G) to
form toluene-derived surface intermediates on Pt surfaces were calculated from DFT-derived
electronic energies and vibrational frequencies using standard statistical thermodynamics methods
[39]. Reaction free energies to form toluene-derived surface intermediates with » H atoms added
or removed (AGy, ¢o;) Were determined from the free energy difference between the bound species
(Ga.) and their precursors, toluene(g) (Gto1), 7/2 Ha(g) (G, ), and the bare Pt slab (G, ):

n
AGp. o1 = Gas = Gor = G, = G (2.2)
Reaction free energies to form surface intermediates from a given methylcyclohexene isomer (iME,
where i denotes the position of the C atom with the methyl substituent) with » H atoms added or

removed (AGy, ;yg) Were determined from the free energy difference between the bound species
(Ga.) and their precursors, IME(g) (Gimg), n/2 H2(g) (Gy, ), and the bare Pt slab (G.,):
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5 G, = G (2.3)

The free energy of a surface bound or gaseous species at a given temperature (7) is given from its
enthalpy and entropy:

AGA*,iME = Gy — Giyg —

G=H-TS (2.4)

The enthalpy was calculated from the electronic energy at 0 K (E), ZPE, and the translational,
rotational, and vibrational enthalpies (Hirans, Hror, and Hyip, respectively):

H = Ey + ZPE + Hypgns + Hyor + Hyip (2.5)

The entropy was described by the sum of the translational, rotational, and vibrational entropies
(Strans, Sror, and Svib, respectively):

S = Strans T Srot + Svib (2.6)

Vibrational frequencies were used to calculate the ZPE, H,;,, and S,;;, with the harmonic
oscillator approximation (Section 2.8.3). Vibrational frequencies for optimized gaseous and
adsorbed molecular structures (fixing the Pt atoms to their optimized coordinates) were calculated
by diagonalizing the Hessian matrix, which was determined using a 0.015 A displacement. The
wavefunction was converged to <10“ eV and a 4x4x1 gamma-centered k-point mesh grid was
used to sample the Brillouin zone. Translational enthalpies, rotational enthalpies, and entropies
were calculated using standard statistical thermodynamics methods [39] as reported in Section
2.8.3. The calculated vibrational frequencies are reported in Appendix A.2 (adsorbates) and
Appendix A.4 (gaseous molecules).

2.3. Results and discussion

2.3.1. The effects of temperature, hydrogen pressure, and toluene pressure on methylcyclohexane
formation turnover rates and pressures of prevalent methylcyclohexene intermediates.

Figure 2.1 shows methylcyclohexane (MA) formation turnover rates (moles MA g-atoms
surface Pt (Pts)! s™') from toluene-H> reactants as a function of temperature on SiO2-supported Pt
nanoclusters (denoted Pt/Si102) with a mean nanocluster diameter of 3.6 nm (1.4 kPa toluene, 20-
80 kPa H2, 333-533 K). These MA formation turnover rates increased exponentially with
temperature at low temperatures (333-393 K), reached a maximum value between 413-453 K, then
decreased exponentially at higher temperatures (493-533 K). Figure 2.2 shows MA formation
turnover rates as a function of toluene and H» pressure (0.35-2.1 kPa toluene, 20-80 kPa Hz, 333-
533 K). MA formation turnover rates followed a dependence on Hz pressure between one-half and
first order at low temperatures and became increasingly more sensitive to Hz pressure as the
temperature increased, ultimately exceeding a second-order trend at 493-533 K. Rates were
insensitive to toluene pressure at low temperatures and then increased with increasing toluene
pressure at higher temperatures (493-533 K).

MA formation from toluene-H2 reactants consists of a sequence of six H-addition steps to
saturate the aromatic ring, any of which may be kinetically relevant. The most abundant surface
intermediates (MASI) must be discerned among the pool of toluene-derived surface species that
form from toluene-Hz reactants with differing H-content and points of C attachments to the surface.
Such mechanistic complexities impose difficulties in understanding the temperature and reactant
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pressure trends. Methylcyclohexene (ME) isomers form from toluene-H: reactants at pressures
that reflect the ratio between the rate that the first four H atoms are added to toluene and the rate
that the final two H atoms are added to the methylcyclohexene isomers to form MA. These ME
isomers and their surface counterparts are kinetically-relevant intermediates during toluene
hydrogenation because aromatic rings are hydrogenated more rapidly through sequences of
elementary steps in which H atoms are added to unsaturated C atoms at positions vicinal to C
atoms saturated in previous steps [23,24]. Investigating their trends with toluene and Hz pressures
allows MA formation rates to be separated into two half reactions thereby reducing the mechanistic
complexity to the extent that kinetically-relevant steps and most abundant surface intermediate
(MASI) can be identified.

Figure 2.3 shows 1ME and 4ME pressures as functions of toluene conversion at several
temperatures (1.4 kPa toluene, 80 kPa H», 333-533 K). 3-Methylcyclohexene could not be
separated from toluene with the chromatographic methods used (Section 2.2.2). These IME and
AME pressures were insensitive to toluene conversion at all conditions. The approach to
equilibrium for the formation of each ME isomer (iME, where i denotes the position of the C atom
with the methyl substituent) from toluene and two H2 (;p ¢0;) and their consumption via reaction
with H> to form MA (1p4imE), are:

[iME] _
NiME tol = mKill/llE,tol (2.7)

and

[MA]

NMaiME = WKA}LME (2.8)

where [tol], [IME], [MA], and [H,] are the toluene, IME, MA, and H> pressures, respectively, in
bar; and Kjpyg o and Ky ;mg are the equilibrium constants for the iME and MA formation
reactions, respectively. Figure 2.4 shows the temperature-dependent 1y ¢0; and 14 iy values
(1.4 kPa toluene, 80 kPa Hz, 393-533 K). The 0 yg to; and napmg ¢01 values were of order 107 at
393 K, indicating that IME and 4ME were formed irreversibly from toluene-H> reactants. These
values increase monotonically with temperature, eventually approaching values near unity at
higher temperatures (493-533 K), consistent with their quasi-equilibrated formation from toluene-
H> reactants. Their quasi-equilibrated formation at high temperatures accounts for the toluene-
conversion insensitive [iME] values (Figure 2.3) because [iME] values are proportional to the
toluene pressure at equilibrium, which does not change significantly at the differential conversions
for which rate measurements were carried out. The 74 1y and 14 4me values also increased
monotonically with temperature but remained below 107 at all temperatures, indicating that MA
was formed irreversibly from ME-H: reactants.

The net formation turnover rate (r;,5) for each ME isomer (iME) is given from difference
between the rate that it is formed from toluene-H:2 reactants and consumed by reaction with Ha:

Time = Qeoi»ime[t0l] — g paliME] (2.9)

where a;yimp 1S the pseudo-first-order rate constant for iME formation from toluene-H>
reactants and ;g4 1S the pseudo-first-order rate constant for the IME-H: reaction. The pseudo-
steady state IME pressure ([iME ]| pgs) reflects the pressure at which the net iIME formation rate is
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zero (g = 0), corresponding to equality between the iIME formation and consumption rates
(Xtor—»imeltol] = aiyp—maliME]). The iME pressure can be expressed as a function of the
fractional toluene conversion (X;,;; with corresponding derivation provided in Section 2.8.4):

[iME] = [iME] pss — [IME] pss exp <aLME—>MA In(1 Xtol)) (2.10)

j=1,3,4(atol—>jME)
IME and 4ME pressures described by equation 2.10 are consistent with the toluene-insensitivity
of observed 1ME and 4ME pressures when the second term in equation 2.10 is negligible and
their values equal those at pseudo-steady state ([iME] = [iME]pss). Such toluene-conversion
insensitive rates arise when the exponential term in equation 2.10 becomes small, which indicates
that the rate constant for IME hydrogenation (&;y5_ma; in the numerator of the exponential (eq
2.10)) is much larger than the sum of the iME formation rate constants (the summation term in the
denominator of the exponential (eq 2.10)). The irreversible formation of IME and 4ME species at
pressures that are insensitive to toluene conversion at low temperatures (393 K) is thus consistent
with their formation at pseudo-steady state.

Figure 2.5 shows IME and 4ME pressures as functions of toluene and Hz pressure (0.3-2
kPa toluene, 20-80 kPa Hz, 333-533 K). These 1ME and 4ME pressures were insensitive to Ha
pressure at 393-413 K and approached a second-order trend at 493-533 K. IME and 4ME pressures
showed a sublinear dependence on toluene at 393 K and approached a linear dependence at 493-
533 K. The second-order and first-order dependence of 1ME and 4ME pressure on H2 and toluene
pressure, respectively, follow the expected trends for an equilibrated mixture (as evident from
equation 2.7 with 1y 1;=1), consistent with the 71 pE +o; and 14pyg o) values that were near
unity at 493-533 K (Figure 2.4). IME and 4ME pressures showed a nearly zero-order dependence
on H> pressure and sublinear dependence on toluene pressure at 393 K, in contrast; such significant
deviation from the trends expected for an equilibrated mixture provides additional evidence for
their irreversible formation at pseudo-steady state rather than equilibrium. Kinetic trends for these
ME pressures, taken together with measured MA formation turnover rates, are used next to assess
which kinetically-relevant steps dictate MA formation and which species constitute the MASI for
Pt-catalyzed toluene hydrogenation reactions.

2.3.2. Elementary steps for toluene and methylcyclohexene hydrogenation and their consequences
for prevalent methylcyclohexene pressures.

Scheme 2.1 shows a sequence of elementary steps that account for measured MA
formation turnover rates, and which are analogous to steps for alkene and other monoarene
hydrogenation reactions on transition metal surfaces [1,40,41]. Two distinct sites are used to bind
hydrocarbons (*) and H atoms (S) based on the precedent established for reactions on surfaces
with high hydrocarbon coverages (i.e., alkane hydrogenolysis [42], alkene hydrogenation [43,44],
and monoarene hydrogenation [25,45]). The S-sites correspond to interstices among the
hydrocarbon adlayer that are sufficiently large in size to bind relatively small H atoms but not
hydrocarbon molecules. Partial toluene hydrogenation forms cyclic hydrocarbon surface
intermediates that differ in their numbers of C atoms that form c- or n-bonds with surface Pt-atoms
([19,46]). Calorimetric studies on Pt(111) have revealed that fewer benzene molecules bind at
saturation coverage (0.15 ML, 300 K [14]) than does cyclohexene (0.24 ML, 100 K [13]); these
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studies indicate that toluene and its partially hydrogenated counterparts differ in the number of
adjacent *-sites that bind them.

The relationship between reactant pressures and coverages of toluene-derived surface
intermediates, which bind to different numbers of adjacent *-sites depending on their number of
C contacts to the surface, are described in subsequent mechanistic models using a multisite,
multicomponent adsorption isotherm (adapted from the work of Nitta et al. [26] and explained in
detail in Section 2.8.5). The mechanistic conclusions reached later in Sections 2.3.4 and 2.3.5
reveal that toluene-H: reactions occur on Pt surfaces that are saturated with toluene at the
conditions of this study (20-80 kPa H2, 0.3-2 kPa toluene, 333-533 K); as a result, coverage
dependent changes to the potential energy for interactions between a toluene-derived adsorbate (4)
and the surface due to changes to the electron density of the metal [47] need not be accounted for.
In addition, 4 species bind amidst a saturated toluene monolayer; as a result, only the pair-wise
interactions between species 4; and neighboring toluene adsorbates are significant and energetic
contributions from A4:-4; are negligible. The multisite, multicomponent isotherm for the adsorption
of species A on a toluene-saturated surface (derived in detail in Section 2.8.5) is thus given as:

In(y4Ka:pa) = 06,4, — yaIn(1 = 6555), (2.11)

with

K * . '
A ]A(g) kT kT
where y, is the number of adjacent *-sites that bind species 4, p, is the partial pressure of species

A, 8, is the coverages of species 4 at *-sites, 673" is the number of toluene molecules bound per

exposed Pt site at saturation coverage, u5% is the potential energy for the interactions between
adsorbate 4 and the saturated toluene monolayer, & is Boltzmann’s constant, j,, is the internal and

vibrational partition function of the adsorbed molecule 4, j, 4y is the internal and vibration

_as A . <—62i‘“ +VA95&tuZi‘t>’ (2.12)

partitional function of the gaseous molecule 4, A is the deBroglie wavelength, and €5%¢ is the
potential energy for A4 interactions with the Pt surface at *-sites. The functional form of equation
2.11 resembles a multisite, multicomponent Langmuir isotherm because non-idealities arising

from adsorbate-adsorbate interactions and €5%¢ values are constants at saturation coverages.

Scheme 2.1 shows elementary steps involving molecular toluene adsorption at y;.;
adjacent *-sites (T*; Scheme 2.1, step 1), H2 dissociation to form H adatoms at vicinal S-sites (H-
S) (Scheme 2.1, step 2), toluene hydrogenation via sequential H-addition steps to form partially
hydrogenated toluene-derived bound intermediates with » added H atoms (TH»*, where 1 <n <5)
and yancy number of vicinal *-site vacancies (Scheme 2.1, steps 3-7), MA(g) formation via H
addition to THs* (Scheme 2.1, step 8), and TH4* desorption to form ME(g) (Scheme 2.1, step 9).
D> and benzene react to form deuterobenzenes much faster than deuterocyclohexanes on Pt
surfaces [48,49] suggesting that toluene binding and H2 dissociation steps are quasi-equilibrated,
thus leaving one or more of the H-addition steps (Scheme 2.1, steps 3-8) as the only plausible
kinetically-relevant steps. Next, a kinetic model based on the elementary steps in Scheme 2.1 is
developed in an effort to identify the kinetically-relevant elementary steps and the nature and
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coverage of prevalent MASI that best describe observed MA formation rate and ME pressure
dependences on H2 and toluene pressures.

Pseudo-steady state 1IME and 4ME pressures depended similarly on toluene and H>
pressures (Figure 2.5) indicating that the methyl substitution of the C atoms forming the double
bond did not affect the nature of the kinetically-relevant steps that governed iME formation and
consumption. Such similarity is consistent with the small difference between the free energies of
formation between these isomers (8 kJ mol™! at 393 K; from AH [50] and AS [51] of isomerization)
compared to the DFT-derived activation barriers typical of H-addition steps that mediate aromatic
ring hydrogenation, which are on the order of 60-80 kJ mol! [23]. The similar nature of the
kinetically-relevant steps for the formation and consumption of the IME and 4ME suggests, more
generally, that surface coverages of prevalent TH,* intermediates that differ in the position of the
C atom with the methyl substituent (iTH.*, where i denotes the position of the C atom with the
methyl substituent) vary with toluene and Hz pressures in a manner that is independent of the
location of the methyl group because they too are likely formed and consumed in elementary steps
with similar kinetic relevance. The combined ME pressure, denoted [ME], and the combined
coverages of iTH,* with the same H-content, denoted 87y ., are defined as:

[ME] = Z [iME] (2.13)
i=1,3,4
and
Orh, = Z OiTH 0 2.14)
i

where 0;ry . is the iTH.* coverage at *-sites.

Measured MA pressures were far from thermodynamic equilibrium with gaseous IME,
4ME, and H> at 393-533 K (Figure 2.4) indicating that ME species were hydrogenated irreversibly;
therefore, at least one of the two H-addition steps required to form MA from ME and Hz (Scheme
2.1, steps 7-8) were irreversible. The difference between the forward rate of H addition to an
ensemble of TH,* intermediates (7¢y,+1) and H abstraction from an ensemble of THa+/*
intermediates (7cy ,41) gives the net rate of TH.* conversion (¢y n41):

TcHEn+1 = TcHn+1 — TcHn+1 (2.15)

The forward rate (¥cy,+1) is proportional to the coverage of THn* and H-S reactants and the
reverse rate (o 41) i proportional to the coverage of THa+1* and vacant S-sites:

— AYcHn+1 2.16
Teun+1 = Kean+10m,50TH,« — K—cn+10507h,, .05 (2.16)

where k¢p 41 1s the forward rate constant for the reaction between TH,* and H-S form THy+1*,
85 is the coverage of vacant S-sites, k_cy 41 1s the rate constant for H abstraction from THy+1* to
form TH»* and H-S, 6, is the coverage of vacant *-sites, and Aycy 44 1s the difference between
the number of adjacent *-sites that are occupied by TH»+/* and TH,*. The functional form of
equation 2.16 is restated assuming that H> dissociation at S-sites is quasi-equilibrated (6 s =

1
KH,S [Hz]ws)i
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1 A 2.17
Femes = Kerns1KnsIHo10500,,. = K_cpinar B5Briy, 0274 @17
where Ky ¢ is the equilibrium constant for one-half H> dissociation on one S-site. The ME
hydrogenation rate (1) is derived from the fifth (Scheme 2.1, step 7) and sixth (Scheme 2.1,
step 8) H-addition rates given by equation 2.17 (evaluated for n=4 and n=5, respectively),
assuming that ME isomers bind to *-sites in quasi-equilibrium to form 87y, ., 07y . forms at

pseudo-steady state, and TH4* and THs* occupy similar ensembles of *-sites (Yry, = Vru,):

_ kCH,6KCH,5KME*K13,S[H2]HSHIME ME (2.18)
TmME = Keme 1 [ME]
1+ T Ky s[H, ]z
—CH,5

where K¢y 5 is the equilibrium constant for the reaction between THs* and H-S (K¢ys =
kcns/k_cus; Scheme 2.1, step 7), vy is the number of adjacent *-sites that are occupied by
TH4*, and Ky, is the equilibrium constant for ME adsorption at ensembles of y,,5 vicinal *-sites
(Scheme 2.1, step 9). The k¢ 6, Kcy s, K—cn 5. Kyg, and yyg terms represent averages associated
with the values for iTHs, iTH4, or iME isomers weighted by their relative abundances.

ME hydrogenation turnover rates described by equation 2.18 depend on H: pressure
arising from the combination of Hz-pressure dependent terms, S-site vacancy coverage, *-site
vacancy coverage, and the ME pressure. The observed MA formation turnover rates (1y;4) must
be equal to the ME hydrogenation turnover rates (ryp = ry4) during toluene-H: reactions to
maintain steady-state, suggesting that the MA formation rate dependence on H: and toluene
pressures can shed light on the contributions from each of the conflated terms in equation 2.18.
Substituting ry,z With 1,4 and dividing both sides of equation 2.18 by [{ME] (to give the rate to
iME ratio, denoted ;) isolates the group of terms on the right-hand side of equation 2.18
excluding [ME], which consists of kinetic and thermodynamic constants, H2 pressures, and S- and
*-site vacancy coverages:

keneKen sKue. KA s[Hy1050)ME

lpiME = - .
g; 1 + kcn,eKu,s[Hz12 (2.19)
IME kCH’_S
with

Tma
Vime = [ygT (2.20)

[iIME]
Cime = ME] (2.21)

where ;) term denotes the fraction of iIME among ME isomers.

Figure 2.6 shows ;5 and Y4 values as a function of Hz pressure (1.4 kPa toluene, 20-
80 kPa Haz, 393-533 K). These measured 1y and P, values showed between a one-half and
first-order dependence on H: pressure at 393 K and approached a first-order dependence at 493-
533 K. These observed Hz2-pressure dependences reflect the [H,] term in the numerator combined
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with the dependences of 85 (numerator), 8™F (numerator), and the term enclosed in parentheses
in the denominator of equation 2.19. The values of 65 are determined from the balance law
describing the conservation of occupied and unoccupied S-sites given by:

1
1 =05 + Ky s[H,]26s. (@22)

The 65 values depend on H: pressure ranging from negative one-half order, corresponding to
saturation coverages of S-sites with H adatoms, to zero order, corresponding to negligible coverage
of S-sites with H adatoms. The 6, values are determined from the balance law describing the
conservation of occupied and unoccupied *-sites which, assuming an ensemble of toluene-derived
surface species with an average number of y H atoms added or removed, is given:

y
1 = 6, + Kyas:[tol][H,]26]"45", (223)

where K, 455 represents the average equilibrium constant to form the prevalent MASI from toluene
and y/2 Hz, and y,,4s; 1S the average number of adjacent *-sites that bind the prevalent MASI.
These 6, values vary with Hz pressure resulting from the solution to the polynomial equation (eq
2.23) depending on the values of y and yp45;. At 393 K, the observed Y, and Y,y values
followed a dependence on H> pressure that was below first order, indicating that the first-order
dependence on Haz pressure in the numerator of equation 2.19 is partially canceled by either a
significant H2 dependence of the term enclosed in the parentheses in the denominator, significant
H-S coverages, or the presence of toluene-derived surface species at coverages that are positively
correlated with Hz pressures. The first-order Y,y and P,y dependences on H: pressure
observed at 493-533 K, on the other hand, indicate that the combined 65 and 87™F dependences
on H> pressure cancel with that of the term enclosed in the parentheses in equation 2.19. To
distinguish further between these conflated factors that contribute to the observed H2 dependences,
the nature and coverage of the *-site MASI are examined using DFT and statistical
thermodynamics to determine their contributions to observed kinetic trends.

2.3.3. Thermodynamics and relative coverages of bound intermediates during toluene
hydrogenation on Pt.

Reactions of toluene-H> mixtures occur on Pt surfaces at high coverages of toluene-derived
species because alkenes and arenes form strong covalent bonds with Pt surface atoms [5,6]. These
species bind at the same *-sites that stabilize the transition states that mediate kinetically-relevant
H-addition steps. Toluene derived species form with different H contents via incomplete
hydrogenation or dehydrogenation of toluene co-reactants. H-rich species formed from toluene
and H: via quasi-equilibrated steps are present at surface coverages that are proportional to Ha
pressure raised to the power of one-half the number of added H atoms. H-deficient species, in
contrast, liberate stoichiometric amounts of Hz(g) from cleaved C-H bonds and form at coverages
that are inversely proportional to H> pressure raised to the power of one-half the number of
removed H atoms. The Gibbs free energies of formation (eq 2.2) of these bound species are
determined from DFT-derived electronic energies and statistical thermodynamics methods to
estimate their relative coverages (Section 2.8.2) and to determine the dependence of vacant *-site
coverages on Hz pressure and consequences for toluene conversion turnover rates and prevalent
ME pressures.
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Table 2.2 shows DFT-derived electronic energies at 0 K, enthalpies, entropies, and free
energies for the formation of plausible MASI including T*, iTH.»* species, and methylenebenzene
from stoichiometric amounts of toluene(g) and Hz(g) (as described by equations 2.2-2.6) at 1/9
ML coverage. These enthalpies and entropies were evaluated at 393 K unless specified otherwise.
The optimized geometries of adsorbates are shown in Scheme 2.2 and Scheme 2.3. iTH,* for each
n value denotes a mixture of surface species that differ in the positions of the C atoms with added
H atoms relative to toluene. The iTH,* species with 2<n<5 examined here include those formed
via a sequence of elementary steps where H atoms are added to C atoms at positions that are
adjacent to C atoms saturated in previous steps, which follows the sequence of elementary steps
expected to contribute predominantly to MA formation. The methyl group for iTH»* species with
1<n<5 is positioned at C atoms that reflect the species that form from the adsorption and reaction
of 1-methyl-1,3-cyclohexadiene, 1-methylcyclohexene, and 4-methylcyclohexene. Bound 1-
methyl-1,4-cyclohexadiene was also considered because reported energies for bound 1.,4-
cyclohexadiene formation from gaseous benzene(g) and Hz(g) are more negative than that of 1,3-
cyclohexadiene on Pt(111) [38,46] thus rendering its high coverage plausible despite not being
expected to react along predominant MA formation reaction pathways. The adsorbate binding sites
reflect the methylated counterparts of the most stable structures that have been reported for
benzene hydrogenation reactions on Pt(111) surfaces [38,46]. The molecular orientations for
prevalent TH2*, THs*, and THs* species reflect those proposed for their C6 counterparts from sum
frequency generation vibrational spectroscopy [19]. Figure 2.7 shows these enthalpies, entropies,
and free energies for species with different numbers of H atoms added to or removed from toluene
molecules.

Toluene was bound at bridge sites (toluene-bri) and three-fold hcp hollow sites (toluene-
hcp) with calculated enthalpies of formation from toluene(g) of -134 and -86.4 kJ mol™,
respectively. H addition to T* occurred endothermically to form 1-methyl-6-hydrobenzene-hcp
and 2-methyl-6-hydrobenzene-bri with enthalpies of formation from toluene(g) and ' Hz(g) of -
96 and -121 kJ mol!, respectively. The second H-atom addition formed 1-methyl-5,6-
dihydrobenzene-bri and 1-methyl-5,6-dihydrobenzene-hcp with enthalpies of formation from
toluene(g) and Ha(g) of -93.1 and -146 kJ mol!, respectively. 1-Methyl-3,6-dihydrobenzene-bri,
formed from T* via H addition at the 3 and 6 C positions, showed a more negative change in
enthalpy from the same reactants (-184 kJ mol™!, 393 K) than the 1-methyl-5,6-dihydrobenzene
counterparts. Three H-atom additions to adjacent C atoms of T* formed 2-methyl-4,5,6-
trihydrobenzene-hcp and 5-methyl-4,5,6-trihydrobenzene-hcp with enthalpies of formation from
toluene(g) and 3/2 Hx(g) of -158 and -159 kJ mol™!, respectively. The bound 1-methylcyclohexene
and 4-methylcyclohexene molecules formed two C-Pt bonds at vicinal Pt atoms (denoted 1-
methylcyclohexene-bri and 4-methylcyclohexene-bri, respectively) with enthalpies of formation
from toluene and 2 Ha(g) of -156 and -160 kJ mol!, respectively. H addition to these
methylcyclohexene intermediates formed 1-methylcyclohexyl and 4-methylcyclohexyl with a
single C-Pt bond at the atop position (denoted 1-methylcyclohexyl-atop and 4-methylcyclohexyl-
atop, respectively) with enthalpies of formation from toluene and 5/2 Ha(g) of -175 and -181 kJ
mol™!, respectively. The iTHs*, iTHs*, and iTHs* species along with 1-methyl-3,6-
dihydrobenzene-bri and 1-methyl-5,6-dihydrobenzene-hcp form from toluene(g) and Hz(g) and
the bare Pt with more negative enthalpies than toluene-bri (the most stable adsorbed state of
toluene); these values reflect a significant enthalpic driving force towards Pt surface coverage by
partially hydrogenated toluene-derived species in favor of T*.
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The enthalpic driving force that favors high coverages of partially hydrogenated toluene-
derived species on Pt surfaces from the gaseous reactants is offset, for the most part, by an entropic
penalty to form C-H bonds from stoichiometric amounts of Hz(g). The entropies to form bound
species from stoichiometric amounts of toluene and H: reactants decreased linearly with the
number of H atoms added with a slope of -73 J K'! g-atom H! (Figure 2.7). The entropies of
formation of gaseous methylcyclohexadiene isomers, ME isomers, and MA from H2-toluene
reactants [51] showed a similar linear decrease with the number of H atoms added with a slope of
-66 J K'! g-atom H!' (Figure 2.7). The similar slopes indicate that a similar decrease in entropy
occurs whether Ha(g) reacts with gaseous or bound hydrocarbon species. Such decreases in entropy
resulting from H2(g) consumption are accounted for by the loss of H2(g) translational entropy (64
J K! g-atom H!, 393 K, equation 2.876), by in large, because Hx(g) translational degrees of
freedom are converted to lower entropy vibrational and rotational modes in the hydrocarbon
moiety.

The free energies to form toluene-derived surface species from toluene(g), H2(g) and the
bare surface were determined from the corresponding changes in enthalpies and entropies (eq 2.4).
Toluene-bri showed a free energy of formation of -57 and -38 kJ mol™! at 393 K and 493 K,
respectively. 1-Methyl-3,6-dihydrotoluene-bri showed a negative free energy of formation (-24 kJ
mol ™) that was 16 kJ mol™! less negative than that of toluene-bri at 493 K and therefore unlikely
to form at significant surface coverages. At 393 K, however, 1-methyl-3,6-dihydrotoluene-bri
formed with a free energy of -56 kJ mol™! that was comparable to that of toluene-bri; therefore, it
would coexist at comparable coverages with toluene-bri at equilibrium. All other partially
hydrogenated toluene-derived species had less negative (or even positive) free energies of
formation and thus would not compete with toluene-bri.

The cleavage of a benzyl C-H bond from toluene-bri formed methylenebenzene-bri and 2
H2(g) in an endothermic step with an entropy gain caused by the evolution of H2(g).
Methylenebenzene-bri and ¥ Ha(g) formed from toluene(g) with an enthalpy of -69.3 kJ mol,
which is 65 kJ mol™! less negative than the formation enthalpy for toluene-bri (-134 kJ mol!) from
the same reactants. Methylenebenzene-bri and /2 Ha(g) formed from toluene(g) with an entropy
change of -143 J mol ! K-!, which was 51 J mol"' K! less negative than the entropy change to form
toluene-bri from toluene(g) because of the translational entropy gained from the evolved 2 Ha(g).
These enthalpies and entropies combined to give a free energy to form methylenebenzene-bri and
72 Ha(g) from toluene(g) that is less negative than that of toluene-bri (333-533 K), indicating a
thermodynamic preference for high toluene-bri covered surfaces in favor of methylenebenzene-bri
(at Ha pressures above 1x10713 and 1x10° kPa at 333 and 533 K, respectively).

2.3.4. Kinetically-relevant steps for toluene hydrogenation at low temperatures (333-393 K) and
the chemical significance of the relevant kinetic and thermodynamic parameters for
methylcyclohexane formation.

IME and 4ME formed irreversibly from toluene and Hz at 393 K which renders one or
more of the first four H-addition steps to toluene (Scheme 2.1, steps 3-6) kinetically relevant and
irreversible. MA formation turnover rates must therefore be equal to the forward rate of H addition
to the first group of TH,* intermediates that react irreversibly, denoted TH.*, given by the first
term in equation 2.17:
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- 1 2.24
Tenp+1 = Kenxr1Kns[H2120507y . (229)

where k¢p 41 18 the first-order rate constant for the reaction between THx* and H-S and Oy . is
the coverage of TH.* at *-sites.

MA formation turnover rates at 333-393 K showed a dependence on Hz pressure between
one-half-order and first-order (Figure 2.2) which exceeds that of the expected half-order H>
pressure dependence in equation 2.24; this indicates that the values of the S-site vacancy (6s) and
TH.* coverage terms (87y,_.) combine to give a positive dependence on Hz pressure between zero

and one-half order. The 6 values (eq 2.22) do not have positive dependences on Hz pressure; as a
result, the larger than one-half order H2 dependence of MA formation turnover rates must arise
instead from a 07y . term that increases with increasing Hz pressure. THx* forms from a series of
H additions to bound toluene (Scheme 2.1, steps 3-6) and forms at coverages that depend on H>
pressure related to the number of added H atoms and the reversibility of the H-addition steps. If
the H-addition steps that form THx* are in quasi-equilibrium with bound toluene and Hx(g),
equation 2.24 becomes:

x+1
Fopees = kTHxH,tothol*[Hz]lT[tol] gt 229)
(1+ KuslH12)
with
x
KrHerqtot = Kemxet H(KCHJ-) Kit! (2.26)
i=1

The functional form of equation 2.25 is thus proportional to the (x+1)/2 H2 pressure in the
numerator and to any Hz pressure dependences arising from the 6, %! term in the numerator. The
Yt term reflects the coverage of y,,; numbers of adjacent *-sites, which can be determined from
the balance law describing the conservation of occupied and unoccupied *-sites at the Pt surface
during reaction (eq 2.23). MA formation turnover rates at 333-393 K were insensitive to toluene
pressure; as a result, a toluene-derived species must be present as the MASI so as to cancel the
toluene pressure terms in the numerator arising from the kinetically-relevant H-addition transition
states. The DFT-based modeling reported in Section 2.3.3 revealed that among plausible toluene-
derived surface species, toluene-bri and 1-methyl-3,6-dihydrobenzene-bri formed with the most
negative free energies relative to stoichiometric amounts of toluene(g), H2(g), and the bare Pt(111)
slab. These data indicate that bound forms of toluene and 1-methyl-3,6-dihydrobenzene are likely
the most prevalent surface species. The balance on occupied and unoccupied surface sites
including these bound species and *-site vacancies is restated (from eq 2.23), assuming that
toluene and 1-methyl-3,6-dihydrobenzene occupy the same number of adjacent Pt-sites (6)%), as:

1 =6, + Ko [tol]6)*" + Kimzepup.[Ha1[tol]6) ™, (2.27)

where K; y36pup denotes the equilibrium constant to form bound 1-methyl-3,6-dihydrobenzene
from gaseous toluene and H2 molecules.
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The effects of Hz pressure on measured MA formation rates indicate a kinetic order of 0.5-
1, which is consistent with MA formation rates limited by an irreversible TH3*+H-S reaction
(Scheme 2.1, step 6; equation 2.25 with x=3) occurring on a surface predominantly covered by
1-methyl-3,6-dihydrobenzene (equation 2.27; with only the third term in the right-hand side being
prevalent):

kTH4,tothol* [HZ]

1
Kimzepups (1 + Kys [Hz]i)
The rates of C-H cleavage from THa* (T-py4; Scheme 2.1, step 6) must be small for the TH3*+H-
S reaction (Scheme 2.1, step 6) to be kinetically relevant and for ME intermediates to form
irreversibly. The ¢y, value is described by the second term on the left-hand side of equation 2.17:
Tena = k—CH,4959TH4*9*A vens, (2.29)
The functional form of equation 2.29 is restated by substituting the s term with its value from
equation 2.22 and assuming that ME adsorption is quasi-equilibrated:

(2.28)

Tcaa =

k_cuaKuE- [ME ]91/ ME+AYCHA

(1 + KuslH12)
The functional form of equation 2.30 is restated further by assuming that the sum of y,,; and
Aycy 4, which constitutes the number of adjacent *-sites that are occupied by the TH3*
intermediates formed by H abstraction from TH4*, is equal to y;,; and by substituting the resulting
67! term with its value from equation 2.27 for a IM13CHD-covered surface (with only the third
term in the right-hand side being prevalent):

(2.30)

Tcaa =

k—CHA-KME* [ME]

I
Kim3epup«[Hz][tol] (1 + KH,S[HZ]E>
These 7y 4 and T¢yy values can be related to one another at a hypothetical thermodynamic
equilibrium between gaseous toluene, H2, and ME. Equilibrated ME formation from toluene and
Ha reactants indicate that the net rates of the elementary steps that mediate ME formation (Scheme
2.1, step 1-6, 9) are zero. The 7¢y; 4 (eq 2.28) and 4 (eq 2.30) values evaluated at equilibrium
pressures of ME ([ME],, = [1ME].4 + [3ME].q + [4ME].q), H2 ([H;]cq), and toluene ([tol].q)

are equal as a consequence, giving the following relation:

}FCH‘I- - (2.31)

k_chaKueKeorome[Hzleq
T (2.32)
Kimzepnup« <1 + KH,S[H2]£q>

where Ky g ¢, 15 the equilibrium constant for gaseous ME formation from toluene and 2 Ho.

= —
TcHa =

The left-hand side of equation 2.32 (7¢y 4) is equal to the measured MA formation turnover
rate because ME forms irreversibly from toluene-H: reactants. Evaluation of the terms on the right-
hand side of the equation based on theoretical and experimental values can determine whether
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TH3*+H-S limited MA formation is consistent with observed MA formation turnover rates. The
Kio1-mE Value is 0.68 bar? (393 K) based on reported enthalpies and entropies [51]. The Ky z.
values were calculated to be 8.2 x10° and 2.4 x10® bar™! for IME and 4ME adsorption, respectively
from DFT-derived free energies of formation of surface bound 1-methylcyclohexene-bri from
gaseous 1ME and H> and 4-methylcyclohexene-bri (Scheme 2.3) from gaseous 4ME and Ha, as
reported in Table 2.3. The K y/36pup. Value was calculated to be 1.9 x10” bar? (393 K) based on
the free energy of formation of 1-methyl-5,6-dihydrobenzene-hcp from gaseous toluene and H>
(Table 2.2). The Kj; s value (0.2+0.1 bar") was determined by regressing the rate data in Figure
2.2 at 393 K to the functional form of equation 2.28. The k_y 4, value was given by the reported
DFT-derived rate constant to cleave a C-H bond from bound cyclohexene (5.1 x10* bar! s'; PW91
functional [20]). These DFT-derived kinetic and thermodynamic rate constants combined to give
values to the right-hand side of equation 2.32 of 1.0 x10* and 2.9 x10° mole MA g-atom Pts"! 5!
for IME and 4ME, respectively; these values are much larger than the measured MA formation
turnover rates (0.14 mole MA g-atom Pts!' s'') indicating these measured these rates are not
consistent with the kinetic model for MA formation limited TH3*+H-S reactions occurring on a 1-
methyl-3,6-dihydrobenzene-covered surface.

The effects of Hz pressure on MA formation rates may reflect instead kinetically-relevant
TH1*+H-S reactions on toluene-covered surfaces. The forward rate of THi*+H-S reactions
(Scheme 2.1, step 4) is given by the forward rate of reaction from equation 2.25 (x=1) with the
67! term substituted with the value from equation 2.27 for a toluene covered surface (i.e. 1 =
Keor[tol]6)%h):

- kTHZ,tOl[HZ] (233)

TcH2 = 1

1+ Ky s[H,]?
These steps limit not only MA formation but also ME formation and must occur irreversibly to
account for the IME and 4ME intermediates formed at pressures well below their equilibrium
limits; as a result, the 7¢y; , values describe overall MA formation turnover rates. Such purported
irreversibility of the THi*+H-S reaction requires that rates of C-H cleavage from TH>*
intermediates (7¢y ») be small in comparison. The 7y , value is described by the second term on

the left-hand side of equation 2.17 and by substituting the 85 term with its value from equation
2.22:

A
k_ch,207H,+9, venz (2.34)

1+ Kys [Hz]%

The relation between 7y , and iy , at a hypothetical equilibrium between toluene, Ha,
and ME can be leveraged to determine whether the kinetic and thermodynamic parameters in
equations 2.33 and 2.34 are reasonable. The 7¢y, , and 7y , values are equal for an equilibrated
mixture of toluene, H>, and ME:

s —
Tca2 =
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AycH,
K_ch,207H,:0. e (2.35)
T
1+ Ky s[H,]2
For an equilibrated mixture of toluene, H2, and ME, the elementary steps that catalyze the reaction
must also be equilibrated; consequently, TH2* coverages follow an equilibrium relationship with
gaseous ME:

Tca2 =

Y
P _ KensKenaKue[ME] 40, e (2.36)
TH,*,eq [Hz]eq '
Substituting the 7y, . term in equation 2.35 with its equilibrium value (eq 2.36) and substituting

YTH, TAYcH 2
*

the resulting 6 term with its value from equation 2.27 (assuming that yry, + Aycy, =

Yeo1) for a toluene covered surface (i.e. 1 = K. [tol]6)%") gives:

k—CH,ZKCH,3KCH,4KME*KtOl—>ME [Hz]eq

1
Kol (1 + Ky s [Hz]i)

The left-hand side of equation 2.37 (7 ;) is equal to the measured MA formation turnover
rate (0.14 mole MA g-atom Pts! s') because ME forms irreversibly from toluene-H: reactants.
Evaluation of the terms on the right-hand side of the equation based on theoretical and
experimental values can determine whether TH1*+H-S limited MA formation is consistent with
observed MA formation turnover rates. The K,y value is 0.68 bar? (393 K) based on reported
enthalpies and entropies [51]. The K),z. values were calculated to be 8.2 x10° and 2.4 x108 bar™!
for IME and 4ME adsorption, respectively from DFT-derived free energies of formation of surface
bound 1-methylcyclohexene-bri from gaseous IME and H2 and 4-methylcyclohexene-bri (Scheme
2.3) from gaseous 4ME and Ha, as reported in Table 2.3. The K;,,;, in the denominator of the right-
hand side of equation 2.37 was calculated to be 4.5 x107 bar! (393 K) based on DFT-derived
enthalpies and entropies to form toluene-bri (the most stable toluene adsorbate species) from
gaseous toluene at Pt(111) surfaces (Table 2.2). The K¢y 3Ky 4 terms on the left-hand side of
equation 2.37 combine to describe the equilibrium constant for the formation of TH4* from TH2*
and a gaseous H> molecule. The values of K¢y 3Kcy 4 were calculated from the change in free

(2.37)

s —
Tca2 =

energy to form 4-methylcyclohexene-bri and 1-methylcyclohexene-bri, respectively, from 1-
methyl-5,6-dihydrobenzene-hcp and gaseous Hx(g) (Table 2.2) to be 1.0 x107° bar! and 3.3 x10°
bar!. The k_cy , value was given by the reported DFT-derived rate constant to cleave a C-H bond
from bound dihydrobenzene (1.4x10° bar! s'; PW91 functional [20]). These DFT-derived kinetic
and thermodynamic parameters combined to give values of the right-hand side of equation 2.37
(1.2 and 110 mole MA g-atom Pts"' s for IME and 4ME, respectively) that differed from the 7¢y ,
value (0.14 mole MA g-atom Pts! s) by factors of 10 and 10° for IME and 4ME, respectively.
The closer agreement between terms on the left and right-hand sides of equation 2.37 than
equation 2.32 indicates that the measured MA formation turnover rate kinetic trends are best
explained by MA formation limited by TH:1*-H-S reactions (Scheme 2.1, step 4) occurring on a
toluene-covered surface. Such purported presence of bound forms of molecular toluene, rather
than 1-methyl-3,6-dihydrotoluene, as the MASI is consistent with evidence for benzene-saturated
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surfaces during benzene hydrogenation (rather than partially hydrogenated forms of benzene) on
Pt(111) (1-2 kPa benzene, 2-20 kPa H2, 310-440 K) studied using sum frequency generation
vibrational spectroscopy [12].

The presence of ME intermediates at pseudo-steady state concentrations indicates that MA
formation and ME hydrogenation turnover rates are equal; pseudo-steady state iIME pressures at
393 K ([iME]323X) can therefore be obtained by equating equations 2.18 and 2.33, and
substituting the resulting [ME] term with its value from equation 2.21:

k 1
kime,2cuSimEe (1 + k_CCH:S Ky s [Hz]z) (2.38)
[iIME]33¢ = gYME )
where
Kime2cn = Kty ol : (2.39)
’ ken,6KensKueKi s

The values of 8% do not depend on H> pressure for conditions in which *-sites are covered with
molecularly bound forms of toluene leaving the summation term in the parentheses of equation
2.38 as the only origin of Hz-pressure dependence. Measured pseudo-steady state IME and 4ME
pressures were independent of Hz pressure at 393 K (Figure 2.5) indicating that the H>-dependent

1
kkc”'ﬁ Ky s[H,]2), consistent with ME
—CH,5

term on right-hand side of equation 2.38 is negligible (1 »

conversion limited by the second respective H-addition step.

The conclusion that MA formation is limited by TH1*+H-S reactions (Scheme 2.1, step 4)
enables rigorous assessment of the chemical significance of the kinetic and thermodynamic
parameters that govern its rates. The kry, 1o term (kcu2Ken1KF s from equation 2.26 with an
x=1) represents the equilibrium constants for the formation of TH1*+H-S from bound toluene and
one Hz(g) molecule (K¢ 1K ,_2,’5) and the forward rate constant for the THi*+H-S reaction (k¢y ).
The K1y, to; term depends exponentially on the difference in free energy between the transition
state for the TH1*+H-S reaction (denoted 2CH TS, with free energy GgH'Z) and the reactant state
consisting of adsorbed toluene (G;.) and one Ha(g) molecule (G, ), according to transition state
theory formalisms [52,53]:

o keT AGy o (2.40)
2H,tol = TeXp “ kT /)
with
AG}y v = Géz — Grote — G, (2.41)

The Ky s term reflects the free energy of formation of H-S (G 5) from 2 H2(g) and a bare S-site
(Gs):

AGH,S) (2.42)

K s = exp (_ RT
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where AGy ¢ 1s given by:
1 2.43
AGys = Gys — EGH ( )

The enthalpy and entropy components OfAG;H,tol (AG;HIO[ = AH;H,W - TAH;H’W) and AGy s

— G,.

2

(AGy s = AHy ¢ — TASy 5) were determined by regressing MA formation turnover rate values at
333-393 K, 0.35-2.1 kPa toluene, and 10-80 kPa Hz to the functional form of equation 2.33; their
values and uncertainties are reported in Table 2.4. Figure 2.8 shows a logarithmic plot of parity
for measured and predicted MA formation turnover rates at the same conditions to demonstrate
the excellent agreement between the mechanism-based kinetic model and measured MA formation
turnover rates.

The measured AHy s value was -26 + 6 kJ g-atom H™'; this negative value indicates an
enthalpic driving force for Ha dissociation at S-sites amongst a toluene adlayer. Heats of Ha
dissociative adsorption (Qy, = —AHy,, where AHy, is the change in enthalpy upon dissociating
Hz(g) into bound H atoms on Pt surfaces without co-adsorbed hydrocarbons) from Hz uptakes
(473-673 K) on supported Pt nanoparticles (1.6, 3.0, and 9.1 nm mean cluster diameters) lie
between 24 and 28 kJ g-atom H' at 0.2 ML, 20-23 kJ g-atom H!' at 0.5 ML, and approaches near
zero values at 1.0 ML where Pt-H interactions are weakened by through surface repulsive
interactions [54]. Calorimetric data on Pt filaments at 273 K give Qp, values of 50 kJ mol!
extrapolated to 0 ML coverage, 40 kJ mol™ at 0.6 ML coverage, and <30 kJ mol™! at 0.8 ML [55].
The Qy s (—AHy 5) values derived from measured rates and the functional form of equation 2.33
(26 £ 6 kJ mol™) are similar to those measured on Pt surfaces at near-saturation H* coverages,
indicating that the measured AHy s value is typical of H> adsorption processes and that the
kinetics-based model gave chemically realistic values.

The measured A4Sy s value (-50 = 30 J g-atom H ' K™') indicates a loss of entropy upon
dissociation of Hz into two H-S species on a crowded Pt surface. The predominant contribution to
the Hx(g) entropy (Su,(gy; 77 J g-atom H!' K at 1 bar and 393 K (eq 2.S68)) comes from the
translational entropy of the H2 molecule (Sy,(g) trans; 64 kJ g-atom H' (eq 2.873)). Upon H>
dissociation, translational modes become hindered translations and vibrations for H-S species. The
magnitude of these measured A4Sy ¢ values are within a factor of 1.3 of Sy, (g) trans, accounting for

a significant loss in entropy as the Hz(g) translational degrees of freedom are converted to the H-
S translational and vibrational degrees of freedom that have smaller entropies. Such a loss of
entropy is consistent with reported entropies of Hz adsorption on Pt surfaces [54], further
demonstrating that the kinetics-based model gave reasonable values compared with relevant
experimental benchmarks.

The measured AH; H oy Value (+41 £ 5 kJ mol™!) reflects the positive enthalpy change to
form the transition state for the second H-addition step (2CH TS) from the T* and one Ha(g)
molecule. This AH;E 1 tor Value can be expressed in terms of the enthalpic barrier to form the 2CH

TS from TH1* and H-S (AH:CFH,Z), its immediate precursors, and the change in enthalpy to form
TH:1* and H-S from T* and one Ha(g) molecule (AHry, « to1« ~ AHy s):

AHZ*H,tol = AH:CFH,Z + AHpy s to1« + AHy s (2.44)
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with

AHgH,Z = HéI:‘H,Z —Hry,« —Hys (2.45)

and
1 2.46
AHTHl*,tol* = HTHl* — Hiore — EHHZ ( )

where Hry . is the TH1* enthalpy. The equation for AHry . 101+ (€q 2.46) can be rewritten in terms
of the enthalpies to form TH1* (AHry, .) and bound toluene (AH,; ) from toluene(g) and Ha(g):

AHry, «to1x = AHry .« — AHops (2.47)
with
1
AHry,« = Hryyo — Heor — EHHz (2.48)
and
AHo12 = Hyope — Heop (2.49)

where H,,, is the toluene(g) enthalpy. AH;;, is calculated from the DFT-derived enthalpy to form
toluene-bri from toluene(g) (-134 kJ mol™! at 393 K, Table 2.2) and AHyy _» 18 calculated from the
DFT-derived enthalpy to form 1-methyl-6-hydrobenzene-hol (the most stable among TH1* species
considered in Section 2.3.3) from toluene(g) and % Ha(g) (-121 kJ mol™! at 393 K, Table 2.2);
these values give a AHpy . to1. value of +13 kJ mol . AHjClEH,2 is for toluene hydrogenation is
approximated by the reported DFT-derived enthalpy of formation of the transition state that
mediates the reaction between H-S and bound monohydrobenzene to form bound dihydrobenzene
on Pt(111) (64 kJ mol™! at 393 K) from Sabbe et al. [20]. The DFT-derived AH7y, « o1+ value and

the reported AH, gy,z value, taken together with the measured AHy 5 (-26 + 6 kJ g-atom H™', Table

2.4),givea AH;F 1 tor Value of +51 + 6 kJ mol™!, which is similar in magnitude to measured AH; H tol

values (+41 + 5) which demonstrates good agreement between the measured enthalpies for the
parameters in the mechanism-based kinetic model and the DFT-derived enthalpies for the chemical
transformations that they represent.

The measured AS;F 1 tor Values (<150 £ 10 J mol ' K™') indicate a significant decrease in
entropy to form the transition states that mediates TH1*+H-S reactions from T* and a gaseous Ha
molecule. This A4S,y ¢, value is comparable to the change in entropy for the gas phase reaction to
form 1-methyl-1,3-cyclohexadiene from toluene and H2 based on reported experimental results (-
118 J mol™! K™! [51]). These negative entropy changes are accounted for in large part by the loss
of Hx(g) translational entropy (128 J molm>™! K!) as Ha(g) translational degrees of freedom are
converted to lower entropy vibrational and rotational modes in the bound or gaseous hydrocarbon
moieties.

2.3.5. Kinetically-relevant steps, chemical significance of the relevant kinetic and thermodynamic
parameters, and origins of the negative temperature dependence for toluene hydrogenation at high
temperatures (493-533 K).

The ratios of the MA formation turnover rate to IME pressure (1 y5; €q 2.16) and to 4ME
pressure (Y4 e; €q 2.16) increased linearly with Hz pressure at 493-533 K (Figure 2.6). The Y1 &
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and 1, values predicted by equation 2.19 depend on Ha pressure through the [H,] term in the
numerator, g (numerator), and 6F (numerator), and the collection of terms enclosed in the
parenthesis in the denominator. The DFT-derived free energy of formation of bound toluene from
its gaseous form is at least 16 kJ mol! more negative than that of other toluene-derived bound
species from stoichiometric amounts of gaseous toluene and H2 on Pt(111) (493 K, Table 2.2, with
I-methyl-3,6-dihydrotoluene having the next lowest energy); thus, toluene is the most likely
among plausible adsorbates to bind to *-sites at significant coverages. Toluene coverages do not
depend on H2 pressures, leading to 6, values that are also independent of Hz pressure for toluene-
covered surfaces (eq 2.27). The magnitude of 65 (eq 2.22) may depend on H> pressure, however,
with such dependences ranging from (H2)*° (for saturation H-S coverages) to zero order (at low
H-S§ coverages). S-sites must be predominantly bare (at 493-533 K) for 65 to retain a H2 pressure
dependence because significant H-S coverages would lead to the cancelation of the [H,] term in
equation 2.19 (numerator) to give PY,yp and Y, values that have a sublinear H2 pressure

1
dependence. The k¢y 6Ky s[Ho12/kcy —5 term in equation 2.19 must also be much smaller than

1
unity (1 < key Ky s [H,]z/ kcy —s) for the terms in the parenthesis in the denominator to be
independent of Hz pressure so as not to cancel with the Hz pressure term in the numerator. Such

1
key 6Ky s[H, ]2 / kcy —s values reflect effective rate constants for H abstraction from THs* (k¢y —s;

Scheme 2.1, step 7) that are much larger than those of H addition to THs* (kCH,eKH,s[Hz]%;
Scheme 2.1, step 8), resulting in quasi-equilibrated THs* formation from ME(g) and 2 H2(g).
Measured Y, 5 and Y, values can therefore be described by the following restated form of the
equation 2.19 with negligible H-S coverage and quasi-equilibrated THs* formation:

kCH,6KCH,5KME*KI~21,S[HZ]HZME (250)

{imE

lpiME,HT =

where Y,y yr denotes the Yy, values at the conditions of high temperatures (493-533 K) with
kinetic trends shown in Figure 2.6.

Figure 2.9 shows measured 1, 5 and 1,5 values as a function of toluene pressure at 80
kPa Hz and 493-533 K. These Y, 5 and ¥, values showed kinetic orders in toluene pressure
between -1 and 0 (near one-half order) that were nearly independent of temperature. The ;g
and Y, values predicted by the functional form of equation 2.50 depend on toluene pressure
arising from the 8™* term. The 6, values are determined from the previously-defined balance law
describing the conservation of occupied and unoccupied *-sites (eq 2.27; where the second term
pertaining to the 1-methyl-3,6-dihydrobenzene coverage is negligible because it has a 16 kJ mol’!
(at 493 K) less negative free energy of formation than toluene (Table 2.2)). These 6, values depend
inversely on [tol]Yto! for toluene-saturated surfaces and are independent of toluene pressure for
essentially bare surfaces. Pt surfaces during reaction conditions may reflect the low coverage limit,
(corresponding to a zero-order dependence), high toluene coverage limit (corresponding to a
[tol]7Ytol dependence), or fall somewhere in between. The measured Y,yp and Yuyg
dependences on toluene pressure (near one-half order) are thus consistent with one of two plausible
explanations: (i) bound toluene is the sole MASI and binds to an ensemble of adjacent *-sites (V¢,;)
that is larger than that for the transition state that mediates the THs*+H-S reaction (6CH TS;
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Scheme 2.1, step 9; Vy5; Yior > Yue); or (i1) bound toluene and 6CH TS (y¢o; = YmEe ) Occupy
similar ensembles of adjacent *-sites, and both bound toluene and *-site vacancies constitute the
MASI. The measured values of both ;g and Y,y showed similar toluene pressure
dependences at temperatures between 493 K to 533 K, indicating that 87F must also be
insensitive to temperature. For scenario (i), 6, values are evaluated from equation 2.27 for
toluene-saturated surfaces to give /¥ values:

OYME = (K,op.[tol])~€ME, (2.51)
with
Y
T (2.52)
Ytot

The 6/ values described by the functional form of equation 2.51 are inversely proportional to
toluene pressure raised to the €y power which describes the smaller size of 6CH TS compared
with the toluene MASI. This [tol] €ME dependence is unaffected by changes in temperature

because only the Kt:;*ME term in equation 2.51 has a temperature dependence. Scenario (ii), in

contrast, is characterized by both 8, and K,,;,[tol]0)*" terms in equation 2.27 that are significant;
in this case, K;,;. must be independent of temperature for 87F values to be insensitive to
temperature. The K;,;, values from DFT-derived toluene adsorption enthalpies and entropies (K =
exp(— H/RT + S/R), Table 2.2) differed about 10-fold in this temperature range (1.2x10* bar’!
at 493 K; 1.0x10° bar! at 533 K); it is thus unlikely that scenario (ii) retains the same toluene-
pressure dependences across the temperature range. A toluene-saturated surface with €, values
smaller than unity (scenario (i)) represents, in turn, the explanation most consistent with the
observed Y, and Y, trends.

The conclusion that THs* intermediates are formed in quasi-equilibrium with their

1
respective iME precursors and %4 Hz (such that k¢y 6Ky s[Ho12/ ke —5<<1) enables the following
simplification of the functional form describing the combined ME hydrogenation rates (7yg;
equation 2.15):

T™mME = kCH,6KCH,5KME*KI-ZI,S[HZ]HSHIME[ME] (2.53)

The functional form of equation 2.53 is restated as a function the pressure of each iIME isomer by
substituting the [ME] term with its value from equation 2.17, and equating it to the
methylcyclohexane formation rate (1,4, because MA is the sole product of the ME hydrogenation
reaction):

N kcr,6KensKue KB s[Hy1056ME[iME] (2.54)
MA —

SimEe
The observation that Pt surfaces are saturated with toluene even at these higher temperatures allows

for equation 2.54 to be simplified further by substituting the 87 term with its value from the
solution of equation 2.27 (with only the second term being significant):

. _ kyaimelH,]
MA ™ [tol]emE

(iME] (2.55)

with
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kewoKen sKue-Ki s (2.56)

€EME
(l'MEKtol*

kMA,iME =

The resulting functional form (eq 2.56) describes MA formation turnover rates as a function of
toluene, H2, and iME pressures with only two relevant parameters (k4 ;yr and €pg). The kg ime
term consists of kinetic and thermodynamic parameters that describe the forward rate constant for
THs*+H-S reactions (k¢y ¢; Scheme 2.1, step 8), the desorption of €),r bound toluene molecules
from the toluene adlayer (K, ;) to form an ensemble of ¥, adjacent *-sites, THs* and H-S
formation from one ME(g) and one Hx(g) molecule at an ensemble of y,; adjacent *-sites
(Scheme 2.1, step 2,7,9), and the ratio of the iME to combined ME pressures ({jyg, eq 2.21).
kyaive depends exponentially on the difference between the free energy of the prevalent
transition states for the THs*+H-S reactions (denoted 6CH TS, with free energy GgHﬁ) with €yg
toluene(g) molecules (€, G¢;) and the free energy of the reactant state consisting of €, adsorbed
toluene molecules (€ygGioi4), one Ha(g) molecule (Gy, ), and one iME(g) molecule (Giyg),

according to transition state theory formalisms [52,53]:

kgT AGyaimE 1
with
AGuyaime = Giye — Gy — Gime — €me(Grore + Geot) (2.58)

(ime values could not be measured directly because 3ME intermediates were not detectable. 3ME
and 4ME both have double bonds at pairs of secondary C atoms whereas the double bond of IME
forms at a secondary-tertiary C atom pair. The similar substitution of the C atoms that form the
double bond in 3ME and 4ME is reflected in the small free energy change to form 3ME from 4ME
(+2 kJ mol™, 493 K [51]) compared with the free energy change to form 3ME from 1ME (8 kJ
mol™!, 493 K [51]). Pseudo-steady state 3ME pressures were approximated by measured 4ME
values (Figure 2.5), in light of their similar energetics and structures, to describe {;y by the
following restated form of equation 2.21:

_ [(ME] (2.59)
Simr = 2[4ME] + [IME]
The enthalpy and entropy components of AG,y iyg (AGopy ive = AHyy iy — TASy 4 imp) Were
determined by regressing the measured 13,4, [IME], and {;r values at 493-533 K (0.35-2.1 kPa
toluene and 10-80 kPa H2) to the functional form of equation 2.55 with temperature-dependent
kyaime values; their values and uncertainties are reported in Table 2.4. Figure 2.10 shows a

logarithmic plot of parity for measured and predicted ¥;p yr values at the same conditions to
demonstrate the excellent agreement between the mechanism-based kinetic model and measured

wl'ME,HT values.

The measured €, values were 0.54 + 0.06 and 0.51 = 0.06 for regression of Y1 yg-CimE
and Y, e-Camp values to equation 2.55, respectively, corresponding to a nearly two-fold larger
ensemble of adjacent *-sites required to bind toluene (y;,;) than prevalent 6CH TS (yg). Bound
toluene was shown to form from toluene(g) with the most negative change in free energy at the
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bridge position (Table 2.2) forming covalent bonds with four adjacent Pt-atoms and with the plane
of the ring oriented in parallel with the surface (Scheme 2.2). Methylcyclohexyl species formed
from toluene(g) and 5/2 Ha(g) were shown to bind at the atop position and in the chair
conformation with the saturated C atoms of the ring extending upwards and perpendicular to the
Pt surface (Scheme 2.3). Occupied surface areas for bound toluene-bri and 4-methylcyclohexyl-
atop were calculated to be 0.414 and 0.301 nm?, respectively, from the projection of the atomic
volumes of C and H atoms (calculated from their van der Waals radii) at their optimized
coordinates onto the plane of the Pt(111). The relatively larger van der Waals area for toluene-bri
is directionally consistent with a larger y;,; value than y,,z reflected in measured €,, values that
were less than one. The larger y;,; value than y, is also consistent with calorimetric studies that
report that fewer benzene molecules bind to form a saturated monolayer (0.15 ML, 300 K [14])
than do cyclohexene (0.24 ML, 100 K [13]) on Pt(111) surfaces, indicating that benzene occupies
a larger number adjacent Pt-atoms than cyclohexene on Pt surfaces with high hydrocarbon
coverages.

The negative measured AHy 4 1y and AHy g 4m5 values (-14 + 4 kJ mol ™ and -29 + 4 kJ
mol!, respectively) reflect an enthalpic driving force to form the transition states, consisting of the
prevalent 6CH TS and €, toluene(g) molecules, from the reactant state, consisting of €,z bound
toluene molecules, H2(g), and IME(g) or 4ME(g), respectively. These measured enthalpy changes
can be expressed in terms of the change in enthalpy to form the prevalent 6CH TS from THs* and

H-S intermediates (AHEH’G)); the change in enthalpy to form prevalent THs* intermediates from
IME(g) or 4ME(g), /2 H2(g), and an ensemble of yu g adjacent vacant *-sites (AHry,. img); AHp s;
and the change in enthalpy to desorb €z bound toluene molecules from the toluene adlayer

(—€meDHo1):

AHMA,iME = AI-IEH,6 + AI-ITHS*,iME + AHH_S - EMEAHtol* (260)
with
and
AHTHs*,iME = HTHS* - HlME (2.62)

where Hry,, is the THs* enthalpy and H; g is the IME(g) or 4AME(g) enthalpy. Table 2.3 reports

DFT-derived electronic energies, enthalpies, entropies, and free energies to form surface-bound 1-
methylcyclohexene-bri and 1-methylcyclohexyl-atop (Scheme 2.3) from 1ME(g) and H(g), and
4-methylcyclohexene-bri and 4-methylcyclohexyl-atop (Scheme 2.3) from 4ME(g) and Ha(g).
DFT-derived enthalpies to form 1-methylcyclohexyl-atop from 1ME(g) and Hx(g), and 4-
methylcyclohexyl-atop from 4ME(g) and Ha(g) were used to calculate AHry, 1yg (-130 kJ mol ™)

and AHry . amp (143 kJ mol™) values, respectively. AH,,;, was calculated from the DFT-derived
enthalpy to form toluene-bri from toluene(g) (-134 kJ mol™!, Table 2.2). AH:CFH,6 is given by the

reported DFT-derived change in enthalpy to form the transition state for the reaction between
bound H and cyclohexyl to form bound cyclohexane on Pt (111) (78 kJ mol}, 493 K; PW91
functional) [20]. These DFT-derived AHry . imp and AH.,; . values along with the reported

AH:Cl:H’6 combine with measured AHy ¢ (-26 + 6, Table 2.4) and €, (0.54 and 0.51 for IME and
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4ME, respectively; Table 2.4) to give AHy 4 1yp and AHyy 4y values of -6 kJ mol”! and -23 kJ
mol™, respectively. These calculated AHy4 1z and AHy 4 4 values both differ by less than 8 kJ
mol™! in magnitude of their respective measured values (-14 = 4 kJ mol™ and -29 + 4 kJ mol ™,
respectively) which demonstrates good agreement between the measured enthalpies for the
parameters in the mechanism-based kinetic model and the DFT-derived enthalpies for the chemical
transformations that they represent.

These negative measured AHy 41y and AHpy g 4mp values moreover indicate that the
combined positive changes in enthalpy to form prevalent 6CH TSs from THs* and H-S and to
desorb €,z numbers of bound toluene molecules are smaller in magnitude than the negative
change in enthalpy to form prevalent THs* intermediates and H-S from ME(g) and H2(g). Such
negative AHy 4 1mg and AHy 4 4p values arise, despite the large positive AHEH’6 value, because
prevalent THs* intermediates form from ME(g) and 2 H2(g) with a negative change in enthalpy
that is larger in magnitude than the change in enthalpy to desorb €5 bound toluene molecules.
These negative measured AHygq1yg and AHyy4me values combined with IME and 4ME
pressures that decrease with increasing temperature (Figure 2.5) give rise to the negative

dependence of MA formation turnover rates on temperature at high temperatures (493-533 K;
Figure 2.1).

The large negative measured A4S,y 1y and A4S,y 4y values (-220 + 10 and -240 £ 10 J
mol! K, respectively) reflect the significant decrease in entropy to form prevalent 6CH TSs from
Hz(g) and 1ME(g) or 4ME(g), respectively. These measured entropy changes can be expressed in
terms of the change in entropy to form prevalent 6CH TSs from bound 1ME or 4ME and one Ha(g)
molecule (Ang,e;iM g+); the change in entropy to form bound 1IME or 4ME from IME(g) or
4ME(g), respectively, and an ensemble of y,,z adjacent vacant *-sites (AS;y g+ ); and the change in
entropy to desorb €,z bound toluene molecules from the toluene adlayer (—€yrAS;o14):

ASyaime = ASgy gime. + ASime- — €mpAStor, (2.63)

with
DSy ssimes = Stn — Simes — S, (2.64)
ASimes = Sime« — SimE (2.65)

and
AStors = Stotx = Stot (2.66)

where SEH,6 is the entropy of the prevalent 6CH TSs, S;yg. is the entropy of 1IME(g) or 4ME(g),
Sy, is the entropy of gaseous Hx(g), St is the entropy of bound toluene, and Sy, is the entropy
of toluene(g). The reported changes in entropy to form MA(g) from 1ME(g) and H2(g) and from
4ME(g) and Ha(g) are -135 and -133 J mol ™! K, respectively, at 493 K [51] which are accounted
for in large part by the loss of Ha(g) translational entropy (128 J mol! K!) as gaseous H:
translational degrees of freedom are converted to lower entropy vibrational and rotational modes
in the gaseous hydrocarbon. These same H2(g) translational degrees of freedom are also lost upon
gaseous Hz reaction with ME-derived species at the surface to form prevalent 6CH TSs
(ASEH,é;iME*)ﬂ accounting for the majority of the measured ASy;4 15 and ASy 4 4me values. The
measured ASy 4 1me and ASy 4 4 values are more negative than the Ha(g) translational entropy
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loss (-128 J mol™! K) by -90 = 10 and -110 + 10 J mol! K, respectively; these excess negative
ASya1me and ASy 4 4 values arising from the difference between AS;y . and €yzAS;,;.. DFT-
derived values of AS;y. (-212 J mol!' K; Table 2.3) and AS,,;. (-194 ] mol™! K, Table 2.2)
primarily reflect the loss of translational entropy as translational degrees of freedom in the gas
phase are converted to vibrational and rotational modes at the surface. Toluene(g) and ME(g)
translational entropies are similar because they depend predominantly on molecular masses (eq
2.873), which only differs by a factor of 1.04 between the two molecules. The similar AS;y5,. and
AS;,;« values therefore result in a negative difference between the DFT-derived AS;y . and
€yAStor values of -80. and -86 J mol™! K for IME and 4ME, respectively, because measured €y,
values are less than one. The negative entropy differences to displace bound toluene with ME(g)
combined with the loss of Hz(g) translational entropy to form prevalent 6CH TSs thus account for
the large negative measured ASy 4 1yg and ASy 4 4mg values.

2.4. Conclusions

The reaction kinetics and density functional theory (DFT)-based assessments of toluene-
H: reactions on Pt/SiO2 shown here elucidate the identity and kinetic relevance of elementary steps,
the abundance and type of bound intermediates involved, and the consequences of size differences
between the Pt ensembles are required to bind them. At low temperatures (333-393 K), gaseous
IME and 4ME intermediates were formed at pressures that were a factor of 10° less than their
thermodynamic equilibrium with toluene(g) and Hz(g) at 333-393 K and at pseudo-steady state.
MA formation turnover rates were shown to be limited by reactions between monohydogenated
toluene (TH1*) and bound H atoms (H-S) and to occur on a toluene covered surface. The transition
states for prevalent THi*+H-S reactions formed from bound toluene and H2(g) with a measured
change of enthalpy of 41 + 5 kJ mol ™! and entropy of -150 + 10 J mol"' K-!. At higher temperatures
(493-533 K), IME and 4ME intermediates were formed at pressures that were within a factor of
10 of their equilibrium values with stoichiometric amounts of toluene(g) and Ha(g). At these
temperatures, MA formation turnover rates became limited by ME hydrogenation rates. ME
hydrogenation was shown to be limited by H addition to pentahydrogenated toluene (THs*)
intermediates and to occur on a toluene covered surface. The THs*+H-S reactions were mediated
by an ensemble of adjacent Pt sites that was a factor of two smaller than the ensemble that was
occupied by the toluene most abundant surface intermediate. The transition states that mediated
prevalent THs*+H-S reactions were formed from gaseous 1ME-H2 and 4ME-H> precursors with
measured enthalpy changes of -14 + 4 kJ mol! and -29 + 4 kJ mol!, respectively, and entropy
changes of -220 + 10 and -240 = 10 J mol! K, respectively. These negative enthalpies combined
with ME pressures that decreased with temperature accounted for the negative MA formation
turnover rate dependence on temperature.
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2.6. Figures, tables, and schemes

Figure 2.1: Methylcyclohexane (MA) formation turnover rates (moles MA g-atoms surface Pt
(Pts)! s71) on Pt/SiO2 (3.6 nm mean nanocluster diameter) as a function of inverse temperature (1.4
kPa toluene, 333533 K)) at 20 kPa (m), 40 kPa (®), and 80 kPa ( A) H2 on Pt/SiO2 (3.6 nm average
particle diameter). Solid curves indicate trends.
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Figure 2.2: Methylcyclohexane (MA) formation turnover rates (moles MA g-atoms surface Pt (Pts)! s') on Pt/SiO2 (3.6 nm mean
nanocluster diameter) as a function of Hz ((a); 1.4 kPa toluene) and toluene ((b); 80 kPa H2) pressure at 333-533 K (333, m; 353, @; 373,
A;393, @413, %;493, A; 513, 0; 533, 0) on Pt/Si0O2 (3.6 nm average particle diameter). Solid curves indicate trends.?
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*The dashed lines at the lower and upper sides of the grey triangle enclosing the data measured at 333 K (m symbols) in (a) illustrate the trends for
one-half- and first-order H» pressure dependences, respectively; the dotted lines at the lower and upper sides of the grey triangle enclosing the data
measured at 533 K (o symbols) in (a) illustrate the trends for second- and third-order H» pressure dependences, respectively; and the dashed lines at
the lower and upper sides of the grey triangle enclosing the data measured at 333 K (o0 symbols) in (b) illustrate the trends for zero- and one-half-
order toluene pressure dependences, respectively.



Figure 2.3: 1-Methylcyclohexene (1ME) (filled symbols) and 4-methylcyclohexene (4ME) (open
symbols) pressures as a function of toluene conversion (1.4 kPa toluene, 80 kPa H2) at 393 (e),
413 (m), 493 (A), and 513 (#) K during toluene-Hz reaction on Pt/SiO2 (3.6 nm average particle
diameter). Toluene conversion was varied through changes in bed residence time (via changes in
molar inlet rates or Pt/SiO2 mass). Solid and dashed lines indicate trends for IME and 4ME,
respectively.
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Figure 2.4: Approach to equilibrium parameter (1) for 1-methylcyclohexene (1ME) (®) and 4-
methylcyclohexene (4ME) (A) reactions with Hz to form methylcyclohexane (MA) (eq 2.8) and
toluene reaction with 2 Hz to form 1ME (o) and 4ME (A) (eq 2.7) as a function of inverse
temperature (1.4 kPa toluene, 80 kPa Hz, 393-533 K) during toluene-H:z reactions on Pt/SiO2 (3.6
nm average particle diameter). The solid and dashed error bars represent 95% confidence intervals
for IME and 4ME, respectively, representing uncertainties in reported reaction enthalpies and
entropies [51]. Solid curves are included to indicate trends.
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Figure 2.5: 1-Methylcyclohexene (IME) (filled symbols) and 4-methylcyclohexene (4ME) (open symbols) pressures as a function of
H:2 ((a); 1.4 kPa toluene) and toluene ((b); 80 kPa H2) pressure at 393 (A ), 413 (¢), 493 (@), 533 (m) K during toluene-Hz reactions on
Pt/SiO2 (3.6 nm average particle diameter). Solid and dashed lines indicate trends for IME and 4ME, respectively.
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Figure 2.6: Ratio of methylcyclohexane (MA) formation turnover rates (rma) to 1-methylcyclohexene ((a); 1ME) or 4-
methylcyclohexene ((b); 4ME) (b) pressure (denoted 1,5 Or Yup i, respectively; eq 2.18) as a function of Hz pressure at 393 (m), 413
(#), 493 (o), 533 (A) K. Solid lines indicate trends and dashed lines at the lower and upper sides of the grey triangle enclosing each
isotherm illustrate the trends for one-half- and first-order H2-pressure dependences, respectively.
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Figure 2.7: DFT-derived enthalpies ((a); 393 K), entropies ((b); ®, 393 K), and Gibbs free energies ((c); ®, 393 K; 0, 493 K) for the
formation of surface species (depicted in Scheme 2.2 and Scheme 2.3) from gaseous toluene and Hz at 0.11 ML coverage (Table 2.2)
as a function of the number of H atoms added to or removed from toluene. Reported entropies to form gaseous toluene hydrogenation
products from toluene(g) and Ha(g) [51] ((b); O, 393 K) as functions of the number of H atoms added to or removed from toluene.
Dashed lines indicate linear trends. The slope for the entropies of formation of surface species is -73 J K'! g-atom H™! ((b); @) and the
slope for the entropies of formation of gaseous species is -66 J K'! g-atom H™! ((b); o).
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Figure 2.8: Logarithmic plot of parity for measured and predicted (eq 2.33) methylcyclohexane
(MA) formation turnover rates (moles MA g-atoms surface Pt (Pts)! s') with temperature
dependent parameters from equations 2.40 and 2.42 with regressed values reported in Table 2.4
at 333 (e), 353 (m), 373 (#), and 393 (A ) K (20-80 kPa Ha, 0.3-3 kPa toluene) on Pt/SiO2 (3.6 nm
mean nanocluser diameter). Dashed line indicates parity.
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Figure 2.9: Ratio of methylcyclohexane (MA) formation turnover rates (rma) to 1-
methylcyclohexene (1ME,; filled symbols) or 4-methylcyclohexene (4ME; open symbols) pressure
(denoted ;g O YupE, respectively (eq 2.18)) as a function of toluene pressure at 493 (o), 533
(A) K. Solid lines indicate trends and dashed lines at the lower and upper sides of the grey triangle
enclosing each isotherm illustrate the trends for zero- and negative-first-order toluene-pressure
dependences, respectively.
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Figure 2.10: Logarithmic plot of parity for measured and predicted methylcyclohexane (MA)
formation turnover rates (moles MA g-atoms surface Pt (Pts)! s!) for rates predicted from
equation (2.55) using observed 1ME (filled symbols) and 4ME (open symbols) pressures at 493
(®), 513 (A), and 533 (¢) K (20-80 kPa Ha2, 0.3-3 kPa toluene) with temperature dependent
parameters from equation 2.57 and with regressed values reported in Table 2.4. Dashed line
indicates parity.
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Table 2.1: Pt loading, Pt fractional dispersion (D), mean Pt cluster diameter (dp:), and
temperatures for air and H» treatments during synthesis for the Pt/SiO: catalyst.

Pt/Si02
Pt loading (wt.%)? 2.1
Pt fractional dispersion (D)° 0.30
Mean Pt cluster diameter, dp;© (nm) 3.6
Treatment temperature (K): air, [Hz] 873, [773]

* From inductively coupled plasma — atomic emission spectroscopy.

b Metal dispersion (D) from H> uptake data, defined as D = Nu/Ns, where N is the number of
H bound by the Pt surface and Nz is the number of metal atoms in the bulk.

“ Mean Pt cluster diameter from the Pt dispersion with the following relation: dp; =
6 vp./ (D ap,) [56], where vp, is the atomic volume of a Pt-atom in metal (15.10 x 10~ nm?)
and ap, is the occupied area of a Pt-atom on a bulk Pt(111) surface for an FCC lattice (6.7 x
102 nm™ [57]), the lowest energy crystal facet.
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Table 2.2: DFT-derived changes in electronic energy at 0 K (AE), enthalpy (AH), entropy (AS), and Gibbs free energy (AG) to form
bound methylenebenzene, toluene, and partially-hydrogenated toluene-derivatives with » number of H atoms added from toluene(g)
and n/2 Ha(g) at 0.11 ML coverage on Pt (111) (eq 2.2, 2.5, and 2.6). Optimized geometries for these bound species are depicted in
Scheme 2.2 and Scheme 2.3.

Sv

Hydrocarbon moiet H atoms Binding site? AE AH® AS" AlizgaK AGassk!
Y Y added & (kJmol) (Kmol) (Imol'K') (kJmol!)  (kJmol)

Methylenebenzene -1 four-fold bridge -90.2 -69.3 -143 -13 1
Toluene 0 four-fold bridge -146 -134 -194 -57 -38

0 hcp hollow -98.7 -86.4° -194¢ -10. 9
2-Methyl-6-hydrobenzene 1 four-fold bridge -119 -96.1 -268 9 35
1-Methyl-6-hydrobenzene 1 hcp hollow -144 -121¢ -268° -15 11
1-Methyl-5,6-dihydrobenzene 2 four-fold bridge -129 -93.1¢ -328°¢ 35 68

2 hcp hollow -182 -146 -328 -17 15
1-Methyl-3,6-dihydrobenzene 2 two-fold bridge -219 -184 -323 -56 -24
2-Methyl-4.5.6- 3 hep hollow -204 -158 362 15 20
trihydrobenzene
>-Methyl-4.5.6- 3 hep hollow -206 -159° -362° 17 19
trihydrobenzene
1-Methylcyclohexene 4 two-fold bridge -226 -156 -438 9 52
4-Methylcyclohexene 4 two-fold bridge -230. -160. -438° 5 49
1-Methylcyclohexyl 5 atop -250. -175 -481 13 62
4-Methylcyclohexyl 5 atop -256. -181° -481° 8 56

? Binding sites correspond to positions on the Pt(111) surface as depicted in Scheme 2.S1.

> AH and AS values are computed at 393 K using methods reported in Section 2.8.2.

¢ AGsosk values from AH and AS (eq 2.4) (393 K, 1 bar).

4 AGaosk values from AH and AS (eq 2.4) (493 K, 1 bar).

¢ The vibrational frequencies used to calculate these AH and AS values were approximated by values calculated for the other isomers
(i.e. toluene hcp hollow from toluene four-fold bridge, 1-methyl-6-hydrobenzene from 2-methyl-6-hydrobenzene, 1-methyl-5,6-
dihydrobenzene bridge from 1-methyl-5,6-dihydrobenzene hcp hollow, 5-Methyl-4,5,6-trihydrobenzene from 2-methyl-4,5,6-
trihydrobenzene, 4-methylcyclohexene from 1-methycyclohexene, and 4-methylcyclohexyl from 1-methylcyclohexyl).



Table 2.3: DFT-derived electronic energies at 0 K (AE), enthalpies (AH), entropies (AS), and
Gibbs free energies (AG) to form bound 1-methylcyclohexene and 1-methylcyclohexyl or 4-
methylcyclohexene and 4-methylcyclohexyl (Scheme 2.3) from 1ME(g) or 4ME(g), n/2 H2(g)
(where n is the number of H atoms added to 1ME(g) or 4ME(g) to form the bound species),
and bare Pt at 0.11 ML coverage on Pt (111) (eq 2.3-2.6).

Eﬁi;)carbon Temperature Binding AE AH® AS® (k?gol'
y (K) site? (kJ mol™) (kJ mol") (J mol! K!) )
I-Methyleyclo- o, two-fold 122 118 -168 -52
hexene bridge
493 two-fold 15y 119 1170 35
bridge
4—Methgllcyclo— 393 twp—fold 132 -129 -168 -63
hexene bridge
493 twp—fold 132 130 -170 -46
bridge
1-Methylcyclo- 493 atop -146 -130. -212 -26
hexyl
4-Me§hylcyclo— 493 atop -159 -143 212 -39
hexyl

2 Binding sites correspond to positions on the Pt(111) surface as depicted in Scheme 2.S1.

> AH and AS values are computed using methods reported in Section 2.8.2

¢ AGvalues from AH and AS (eq 2.4) (493 K, 1 bar).

4The ZPE and enthalpic contributions to AH and AS values for the 4-methylcyclohexene and
4-methylcyclohexyl structures were approximated by values calculated for the respective 1-
methyl isomers.
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Table 2.4: Enthalpies (AH), entropies (AS), and free energies (AG) for k2w (eq 2.40) and Kus
(eq 2.42) determined by regressing methylcyclohexane (MA) formation turnover rate (moles MA
g-atoms surface Pt (Pts)! s!) data® to the functional form of equation 2.33. AH, AS, and AG
values for k2m,1me and ka2m4me (eq 2.57) and € values (eq 2.52) determined by regressing the MA
formation turnover rate, IME or 4ME pressure, and {; g or {4 (eq 2.59) data® to the functional
form of equation 2.55.¢

Parameter AH (kJ mol™) AS (Jmol' K1) AG (kJ mol ™) g

k2t o1 41+5 -150+ 10 100 + 64

Kus 26+ 6 -50 £ 30 0+ 20¢

ko, 1ME -14+4 -220£ 10 94 + 6° 0.54+0.04
ko 4mE -29+4 -240 + 10 89 + 6° 0.51 +£0.06

4 333-393 K, 0.35-2.1 kPa toluene, 10-80 kPa Hz, on Pt/SiOz2 (3.6 nm mean cluster diameter).
493-533 K, 0.35-2.1 kPa toluene, 10-80 kPa Hz, on Pt/SiO2 (3.6 nm mean cluster diameter).
Uncertainties reflect 95% confidence intervals for regressed parameters.

b
4 AG values from AH and AS (eq 2.4) (493 K, 1 bar).
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Scheme 2.1. Proposed sequence of elementary steps for toluene hydrogenation on Pt surfaces as
described in Section 2.3.2. T denotes toluene and TH» denotes ensembles of partially hydrogenated
toluene-derived species with the same number of added H atoms (where 1<n<6). R-* denotes a
hydrocarbon surface intermediate bound to *-sites and H-S denotes bound H atoms. Kx denotes
equilibrium adsorption constants and kx and kx denote the forward and reverse kinetic constants
for the elementary steps. Single forward arrow denote irreversible steps, forward and backward
arrows denote reversible steps, and circled forward and backward arrows denote quasi-equilibrated
steps.

K
T+y,* :@i’ T* (1.1)

K

H:+2S —fr=—> 2H-S (1.2)
kCH,1
T + H-S ————= TH 4y, * +5 (1.3)
k—CH,1
kCH,Z
TH* + H-S = TH2*+vy,,*+S (1.4)
k—CH,2 '
kCH,3
TH* + H-S ———= THs* +vy, *+S (1.5)
k—CH,3
I(CH,4
THs* + H-S  ———= THa* +vy,,*+S (1.6)
k-CH,4
kCH,S
THe* + H-S  ———= THs* +vy,, +S (1.7)
k-CH,S
kCH,6
THs* + H-S  ——= THe+ vy, +5S (1.8)
k-CH,6
K

THe*  —0——= THa +y,* (1.9)
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Scheme 2.2. Top and side view of DFT-derived optimized geometries for methylenebenzene,
toluene, hydrobenzene, and dihydrobenzene species on Pt(111) slab (3x3 unit cell with four Pt
layers). The bottom three Pt layers are omitted for clarity.

methylenebenzene-bridge toluene-bridge

toluene-hcp 2-methyl-6-hydrobenzene-bridge
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1-methyl-6-hydrobenzene-hcp 1-methyl-5,6-dihydrobenzene-bridge

1-methyl-5,6-dihydrobenzene-hcp 1-methyl-3,6-dihydrobenzene-bridge
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Scheme 2.3. Top and side view of DFT-derived optimized geometries for trihydrobenzene,
methylcyclohexene, and methylcyclohexyl species on Pt(111) slab (3x3 unit cell with four Pt
layers). The bottom three Pt layers are omitted for clarity.

2-methyl-4,5,6-trihydrobenzene-hcp 5-methyl-4,5,6-trihydrobenzene-hcp
QAP N

4-methylcyclohexene-bridge

51



4-methylcyclohexyl-atop 1-methylcyclohexyl-atop
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2.8 Supporting information

2.8.1. Hydrogen adsorption isotherms on Pt/SiO: and estimation of Pt particle dispersions.

Pt-particle dispersions (D = Nu/Np, where Nu is the number of H bound by the metal
surface and Np is the number of metal atoms in the bulk) were calculated from H2 adsorption
isotherms measured using a volumetric adsorption apparatus with a Baratron gauge and a
turbomolecular pump (Pfeiffer Vacuum, <1 Pa dynamic vacuum), using H/Pt=1 adsorption
stoichiometry. Hydrogen adsorption isotherms (shown in Figure 2.S1) were measured at Ho
pressures ranging from 5-105 kPa at 373 K on evacuated catalysts (<102 mbar, 573 K, 1 h)
following treatment in H2 (573 K, 1 h). The reported dispersion values reflect the H-atom uptake
per Pt-atom determined by extrapolating the linear trend observed in the high Ha2 pressure regime
(50-100 kPa H>) to zero kPa Ho.
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Figure 2.S1: Adsorption isotherms for H2 on SiO2-supported Pt nanoparticles (Pt/SiO2) depicting
the number of adsorbed H atoms per bulk Pt site as a function of hydrogen pressure (kPa) with Pt

content of 2.1% wt. The hydrogen pressures (kPa) reflect the stable values following catalyst
exposure to a set H2 pressure. The dashed line indicates a Langmuir adsorption isotherm trend.
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2.8.2. Depiction of Pt(111) surface and adsorption sites.

Scheme 2.S1 shows the adsorption sites on the Pt(111) surface used in density functional
theory (DFT) calculations that bind toluene-derived species relevant during toluene-Hz reactions.
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Scheme 2.S1: Top view of the Pt(111) surface used for density function theory calculations for
the binding of toluene-derived intermediates during toluene-Hz reactions. The orange-highlighted
group of three atoms depicts the hcp 3-fold hollow site, the brown-highlighted single atom depicts
the atop site, the green-highlighted group of four atoms depicts the four-fold bridge site, and the
pair of atoms contained within the four-fold bridge site depicts the two-fold bridge site.

2.8.3. Statistical mechanics methods for calculating thermodynamic properties of species formed
during toluene-H> reactions on Pt/SiO: from density functional theory calculations.

Zero-point energies, enthalpies, entropies, and free energies were calculated from density
functional theory derived electronic energies and vibrational frequencies using standard statistical
thermodynamics methods [39]. These calculations were carried out for isolated gas molecules and
for molecules coordinated to Pt surfaces.

The enthalpy (H) is described by the sum of the electronic energy (Ej), zero-point energy
(ZPE), and vibrational, translational, and rotational enthalpies ( Hyp, Herans» and Hpoe s
respectively):

H = Ey+ ZPE + Hy;p + Hepgns + Hyor (2.567)

The entropy (S) is described as the sum of the vibrational, translational, and rotational entropies
(Svib»> Strans> and Syo¢, respectively):

S = Svib + Strans + Srot (2.568)

The Gibbs free energy (G) at a given temperature (T') is described from the enthalpies and entropies:
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G=H-TS (2.569)

DFT-derived vibrational frequencies were used to calculate the ZPE, H,;;,, and S,;;, with the
harmonic oscillator approximation. Vibrational frequencies for adsorbed species were calculated
by holding the entire metal surface fixed and allowing displacements of the molecular species only.

1
ZPE =) ~hv, (2.570)
i
b _hvg
vie KT
Hyip = Z l—hvl (2.871)
i \1—e kT
hVi _hvi
—7e kT hv;
Svip = z T—hvl —kln <1 - e‘ﬁ) (2.872)

i \1—e kT

Where h is Plank’s constant, v is the vibrational frequency, and k is Boltzmann’s constant.
Vibrational modes below a low frequency cutoff of 100 cm™ were considered as rotational or
translational degrees of freedom rather than vibrational. Translational and rotational degrees of
freedom aside from the low frequency vibrations were not considered. The values of Hy,.q,,s and
H,,. are described as follows:

5
Hirans = EkT (2.873)
Hyotlinear = kT (2.574)
3
Hyot nontinear = EkT (2.875)
The S;-qns value is given as:
3
2rmkT\2 kT 5
Strans = k| In ( nZ ) T + > (2.576)
Where m is the molecular mass, P is the total pressure. The S,.,; value is:
1 s (2
mz( T 2 3
Srot = k[ In| — - (2.S77)
rot n p <9x9y92> +2
hZ
0; = —— (2.S78)
l 87T21ik

Where o is the symmetry number of the molecule; i denotes X, y, and z; and [; is the moment of
inertia about the i axis. Values of o for gaseous species are shown in Table 2.S1. The moments of
inertia were calculated using the Atomic Simulation Environment (ASE) package [58].
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Table 2.S1: Symmetry numbers (o) for calculating rotational entropies
of gaseous molecules.

Molecule Symmetry number (o)
H> 2

Benzene 12

Toluene 1
1,3-Cyclohexadiene 2
1-Methyl-1,3-cyclohexadiene 1
Cyclohexene 2
1-Methylcyclohexene 1
4-Methylcyclohexene 1

2.8.4. Derivation of the relationship between methylcyclohexene isomer pressures and toluene
conversion during toluene-H> reactions on Pt surfaces.

The net formation turnover rate (7;,5) for each ME isomer (iME) is given from difference
between the rates that it is formed from toluene-H> reactants and consumed by reaction with Ha:

Time = Aeoi»ime[t0l] — Aiyp_paliME], (2.879)

where a;y;imp 1S the pseudo-first-order rate constant for iME formation from toluene-Ha
reactants and a;yp_,p4 1S the pseudo-first-order rate constant for the iME-Hz reaction. Expanding
TimE into the rate of change of the iME concentration gives:
1 dnyg .
T dr QeoloiME [tol] — aimp-maliME],
Pt
where Lp, is the number of exposed Pt sites, 11;5 is the molar iME flowrate, where ¢ is contact

time for the reaction. The rate of change of toluene concentration is given by the sum over the iIME
formation reactions:

(2.S80)

1 dn
— ol Z —Qo1-ime[tol]. (2.881)
Lpe at i=1,3,4

Expressing 1;,; in terms of the toluene concentration (1;,; = v[tol]; where v is the volumetric
fluid flowrate) and integrating equation 2.S81 gives:

[tol] = [tol], exp (% Z (—®to15imE) t>, (2.S82)

where [tol], is the toluene concentration at zero contact time. Rearranging the functional form of
equation 2.S82 gives:
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L
Xior =1 — exp< = (—Qto1imE) t>, (2.583)

with

v = q Lol (2.584)
tol — .
[tol],
Toluene pressures do not change significantly with time under conditions of differential
conversion for which catalytic measurements were carried out in this study. As a result, equation
2.S80 can be integrated while holding [tol] constant to give:

AiME->MA .
In (1 - l—[lME]) ALt 2.585)

atol—»iME[tOI] iME-MA~Pt
Substituting the value of ¢ with that from the toluene consumption equation 2.S83 gives the

following relation between [iME] and X;,;:

Aroimivp ltol Aivpoma in(l —X
(imE] = %o imel ](1_exp< ime—ma In( tol)>>‘ (2.586)
AiME->MA Yi=134(—Ato15imE)

which simplifies to:

Aivpoma (1 — X
[iME] = [iME]pss — [IME ] pgs exp( im-ma In( t‘”))' (2.S87)
j=1,3,4(atol—>jME)
with
. Aeo1-ime [ tOl]
[lME]PSS — tol->iME . (2_888)
AiME-MA

2.8.5. Multisite Langmuir adsorption model for site occupancy on toluene covered Pt surfaces.

The Nitta et al. [26] reported an equation for localized multi-component adsorption with
each adsorbate occupying multiply sites on a homogeneous surface. In the present work, this
formalism is utilized to describe the site occupancies of toluene and partially saturated toluene-
derived intermediates on Pt surfaces during toluene hydrogenation to account for the multiple C-
Pt contacts that characterize their interactions. In what follows, the adsorption isotherm equation
is first reproduced from the work of Nitta et al., simplified with forthcoming assumptions
pertaining to toluene hydrogenation, then utilized to describe surface coverages of reactive
intermediates in kinetic rate equation.

For single-component adsorption, Nitta et al. considers a system of M independent binding
sites with N adsorbed molecules each occupying y neighboring sites. The chemical potential of an
adsorbate on a surface, u°, is:

uo _ (N) <M — yN) € y?Nu (2.589)
wr = U HIn{gr) = vin {4 KT~ MKT

Where k is Boltzmann’s constant, T is the absolute temperature in Kelvin, j is the internal and
vibration partition function of an adsorbed molecule, —¢ is the potential energy for interactions
between the adsorbate and the surface, and u is a parameter describing the potential energy for

interactions between adsorbates. The chemical potential for an ideal gas is given as:
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g 3
Mo (}P A ) (2.590)
KT KT

where P is the total pressure of the single-component gas phase, A is the deBroglie wavelength,
and j, is the internal and vibrational partition function of the gaseous molecule.

Equating pu® and u9 gives an expression for the surface coverage, defined as 6 = %:

uf
In(yKP) = In6 — y In(1 — 8) — ”k—T (2.591)
Where K is the adsorption equilibrium constant defined as:
js( A3 €
=7 — 2.592
o () (2:592)

In systems where the interactions between adsorbates are negligible (u is equal to zero), equation
2.892 simplifies to:

0
yKP = ——— (2.593)

The functional form of equation 2.S93 reproduces the single-component Langmuir adsorption
isotherm for y equal to one.

An analogous expression for the multicomponent adsorption of £ molecular components is
determined to be:

Kk Kk
In(y;Kip)) =In6; —y;In| 1 - Z 0 | —mn

j=1 j=1

0.1
JY (2.594)
kT

Where i indexes the & components of the mixture, piis the partial pressure of component i. For
systems involving non-interacting adsorbates (all u;; values are equal to zero), the following
multi-component, multi-site adsorption equation is obtained:

0;
(1 - Z?=1 9')yi

Site occupancies during toluene hydrogenation are expected to depend on steric effects
arising from adsorbate stereochemistry (i.e., flat or upright) that determine the packing of
adsorbates at high coverages and the number of C-Pt bonds formed depending on the ring
saturation and the type of interaction (¢ or m depending on rehybridization of the alkene group).
Aromatic adsorption on Pt surfaces results in changes in the Pt nanoparticle work function [59]
due to electron donation from the metal to the adsorbate molecular orbitals that become more
pronounced at high adsorbate with coverage consequences for the strength of adsorbate-surface
interactions (€;). Moreover, high coverages that characterize aromatic adsorption on metal-
surfaces necessitates consideration of adsorbate-adsorbate interactions (u;;) due to van der Waals
forces. Adsorbate effects on the metal work functions, and therefore the strength of interaction
between covalent C-Pt bonds, suggests a functional dependence of €; on the total adsorbate
coverage and adsorbate composition. Spectroscopic [12,16] studies during aromatic

viKip; = (2.895)

62



hydrogenations demonstrate the preference for surface saturation by the aromatic reactant in favor
of saturated products. Values of €; are consequently assumed to depend only on toluene coverage
(denoted 6;,,;) during toluene hydrogenation; €; can thus be approximated as a function of 8;,;
(denoted €;[6;,;]) by a Taylor series expansion about a 6;,; value of 1:

€i[0col] = €10 + (Opror — 1) + - (2.S596)

and
6,:’0 = El [gt()l = 1]. (2.897)

Spectroscopic studies [12,16] demonstrate the tendency towards complete monolayer coverages
of hydrocarbon species, suggesting deviations from full saturation are small and €; may be
approximated by the zero-order term €; o. In this small deviation form, K; is approximated by the
adsorbate-surface interactions characterized by full monolayer coverage, given by:

js( A €i,0
K= g e () (2.598)

At low surface coverages, the u;; term can be neglected if adsorbates are randomly
distributed and at non-interacting distances on average, in general. Aromatic adsorption and
hydrogenation on Pt, however, occurs on surfaces characterized by saturation coverages in which
adsorbate-adsorbate interactions cannot be neglected. For instance, micro-calorimetric studies for
benzene adsorption report binding enthalpies approaching benzene sublimation enthalpies for
monolayer coverages consistent with adsorbate-adsorbate interactions dominating the adsorption
process [13,60,61]. The u;; term represents a parameter matrix assigning intermolecular
interactions between each component pair. Such complexity can be reduced for the case of toluene
hydrogenation occurring on toluene covered surfaces in which adsorbates interact with uniform
potential field characteristic of the toluene monolayer. The 8; terms excluding toluene are
therefore negligible and only the interactions arising from the ith component and toluene (u; ¢(;)
need be considered explicitly to give the following isotherm equation:

k

Oro1t;
In(y;Kip;) =In6; —y;In{ 1 - Z 0 | —vi % (2.599)
j=1
An effective thermodynamic adsorption constant, K; , is next defined by grouping the terms
involving adsorbate-adsorbate interactions with adsorbate-surface interactions to give the
following expression:

k

In(y;K;p;) =Inf; —y;In[ 1 — Z 6; |, (2.S100)
Jj=1
where
jsc A3 <6i0 + Vietolui tol)
k=752, : tol) 2.8101
j, kT P kT (2.8101)
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In the special case where 8;,,; is approximated to be 1, a potential energy term for component i
adsorption on a toluene monolayer, k; ., is defined to account for the combined adsorbate-surface
and adsorbate-adsorbate interactions:

jsz A3 Kitol
K ==2.__. 290 ). 2.5102
A ( kT ) ( )
Finally, an expression for 8; resembling the Langmuir adsorption isotherm is obtained:
K/ L (2.8103)
YVilkipi = 7 .
(1 - ?:1 9')
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CHAPTER THREE

Proximity Effects, Mechanistic Insights, and the Nature of Molecular Shuttles in Catalytic
Hydrogenations Involving Bifunctional Cascades

Abstract

Rates of toluene hydrogenation to methylcyclohexane (MA) on SiOaz-supported Pt
nanoclusters (per surface Pt-atom) increase when Pt/Si02 is mixed physically with Al2O3 powders
that are themselves inactive for such reactions. These bifunctional synergies have been attributed
to hydrogen-spillover mechanisms whereby H atoms migrate from the metal surface, where they
form from dissociated Hz, to the oxide and react with unsaturated molecules; however, such routes
are unlikely on insulating supports which do not interact favorably with H atoms except at
crystallographic defects. Here, two novel bifunctional reaction schemes that are mediated by
toluene-derived molecular shuttles, instead of H atoms directly, are investigated to account for the
methylcyclohexane formation rate enhancements conferred by y-Al2O3 in Pt/SiO2+y-Al203
physical mixtures. One route involves the formation of THn* intermediates from toluene-H2
reactions on Pt surfaces that can desorb and hydrogenate at nearby y-Al2O3 surfaces, without
requiring Pt-y-Al2O3; atomic contact, thus circumventing the kinetic bottlenecks at strictly
monofunctional Pt surfaces and increasing methylcyclohexane formation rates. The second route
involves the formation of THn* species that undergo slow H-addition reactions to form
methylcyclohexane, but which compete effectively for binding sites on crowded surfaces with the
predominant reactive intermediates involved in monofunctional routes. Their scavenging by
advantageous reactions at y-Al2O3 surfaces present within diffusion distances decreases their
equilibrium surface coverages and increases the binding spaces available for the competitive
reactions of intermediates that mediate monofunctional hydrogenation turnovers at Pt surfaces.
MA formation rates on intimate mixtures upon exposure to propanoic acid, a titrant of Lewis acid-
base pairs at oxide surfaces, approach those on Al2Os3-free Pt/SiOz, consistent with the involvement
of such site pairs on y-Al203 in mediating these rate enhancements. 1,3-Cyclohexadiene and 4-
methylcyclohexene reactions with Hz are carried out over Pt-free y-Al2O3 surfaces (30-300 Pa
hydrocarbon, 0-90 kPa H»z, 393 K) to eclucidate reaction pathways that toluene-derived
intermediates undergo that may be of catalytic importance for bifunctional Pt/SiO2+y-Al203
catalytic mixtures. These unsaturated molecules hydrogenated predominantly via reaction with
molecular H> at rates that were catalytically significant in the context of Al2Os-catalyzed rates in
bifunctional mixtures necessary to account for enhancements for Pt/SiOx+y-Al2O3 mixtures.
Reaction-transport modelling based on the proposed bifunctional mechanisms and measured
reactivity trends for independent Pt/SiO2 and y-Al2O3 functions show that bifunctional synergies
are best attributed to y-Al2O3-mediated scavenging of methylcyclohexadiene inhibitors (the second
route) at low temperatures (393 K), prevalent only on Pt/SiO2 catalysts with smallest Pt clusters
(0.7 nm mean diameter). At higher temperatures (493-533 K), in which methylcyclohexene
hydrogenation becomes rate limiting, an additive methylcyclohexene hydrogenation route at
nearby y-Al203 is likely to become prevalent. These findings shed light on the mechanistic origins
of bifunctional synergies between metal nanoclusters and metal-oxide support and diluent
materials that give rise to so-called hydrogen-spillover phenomena. These mechanistic
considerations enable future catalytic design that leverages these bifunctional pathways for rate
and selectivity gains. These insights may also illuminate the mechanistic origins of metal-support
interactions beyond electronic effects or bifunctional reactions at metal-support interfaces.
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3.1. Introduction

Aluminum oxides (Al203) are used in catalytic applications as supports for dispersed metal
nanoparticles in reactions such as olefin and monoarene hydrogenations [1,2],
hydrodesulfurization [2,3], and Fischer-Tropsch synthesis [2,4], and as substrates for composite
catalysts such as those used to control automotive exhaust [5]. Al2O3 helps to confer high metal
dispersion and favorable structural and physical properties in the practice of such catalytic
applications. Beyond the role of Al2O3 as a support material, olefin and monoarene hydrogenation
reactions often show higher turnover rates (normalized per exposed metal site) for metal
nanoclusters supported on Al2O3 compared to other oxide supports such as SiO2 [6,7]. Increased
turnover rates are also reported even when supported metal catalysts are physically mixed with
AL20O3 (e.g. Pt/SiO2 [8], Pt/Al203 [9], and Pt/LTA [10]), despite Al2O3 being inert for these
reactions on its own.

These increased hydrogenation rates have been attributed to an additive hydrogenation
route mediated by H atoms that are formed by H2 dissociation on metal surfaces and which are
transported to oxide surfaces, thus rendering them competent in the reduction of unsaturated
hydrocarbons [8,11-14]. This invocation of H-atom mediated bifunctional routes, commonly
referred to as hydrogen spillover (H-spillover), draws parallels to the mechanism for H-atom
migration from metal nanoclusters to conductive, reducible metal oxide supports (such as for WO3-
supported Pt nanoparticles [15,16]). In such systems, metal cations of the oxide are reduced by
metal-bound H atoms at the metal-support interface to form stable H'-e™ pairs that can diffuse
across the support surface and even reduce metal cations in some oxides [15-18]. Al2Os, however,
is an insulating material that lacks the reducible metal cations required to accept electrons and
stabilize such H'-¢™ pairs. Al203 surfaces thus cannot bind H atoms in stable configurations that
compensate for the cleaved metal-H bond [14,18].

The theoretical objections and the lack of direct evidence of significant H-atom migration
from metals to Al2O3 supports [14,18] have led to alternate explanations for the promotional effects
of Al2O3 in metal-catalyzed hydrogenations. Higher ethylene hydrogenation rates were reported
for Pt/Si0z2 diluted with y-Al2O3 compared with SiO2; these rate differences were attributed to the
poisoning of the Pt by carbonaceous impurities present on the SiO2 diluent, but absent on Al203
surfaces [19]. These rate differences disappeared upon brief treatment in oxygen at 493 K, a
finding attributed to the removal of such impurities by oxidation [19]. Higher rates for benzene
hydrogenation [9] on Pt/y-Al203 and for toluene hydrogenation on Pt/SiO2 (this work) when mixed
with Al2Os persisted, however, even after such treatments in O2, suggesting that the effects of any
such impurities cannot account for the Al20s3-induced rate enhancements in these monoarene
hydrogenation reactions. Hydrogen spillover has been shown to occur from Pt particles to carbon
supports [20,21], suggesting that carbonaceous deposits consisting of unsaturated organic residues
may form on Al2Os3 surfaces, thus potentially acting as conducting bridges for hydrogen spillover
from Pt nanoparticles to unsaturated molecules bound at Al2O3 surfaces or at such organic debris
[14].

Toluene hydrogenation reactions carried out on SiOz2-supported Pt nanoparticles mixed
physically with y-Al2O3 are explored in this work as an illustrative example of Al2O3-mediated
enhancements for hydrogenation reactions in order to assess the potential mechanistic
underpinnings of such bifunctional synergies. Pt/SiO2 is mixed with y-Al2O3 in intra-pellet
mixtures (denoted as “intimate”), prepared by mechanical grinding Pt/SiO2 and y-Al2O3 powders
and pressing into bi-component catalyst pellets; samples are also examined as inter-pellet mixtures
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(denoted as “loose”) and prepared by dispersing separate Pt/SiO2 and y-Al2O3; aggregates of
varying diameter together within the reactor. These mixtures showed an increase in
methylcyclohexane (MA) formation turnover rates (normalized per exposed Pt site) as the y-Al203
to Pt/SiOz dilution ratio increased for the case of both intimate and loose mixtures; no changes in
rates were detected when SiO2 was used as the diluent. Turnover rates for CO oxidation, a reaction
that is insensitive to Pt nanocluster size [22], for intimate PtSiO2+y-Al2O3 and Pt/SiO2+SiO2
mixtures were independent of both the extent of dilution and the oxide identity, demonstrating that
mechanical mixing protocols do not affect the number of accessible Pt sites that catalyze CO
oxidation. These Al2O3-mediated hydrogenation turnover rate enhancements cannot be attributed
to changes in the spatial Pt nanocluster distribution to form new active sites on Pt/SiOx+y-Al203
mixtures that are not present on the undiluted or SiO2-diluted Pt/SiOz. The increased MA formation
rate for loose Pt/SiO2+y-Al203 mixtures (relative to Pt/SiO2 alone), for which y-Al203 is not in
atomic contact with the Pt/SiO2 aggregate, rules out any significant role of carbon bridges, which
are unlikely to span 10-100 um distances, as conduits for H-atom spillover in additive toluene
hydrogenation routes at the y-Al20O3 surface.

Gaseous methylcyclohexene (ME) isomers were shown to form at pseudo-steady state
concentrations during toluene-Hz reactions on Pt/SiO2 (Chapter 2), indicative of the presence of
partially hydrogenated toluene-derived intermediates (denoted THxn, where n is the number of
additional C-H bonds relative to toluene) that can desorb before completing the hydrogenation to
form MA. Such THn species may migrate via diffusion within the porous solids or the fluid phase
and react at y-Al2O3 surfaces present within diffusion distances to form MA via pathways that
complement those prevalent on Pt surfaces. y-Al2O3 surfaces are able to activate H-H [23,24] and
C-H bonds [23] at coordinatively-unsaturated AI** centers, thus potentially providing active sites
for reactions of THn at locations beyond atomic distances from the sites that form (and desorb)
THa. Such active sites can be titrated by propanoic acid (PA), a molecule that binds irreversibly at
metal oxide surfaces with exposed Lewis centers [25], but which does influence toluene-Ha
reactions on Pt nanoclusters. Exposure of Pt/SiO2+y-Al2O3 mixtures to PA is shown to produce
rates similar to those on Pt/SiO2, consistent with the involvement of y-Al2O3 surfaces in
kinetically-relevant bifunctional routes. Al2Os-catalyzed reactions of Hz with 1,3-cyclohexadiene
(13CHD) (or 4-methylcyclohexene; 4ME) form benzene, cyclohexene, and cyclohexane (or
methylcyclohexane and 1-methylcyclohexene) indicating plausible synergistic reactions with
toluene-derived intermediates formed by the Pt function.

Here, two bifunctional mechanisms are examined involving Al2Os-catalyzed reactions of
partially hydrogenated toluene-derived intermediates that may be able to account for the MA
formation rate enhancements conferred by y-Al203 in Pt/SiO2+y-Al2O3 physical mixtures. One
route (denoted additive/stoichiometric hydrogenation mechanism) involves the formation of THn*
intermediates from toluene-Ha reactions on Pt surfaces. These species can desorb and hydrogenate
at nearby y-Al20s surfaces, without requiring Pt-y-Al2O3 atomic contact, thus circumventing the
kinetic bottlenecks at strictly monofunctional Pt surfaces and increasing MA formation rates.
Another route involves the formation of THa* species that undergo slow H-addition reactions to
form MA, but which compete effectively for binding sites on crowded surfaces with the
predominant reactive intermediates involved in monofunctional routes. These stranded, less
reactive THn* species can desorb to give very low equilibrium concentrations of their gaseous
analogs; their migration to, and hydrogenation at, Al2O3 surfaces present beyond atomic distances
leads to their scavenging from the fluid phase, thus decreasing their equilibrium surface coverages
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and increasing the binding spaces available for the competing reactions of intermediates that
mediate monofunctional hydrogenation turnovers at Pt surfaces.

Both mechanisms are mediated by intermediate species that must migrate between two
functions present within diffusion distances, without requiring their atomic contact. In the
additive/stoichiometric hydrogenation mechanism, MA is formed in stoichiometric amounts to the
number of THn molecules that leave the Pt/SiO2 domain and react at the y-Al2O3 domain. These
rates cannot exceed the maximum rates of mass transport for THn* leaving the Pt/SiO> catalyst
aggregates. The maximum driving force for THn* diffusion occur when THn* reaches its
maximum value at the surface of the Pt/SiO2 aggregate (dictated by thermodynamic equilibrium
with toluene and H2) and is scavenged completely from the fluid phase between the two catalyst
domains. Rates of mass transport in this limiting case are calculated using effective mass transfer
coefficients based on boundary layer theory for fluid flow around spheres; these rates show that
methylcyclohexene (ME) intermediates are the only species with equilibrium concentrations large
enough to provide a diffusive driving force sufficient to account for Al203-induced MA formation
rate enhancements on Pt/SiO2+y-Al2O3 mixtures (at 10-100 kPa Ha, 0.3-2.1 kPa toluene, 393 K).
Measured ME pressures measured during toluene-Hz reactions on Pt/SiOz at these same conditions
are shown to be a factor of 10° smaller than their thermodynamic equilibrium values, indicating
that they form irreversibly. Their irreversible formation indicates, moreover, that the elementary
steps that limit toluene conversion precede ME formation; thus, ME hydrogenation in parallel
routes at the Al203 do not bypass kinetically relevant steps at the Pt surface and are not catalytically
relevant at lower temperatures. Such an additive pathway may be important, however, under
conditions where ME formation from toluene-H> reactants nears equilibrium and rates become
limited by ME+H: reactions.

MA formation rates measured on loose mixtures with different Pt/SiO2 and y-Al203 domain
sizes but similar diluent ratios (y-Al2O3 surface area to the number of exposed Pt site ratio) show
that rate enhancements decrease with concomitant increases in their respective domain size (393
K). Such behavior can be attributed to concentration gradients that arise between the two functions
[26] because THn* molecules are formed and consumed at the respective Pt/SiO2 and y-Al2O3
domains rapidly compared to their rates of diffusion between them. Reaction-transport modelling
based on the proposed inhibitor-scavenging route and on measured reactivity trends for
independent Pt/SiO2 and y-Al2Os3 functions show that bifunctional synergies are accurately
accounted for by y-Al2O3-mediated scavenging of methylcyclohexadiene inhibitors. The resulting
kinetic and thermodynamic parameters from the reaction-transport model that best describe the
measured rates give values that are compared to relevant experimental and theoretical benchmarks.
Such comparisons reveal that the proposed inhibitor scavenging route with methylcyclohexadiene
inhibitors gives parameters that are in reasonable agreement with relevant benchmarks providing
corroborating evidence of their catalytic importance for toluene hydrogenation on Pt/SiO2+y-
Al203 mixtures. In doing so, this study presents a novel mechanistic framework for describing
bifunctional hydrogenation routes that are mediated by molecular species via gas phase diffusion
rather than hydrogen spillover across insulating oxide surfaces.

3.2. Materials and methods
3.2.1. Catalyst synthesis and characterization.

Si02 (Cabot Cab-o-sil HS-5) and y-AlO3 (Sasol SBA200; denoted as Al203-Sasol)
materials were obtained from commercial sources. Another Al203 sample (denoted as Al2O3-solgel)
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was prepared from aluminum isopropoxide (AIP; Sigma-Aldrich, 98%) using sol-gel methods [27].
AIP was dissolved in deionized (DI) H20 (resistivity > 17.6 ohm-cm) (10 cm?® g'! AIP) by stirring
magnetically at 358 K for 1 h to form an AIP sol. HNOs (Sigma-Aldrich, 70%) was then added
dropwise (0.4 g'AIP) while stirring and held for 1 h (358 K). The resulting sol was treated in
ambient air at 12 h (393 K) to evaporate the H2O and form a gel. The gel was then treated in
flowing dry air at 773 K (0.017 K s!) for 4 h and in flowing dry air at 923 K (0.017 K s™!) for 2 h
to form solid Al203 particles.

Pt nanoclusters dispersed on SiO2 (Pt/Si0O2) were prepared using electrostatic adsorption
methods [28,29]. Si02 (Cabot Cab-o-sil HS-5; washed with DI H2O, treated in ambient air at 373
K for 12 h, and treated in ambient air at 873 K; 0.017 K s™'; 4 h) was added to a solution of
Pt(NH3)4(NO3)2 (Sigma-Aldrich, 99.995%) and DI H20 (4 cm® g! SiO2) and then stirred
magnetically for 4 h at ambient temperature. NH4OH (Sigma-Aldrich, 28% NH3 in H20, 99.99%)
was added to the SiO2, DI H20, and Pt(NH3)4(NOs3)2 suspension to give a pH between 7 and 8.
The solids were collected by filtration and rinsed with DI H20. They were then treated in (i)
flowing dry air (Praxair, ultra-zero purity) at 1.7 cm® g s”! by increasing the temperature from
ambient to the target treatment temperature at 0.017 K s and holding for 3 h; (ii) flowing He
(Praxair, 99.999%) at 1.7 cm® g! s™! by decreasing the temperature to 373 K at 0.083 K s™'; (iii)
flowing Ha (Praxair, 99.999%) at 1.7 cm® g'! s™! by increasing the temperature from 373 to the
target treatment temperature at 0.017 K s™! and holding for 2 h then decreasing the temperature at
0.083 K s7! to below 373 K; and (iv) flowing 2% O2 with He bal. (Praxair) at 1.7 cm® g!' s”! for at
>1 h. The Pt content was determined by inductively-coupled plasma—atomic emission

spectroscopy (ICP-AES) (Galbraith Laboratories). Pt dispersions (D = %, where N, is the total
T

number of surface metal atoms and Ny is the total number of metal atoms) were measured by Ho
chemisorption uptakes as described in Section 3.8.1. Treatment temperatures, Pt nanocluster
dispersions, and mean Pt nanocluster diameters are reported in Table 3.1. Surface areas (m” g)
and pore volumes (cm® g!) of metal oxide powders were determined from N2 adsorption uptakes
at its normal boiling point (Micromeritic 3Flex Surface Analyzer) and summarized in Table 3.S1
with isotherms shown in Section 3.8.2.

3.2.2. Catalytic rate measurements.

The rate of formation of the products of toluene-H2 and CO-O2 reactions were measured
on Pt/SiO2 samples (0.001-0.05 g) using a fritted U-shaped quartz tube reactor (1.3 cm internal
diameter). Catalyst powders were pressed into wafers then crushed and sieved to retain the target
aggregate sizes. These aggregates were mixed with quartz powder (Sigma-Aldrich, 180-250 um;
treated in ambient air at 973 K) to maintain a bed height of 3 cm. Hydrogenation rates were
unaffected by changes in volumetric heat release rates (varied by changing the amount of Pt/SiOz
in the quartz-catalyst mixture), thus confirming the absence of reaction-induced bed temperature
gradients. Toluene-H: reactions were also carried out on Pt/SiO2 samples mixed physically with
SiO2 or Al20s. Intra-pellet mixtures (denoted as intimate mixtures) were prepared by grinding
Pt/Si02 and oxide diluent in a mortar and pestle for 10 minutes and then pressed, crushed, and
sieved to retain aggregates with 180-250 um diameter. Inter-pellet mixtures (denoted as loose
mixtures) were prepared by pressing each of the two components into separate wafers, which were
then crushed and sieved to retain aggregates with 30-250 pm diameter. The Pt/SiO2 and oxide
aggregates were then interspersed loosely within the reactor (without any quartz added). An Al2O3
bed was also prepared before a quartz-diluted Pt/SiO2 catalyst bed (denoted as Al2O3 pre-bed)
separated by a 5 mm layer of quartz granules (0.5 g), in some experiments. The products formed
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during 1,3-cyclohexadiene and 4-methylcyclohexene reactions with H2 were also measured on
undiluted Al203 samples (0.03-0.1 g) present as powders with 20-50 um diameter.

The samples were resistively heated (National Electric furnace), and the temperature was
maintained constant using a Watlow controller. The bed temperature was measured by a
thermocouple placed in a dimple at the center of the quartz-reactor bed. Catalysts were treated in
(i) flowing 10% O2/He (Praxair) at 100-200 cm® g catalyst™! s! by increasing the temperature from
ambient to 573 K at 0.033 K s and holding for 1 h; (ii) flowing He (Praxair, 99.999%) at 100-200
cm® g Pt/SiO2! s7! by holding at 573 K for 0.25 h; and (iii) flowing Hz (Praxair, 99.999%) at 100-
200 cm?® g Pt/SiO2! s7! by holding at 573 K for 1 h before decreasing the temperature to the target
temperature for the reaction in flowing Hz (for hydrogenation reactions) or flowing 10% O2/He
(for CO oxidation reactions). O2/He, He, and H> inlet streams were purified by passing through
moisture traps (Agilent BMT).

Gaseous inlet molar rates were set using electronic Parker mass flow controllers. Liquid
toluene (Sigma-Aldrich, 99.9%), 1,3-cyclohexadiene (Sigma-Aldrich, 97%), and 4-
methylcyclohexene (Sigma-Aldrich, 99%) was introduced into flowing H2 and He mixtures (100-
200 cm?® g Pt/SiO2! s!) before the reactor using a Parker Hamilton syringe pump. Propanoic acid
(Sigma-aldrich, 99.5%) was mixed into the toluene reactants for titration experiments. The effluent
stream was analyzed using on-line gas chromatography (GC; Agilent 6890A) with flame
ionization detection (FID) after molecular separation using a capillary column (Agilent; HP-1).
Methylcyclohexane, 1-methylcyclohexene, 4-methylcyclohexene, cyclohexane, cyclohexene,
benzene, and 1,4-cyclohexadiene products were identified in the chromatographs by comparing
their retention times to those of chemical standards. Process lines between the liquid injection port
and the GC injection system were held at 373-473 K in order to prevent reactant and product
condensation; these heated lines did not lead to detectable conversion of any reactants or products
and contributed negligibly to measured rates and selectivities. The effluent stream from CO
(Praxair; 1% CO, 2% Ar, He bal.) and O: reactions was analyzed using on-line GC with thermal
conductivity detection (TCD) after molecular separation using a packed column (Agilent; Porapak

Q).

Liquid toluene (Sigma-Aldrich, 99.9%), 1,3-cyclohexadiene (Sigma-Aldrich, 97%), and 4-
methylcyclohexene (Sigma-Aldrich, 99%) was introduced into flowing H2 and He mixtures (100-
200 cm® g Pt/SiO2! s7!) before the reactor using a Parker Hamilton syringe pump. Propanoic acid
(Sigma-aldrich, 99.5%) was mixed into the toluene reactants for titration experiments. The effluent
stream was analyzed using on-line gas chromatography (GC; Agilent 6890A) with flame
ionization detection (FID) after molecular separation using a capillary column (HP-1).
Methylcyclohexane, 1-methylcyclohexene, 4-methylcyclohexene, cyclohexane, cyclohexene,
benzene, and 1,4-cyclohexadiene products were identified in the chromatographs by comparing
their retention times to those of chemical standards. Process lines between the liquid injection port
and the GC injection system were held at 373-473 K in order to prevent reactant and product
condensation; these heated lines did not lead to detectable conversion of any reactants or products
and contributed negligibly to measured rates and selectivities.

3.2.3. Calculations of diffusion and mass transfer coefficients.

The pore diffusivities (D4) of molecular reactants and intermediates through pores of SiO2
and Al2O3 aggregates were estimated from their molecular diffusivities (D, 4; from kinetic theory
of gases [30]) and Knudsen diffusivities (Dg,4) combined as resistances in series [31]:
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Dy = Dy + D)~ (3.1)

The Dy, values were calculated using the Knudsen equation [32,33]:

_tb) [orr

: (3.2)
kA= 3 |aM

where (lp) is the mean pore diameter determined from N2 adsorption Table 3.S1, R is the ideal

gas constant, and M is the molecule’s molar mass. The effective diffusivity (D,4) was calculated
from the combined pore diffusivity (D,) and the void fraction (of the catalyst particle), € [31]:

DeA = DAEZ. (33)

Overall mass transfer coefficients (k) for the transport of partially hydrogenated toluene-

derived gaseous intermediates leaving a Pt/SiO2 aggregate or entering an Al2O3 aggregate were
calculated from boundary layer theory models developed to describe mass transfer from a sphere
into a flowing fluid [34,35]:

_Dy,(1-9) _,
kg = TSh ) (34)
with
11
Sh' = 1.0(Re")z(S¢)3, (3.5)
Re' = Re 3.6
“Ta-oey (36)
d,U
Re = 22— (3.7)
v
Sc=— 3.8
cC=— .
Dy (3.8)

where d,, is the aggregate diameter, 6 is the void fraction of the catalyst bed, Sh’ is the related to the

Sherwood number (Sh; Sh' = She/(1 —€)), Re is the Reynolds number, U is the superficial
velocity, and v is the kinematic viscosity.

3.2.4. Computational methods.

The thermochemistry of methylcyclohexadiene (MD) and methylcyclohexene (ME)
isomers formed from toluene and H2 were calculated in their gaseous forms using quantum
mechanical methods. Structure optimization and electronic energy calculations were performed
using the coupled cluster single-double (CCSD) level of theory [36-38] with aug-cc-pvdz basis
set [39—43] as implemented in the Gaussian 09 computational package [44]. Vibrational
frequencies were calculated using the CBS-QB3 method [45] as implemented in Gaussian 09.
Zero-point energies (ZPE), enthalpies (H), entropies (S), and Gibbs free energies (G) were
calculated from the computationally-derived electronic energies and vibrational frequencies using
standard statistical thermodynamics methods [46], as described in Chapter 2 Section 2.8.2.
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The free energies (AG;) of formation of MD and ME isomers from toluene and H> were
determined from the difference in free energy between the gaseous MD or ME (G;) and their
precursors, toluene(g) (G¢o;) and n/2 Hz (Gy,) (where n is the number of H atoms added to toluene
to form the product):

n
AGl' = Gi - Gtol - EGHZ'
The free energy of the gaseous species at a given temperature (7) is related its enthalpy (H) and
entropy (S):

(3.9)

G=H-TS. (3.10)
Equilibrium constants for MD and ME formation are related to the change in the free energy:

RT )’
The equilibrium partial pressure of the MD and ME (P, ) is related to the equilibrium constant

Kieq = exp( (3.11)

and to toluene pressure (Pyy;¢q) and Hz pressure (Py, ¢4) at 1 bar:

Pi,eq
Kieq = —— = (3.12)
Ptol,eqPHz,eq2

3.3. Results and discussion

3.3.1. Effects of Pt/SiO: dilution with SiO: or Al203 on methylcyclohexane formation rates from
toluene-H> reactants.

Figure 3.1 shows methylcyclohexane (MA) formation turnover rates (moles MA g-atom
Pts! s7'; where Pts denotes an exposed Pt-site) during toluene-H> reactions on SiO2-supported Pt
nanoclusters (Pt/Si02) present as intimate mixtures with SiO2 and y-Al203 (Sasol SBA200; Al203
refers to Sasol SBA200 henceforth, unless specified otherwise) and loose mixtures with Al2O3
(393 K, 90 kPa Ha, 1.4 kPa toluene). MA was the predominant product formed (> 95% selectivity)
with 1-methylcyclohexene (IME) and 4-methylcyclohexene (4ME) as the other detectable
products. 3-Methylcyclohexene (3ME) could not be separated from the dominant toluene peak in
the chromatographs. MA formation rates increased linearly with the extent of dilution by Al203
(defined as the ratio between the diluent surface area and Pts, denoted as ) present in intimate
mixtures. Rates increased monotonically with B for loose mixtures following a sublinear
dependence. Al2O3 was inert for toluene hydrogenation in the absence of the Pt/SiO2 component.

Toluene hydrogenation is an exothermic reaction that can lead to temperature gradients
within Pt/Si02 aggregates. Intra-aggregate volumetric Pt/SiOz dilution by SiO2 would decrease the
rate of heat release per aggregate, thus minimizing such artifacts. MA formation rates on Pt/SiOz
were unaffected by SiO: dilution, indicative of the absence of such artifacts even on undiluted
Pt/S102. The similar rates on Pt/SiO2 with or without SiO2 dilution indicate, moreover, that MA
formation rates were not affected by reactant concentration gradients across the Pt/SiO2 domain
due to slow mass transport relative to reaction rates, because such gradients would also be
alleviated by volumetric dilution of the active Pt sites by SiOz. These data demonstrate that dilution
did not lead to the removal of any significant heat or mass transfer artifacts that could have led to
the MA formation rate differences between Pt/SiO2 and Pt/Si02+Al20:s.
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Figure 3.2 shows CO oxidation turnover rates (moles CO2 g-atom Pts! s'!) on intimate
Pt/S102+S10:2 and Pt/Si02+Al203 mixtures. These rates were independent of the extent of dilution
and of the identity of the diluent. Pt-catalyzed CO oxidation rates are insensitive to Pt nanocluster
diameter [22]; as a result, CO oxidation rates depend solely on the number of exposed Pt sites
without any effects of nanocluster size distribution or morphology. The insensitivity of CO
oxidation rates to dilution extent and diluent identity indicates that the number of exposed Pt sites
that catalyze CO oxidation was unaffected by the mixing protocols used to form these samples.
These results indicate, moreover, that the enhanced MA formation rate for Pt/SiO2+Al>03 mixtures
cannot be attributed to an increase in the number of exposed Pt sites or to changes in the Pt
nanocluster distribution (which would invariably change the number of exposed sites) to form new
types of Pt sites with higher reactivity (such as single Pt-atom sites or Pt nanoclusters of different
sizes with lower coordination numbers at the surface).

Table 3.2 shows MA formation turnover rates on Pt/SiO2 measured on quartz-diluted
Pt/Si02 (Pt/Si02), a loose Pt/SiO2+Al2O3 mixture (40 pm average particle size), and quartz-diluted
Pt/Si02 with an Al2O3 pre-bed (40 pm average particle size). MA formation rates were similar for
the Pt/SiO2 with and without the Al>O3 pre-bed (0.12 + 0.01 and 0.13 moles MA g-atom Pts! s,
respectively). The MA formation rate for the loose mixture was 0.23 moles MA g-atom Pts! s7!;
this loose mixture had an A1>O3 to Pt/SiO2 mass ratio (110 g AO3 g Pt/SiO2!; B=1100 nm? Al>Os3
g-atom Pts!) that was similar to the Al203 to Pt/SiO2 mass ratio used for the pre-bed (130 g Al203
g Pt/SiO2"). The lack of a promotional effect for Al2O3 present as a pre-bed combined with the
two-fold increase in MA formation rate observed for the same amount of Al2O3 present as a loose
mixture indicates that proximity (at the um scale) between the Pt/SiO2 and Al2O3 functions is
required to affect the measured rate enhancements.

Any impurities present in the reactant stream that bind strongly to Al2O3 surfaces would
have been trapped by the Al2Os pre-bed, thereby mitigating their poisoning of the Pt surface [9,14].
The observed rates on Pt/SiO2 were not affected by the presence of the pre-bed, indicating that the
higher MA formation rates observed on Al2Os-diluted Pt/Si02 (compared with Pt/SiO2) cannot be
attributed to the mitigation of Pt-site contamination by poisons in the reactant stream [9,14].

These Pt/S102 and Pt/Si02+Al203 catalysts were exposed to an in-situ pre-treatment in Oz
(10% O2, He bal.) followed by treatment in H> before conducting rate measurements (Section
3.2.2). Such an O2 treatment would have oxidized any carbonaceous debris that adhered to the
Pt/SiO2 or Al203 surfaces during storage which would have otherwise poisoned Pt sites [9,19].
These data indicate that any effects of Al2O3 in trapping such debris during pretreatment and thus
mitigating their poisoning of Pt surfaces, as proposed to account for the promotional effect of
Al203 elsewhere [14,19], are negligible.

3.3.2. The effects of propanoic acid on methylcyclohexane formation rates during toluene-H:
reactions on Pt/SiO: and intimate Pt/SiO2-A1203 mixtures.

Carboxylic acids bind to Al2O3 surfaces as monodentate, bidentate, and chelating bidentate
ligands [47-50]. Propanoic acid (PA) has been used as a selective titrant of acid-base pairs on ZrO2
and TiO: surfaces that catalyze ketonization reactions [51,52]. It was used here as a selective titrant
of any acid-base pairs that could act as active sites on Al2O3 surfaces during toluene-Hz reactions
on Pt/Si02+Al203 mixtures.

Figure 3.3 shows MA formation rates on Pt/SiO2 during toluene-Hz reactions as a function
of time on stream before and during the introduction of PA into the reactant stream (393 K, 80 kPa
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Hz, 1.4 kPa toluene, 3 Pa PA). Similar rates were observed before and during PA introduction;
these data indicate that monofunctional toluene hydrogenation routes on Pt nanoclusters were
unaffected by such PA titrants. The PA pressure in the effluent was the same as in the inlet stream,
indicative of negligible PA adsorption or reaction on Pt nanoclusters or SiO2 surfaces.

Figure 3.4 shows MA formation rates on an intimate Pt/SiO2+Al203 mixture (=200 nm?
ALO3 Pts") during toluene-H» reactions as a function of time on stream before and during PA
introduction, as well as the effluent PA partial pressures (393 K, 80 kPa Ha, 1.4 kPa toluene, 3 Pa
PA). Rates decreased linearly for the first 4 ks that PA was in the reactant feed, then decreased
asymptotically towards a value that was similar to that of Al2O3-free Pt/SiO2 (0.12 moles MA g-
atom Pts! s°'; Table 3.2). PA was not detectable in the effluent during the first 4 ks of PA exposure,
after which the pressure increased asymptotically with time to its inlet value (3 Pa). These data
show that PA is removed from the inlet stream, either by irreversible titration of Al2O3 surfaces or
by Al20s-catalyzed reactions. The absence of PA in the effluent stream while rates linearly
decreased establishes a link between the loss of the excess component of the MA formation rate
and the titration of sites at the Al2O3 surface.

3.3.3. 1,3-Cyclohexadiene and 4-methylcyclohexene reactions with Hz on Pt-free Al2O3 surfaces.

Al2Os-catalyzed reactions of 1,3-cyclohexadiene (13CHD) and 4ME were carried out to
assess the types of reactions that can be mediated by Al2O3 surfaces with catalytic relevance for
bifunctional MA formation routes during toluene-Hz reactions on Pt/SiO2+Al20O3 mixtures.

The predominant products formed during 13CHD and H:z reactions on Al203 were benzene,
cyclohexene (CHE), and cyclohexane (CHA) (393 K, 0-100 kPa Ha; 5-70 Pa 13CHD). Figure
3.5a shows benzene, CHE, and CHA formation areal rates as a function of Hx pressure
(extrapolated to zero time on stream, with time-dependent rates show in Section 3.8.3) on Al203-
Sasol. CHA formation areal rates increased linearly with Hz pressure with a y-intercept of zero,
benzene showed only a slight positive H> dependence with a significant y-intercept, and CHE
formation rates increased linearly with Hz pressure between 0-100 kPa H2 with a significant y-
intercept. Benzene and CHE were formed in the absence of H> in stoichiometric amounts,
indicating that Al2O3-Sasol catalyzed hydrogen-transfer reactions between two 13CHD molecules.
The benzene formation areal rate thus reflects the total hydrogen-transfer areal rate because every
13CHD molecule that donates H-H to 13CHD or CHE forms on benzene molecule. CHE and CHA
were formed at combined rates that far exceeded benzene formation rates with added H2 (10-100
kPa), indicating that 13CHD molecules were hydrogenated by reactions with molecular H2. The
total Ha-consumption areal rate corresponds the difference between the number of moles of Ha
consumed to form saturated products and the number of benzene molecules formed.

Figure 3.5b shows hydrogen-transfer and H2-consumption areal rates as functions of
13CHD pressure on Al203-Sasol (393 K, 0-100 kPa Hz; 5-70 Pa 13CHD, extrapolated to zero time
on stream). These rates increased monotonically with increasing 13CHD pressure in a manner
reminiscent of Langmuir-Hinshelwood kinetics, in accordance with the following functional form:

_ a; [HC]
T 1y 5,[HCT
where 1; is the areal rate of reaction i (denoting hydrogen transfer or H2 consumption), [H(C] is the
partial pressure of the hydrocarbon reactant, and @;3cyp; and 8i3cyp; are lumped reaction
parameters. The linear trend at low 13CHD pressures (<10 Pa; corresponding to §;[HC] «< 1) is
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consistent with 13CHD consumption reactions occurring on active sites that are essentially
uncovered by 13CHD-derived species. The zero-order trend approached at high 13CHD pressures
(>60 Pa) suggests that active sites saturated with such species (corresponding to §;[HC] » 1). The
values of the ay3¢cyp ; and 813¢cyp,; constants determined by regressing the measured rate data to
the functional form of equation 3.13 are presented in Table 3.3.

The predominant products measured during 4ME-H: reactions on Al203-Sasol and Al2Os-
solgel were 1-methylcyclohexene (1ME) via isomerization routes and MA via hydrogenation
routes. Small amounts of 3ME but no toluene was detected (toluene and 3ME could be separated
given the low partial pressures of products during these reactions). Figure 3.6 shows Ha-
consumption areal rates (corresponding to the rates of MA formation) and isomerization areal rates
(corresponding to the combined rates of IME and 3ME formation) as functions of H2 (Al203-
solgel) and 4ME (Al203-Sasol and Al20s3-solgel) pressures during 4ME-H: reactions (393 K, 0-
100 kPa H2, 10-150 Pa 4ME). H2 consumption rates on both alumina samples increased
monotonically with increasing 4ME pressure with trends that were reminiscent of Langmuir-
Hinshelwood kinetics (eq 3.13), consistent with 4ME hydrogenation reactions that occurred on
sites that were mostly uncovered with 4ME-derived species at low 4ME pressures (< 20 Pa;
§;[HC] « 1) and ultimately became saturated with such species at higher pressures (> 50 Pa;
§;[HC] » 1). Isomerization rates increased linearly with 4ME pressure, with a non-zero y-intercept,
on both alumina samples. Both H2-consumption and isomerization rates on Al2Os-solgel increased
linearly with Hz pressure; the H2-consumption rate showed a zero y-intercept while the IME
formation rate showed a non-zero intercept. No dehydrogenated products were detected during
4ME-H: reactions (toluene, methylcyclohexadiene isomers) indicating that 4ME reactions with
molecular Haz, rather than bimolecular hydrogen transfer reactions between 4ME molecules,
accounted entirely for the MA formed. The significant y-intercept for the 1ME formation curve
indicates that the 4ME isomerization reaction was catalyzed by Al2Os3-solgel in the absence of Ha.
The increase in isomerization rate as a function of Hz pressure suggests that isomerization routes
mediated by bound H> at the Al2O3 surface [23] may contribute to the rate that IME forms.

3.3.4. The role of additive/stochiometric toluene hydrogenation routes via molecular shuttles in
Pt/SiO: and Al>O3 mixtures.

Toluene hydrogenation turnovers that form MA on monofunctional Pt/SiO: catalysts are
mediated by a sequence of six H-addition elementary steps that form partially hydrogenated
toluene-derived species with » added H atoms (denoted THn*, n=1-5). IME and 4ME gaseous
products were detected during toluene-H: reactions on Pt surfaces via the desorption of their
respective bound counterparts (Chapter 2, Section 2.3.1). The observation that bound 1ME and
AME intermediates desorb suggests that other partially hydrogenated toluene-derived surface
intermediates may too desorb, but at partial pressures that are below the limits of detection (~1
ppm). The data described in the previous section (Section 3.3.3) demonstrates, moreover, that
Al203 surfaces catalyze reactions of Hz with unsaturated cyclic hydrocarbons. These results
suggest that partially hydrogenated toluene-derived species that desorb from the Pt nanoparticle
surfaces can react at Al2O3 surfaces present within diffusion distances. Toluene hydrogenation on
Pt/SiO2 was found to be limited primarily by H addition to TH:i* intermediates (mono-
hydrogenated toluene) at 333-393 K (Chapter 2, Section 2.3.4) and by H addition to THs* (penta-
hydrogenated toluene) at significantly higher temperatures (493-533 K; Chapter 2, Section 2.3.5);
at all temperatures, THn* intermediates with fewer added H atoms than the species that reacts in
the kinetically-relevant step are present at coverages given by their quasi-equilibrium with toluene-
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Ha reactants. The desorption of these THn* intermediates (formed before rate-limiting H-addition
steps) from Pt surfaces and their migration to and hydrogenation on Al2O3 surfaces (to form MA)
would circumvent monofunctional kinetic bottlenecks for MA formation.

A general scheme for such a mechanism, referred to henceforth as the
additive/stoichiometric hydrogenation route, is shown in Scheme 3.1. These steps are based on the
elementary steps proposed to account for measured toluene conversion rates on Pt/SiO2 (3.6 nm
particles) in Chapter 2 (Section 2.3.2), and which are analogous to steps for alkene and other
monoarene hydrogenation reactions on transition metal surfaces [53—55]. Two distinct sites are
used to bind hydrocarbons (*) and H atoms () based on the precedent established for reactions on
surfaces with high hydrocarbon coverages (i.e., alkane hydrogenolysis [56], alkene hydrogenation
[57,58], and monoarene hydrogenation [7,59]). Partial toluene hydrogenation forms cyclic
hydrocarbon surface intermediates that differ in their numbers of C atoms that form ¢-bonds or =-
bonds with surface Pt atoms ([60,61]). Justification for the use of this multisite model for
adsorption on Pt surfaces with high hydrocarbon coverage and its implications for kinetics-based
reaction modelling are provided in Chapter 2 (Sections 2.3.2 and 2.8.5).

Scheme 3.1, steps 1-3 show quasi-equilibrated Hz dissociation on an S-site pair to form
two H adatoms bound at S-sites (H-S; Scheme 3.1, step 1), quasi-equilibrated toluene adsorption
at an ensemble of yw! adjacent *-sites (Scheme 3.1, step 2), and a sequence of m H additions to
bound toluene via reaction with H-S in quasi-equilibrated steps to form a bound partially
hydrogenated toluene-derived species with m additional C-H bonds (THm*) bound to yrum adjacent
*-sites (Scheme 3.1, step 3). THm* reacts further to form MA in two parallel routes shown in
Scheme 3.1, steps 4a-7a (occurring entirely on Pt surfaces) and Scheme 3.1, steps 4b-5b
(occurring on both Pt and Al2Os surfaces). Scheme 3.1, steps 4a-7a show a sequence of p-m H
additions to THm* via reaction with H-S in quasi-equilibrated steps to form a bound partially
hydrogenated toluene-derived species with p additional C-H bonds (THp*) (Scheme 3.1, step 4a)
bound to ytHp adjacent *-sites, followed by a sequence of 6-p H additions to THp* via reaction
with H-S to form MA and yrnp adjacent *-site vacancies, the first of which is irreversible and
kinetically relevant (Scheme 3.1, steps 5a-7a). Scheme 3.1, steps 4b-5b shows reversible
desorption of THm™* to form THm(g) and yrum adjacent *-site vacancies (Scheme 3.1, steps 4b)
and gaseous MA formation via Al2Os-catalyzed THm-H2 reactions (Scheme 3.1, step 5b).

Additive/stoichiometric hydrogenation (Scheme 3.1) requires that molecular intermediates
(THm), desorbed from the Pt nanocluster’s surface, diffuse across greater than atomic distances to
Al203 surfaces where they are hydrogenated to complete a catalytic turnover. The Pt (or Al203)
sites that catalyze the THm’s formation (or consumption) in physical Pt/SiO2+Al203 mixtures are
contained within continuous regions of Pt/SiO: (or Al203) particles with domain boundaries set by
the size of either the Pt/SiO2 (or Al203) pellets that comprise the loose mixture or the constitutive
Pt/SiO2 (or Al20Os3) particles that comprise the intimate mixture. The molar THm flow leaving a
domain of Pt/SiO2 (Wps;0,) 18 proportional to the difference between the THm pressure at the

surface of the Pt/SiO2 aggregate ([T H,,,]*“'/) and at the bulk fluid between the catalyst aggregates
([T Hpp ]PH5) [35]:

Weesio, = —kgApesio, ([THp 1P — [TH,]5%7), (3.14)
with
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Aptsio, = 47TR1%t5i02. (3.15)

where kg is the coefficient for mass transport between a spherical particle and a flowing fluid from
boundary layer theory (Section 3.2.3), Ap.s;0, is the external surface area of the Pt/SiO2 aggregate
(assuming spherical geometry), and Rp;s;0, 1s the radius of the Pt/SiO2 aggregate. The maximum
MA formation turnover rate (per exposed surface Pt site) via the additive/stoichiometric
hydrogenation route occurs when sufficient Al2O3 is present in the mixture to hydrogenate all THm
molecules that are transported from the Pt/SiO2 domain to the intervening fluid phase; these rates
can be no greater than the maximum rate of THm mass transport leaving the Pt/SiO2 domains. The
greatest driving force for THm transport from the Pt/SiO2 domain to the fluid phase occurs when
THm reaches its maximum allowable concentration at the surface of the Pt/SiO2 aggregate (which
is dictated by the value in gas-phase equilibrium with toluene and m/2 Ha reactants ([TH,,,]s*"/ =
[THpleq)) and is present at negligible pressures in the intervening fluid ([TH,,]?*** = 0). The
ratio of the maximum mass transfer rate (Wps;p,) to the additive hydrogenation rate per Pt/SiO2
aggregate, denoted (, is given by:

Weisio, (3.16)

L )
radd ( Pt )
PLPE\Npisi02

{:

with

Wg?%’f)z = kgApesio, [TH,p] (3.17)

eq’

where rgg;}i is the MA formation turnover rate (per Pts) via the additive hydrogenation route

(defined by the difference between the total measured MA formation turnover rate for a
Pt/S102+Al203 mixture and the turnover rate measured for Al2Os-free Pt/SiO2), Lp; is the number
of exposed Pt sites, and Npg;¢, is the number of Pt/SiO2 pellets.

Upper limits to ¢ values were determined by evaluating Wpts;p, (eq 3.17) using theoretical

equilibrium THm values determined from their Gibbs free energies of formation from toluene and
m/2 Hz reactants calculated using coupled cluster single-double (CCSD) theory and statistical
mechanics approaches (Section 2.2.4) and using reported experimental values where available.
Table 3.5 shows theoretical equilibrium pressures for the formation of MD and ME isomers from
stoichiometric amounts of toluene and Hz (393 K, 90 kPa Hz, 1.4 kPa toluene) and reported
experimental values for IME and 4ME, along with ¢ values for a loose Pt/SiO2+Al203 mixture
(Rptsio,=70 pm; p=2700 nm* ALO3 Pts™"). The { values for MD isomers were on the order of 10"
4.10°%; these values are much less than one indicating that MD isomers formed from the Pt surface
cannot diffuse to the Al2O3 surface fast enough to account for the increased MA formation rates,
even when present at their thermodynamic limits. ME isomers, on the other hand, gave { values
on the order of 10%-10° (DFT-derived) and 10-10* (experimental) which are greater than one,
indicating that the maximum rates of ME mass transfer exceeded the observed MA formation rates.
Other toluene-derived intermediates contain unpaired electrons making them less stable than MD

and ME isomers and are less likely to form at sufficient concentrations necessary for rapid
diffusion.

IME and 4ME intermediates were detected during toluene-H: reactions on Pt/SiO2 at 0.03
and 0.13 Pa, respectively (Table 3.6). These values are a factor of 10 smaller than the values at
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equilibrium with gaseous toluene and two H2 (from reported experimental values; Table 3.5);
these large deviations from equilibrium indicate that IME and 4ME were formed irreversibly
during toluene-Hz reactions. Kinetically-relevant intermediates in additive hydrogenation routes
(Scheme 3.1) must form in quasi-equilibrated steps preceding the rate-limiting step for
monofunctional Pt-catalyzed MA formation so that their hydrogenation at the Al.O3 surface can
bypasses the kinetic bottlenecks at the Pt surface. Irreversible IME and 4ME formation at the Pt
surface, in turn, renders any hydrogenation routes at proximate Al2Os surfaces kinetically
irrelevant.

3ME and 4ME both have double bonds at pairs of secondary C atoms; the similar
substitution of the C atoms that form the double bond in 3ME and 4ME is reflected in the small
free energy change to form 3ME from 4ME (+2 kJ mol’, 393 K; Table 3.5). These similar
structural and thermodynamic properties suggest that 3ME and 4ME are formed and consumed in
similar elementary steps at the Pt surface; as a result, 3ME is likely to be present at pressures far
from its equilibrium limits, as is the case for 4ME, and not expected to contribute significant to
MA formation rates through additive Al2Os-catalyzed hydrogenation routes.

3.3.5. The role of inhibitor-scavenging routes via molecular shuttles in Pt/SiO:z and Al203 mixtures
and supporting evidence from reaction-transport models.

Toluene hydrogenates at Pt surfaces via multiple parallel routes that vary in the order of
the positions of C atoms that H atoms are added to. These parallel routes form THna* species with
forty-two distinct numbers and locations of added C-H bonds (Scheme 3.S1); such variation in
sequences of H-addition steps leads to multiple intermediates with the same H-content but different
positions of C-Pt attachments with consequences for adsorbate-surface bond strength and
reactivity. Indeed, density functional theory investigations into benzene hydrogenation on Pt(111)
surfaces showed that intermediates with the same number of added H atoms but at different relative
positions were hydrogenated at different rates [62—65]. Benzene hydrogenation occurred most
rapidly through a sequence of H-addition steps in which each H atom was added to a C atom at a
position vicinal to a C atom that was hydrogenated in a previous step (denoted the ortho-
hydrogenation route) [62,63]. These reports suggest that aromatic rings hydrogenate primarily
through a predominant sequence of H-addition steps, and with parallel routes occurring at rates
that do not contribute significantly to the overall formation of the saturated product. These parallel
routes form stranded surface species with lower reactivities that may cover significant numbers of
Pt sites thus inhibiting the formation of transition states that mediate the kinetically-relevant steps
of the predominant MA formation route. Their desorption and subsequent hydrogenation at a
nearby Al203 surface within diffusion distances would lower their gaseous concentration and
surface coverage, thereby liberating active sites at the Pt surface and increasing rates of the
predominant hydrogenation route. A general scheme of a such a mechanism for toluene
hydrogenation involving the formation a stranded intermediate at the Pt surface and its scavenging
via hydrogenation at an Al2O3 function, referred to henceforth as the inhibitor-scavenging route,
is shown in Scheme 3.2.

Scheme 3.2, steps 1-2 show quasi-equilibrated H> dissociation on an S-site pair to form
two H-S species (Scheme 3.2, step 1) and quasi-equilibrated toluene adsorption at an ensemble of
Yol adjacent *-sites (Scheme 3.2, step 2). Bound toluene reacts further to form MA via two parallel
routes in Scheme 3.2, steps 3a-6a (occurring entirely on Pt surfaces) and Scheme 3.2, steps 3b-
10b (occurring on both Pt and Al2O3 surfaces). Scheme 3.2, steps 3a-6a show a sequence of m H
additions to bound toluene via reaction with H-S in quasi-equilibrated steps to form a bound
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partially hydrogenated toluene-derived species with m additional C-H bonds (THm-a*) bound to
yrum adjacent *-sites (Scheme 3.2, step 3a), and a sequence of 6-m H addition to THm-a* via
reaction with H-S to form MA and yrum adjacent *-site vacancies, the first of which is irreversible
and kinetically relevant (Scheme 3.2, step 4a-6a). Scheme 3.2, steps 3b-10b show a sequence of
p quasi-equilibrated H additions to bound toluene via reaction with H-S to form THp-b* bound to
ytHp adjacent *-sites (Scheme 3.2, step 3b); a sequence of g-m irreversible H additions to THy-b*
by reaction with H-S to form THg¢-b* bound to ytHq adjacent *-sites (Scheme 3.2, step 4b); a
sequence of r-¢g quasi-equilibrated H additions to THg¢-b* via reaction with H-S to form TH-b*
bound to ytur adjacent *-sites (Scheme 3.2, step 5b); a sequence of 6- irreversible H additions to
TH:* via reaction with H-S to form MA and ytnp vacant, adjacent *-sites, the first of which is
irreversible and kinetically relevant (Scheme 3.2, steps 6b-8b); quasi-equilibrated THg-b*
desorption to form gaseous THg-b (Scheme 3.2, step 9b); and gaseous MA formation via Al20s3-
catalyzed THq-b and Hz reactions (Scheme 3.2, step 10b). In this scheme, THq-b* constitutes the
most abundant surface intermediate (MASI) at the *-sites and its scavenging via hydrogenation at
the Al2Os surface lowers its Pt-surface coverage thus liberating sites that catalyze the kinetically-
relevant toluene hydrogenation pathway.

The inhibitor-scavenging route (Scheme 3.2), like the additive/stoichiometric
hydrogenation route discussed in the previous section (Section 3.3.4), requires that THg-b
molecules diffuse across greater-than-atomic distances from the Pt nanocluster surfaces (where
they are formed) to the Al2O3 surfaces (where they are hydrogenated) to mediate a catalytic
turnover. Geometric segregation of the Pt/SiO2 and Al2O3 domains that catalyze the THg-b
formation and consumption reactions, respectively, in physical mixtures result in a global
maximum THg-b concentration at the centers of the Pt/SiO2 aggregates and a global minimum at
the centers of the Al2O3 aggregates [26]. Such nonuniform THgq-b concentration profiles become
significant when the intrinsic kinetic rates of THg¢-b formation and consumption become fast
relative to the rates of THq-b mass transport throughout the pores of the Pt/SiO2 and Al203 domains
and/or between the Pt/SiO2 and Al2O3; aggregates, and mass transport rates limit overall MA
production [26]. Such concentration gradients become more pronounced as aggregate domain sizes
increase, along with regions of monofunctional catalytic behaviors [26].

Figure 3.7 shows MA formation turnover rates on loose Pt/SiO2+Al203 mixtures as a
function of the Pt/SiO2 aggregate radius (which is equal to the Al2O3 aggregate radius) at dilution
extents between 2700-3000 nm? Al2O3 Pts!. These observed MA formation rates decreased
monotonically with increasing aggregate radii, asymptotically approaching the rate observed for
ALOs-free Pt/Si0O2. Such a decrease in the bifunctional component of the MA formation rate as
the aggregate size increased is a strong indication of bifunctional reactions mediated by gaseous
intermediates that were limited by their mass transport [26].

A rigorous description of MA formation turnover rates on Pt/SiO2+Al203 mixtures that
considers THq-b concentration gradients across the catalysts’ domains is achieved by averaging
the MA formation turnover rates over the Pt/SiO2 volume:

fVPtSiOZ

o TMapt d”/ (3.18)
Uptsio,’

where 74 p¢ is the MA formation turnover rate (per exposed Pt site), (14 p¢) is the volume-
averaged Ty 4 p¢ value, dv is a differential volume element, and vp,g;0, is the volume of a Pt/SiO>
aggregate. MA formation turnover rates in the inhibitor-scavenging route (Scheme 3.2) are limited
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by the rate of H addition to THm-a* (Scheme 3.2, step 4a), which is proportional to THm-a*
(07H,,a+) and H-S (8 5) coverages:

TmaPt = kCH,m+1;a9THma*0H,S' (3.19)

where kcy 1.4 15 the forward rate constant for the THm-a* and H-S reaction. The functional form
of equation 3.19 is restated, assuming that THm-a* and H-S are formed in quasi-equilibrium with
gaseous toluene and Ho:

= m+1
Tuare = Kenmna | |(Kenia) KIS Koo Teoll[H,] 2 0,60, (3:20)
i=1
where K. is the equilibrium constant for toluene adsorption at *-sites, Ky 5 is the equilibrium
constant for Hz dissociation at S-site pairs (per H atom), and y;,; is the ensemble of adjacent *-
sites that bind toluene. The vacancy coverage term (6,) in equation 3.20 is determined from the
balance law describing the conservation of occupied and unoccupied *-sites which, for a Pt surface
with *-sites saturated with THq-b*, is given by:

YTHq

1= Kryp.[THg], 6. (3.21)

where KTHq s 18 the equilibrium constant for THq-b adsorption at *-sites and y; H, is the number

of adjacent *-sites that bind the THq-b molecule. The vacant S-site coverage (6s) is determined
from the balance law describing the conservation of occupied and unoccupied S-sites with §
vacancies and H-S as the MASI:

1
1= 6, + Ky 5[H,]26. (3.22)

The MA formation rate (eq 3.20) is restated by substituting the *-site vacancy term (6,) with the
value obtained from the *-site balance (eq 3.21), and the S-site vacancy term (6s) with the value
obtained from the S-site balance (eq 3.22), and assuming that y;,; and YrH, are equal (V¢ =

YrH,):

atol—»THm.H,a

[THq]b , (3.23)

Tma Pt =
with

m+1
_kcnmitia T2, (Kenia) Ki's Keor [tol] [H,] 2

atol—>THm+1,a - 1
Krh b+ (1 + KH,S[HZ]Z)

The MA formation rates described by equation 3.23 are inversely proportional to THg-b
pressure; as a result, scavenging of THq-b species from the fluid phase via hydrogenation at a
proximate Al2O3 catalyst decreases their pressure and, in turn, increases MA formation rates. The
extent to which MA formation rates increase with AlOs dilution is characterized by an
enhancement factor () for Pt/SiO2+Al2O3 mixtures defined by the ratio between the volume-
averaged MA formation turnover rate for the Pt/SiO>+ALOs mixture ((ryp¢)) and the
monofunctional MA formation turnover rate (Ta4 pt:mono):

(3.24)
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n= (TMA,Pt)/TMA,Pt;mono- (3.25)

The value of the monofunctional MA formation turnover rate (Ta4 pt.mono) in €quation 3.25 is
obtained from the 74 p; value in equation 3.23 evaluated for a [THq]b value that reflects the

balance of the TH¢-b formation and consumption rates on the Pt function at pseudo-steady state

mono
(denoted as [TH‘?]b,Pss ):

_ atol—>THm+1,a
TMA,Pt;mono = mono (3.26)

[THq ] b,PSS

Substituting the volume-averaged rate with its value from equation 3.18 and the monofunctional
rate with its value from equation 3.23 gives the following restated form of the enhancement factor
(eq 3.25):

mono
[THq]b pss [PPSOz 1
Vptsio, Jo [TH q] b

The THg¢-b concentration profile across the dimensions of the Pt/SiO2 aggregates must be
determined in order to evaluate the integral in equation 3.27 and determine the 1 value. The THg-
b concentrations across the radial coordinate of the Pt/SiO. aggregates (assuming spherical
symmetry) are determined by solving the coupled ordinary differential equations (ODE) that
describe the reaction and diffusion of THg-b across the Pt/SiO2 and Al2O3 domains. The THg-b
pressure within the Pt/Si02 domain is derived from a balance on the moles of THg-b, given in its
dimensionless form (with the corresponding derivation in Section 3.8.6):

iiiz i [TH,| + ¢3: (% - 1) =0, (3.28)
29l or b [TH,],
with
®pe = Rpe \/ thaTquéMA;iZno (3.29)
De,Tqu;Pt[THq]b,pSS
and
[TH,], = % (3.30)

where [ is the radial coordinate of the Pt/SiO: aggregate divided by the total aggregate radius (I =
l/Rptsio, ), ppe 1s the density of Pt sites in the Pt/SiO2 aggregate, and D, rp p.pe 1s the effective

THg-b diffusivity throughout the pores of the Pt/SiO2 aggregate (Section 3.2.3). The ATHb>MAPE

term denotes a grouping of parameters that describes the rate of THq-b hydrogenation at the Pt
surface (Scheme 3.2; steps 5b-8b, described in detail in Section 3.8.6), given as:
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—g+1 T—q+1
kCH,r+1;berI,sq erq(KCH,i;b) [Hz] 2

(1 + Ksli12)

The term enclosed in the parentheses of equation 3.28 is derived from the net rate of THq-b
formation at the Pt surface (1 Hgb,Pts €d 3.S60) reflecting the difference between THgq-b formation

(3.31)

ATHGb-MAPE =

from toluene and H2 (Scheme 3.2, steps 1-4b) and its consumption by H> addition (Scheme 3.2,
steps Sb-8b) (Section 3.8.6). The [THq]ZL;?; value reflects the THg-b pressure at pseudo-steady

state at the Pt/SiO2 function in which the net TH¢-b formation rate is zero, given (with the
corresponding derivation provided in Section 3.8.6) by:
mono atol—»Tqu,Pt

- _ Frol-THgb Pt 3.32
[ q]b,pss ATH b—MA,Pt ( )

The Atol>THyb,pt tETM is a grouping of parameters related to the rate of THq-b formation from

toluene and H2 on the Pt surface (Scheme 3.2, steps 1-4b, described in detail in Section 3.8.6),
given by:

p+1
kCH,p+1;bKII-;,-I_S-‘1 [1F_,(Kcn,ip) [t0ll[H,] 2
n .
Krh, b+ (1 + KH,S[HZ]E)

The THq-b pressure within the Al203 domain is derived from a balance on the moles of
THg-b, given in its dimensionless form (with the corresponding derivation in Section 3.8.6):

(3.33)

Qtol->THgb,Pt =

10 _,0 — —
— 52 _ — b2 —
205" 5 [THal, = alTH,], =0 (3:34)
with
OAlXTH b—>MA,Al
$a1 = Ray D ’ (3.35)
e,THgb;Al

where § is the radial coordinate of the Al.O3 aggregate divided by the total aggregate radius (5§ =
S/Ry;, where Ry, is the Al2O3 aggregate radius), oy; is the ratio of the internal Al2O3 surface area
to the AlOs aggregate volume, ary p-maar is the pseudo-first order rate constant for THy-b

hydrogenation at the Al,Os surface (from equation 3.S74 with details described in Section 3.8.6), and
Der1 ;a1 1s the THq-b diffusivity throughout the voids of the Al2O3 aggregate (Section 3.2.3).

The THgq-b pressure distribution across the radial dimensions of the Pt/SiO2 and Al2O3
aggregates was determined for given ¢p; and ¢,; values by solving the coupled ODEs (eq 3.28
and eq 3.34) subject to boundary conditions enumerated in Section 3.8.6. The values of the
ArH,b->MAPt 1O [THq]b,PSS ratio and ATH b-MAAL that constitute ¢p; and ¢ ;, respectively, were

estimated by regressing the observed enhancement factors to the those determined from the
reaction-transport model for loose mixtures with dilution extents ranging from 1000-3000 nm?
ALO3 Pts! and aggregate diameters ranging from 30-250 pm (393 K, 90 kPa Hz, 1.4 kPa toluene).
These estimated parameter values and uncertainties are reported in Table 3.4.
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Figure 3.8 shows a plot of parity for measured and predicted enhancement factors at the
same conditions. The excellent agreement between the mechanism-based kinetic model and
measured MA formation enhancement factors demonstrates that the proposed Al2Os-mediated
hydrogenation of THgq-b inhibitors from the fluid phase can accurately account for the promotional
effect of Al20s-dilution on Pt/SiO2-catalyzed MA formation turnover rates. These results indicate,
moreover, that the decreasing magnitude of the promotional effect as Pt/SiO2 and Al2O3 aggregate
domain sizes was increased can be attributed to kinetically-relevant diffusion of molecular
intermediates between the two phases that mediate catalytic turnovers.

3.3.6. The relevance of methylcyclohexene isomers as reactive intermediates in prevalent
inhibitor-scavenging routes.

The reactions of toluene, H2, and 1ME or 4ME were carried out on Pt/SiO:2 to investigate
whether bound ME isomers occupy significant coverages on Pt surfaces during toluene-H:
reactions to assess their role as intermediates in inhibitor-scavenging routes. Table 3.6 shows the
MA formation turnover rate, IME or 4ME conversion, IME or 4ME conversion turnover rate (per
exposed Pt site), and initial and final 1IME and 4ME pressures for mixtures of toluene, Hz, and
IME or 4ME (393 K, 80 kPa H>, 1.4 kPa toluene, 10-30 Pa ME). The MA formation turnover rate
was 0.17 and 0.22 moles MA g-atom Pts”! s! for toluene-H> reactions with added IME and 4ME,
respectively, which exceeded the MA formation turnover rate measured during toluene-H>
reactions without a ME co-reactant (0.12 mole MA g-atom Pts! 57!, Table 3.2) by 0.05 and 0.1
moles MA g-atom Pts! 57!, respectively. These excess MA formation turnover rates were similar
to the respective IME and 4ME conversion turnover rates (0.050 and 0.094 moles ME g-atom Pts’
U571 respectively); these similar rates indicate that all of the converted ME reactants were
accounted for by the increased MA production, demonstrating that ME isomers reacted
predominantly via hydrogenation to form MA rather than dehydrogenation to form toluene.

Mixtures of toluene, H2, and 1ME or 4ME showed inlet and outlet 1ME and 4ME pressures
that exceeded their pseudo-steady state values (Table 3.6), indicating that the ME pressures were
higher throughout the length of the catalyst bed when a ME isomer was introduced as a co-reactant.
MA formation turnover rates for inhibitor-scavenging routes (Scheme 3.2) are inversely
proportional to the pressure of the inhibitor species (eq 3.23); as a result, if bound ME isomers
inhibited toluene conversion on the Pt surface, then the increased ME pressure prevalent during
toluene-H2-ME reactions (compared with toluene-Hz reactions) would have lowered the observed
toluene conversion turnover rates compared with ME-free toluene-H: reactant mixtures. The sum
of the MA formation turnover rates for ME-free toluene-Hz reactant mixtures and the respective
ME conversion turnover rate for toluene-H2-ME mixtures were in close agreement with the
observed MA formation turnover rates for toluene-H2-ME mixtures. Such agreement indicates that
the toluene conversion turnover rate must be the same for reactant mixtures with and without added
ME to account for observed MA formation rates, thus ruling out any inhibition of toluene
conversion on Pt surfaces by IME or 4ME co-reactants.

3ME and 4ME both have double bonds at pairs of secondary C atoms; the similar
substitution of the C atoms that form the double bond in 3ME and 4ME is reflected in the small
free energy change to form 3ME from 4ME (+2 kJ mol!, 393 K; Table 3.5). These similar
structural and thermodynamic properties suggest that 3ME and 4ME have similar reactivities for
H-addition and H-abstraction reaction steps and bind to the Pt surface with similar strength. As a
result, it is unlikely that only 3ME, but not 4ME, constitutes the sole MASI during toluene-H>
reactions, and moreover, that 3ME would remain the MASI in the presence of 4ME pressures that
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exceed their pseudo-steady state values by the 30-100 fold factor achieved by 4ME cofeeding.
These data thus indicate that surface-bound counterparts of ME isomers are unlikely to constitute
the inhibitor species in inhibitor-scavenging routes.

3.3.7. The relevance of methylcyclohexadiene isomers as reactive intermediates in prevalent
inhibitor-scavenging routes.

Comparisons between MA formation turnover rates measured on toluene-H2-ME and ME-
free toluene-H> reactant mixtures ruled out the role of ME isomers as inhibitors for toluene
hydrogenation on Pt surfaces (at 393 K; Section 3.3.7), leaving MD isomers (the only other
partially hydrogenated toluene-derived species with closed shell molecular structures) as the best
remaining candidate intermediate for inhibitor-scavenging routes (Scheme 3.2). Comparisons
between the observed kinetic trends for MA formation turnover rates on intimate Pt/Si02+Al203
mixtures as a function of Hz and toluene pressure and the expected trends from kinetics-based
models are drawn in this section to investigate such a role of MD isomers in inhibitor-scavenger
routes.

Figure 3.9 shows MA formation turnover rates as a function of Hz (a) and toluene (b)
pressure for Pt/SiO2 catalysts with 0.7 and 3.6 nm mean Pt-nanocluster diameters (denoted as
Pt/S102-0.7 and Pt/Si02-3.6, respectively) and an intimate Pt/Si02+Al2O3 mixture (composed of
Pt/S102-0.7). Rates showed a zero-order dependence on toluene pressure for Pt/Si02-0.7, Pt/SiO»-
3.6, and the intimate Pt/SiO2+Al203 mixture. Rates on both Pt/SiO2-0.7 and Pt/Si02-3.6 showed
between a one-half- and first-order dependence on H: pressure while rates on the intimate
Pt/S102+A1203 mixture showed a stronger H> dependence between first and three-halves order.

The similarity between the dependences of MA formation turnover rates for Pt/Si02-0.7
and Pt/Si02-3.6 on toluene and Hz pressures suggests that these rates were limited by the same
elementary step, despite their difference in mean Pt-nanocluster diameter. MA formation turnover
rates were found to be limited by the reaction between TH:1* (mono-hydrogenated toluene) and H-
S intermediates on Pt/Si02-3.6 at 393 K (Chapter 2, Section 2.3.4); the MA formation turnover
rates on Pt/Si102-0.7 are thus assumed to be limited by the rate of this same step, given by equations
3.23 and 3.24 (Scheme 3.2, steps 1-4a, with m=1 and ¢=2):

ktol—»THza [tOl] [Hz]
=
(TH,1y (1 + Ky s[H

Tmapt =

(3.36)

with

2
k _ kCH,Z;aKCH,l;aKH,SKtol* 337
tol->TH,a — K ’ ( . )
Tsz*

where [TH,], is the pressure of the kinetically relevant MD intermediate(s) (that constitute the
inhibitor, TH2-b; Scheme 3.2) and Ky, p,. is the equilibrium constant for TH2-b adsorption to an
ensemble of yry, adjacent *-sites (Where yry, = Vo). The functional form of equation 3.36 is
inversely proportional to TH2-b pressure, which is governed by the balance of the rate that TH2-b
is formed from toluene-Ha reactants (Scheme 3.2, steps 1-4b) and consumed by reactions with H-
S (Scheme 3.2, steps 5b-8b) at the Pt surface at pseudo-steady state. The monofunctional MA
formation turnover rate on Pt/Si02-0.7 (in the absence of Al203; 7wy pt:mono ) 1S, 1n turn,
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determined by substituting the [TH,], term in equation 3.36 with the pseudo-steady state value
([TH,]3'p53) described previously by equations 3.31, 3.32, and 3.33 (for g=2):
ﬂ)

ktoi-TH,aKTH,b>MAPE [Hz]( 2
TMma,Pt;mono = ) (3.38)

1
kto1-TH,b,Pt (1 + Ky s [Hz]z)

with
1
kCH,p+1;bKII;’-‘5_‘ H?:l(KCH,i;b) 3.39
ktol—>TH2b,Pt = K ) (3.39)
Tsz*
and
T
krt,pomape = Keur+1.0Kis' H(KCH,i;b)- (3.40)
i=q

The form of equation 3.38 is independent of toluene pressure, which is consistent with the
observed toluene-independent MA formation turnover rates from toluene-Hz reactants on Pt/Si0O2-
0.7 (Figure 3.9). The functional form of equation 3.38 is proportional to H2 pressure raised to the
power of one-half r-p in the numerator ((r —p)/2), and inversely proportional to H2 pressure
arising from the summation term enclosed in the parentheses in the denominator (1 + Ky s [HZ]%).
Observed MA formation turnover rates on Pt/SiO2-0.7 showed a sublinear dependence on Ha
pressure (Figure 3.9); this trend is best described by the functional form of equation 3.38 with an
r value that is two greater than p (r = p + 2), which results in a linear [H2] dependence in the
numerator of equation 3.38 that is canceled in part by the term enclosed in the parentheses in the
denominator. This relationship between » and p indicates that TH:-b* (the kinetically relevant
intermediate for THq-b* hydrogenation; Scheme 3.2, steps 5b-8b) contains two H atoms more
than THp-b* (the kinetically relevant intermediate for THq-b* formation from toluene and Hz;
Scheme 3.2, steps 3b-4b). The estimated K, ¢ value that best describes the Pt/SiOz-catalyzed MA

formation turnover rates (Figure 3.9) is shown in Table 3.4.

Pseudo-steady state TH2-b pressures during toluene-Hz reactions on Pt/SiO2+Al203
mixtures depend not only on the rate that TH2-b is formed and consumed at the Pt surface but also
on the rate that TH2-b is scavenged by the Al203. Al2Os3-catalyzed TH2-b conversion rates are most
likely to depend linearly on THa2-b pressures because H2 consumption areal rates during 13CHD-
H2 and 4ME-H: reactions on Al2Os3 increased linearly with the respective unsaturated hydrocarbon
species at <10 Pa (Figure 3.5). This 10 Pa threshold is well above the expected pseudo-steady-
state pressures of prevalent TH2-b species that must fall below their thermodynamic equilibrium
with toluene and Hz (~10-10 Pa, Table 3.5). These H2 consumption areal rates also increased
linearly with Hz pressure (Figure 3.5), suggesting that TH2-b hydrogenation followed a linear
dependence on H: pressure as well. The TH2-b hydrogenation rate at the Al2O3 surface in a
Pt/Si02+Al203 mixture (normalized per exposed Pt site), assuming first-order dependence on THa-
b and Ha pressures, is:

TTH,pAl = ATHp—maAllT Holp[Hy][tol] ¥, (3.41)
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where @7y, p-ma,ar 18 the pseudo-first-order rate constant for TH2-b consumption, wy,; is the
apparent reaction order for TH2-b hydrogenation on Al.O3 with respect to toluene pressure, and
is the ratio between the Al2O3 surface area and the number of exposed surface Pt sites. The pseudo-
steady state TH2-b values for Pt/SiO2+Al20O3 mixtures are obtained by equating the TH2-b
formation rate at the Pt surface (equation 3.S61; Scheme 3.2, steps 1-4b) to the rates of TH2-b
consumption at the Pt (equation 3.S63; Scheme 3.2, steps 5b-8b) and Al2O3 surface (equation
3.41; Scheme 3.2, steps 9b-10b), described in detail in Section 3.8.7, to give:

g [oy2 o o
[TH, 1) pss = — (E) + 41_? “z) (3.42)
with
r-3
krh,b-mapt [H,] 2

0= Wto mono 1 (3'43)

Arhyp-maalltol] 9o T H, Ipss 1+ Ky s[H,]2
The enhancement factor (n; eq 3.25) for an intimate Pt/Si02+Al203 mixture (assuming that these
mixtures are unaffected by concentration gradients) is given by substituting the [TH,]; value in

equation 3.36 with the [TH,]}»s; value from equation 3.42 and rearranging:

Y I P (3.44)
’7_2 o ' :

Figure 3.9 shows the MA formation rate ratio (77;,,) between an intimate Pt/Si02+A1203
mixture and Pt/SiO> as a function of Hz pressure (393 K, 20-90 kPa H>, 1.4 kPa toluene, 600 nm?
ALO3 Pts!). The measured n values showed a monotonic increase with Hz pressure; this measured
trend is compared to two predicted trends from equations 3.44 and 3.43 with » values of two
(corresponding to THq-b* hydrogenation limited by TH2-b and H-S reaction, Scheme 3.2, steps
5b-8b) and three (corresponding to THq-b* hydrogenation limited by TH3-b and H-S reaction,
Scheme 3.2, steps Sb-8b). The trend predicted with an » value of two shows excellent agreement
with the observed values, which indicates that TH2-b consumption at the Pt surface (Scheme 3.2,
steps Sb-8b) is limited by an irreversible TH2-b* reaction with H-S. This » value of two requires,
moreover, that the p value is equal to zero (because r = p + 2), indicating that TH2-b formation
is limited by the reaction between bound toluene and H-S (Scheme 3.2, steps 1-4b).

Agreement between the kinetic model and the observed kinetic trends for Pt/SiO2 and
Pt/Si02+Al203 mixtures demonstrates that the increased MA formation turnover rates for Al2Os-
diluted Pt/SiO2 catalysts is consistent with the inhibitor-scavenging route (Scheme 3.2) involving
MD species (TH2-b) as Pt-site inhibitors. The identification of the kinetically-relevant steps that
govern TH2-b formation and consumption at the Pt surface, moreover, enables rigorous
comparisons of the values of the kinetic and thermodynamic parameters determined from reaction-
transport modeling in this section and Sections 3.3.5 with relevant experimental and theoretical
benchmarks in the next section.
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3.3.8. Chemical significance of kinetic parameters that govern reactivity in methylcyclohexadiene-
mediated inhibitor-scavenging routes.

The THgq-b concentration profiles throughout the pores and channels of Pt/SiO2 and Al2O3
aggregates in loose Pt/SiO2+Al203 mixtures, derived from reaction-transport models (Section
3.3.5), depended on the Thiele moduli for the respective domains (¢p (eq 3.29) and ¢,4; (eq 3.35)).
These Thiele moduli depended on the values of two unknown parameters consisting of the
ArH,b->MAPt 1O [THq];nZ:; ratio and ATH b>MAAL their values were estimated by regressing the
observed rate enhancements for loose Pt/Si02+Al203 mixtures to values predicted from reaction
transport models (Table 3.4). The chemical significance of these regressed parameters is
investigated in this section for enhanced MA formation rates mediated by the scavenging of THa-
b inhibitors (Scheme 3.2) with the kinetically-relevant steps as identified in Section 3.3.7 (p=0,
g=2, and r=2).

Dividing both sides of equation 3.31 (evaluated for g=2 and 7=2) by [T H,]}'p5s gives the

following description of the ary,pmape to [TH,]p'pss ratio:

1

ATH,b—>MAPt _ kcn 30K s[H3]2
TH,I7ene — 1y 3.45
PHRIBES tr,Ipgne (1+ Kl 12) (3.45)

Rearranging equation 3.45 and solving for k¢ 3., gives:

kCH,3;b =

(THIE2S (14 KigslH12) (
(3.46)

aTsz—>MA,Pt>
1
Ky s[H,]2

mono
[TH 21p,PSS

The [TH, ]} pss values on that appear on the right-hand side of equation 3.46 cannot exceed the
equilibrium limit for MD formation from gaseous toluene and H> which falls below the limits of
detection (~1 ppm) thus precluding their observation. An upper limit for the k¢ 3., value is
obtained instead by substituting the [TH,]}'pss value in equation 3.46 with the pressure of 1-
methyl-1,4-cyclohexadiene (1IM14CHD) formed in equilibrium with gaseous toluene and H»
(1.75x10™ Pa; 393 K, 1.4 kPa toluene, and 90 kPa H»; Table 3.5), which constitutes the most
abundant among MD isomers at equilibrium. Evaluating the right-hand side of equation 3.46 with
[TH,]}'pss given by the IM14CHD equilibrium value, the regressed value of the ary,p—na,p¢ to
[TH,]},pss ratio from reaction-transport modeling (Table 3.4), and the regressed Ky s value
(Table 3.4), gives a measured kcy, 3., value of 4(x1)x10° moles MA g-atom Pts' s bar H2™'? (393
K, 90 kPa Hz, 1.4 kPa toluene).

The k¢y 5, term depends exponentially on the difference in free energy between the
transition state for the TH2-b* and H-S§ reaction (GEHB; p) and the reactant state consisting of THo-
b* (Grp,p«) and H-S (Gy ), according to transition state theory formalisms [66,67]:

E:
kgT (_ AGCH,S;b)

kcyspy = ——ex
h RT (3.47)
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with

¥ — ¥
AGeys.p = Genap = Grig b — Ghs: (3.48)

The measured k¢y 3, value (4(x1)x10° moles MA g-atom Pts! s bar H2'"%) corresponds to a
positive change in Gibbs free energy (AG:H’& ,) of 135+2 kJ mol ™. Larger free energy values reflect
lower rates (because of the negative sign in the exponential; eq 3.47) thus indicating that this
measured AGgHs;b value (which was evaluated using the k¢y 3., maximum) corresponds to the

lower limit of the free energy barrier. The free energy barrier to form the transition state for the
reaction between bound 1-methyl-1,3-cyclohexadiene (1IM13CHD) and bound H on an Al203-
supported 13 Pt-atom cluster (which is similar in size to the Pt nanoclusters expected to cover the
SiOz surface on the Pt/Si02-0.7 catalyst) has been reported to be 108 kJ mol™! (393 K, 1 bar) based

on DFT studies [68]. Their reported free energy barrier differs from the AG;HS; p value measured
here by only 2742 kJ mol™ (in magnitude); these values are in reasonable agreement given that
other plausible methylcyclohexadiene isomers and binding orientations (for which the barriers
were not calculated) with different reactivities may constitute the inhibitor species in relevant
bifunctional routes. Such comparison suggesting, moreover, that the measured kcy 3, and
corresponding AG;HS;b values based on reaction-transport modeling are reasonably similar to

appropriate theoretical benchmarks providing supporting evidence for catalytically-relevant
inhibitor-scavenging routes mediated by MD species.

TH2-b scavenging at Al2Os surfaces can only increase MA formation turnover rates
catalyzed by Pt surfaces if pseudo-steady state TH2-b* coverages are affected by the Al2O:-
catalyzed TH2-b consumption. The maximum effect of the Al2O3 scavenger is achieved in the limit
where TH2-b is depleted completely from the fluid phase and TH2-b* desorption becomes
irreversible (because the THa2-b re-adsorption rate is zero when TH2-b is absent from the fluid
phase). The net rate that TH2-b is formed (r7y,p p¢) reflects the difference between the forward

TH2-b formation rate from toluene and H2 (144,71, p¢) and the consumption rates by reaction with
H-S (rru,p-mape) and by irreversible desorption (r_ry,p pt):

TTH,b,Pt = Ttol->TH,b,Pt — TTH,b>MAPt — T—TH,bx (3.49)
with
T_THybx = K1Hy«OTH, b, (3.50)

where K7y, is the forward rate constant for TH2-b desorption from y7y, adjacent *-sites and
O71,p 18 the TH2-b coverage at *-sites. Substituting 1;.o;-7x,p pc With its value from equation 3.39
(with p=0), 17y, p-mape With its value from equation 3.S63, and r_7y,p. with its value from
equation 3.50 for a TH2-b covered surface (07y,, = 1) gives the following restated form of
equation 3.49:

1 1
TTH,b,Pt = kCH,l;bKH,SKtol*[tOI] [Hz]zé’s@*y“” - kCH,S;bKH,S[HZ]ZHS - kTHZb*- (3.51)

The net TH2-b formation rate is zero at pseudo-steady state (rry,p pr = 0); as aresult, an expression
for the *-site vacancy term is obtained by rearranging equation 3.51 (evaluated with rry,p, p = 0):
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1
kcn 3;0Kn,s[H212605 + Krp,ps

eytol —
: T (3.52)
ke 1.0Kn sKeor[tol][H; 120,

Substituting the 6, value in the MA formation rate (eq 3.20; m=1) with its value from equation
3.52 gives the maximum MA formation turnover rate for irreversible TH2-b desorption:

1
kcu 3,0Kn s[H212605 + Krp,ps

TmaPt = kCH,1,-aKCH,2;aK1§,sKtol*[wl] [H,165 (3.53)

— .

ke, 1:0Ku,sKeor [tol] [H2]205
Equation 3.53 reveals that the TH2-b desorption (and subsequent scavenging) only

contributes to the MA formation turnover rate if the value of krp, . is comparable to or greater

1
than the rate that TH2-b* reacts with H-S (k¢y 5., Ky s[H2]265) at the Pt surface. The measured

value for the rate of TH2-b* reaction with H-S (k¢y 3., Ky s [Hz]%es) was 1.1(+0.3)x10° (at 393 K,
1.4 kPa toluene, 90 kPa Ha; based on measured k¢ 3., and Ky s values (Table 3.4) and 6, from
equation 3.22). The TH2-b desorption rate constant (kry,p.) was calculated to be 5.3x107 moles
TH2-b g-atom Pts! 57! (393 K, 1.4 kPa toluene, 90 kPa Hz) from the DFT-derived change in free
energy to form gaseous IM14CHD from its bound counterparts at bridge sites on a Pt(111) surface
(144 kJ mol™! (Table 3.S2); 393 K, 1.4 kPa toluene, 90 kPa H>), assuming that the energy of the
transition state for desorption differs negligibly from the energy of the gaseous product. The THo-

b* desorption rate (kry,p.) and rate of TH2-b* reaction with H-S (k¢y 3,5 Ky s [HZ]% ) differed by
only a factor of 2; this similarity suggests that TH2-b* desorption rate is competitive with the rate
of TH2-b* and H-S reaction and consistent with the role of TH2-b species as relevant intermediates
in inhibitor-scavenging routes.

The measured pseudo-first-order rate constant for TH2-b hydrogenation at the Al2Os
surface (@7, p-ma,ar; defined as in equation 3.35 with g=2) was determined to be 5.1(+1 9)x107

molec. MA nm™? ALOs s Pa! (393 K, 90 kPa H», 1.4 kPa toluene; Table 3.4) from reaction-
transport modeling. This measured a7y, p—ma,4; Value is within a factor of 10 of the first-order rate

constant observed for 1,3-CHD hydrogenation on Al2O3 surfaces (5.6x10°%; Table 3.3, linearly
extrapolated from the value measured at 20 kPa to 90 kPa Hz). The similarity between these values
indicates that the rates of TH2-b hydrogenation necessary to account for increased MA formation
turnover rates on Pt/SiO2+Al2O3 mixtures are reasonably similar to the measured 1,3-CHD
hydrogenation rates (a reaction that resembles the hydrogenation of MD isomers proposed to
comprise TH2-b) on Pt-free Al2O3 surfaces. These data suggest that Al2Os surfaces can
hydrogenate MD isomers on Pt/SiO2+Al203 mixtures, thereby lowering their partial pressures, at
rates sufficient to account for enhanced MA formation rates by removing Pt-site inhibitors.

3.3.9. The effects of Pt nanoparticle size on the prevalence of Al:Os-dilution induced
methylcyclohexane formation rate enhancements on Pt/SiO:.

Increased MA formation turnover rates on Pt/SiO2 when mixed physically with Al2O3
showed kinetic trends with reactant pressures and with sizes of Pt/SiO2 and Al2O3 domains that
were consistent with the formation of stranded MD isomers at the Pt surface that were scavenged
by AL2O3 surfaces within diffusion distances. Such a mechanistic proposal seemingly disagrees
with the conclusion that Pt/Si02-3.6 surfaces are covered by toluene (reached in Chapter 2) at
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similar conditions to those in which bifunctional synergies were observed for Pt/Si02-0.7+A1.03
mixtures. This apparent contradiction suggests that the nature of the MASI during toluene-H>
reactions on Pt/SiO2 depends on Pt nanocluster size.

Figure 3.11 shows the rate enhancement factor (n; eq 3.25) for loose (a) and intimate (b)
Pt/Si102+Al203 mixtures with different mean Pt nanocluster diameters (Pt/Si02-0.7, Pt/Si02-0.8,
Pt/S102-1.0, and Pt/Si02-3.6; Table 3.1) as a function of the Al203 surface area to exposed Pt site
ratio (B). For the loose mixtures, n values increased linearly with B for Pt/SiO2-0.7 up to a value
of 2.5 (for B=2700 nm? Pts "), showed a value of 1.5 that was insensitive to B for Pt/Si02-0.8, and
showed a value close to one for Pt/SiO2-1.0. For the intimate mixtures, n values increased linearly
with B for Pt/Si02-0.7 up to a value of 2.5 (for =600 nm? Pts ") but did not exceed a value of 1.3
for the other Pt/SiO:2 catalysts. These data indicate that dilution with Al2O3 increased MA
formation turnover rates on Pt/SiO2-0.7 most significantly; showed a relatively small rate
enhancement for Pt/Si102-0.8 that was more evident on loose mixtures than on the intimate mixture;
and did not affect the rates on the other Pt/SiO: catalysts.

The prevalent increases in MA formation rates due to Al2Os3-dilution for Pt/SiOz catalysts
with smaller mean-Pt nanocluster diameters and the absence of such effects for Pt/SiO2 with larger
Pt nanoclusters suggests that smaller Pt nanoclusters are more susceptible to the inhibitor-
scavenger routes that mediate Pt/SiO2+Al2O3 bifunctional synergies (at 393 K). Two plausible
explanations are consistent with such a particle-size effect: (i) MD inhibitors cover Pt nanocluster
surfaces irrespective of the particle size, but do not desorb from the surfaces of large Pt
nanoparticles to be scavenged by proximate Al>Os sites at rates sufficient to lower their coverages;
and (ii) toluene, as opposed to MD inhibitors, constitutes the MASI on the surfaces of larger Pt
nanoclusters (as concluded in Chapter 2 for Pt/Si02-3.6) such that the scavenging of MD
intermediates at proximate Al2O3 surfaces does not affect the coverage vacant *-sites that mediate
the transition states for kinetically-relevant elementary steps for toluene hydrogenation.

Surfaces of small Pt nanoclusters contain exposed metal atoms with fewer Pt neighbors
and have lower coordination numbers than larger clusters; such low coordination makes them
interact more strongly with molecular adsorbates [56,69]. Such properties of small nanoclusters
suggests that MD molecules would bind more strongly (with a more negative free energy of
adsorption) to small Pt nanoclusters than their larger counterparts; consequently, it is unlikely that
large, but not small, Pt nanoclusters bind MD molecules at strengths that preclude their desorption
to account for the effect of particle size on MA formation rates for Pt/SiO2+Al203 mixtures.

A greater fraction of the surface of large metal nanoclusters exposes low index planes
compared with their smaller counterparts [56,69]. Toluene binds with a more negative enthalpy of
adsorption (relative to gaseous toluene) on Pt(111) to bridge sites (-134 kJ mol™! (DFT-derived);
393 K; 0.11 monolayer (ML) coverage (Table 3.7)) compared with three-fold hollow sites (-86.4
kJ mol™! (DFT-derived); 393 K; 0.11 monolayer (ML) coverage (Table 3.7)). The toluene bound
at bridge sites form C-Pt bonds with four adjacent Pt-atoms (Scheme 3.3); the curvature on the
surface of small Pt nanoclusters precludes interactions between toluene and bridge sites without
significant molecular strain. MD isomers also bind most favorably to Pt(111) surfaces at bridge
sites [61], but only forms C-Pt bonds with two adjacent Pt-atoms (Scheme 3.3). Such a binding
geometry is hypothesized to form easily even on curved surfaces without significant molecular
strain. These proposed effects of binding orientation on the relative coverages of toluene and MD
adsorbates on Pt nanoclusters could be confirmed through a systematic investigation of the
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adsorbate structures and binding energies of toluene and MD isomers using density functional
theory on model Pt nanoclusters with different sizes and exposed index planes.

3.4. Conclusions

Methylcyclohexane formation turnover rates from toluene-Hz reactants on Pt/SiO2 were
shown to increase when mixed physically with y-Al203 (0.7 and 0.8 nm mean Pt nanocluster
diameter;10-100 kPa Ha2, 0.3-2.1 kPa toluene, 393 K). These rates increased less significantly for
the same y-Al203 to Pt/SiOz site ratio when the size of each catalyst domain increased (by varying
the size of the Pt/SiO2 and y-Al2O3 aggregates that comprise the physical mixtures), and no effect
of y-Al203 was observed when used as a pre-bed. These trends with domain size followed the
expected behaviors for a bifunctional reaction mechanism involving sequential reaction steps that
occur on geometrically separated catalytic sites facilitated by gaseous molecular intermediates.
MA formation rates measured on Pt/SiO2+y-Al2O3 mixtures following exposure to propanoic acid,
a selective titrant for acid-base pairs on oxide surfaces, resembled rates on y-Al2Os-free Pt/SiO2,
demonstrating the catalytic significance of acid, base, or acid-base pair active sites on the y-Al203
surface in MA formation. These observations informed two novel bifunctional reaction
mechanisms for increased MA formation during toluene hydrogenation. In the first mechanism, a
reactive intermediate is generated by toluene-Hz reactions at the Pt surface that desorbs from the
Pt then diffuses to and reacts at the Al2O3 surface in an additive hydrogenation route that bypasses
the kinetic bottlenecks at the Pt surface. In the second mechanism, stranded surface intermediates
are formed by unproductive toluene-H2 reactions at the Pt surface that block surface sites and
inhibit toluene conversion rates. Inhibitors desorb from the Pt surface at low, kinetically limited
gaseous pressures, and are subsequently scavenged at the Al2O3 surface thereby liberating active
Pt sites. The first mechanism was ruled out (at 393 K) because none of the candidate toluene-
derived species can form at pressures sufficient to diffuse between the domains at the requisite
rates. The second mechanism with methylcyclohexadiene intermediates as inhibitors was best able
to account for the effects of domain size, dilution extent, and toluene and Hz kinetic dependences.
v-Al203 surface, in the absence of a P/SiO2 co-catalyst, catalyzed the hydrogenation of 1,3-
cyclohexadiene and 4-methylcyclohexene; these reactions occurred at rates that were catalytically
significant in the context of Al2Os-catalyzed rates in bifunctional mixtures necessary to account
for enhancements for Pt/SiO2+y-Al2O3 mixtures. Reaction-transport modelling based on the
proposed bifunctional mechanisms and measured reactivity trends for independent Pt/SiO2 and y-
ALOs functions showed that bifunctional synergies are best attributed to y-Al2Os-mediated
scavenging of methylcyclohexadiene inhibitors at low temperatures (393 K), prevalent only on
Pt/Si02 catalysts with small Pt clusters (0.7 nm mean diameter). At higher temperatures (493-533
K), in which methylcyclohexene hydrogenation becomes rate limiting, an additive
methylcyclohexene hydrogenation route at nearby y-Al20Os3 is likely to become more prevalent.
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3.6. Figures, tables, and schemes

Figure 3.1: Methylcyclohexane formation turnover rates (per exposed surface Pt-atom (Pts)) for
toluene-Hz reactions on Pt/SiO2 (0.7 nm mean nanocluster diameter) mixed physically with Al2Os-
Sasol in loose (m) or intimate mixtures (®), with Al203-solgel in an intimate mixture (#), and with
Si02 in intimate mixtures (A ) as a function of diluent surface area to Pts ratios (B) (393 K, 90 kPa
Ha, 1.4 kPa toluene). Dashed lines indicate linear trends.
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Figure 3.2: CO oxidation turnover rates (per exposed surface Pt-atom (Pts)) during CO-O2
reactions on Pt/SiO2 (0.7 nm mean nanocluster diameter) mixed with SiO2 in intimate mixtures (®)
and with Al203-Sasol in intimate mixtures (m) as a function of diluent surface area to Pts ratios ()
(473 K, 0.5 kPa CO, 5 kPa O2). The dashed line indicates a horizontal trend.
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Figure 3.3: Methylcyclohexane formation turnover rates (per exposed surface Pt-atom (Pts); ®)
and PA pressure (m) in the effluent as a function of time on stream during toluene-H2 reactions
with propanoic acid (PA) on Pt/SiO2 (0.7 nm mean particle diameter; 393 K, 80 kPa Ha, 1.4 kPa
toluene, 3 Pa PA).2
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Figure 3.4: Methylcyclohexane formation turnover rates (per exposed surface Pt-atom (Pts); ®)
and propanoic acid (PA) pressure (m) in the effluent as a function of time on stream during toluene-
H> reactions with PA on Pt/SiO2 (0.7 nm mean particle diameter) present as an intimate mixture
with A1203-Sasol (393 K, 80 kPa Ha, 1.4 kPa toluene, 3 Pa PA, 200 nm? Al,O3 diluent Pts!).?
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*The dotted vertical line indicates the start of the titrant injection, the top dashed line indicates the inlet PA pressure,
and the bottom dashed line indicates the monofunctional MA formation turnover rate (on Al,Os-free Pt/SiO»).
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Figure 3.5: (a) 1,3-Cyclohexadiene (13CHD) conversion areal rates (molec. 13CHD nm? Al203 s!) to form cyclohexane (CHA; )
cyclohexene (CHE; ®) and benzene (m), and H> consumption areal rates (molec. H> nm™ AL>O3 s™'; A) as a function of Hz pressure on
Al203-Sasol (393 K, 12 kPa 13CHD). (b) H2 consumption ( A ) and H-transfer areal rates (m; molec. H> nm? Al2O3 s!) as a function of
13CHD pressure on Al203-Sasol (393 K, 20 kPa Hz). Dashed lines indicate trends.
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Figure 3.6: (a) H2 consumption (to form methylcyclohexane (MA); A) and isomerization (to form 1-methylcyclohexene (1ME) and 3-
methylcyclohexene (3ME); m) areal rates (molec. 4-methylcyclohexene nm™ Al2O3 s™) during 4-methylcyclohexene (4ME)-Hz reactions
on Al2O3-solgel as a function of Hz pressure (393 K, 30 Pa 4ME). (b) H2 consumption and isomerization areal rates (molec. 4ME nm™
ALO3 s!) on Al203-solgel (A and m, respectively) and Al203-Sasol (e and @, respectively) as a function of 4ME pressure (393 K, 90
kPa H2). Dashed lines indicate trends.
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Figure 3.7: Methylcyclohexane formation turnover rates (per exposed surface Pt-atom (Pts))
during toluene-H:> reactions on Pt/SiO2 (0.7 nm mean nanocluster diameter) mixed with Al20s3-
Sasol in loose mixtures as a function of the Pt/SiO2 aggregate dimension (393 K, 90 kPa Ha, 1.4
kPa toluene). The solid line indicates the trend, and the dashed line indicates the monofunctional
rate measured on Al20s-free Pt/Si0s.
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Figure 3.8: Plot of parity for measured and predicted MA formation enhancement factors (n; MA
formation turnover rate ratio between Pt/SiO2+Al203 and SiOz) for the scavenger-inhibitor model
(Scheme 3.2) based on the solution to equations 3.27, 3.28, and 3.34 with parameter values
reported in Table 3.4. The enhancement factors were measured on loose mixtures with dilution
extents ranging from 1000-3000 nm? Al2O3 Pts! and aggregate diameters ranging from 40-200 pm
(393 K, 90 kPa H2, 1.4 kPa toluene). The dashed line indicates parity.
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Figure 3.9: Methylcyclohexane formation turnover rates (per exposed surface Pt-atom (Pts)) from toluene-Ha reactants on Pt/Si02-0.7
(0.7 nm mean nanocluster diameter) undiluted (e), Pt/Si02-3.6 (3.6 nm mean nanocluster diameter) undiluted (m), and on an intimate
Pt/Si02-0.7 mixture with Al203-Sasol (o ; 500 nm? Al2O3 Pts!) as a function of Hz pressure (393 K, 1.4 kPa toluene; a) and toluene
pressure (393 K, 90 kPa Hz; b).?
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Figure 3.10: MA formation enhancement factors (n; MA formation turnover rate ratio between
Pt/Si02+A1203 and SiO2) for the scavenger-inhibitor model (Scheme 3.2) as a function of Ha
pressure for an intimate Pt/SiO2+AlO3 mixture (Pt/Si02-0.7 and Al2Os3-Sasol; 393 K, 1.4 kPa

toluene).?
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aThe dashed line indicates the trend of the functional form of equation 3.44 with an r value of zero and the dotted line
indicates the trend with an r value of 1. The solid line indicates a one-half-order power-law trend.
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Figure 3.11: Methylcyclohexane formation turnover rate (per exposed surface Pt-atom (Pts)) ratio (1) between physical Pt/Si02+Al203-
Sasol mixtures and Al2Os-free Pt/SiO2 for toluene-Hz reactions on Pt/SiO: catalysts with mean Pt nanocluster diameters (derived from
H:> adsorption uptakes; Table 3.1) of 0.7 (Pt/Si02-0.7; @), 0.8 (Pt/S102-0.8; #), 1.0 (Pt/Si02-1.0; m), and 3.6 (Pt/Si02-3.6; A) nm for
loose (a) and intimate (b) mixtures as a function of diluent surface area to Pts ratios (B) (393 K, 90 kPa Hz, 1.4 kPa toluene). The dashed

line indicates trends.

3 3
(a) (b)
." /
25 pPUSIO0.7 2.5 /® PUSIO-0.7
I, //
] /
i /e
D :l 2 - K
G .« ® Pt/Si0,-0.8 G o)
fe ' ® 0 /
= I - ———-‘ ————————————— -— /
S 154,-" & L 2 © 154
o) ¢ Q o/ Pt/Si0,-0.8
S ! . S & e -
& ! PySiO-1.0 h< ~ PYSIO-3.6 - ---""" "
1 _——l 1_?_‘::-’-:: ——————— B-Pt/SiO»-1.0
0.5 0.5
0-1 I I 0 I I
0 10* 2x10* 3x10* 0 500 1000 1500

Dilution extent, (B; NM3ient Pt Dilution extent, (B; NnMZiwent Pts')



0

Table 3.1: Pt loading, Pt fractional dispersion (D), mean Pt nanocluster diameter (dp:), and temperatures for air and Hz
treatments during Pt/Si0O2 catalyst synthesis.

Catalyst-(mean Pt nanoparticle Pt loading Pt fractional Mean Pt nanoparticle Treatment temperature
diameter) (Wt.%)* dispersion (D) diameter, dp:° (nm) (K): air, [Hz]
Pt/S102-0.7 0.47 1.6 0.7 573, [623]

Pt/S102-3.6 2.1 0.30 3.6 873, [773]

Pt/S5102-0.8 0.10 1.4 0.8 673, [623]

Pt/Si10.-1.0 0.17 1.1 1.0 573, [623]

# From inductively coupled plasma — atomic emission spectroscopy.

® Metal dispersion (D) from Ha uptake data, defined as D = Nu/Ns, where Ny is the number of H bound by the Pt surface and
Nz is the number of metal atoms in the bulk.

¢ Mean Pt cluster diameter from the Pt dispersion with the following relation: dp; = 6 Vp;/(D ap;) [70], where vp; is the

atomic volume of a Pt-atom in metal (15.10 x 10~ nm?®) and ap, is the occupied area of a Pt-atom on a bulk Pt(111) surface
for an FCC lattice (6.7 x 102 nm™[71]), the lowest energy crystal facet.
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Table 3.2: Methylcyclohexane (MA) formation turnover rates (per exposed surface Pt-atom (Pts)) during toluene-
H: reactions on undiluted Pt/SiO2 (0.7 nm mean nanocluster diameter), Pt/SiO2 with an Al203-Sasol pre-bed,* and
a loose Pt/Si02+Al203-Sasol mixture (393 K, 90 kPa Ha, 1.4 kPa toluene).

MA formation turnover rate Al20s3 to Pt ratio
Catalyst mixture (mole MA g-atom Pts! s71) (nm? ALOs g-atom Pts!)
Pt/Si02 0.12+0.01°¢ 0
Pt/Si02-A1203
(pre-bed)? 0.13 1300
Pt/Si02-Al203
(loose mixture)® 0.23 1100

 Consists of a layer of Al2O3 pellets (40 um average diameter), a Smm thick quartz layer (200 um average
diameter), and layer of quartz-diluted Pt/SiO2 (200 pm average diameter).

® 40 um average diameter for both Pt/SiO2 and Al2O3 aggregates.

¢ Error reflects the standard deviation of measurements from multiple charges of the same catalyst
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Table 3.3: Lumped parameters (a; and 6;) for 1,3-cyclohexadiene-H> (13CHD-H:z) and 4-
methylcyclohexene-H2 (4AME-Hb2) reactions on Al2O3-Sasol that best fit the rate data in Figure
3.5 and Figure 3.6, respectively, for a rate model following Langmuir-Hinshelwood-type
kinetics (eq 3.13; 393 K). Errors indicate 95% confidence intervals for parameter estimates.

Reactants Reaction a; (molec. nm? ALOs s™! Pa™!) 8; (Pa!)

13CHD-H2* H2 consumption 1.2(x0.1)x10® 0.17+0.02
H-transfer 2.0(x0.1)x1077 2.1(x0.3)x107

4AME-H° H> consumption 9.1(£0.6)x10”’ 0.18+0.02

? measured at 20 kPa Ho.

b measured at 90 kPa Ha.
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mono . mono
Table 3.4: Regressed values of the ArH,b->MAPt 1O [THq]b,PSS ratio (aTqu_)MA’Pt/[THq]b,PSS) and ATH,b->MAAL

parameters for methylcyclohexane (MA) formation from toluene-H> reactants on Pt/SiO2+Al2O3 mixtures via the
inhibitor-scavenging route (Scheme 3.2),” and the K}, ¢ value for MA formation from toluene-Hz reactants on Pt/Si02
(0.7 nm mean nanocluster diameter).® Errors indicate 95% confidence intervals for parameter estimates.

Parameter Values
mono

aTqu—>MA,Pt/ [THq]b,PS.S‘

(moles MA g-atom Pt s7! Pa!) 6.1(x2.0)x10

ATHab-MAAL

(molec. MA nm™? s Pa!) 5.1(£1.9)x10°

Ky s (bar'?) 0.37+0.04

ez 4(£1)x10°

 determined by regressing observed MA formation enhancement factors to the reaction transport model described
in Section 3.3.5 for loose Pt/Si02+Al203 mixtures.
b determined from regressing the rate data in Figure 3.9a to the functional form of equation 3.38 (with r-p=2).
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Table 3.5: Changes in enthalpy (AH), entropy (AS), and Gibbs free energy (AG) to form gaseous methylcyclohexadiene and
methylcyclohexene isomers from stoichiometric amounts of gaseous toluene and H2 (determined from quantum mechanics
calculations evaluated at 393 K and 1 bar (Section 3.2.3)), equilibrium pressures (393 K, 1.4 kPa toluene, and 90 kPa H>), and external
mass transfer to additive hydrogenation rate ratio ({, eq 3.38) evaluated for a loose Pt/SiO2-Al203 mixture with a 2700 nm? Pt;’!
dilution extent and a 70 pm aggregate diameter. The values for 1-methylcyclohexene and 4-methylcyclohexene enclosed in the square
brackets reflect those derived from reported experimental AH values.

AH AS AG Equilibrium
Molecular species (kJ mol™) (J mol' K (kJ mol™) pressure (Pa) ¢
Cyclohexa-1,3-diene  1-methyl -0.0814 -155 60.7 1.1x107 1.6 x10°°
2-methyl -3.15 -144 533 1.1 x10* 1.6 x10*
5-methyl 4.88 -146 62.2 6.7 x10°° 1.0 x107
Cyclohexa-1,4-diene  1-methyl -3.61 -140 51.6 1.8 x10* 2.6 x10*
6-methyl 5.50 -143 61.6 8.2x10° 1.2 x1073
Cyclohexene 1-methyl J124 [-102] 2279 -13.6 [87] 7.4 x10* [987] 1.1 x10° [140%]
3-methyl 1118 [-94] 281 -8.70 [179] 1.6 x10% [6.27] 2.5 x10% [9.4%]
4-methyl =122 [-95.7%] 281 1.3 [157] 3.6 x10% [127] 5.5 x10* [177]

2 reported experimental AH values for 1-methylcyclohexene [72], 3-methylcyclohexene [73], and 4-methylcyclohexene [74] (STP)
and corresponding AG, equilibrium pressure, and { values calculated using DFT-derived AS values.
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Table 3.6: 1-methylcyclohexene (IME) or 4-methylcyclohexene (4ME) pressures at the reactor inlet and outlet, fractional ME
conversion (ME conv.), observed MA formation turnover rates (MA TOR; moles MA g-atom surface Pt (Pts)! s™), ME conversion
turnover rate (ME TOR; moles MA g-atom Pts! s7), and the sum of the ME and toluene conversion turnover rates (ME+toluene TOR;
moles MA g-atom Pts! s7') from toluene-Hz and toluene-H2-ME reactions on Pt/SiO2 (0.7 nm mean nanocluster diameter; 393 K, 80
kPa Ha, 1.4 kPa toluene).

Hydrocarbon =~ 1ME pressure (Pa) 4ME pressure (Pa) ME MA TOR (moles ME TOR (moles ME+toluene TOR (moles

reactants inlet [outlet] inlet [outlet] conv. MA g-atomPt;'s") MA g-atomPt;'s')  MA g-atom Pt,' s')*
Toluene 0[0.13] 0[0.03] - 0.12 - 0.12
Toluene+1ME 4.5 [2.9] 0[0.17] 0.36 0.17 0.050 0.17
Toluene+4ME - 3.310.96] 0.71 0.22 0.094 0.22

 Calculated from the sum of the MA formation turnover rate during toluene-H; reactions (with no ME co-reactant, at the same conditions) and the
ME conversion turnover rate for the toluene-H,-ME mixture.
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Table 3.7: DFT-derived electronic energies at 0 K (AE), enthalpies (AH), entropies (AS), and Gibbs free energies (AG) to form
surface-bound toluene and 1-methyl-1,4-cyclohexadiene from the gaseous precursor and bare Pt at 0.11 ML coverage on Pt (111).

Hydrocarbon moiety Binding site AE (kJ mol™) AH? (kJ mol™) AS* (J mol' K AG"® (k] mol™")
Toluene four-fold bridge -146 -134 -194 -57.6

hcp hollow -98.7 -86.4 -194 -10.0
1-Methyl-1,4-cyclohexadiene two-fold bridge -234 -219 -190. -144

a

AH and AS values were evaluated at 393 K and 1 bar, and computed using methods reported in Chapter 2, Section 2.8.2.
> AG values from AH and AS (eq 3.10) (393 K, 1 bar).
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Scheme 3.1: Proposed sequence of steps (Section 3.3.4) describing toluene hydrogenation to form methylcyclohexane via a
monofunctional, Pt-catalyzed route (steps 1-3 and 4a-7a) and a bifunctional, Pt and Al2O3 coupled route (steps 1-3 and 4b-5b). All steps

occur at the Pt surface except for step 5b which occurs at the A2O3 surface.®>*
Kh s
H,+2S ;@2 2 H-S
(1 ) add add add
Artim, Pt ATHm—THp, Pt ATHp—MA Pt

Ktol’ (+ mH- S) (+ p -mH-S) (+ " 5) s
cee > + %
(5a) (6a) (7a)
4a)

k THm*
k-THm’
*
(4b) = @ ATHM—MA Al
mH (+ 2Hy)
Al,O,
(5b)

2 The * term denotes an ensemble of adjacent *-sites that bind the respective hydrocarbon intermediate. The number of adjacent sites (y;) is omitted for clarity.

b The S term denotes an S-site that binds H-adatoms.

¢ Ky denotes equilibrium adsorption constants and kx and k.« denote the forward and reverse kinetic constants for the elementary steps with single forward arrow
denote irreversible step, steps with forward and backward arrow denote reversible step, and steps with circled forwards and backward arrows denotes a quasi-
equilibrated step. ox denotes groupings of parameters.
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Scheme 3.2: Proposed sequence of steps (Section 3.3.4) describing toluene hydrogenation to form methylcyclohexane on Pt surfaces
via a predominant route (steps 1-2 and 3a-6a) and secondary route (steps 1-2 and 3b-8b) that forms THq-b* as a most abundant surface

intermediate (MASI). All steps occur at the Pt surface except for step 10b which occurs at the Al2O3 surface.

KH,S
H,+2S ;@2 2H-S
(1)

G- b

KtoleTHm,a
(+ mH-S)
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(2)
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(3b) / (+ q p H-S)
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(- g-p H-S)
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(Sb)
Kt b
(9b)
ATH2b—MA
LIS
—)
AlL,O,
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kCH m+1 aKH S
(+ H-S)

3*

(58) kCH,G;aKH,S
(+ H-S)
(6a)
+ *
kCH,G;bKH,S
(+H-8) / (8b)
kCH,r+1,’bKH,S -'.(7b)
kTHq%THrb (+ H-S)
(+ rq H-S) . (6b)

k TH>THg TP

(- r-q H-S)

(10b)

2 The * term denotes an ensemble of adjacent *-sites that bind the respective hydrocarbon intermediate. The number of adjacent sites (y;) is omitted for clarity.
® The S term denotes an S-site that binds H-adatoms.
¢ Kx denotes equilibrium adsorption constants and ky and k.« denote the forward and reverse kinetic constants for the elementary steps with single forward arrow
denote irreversible step, steps with forward and backward arrow denote reversible step, and steps with circled forwards and backward arrows denotes a quasi-

equilibrated step. ax denotes groupings of parameters.
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toluene-bridge toluene-hcp 1-methyl-3,6-dihydrobenzene-bridge

Scheme 3.3: Top and side view of DFT-derived optimized molecular structures of toluene bound at the four-fold bridge site (left;
toluene-bridge), toluene bound at the hep three-fold hep hollow site (center; toluene-hep), and 1-methyl-1,4-cyclohexadiene at the
two-fold bridge site (right; 1-methyl-3,6-dihydrobenzene-bridge) on the Pt(111) surface of a 4-layer period Pt slab (with only the top
layer shown for clarity) computed using methods reported in Chapter 2, Section 2.2.3 (reproduced from Chapter 2, Scheme 2.2).
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3.8. Supporting information
3.8.1. Hydrogen chemisorption isotherms and estimation of Pt particle dispersions

Pt-particle dispersions (D = Nu/Np, where Nu is the number of H bound by the metal
surface and Np is the number of metal atoms in the bulk) were calculated from Hz adsorption
isotherms measured using a volumetric adsorption apparatus with a Baratron gauge and a
turbomolecular pump (Pfeiffer Vacuum, <l Pa dynamic vacuum), using H/Pts=1 adsorption
stoichiometry. Hydrogen adsorption isotherms (shown in Figure 3.S1) were measured at Ha
pressures ranging from 5-105 kPa at 373 K on evacuated catalysts (<102 mbar, 573 K, 1 h)
following treatment in H2 (573 K, 1 h). The reported dispersion values reflect the H atom uptake
per Pt-atom determined by extrapolating the linear trend observed in the high H> pressure regime
(50-100 kPa H>) to zero kPa Ho.
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Figure 3.S1: Adsorption isotherms for H2 on SiO2-supported Pt nanoparticles (Pt/S102) depicting
the number of adsorbed H atoms per bulk Pt-site as a function of hydrogen pressure (kPa) with Pt
contents of 2.1% (e) 0.47% (m), 0.17% (A), and 0.10% (®) wt. The hydrogen pressures (kPa)
reflect the stable values following catalyst exposure to a set Hz pressure. Dashed lines indicate a
Langmuir adsorption isotherm trend.
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3.8.2. N2 adsorption isotherms, surface areas, and pore volumes for SiO: and Al20:3.

Figure 3.S2, Figure 3.S3, and Figure 3.S4 show N2 adsorption and desorption isotherms
(77 K) on SiO2, Al203 (Sasol), and Al2O3 (sol-gel) powders, respectively. Table 3.S1 shows the
surface areas (BET method [75]), mean pore volume (BJH method [76]), and mean pore radius

(BJH method [76]).
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Figure 3.S2: N2 adsorption (e) and desorption (A) isotherms (77 K) on SiO2 (Cab-o-sil HS-5)

powders.
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Figure 3.S3: N2 adsorption (e) and desorption (A) isotherms (77 K) on Al2O3 (Sasol) powders.
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Figure 3.S4: N2 adsorption (e) and desorption (A) isotherms (77 K) on Al2O3 (sol-gel) powders.
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Table 3.S1: Pore volume, surface area, and mean pore radius from N2 adsorption isotherms
(77 K) measured on SiO: (Figure 3.S2), Al20s3-Sasol (Figure 3.S3), and Al2Os-solgel
(Figure 3.S4) powders.

Pore volume® (cm® g

1 f1aC
Metal oxide Surface area® (m? g'!) ) Mean pore radius® (nm)
Si0s 320 1.5 1
ALOs-Sasol 270 0.68 4.3

0.40 2.2

Al20O3-solgel 320

 Internal surface area using BET method [75].

b Cumulative volume of pores between 0.85-150 nm radius from adsorption isotherm
using BJH method [76].

¢ Mean pore radius from BJH method (2V/A, where V is the pore volume and A is the
surface area) from adsorption isotherm using BJH method [76].

3.8.3. Time on stream data for 1,3-cyclohexadiene and 4-methylcyclohexene reactions with H>
on Al20:s.

Figure 3.S5 shows 1,3-cyclohexadiene conversion areal rates during reaction with Hz to
form cyclohexene (CHE), cyclohexane (CHA), 1,4-cyclohexadiene (14CHD), and benzene as a
function of time on stream on Al2O3 surfaces. Figure 3.S6 shows 4-methylcyclohexene conversion
areal rates during reaction with Ha to form methylcyclohexane (MA) and 1-methylcyclohexene
(1IME) as a function of time on stream on Al2O3 surfaces.
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Figure 3.S5: 1,3-Cyclohexadiene conversion areal rates (molec. 1,3-cyclohexadiene nm™ A1203
s) on AI203 (Sasol SBA200) to form benzene (o), 1,4-cyclohexadiene (1,4-CHD, A),
cyclohexene (CHE, e), and cyclohexane (CHA, #) as a function of time on stream (393 K, 12 Pa
1,3-cyclohexadiene, 100 kPa Hy).

122



107

T 1ME (Sasol)

Q ~
T
53
® <
T N
_% g > m I\ﬂ(solgel)
= ||
(NN}
> C
<
85
o S ] 1 MA (Sasol)
cC o ‘
T < 1
x5
< % 1ME (solgel)
S 10° oo
O ]
¢ 1 o
55
s&
1077 T T | |

0 10 20 30 40 50
Time on stream (ks)

Figure 3.86: 4-Methylcyclohexene conversion areal rates (molec. 4-methylcyclohexene nm™
AL03 s7') on AL2Os to form 1-methylcyclohexene (1IME; o, Al2Os-solgel and o, Al203-Sasol) and
methylcyclohexane (MA; m, Al2O3-solgel and e, Al203-Sasol) as a function of time on stream (393
K, 24 Pa (Al1203-solgel) and 200 Pa (Al203-Sasol) 4-methylcyclohexene, 90 kPa Hb).
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3.8.4. Complete set of toluene-derived intermediates.
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Scheme 3.S1: Intermediates formed from gas phase toluene+H: reactions grouped together by their molecular compositions.
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3.8.5. Expanded reaction-transport model describing methylcyclohexane formation via inhibitor-
scavenging routes.

This section provides further details to supplement the derivation of the reaction-transport
model that describes MA formation via the inhibitor-scavenging route (Scheme 3.2), introduced
in Section 3.3.5.

A balance on the moles of THq-b (for the reactive intermediate in inhibitor-scavenging
route Scheme 3.2) in a spherical shell with a differential thickness (dl) within a spherical Pt/Si02
aggregate of a Pt/Si02+Al203 mixture is:

47Tl2NTqu|l - 4nr2NTqu|l+dl + PPtTTqu,Pt47ledl =0, (3.S54)
with NTHq p, the molar flux, given by Fick’s law:
d|TH
Neg o = —Don- bt @' (3.S55)
q ’ Tqu' dl

where [ is the radial coordinate of the sphere, pp; is the volumetric density of Pt-sites, TTHgb,pt 1S
the net turnover rate of THq¢-b formation (per exposed Pt site) at the Pt surface, De 1 p;pt is the

effective diffusivity of THq-b throughout the pores of the Pt/SiO2 aggregate (Section 3.2.3), and
[THq]b is the THq-b concentration. Dividing both sides of equation 3.S54 by the volume of the

spherical shell (4rl?dl) and taking the limit as dl — 0 gives:

Derngbipt d d[THq]
lzq al 12 T : + PpeTrH bt = 0. (3.556)

The following non-dimensional groups are defined:
l

[= R (3.857)
and
_ [TH,]
[TH,| =—7F"2— (3.S58)
g [THq]b,PSS;Pt

where Rp; is the radius of the Pt/SiO. aggregate and [THq]b -

at pseudo-steady state on Al2Os-free Pt/SiO2. The dimensionless form of equation 3.S56 is
obtained by substituting [ and [THq]b values with those from equations 3.S57 and 3.S58,

is the concentration of THg-b

respectively:

1d (., d[TH,] R2
(lz b+ - pePpe Trigbee = 0, (3.559)

[2dl dl e.NTHgbiPt [THQ]b,pss;Pt

The net THq-b formation rate (TTqu‘pt) reflects the difference between the rate that THg-b is
formed via toluene-Hoz reactions (737 H, p.pt) and consumed via subsequent H-addition reactions
(rTHq p—mapt) at the Pt surface:
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TrHyb,pt = Ttol>THGb,Pt — TTHGb—MA,Pt- (3.S60)

The THg-b formation rate (14,7 Hyb, p¢) reflects the toluene conversion rate via the secondary route,

which is limited by H-addition to THp-b* (Scheme 3.2, step 1-4b) and is proportional to THp-b*
and H-S coverages. The Ttol->THyb,Pt value is given by assuming that THp-b* and H-S are formed

in quasi-equilibrium with gaseous toluene and Hz (Scheme 3.2, step 1-3b) and that THq-b*
desorption is quasi-equilibrated (Scheme 3.2, step 9b):

Qtol->THgb,Pt

Ttol->THgb,Pt = [TH,]
a1p

(3.S61)
with
p+1
kCH,p+1:aK5,J§1 f=1(KCH,i;b) [tol][H,] 2

1
Krhgbs (1 + KH,S[HZ]E)

The THg-b consumption rate (rTquﬁM apt) 18 limited by H addition to THr-b* (Scheme 3.2, step

6b) and is proportional to TH:-b* and H-S coverages. This rate is given assuming that THr-b* and
H-S are formed in quasi-equilibrium with THq-b* and H2(g) (Scheme 3.2, step 1,5b) and that THg-
b* desorption is quasi-equilibrated (Scheme 3.2, step 9b):

, (3.862)

QXtol>THyb,Pt =

TTHeb-MAPt = ATHb—>MAPt) (3.S63)
with
—a+1 r—q+1
kCH,r+1;aK1-r1,sq+ ir=q(KCH,i;b) [Hp] 2
1
(1+ K sl 12)

The net rate of THg¢-b formation is necessarily zero (rTqu’pt = 0), in the absence of a scavenger

(3.564)

ATHLb-MAPE =

function, to maintain pseudo-steady state. Equating the THq-b formation rate (eq 3.S61) and
consumption (eq 3.862) rates and rearranging gives the pseudo-steady state THq-b value:
Qtol->THgb,Pt

oot = s wmre (3.565)

The net THq-b formation rate (eq 3.S60) is then restated by substituting the THq-b formation
(rtoHTHq p,pt) and consumption (rTqu_W, ape) Tates with their values from equations 3.S61 and

3.562, respectively:

TTH b,pt = ATH b—>MA,Pt (% - 1>, (3.S66)
! ! [THCI]b

The diffusion equation describing THq-b pressures across the Pt domain (eq 3.S59) is next
restated in its dimensionless form by substituting 7 Hgb,Pt with its value from equation 3.S66:
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2 _
33T o= ] + 3 <[T - 1) =0, (3.867)

with

o0 R PptATH b-MA,Pt (3.568)
pt — I\pt . |
De,NTqu;Pt [THq]b,PSS

A balance on the moles of THg-b (the reactive intermediate in inhibitor-scavenging route)
in a spherical shell with a differential thickness (ds) within a spherical Al2O3 aggregate of a
Pt/S102+A1203 mixture is:

Ams®Nry pls — 4772 Nry b lseas — Omr—rhgpardml?ds = 0, (3.569)
with NTHq b, the molar flux, is given by Fick’s law:

d[THq]b

NTqu = _De,Tqu;Al T, (3870)

where s is the radial coordinate, gy; is the Al2O3 internal surface area to volume ratio, _r Hyb,Al is
the THg-b consumption areal rate at the Al>O3 surface, and D, 1 Hyb;AL is the effective diffusivity of

THg-b throughout the pores of the Al2Os aggregate (Section 3.2.3). Dividing both sides of
equation 3.S69 by the volume of the spherical shell (47s?ds) and taking the limit as ds — 0 gives:

Derngpar d <Szd[THq]b

sz ds ds ) — OMIT-THgb,Al = 0, (3.S71)

The following non-dimensional Al2O3 radial dimension (§) is defined as:
S

Ra/

Where R; is the radius of the Al2O3; aggregate. The dimensionless form of equation 3.S71 is

obtained by substituting the values of s and [THq]b with their values from equations 3.S72 and

§= (3.872)

3.S65, respectively:

L1d §2d[THq]b _ R0
§2ds§ ds D

T_rH, b4l = 0. (3.573)
errgbatlTHel, pos

The observation that Al.Os-catalyzes hydrogenation reactions of 4ME and 13CHD reactants
(Section 3.3.3) suggests that hydrogenation of THq-b intermediates may be relevant in these
bifunctional routes. 4ME and 13CHD hydrogenation rates were first order in the respective
hydrocarbon pressures at values below 10 Pa (Figure 3.5), which is significantly higher than the
pressures that THg-b intermediates would be present during toluene-H2 reactions on
Pt/Si02+Al203 mixtures, suggesting that the areal THgq-b consumption rates (rTHq,Al) are

proportional to THq-b pressure:

T-THgb,Al = ATH b->MAAL [THq] b’ (3.574)
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where ATH b-MAAL is a pseudo-first order rate constant for THq-b hydrogenation at the Al2O3
surface. Substituting the T_THyb,Al value equation 3.S73 with the value from equation 3.S74 gives:

10 .0 __
-T2 _ — H2 —
3:° 33 [THq]b ¢A1[THq]b =0, (3.875)
with
OAlXTHGb—MA,Al
ba = Ry D ) (3.876)
THgb,Al

The THg-b pressure distribution across the radial dimensions of the Pt/SiO2 and Al.O3
aggregates can be determined for given ¢p; and ¢4; values by solving the coupled differential
equations (eq 3.S67 and 3.S75) subject to the following boundary conditions: (i and ii) the first
derivative of the THq-b pressure is zero at the center of each aggregate (¥ = 0 and § = 0) due to
spherical symmetry, (iii) the THq-b pressure in the intervening fluid between the Pt/SiO2 and Al2O3
aggregates in between the two functions are equal, and (iv) the rate of external THq-b mass transfer
leaving the Pt/SiO2 aggregates is equal to the rate of Pt/SiO2 mass transfer into the Al2O3
aggregates. The rate of external THq-b mass transfer between each catalyst domain and the bulk
fluid (W;, where i denotes the Pt/SiO2 or Al2O3 domain) is related to the overall mass transfer
coefficient, k, (Section 3.2.3), and the change in THq-b concentration between the bulk fluid

([THq]Zulk) and the surface of the catalyst aggregate ([THq]Zurf; atl=1or§=1):
Wi = —kgA; ([THq]Zulk - [THq]Zurf); (3.877)
with
A; = 4R?, (3.S78)

where A; is the external surface area of the catalyst aggregate and R; is the aggregate radius.

3.8.6. Derivation of enhancement factors for intimate Pt/SiO2 and Al203 mixtures for inhibitor-
scavenging routes at pseudo-steady state.

The net rate that TH2-b intermediates are formed from toluene-H2 reactants on
Pt/Si02+A1203 mixtures reflects the difference between the TH2-b formation rate at the Pt surface
(Ttot-TH,b,pt; Scheme 3.2, steps 1-4b) and the rates of TH2-b consumption at the Pt (rry, p—mapes

Scheme 3.2, steps 5b-8b) and Al2Os surface (rrpy,p, 415 Scheme 3.2, steps 9b-10b):

TTHyb,Pt = Ttol>TH,b,Pt — VTHy,b—MAPt — T—TH,b,Al- (3.879)

Substituting the values of Ttol>THgb,Pt> TTH,b—MAPts and 1_zpy,p 4 In equation 3.S79 with their
respective values from equations 3.S61, 3.S63, and 3.41 (for g=2) gives:

Qtol->TH,b,Pt
TTH,b,Pt = (ETH—z]zb — Arp,pmapt — Ari,p-maal[THylp [Hpl[tol] €t . (3.S80)

where @;o7h,p,pt 1S @ grouping of parameters defined in equation 3.S62, ary,ppyap: 1S @
grouping of parameters defined in equation 3.S64, ary,;,_ma.4; 1S the pseudo-first order rate
constant for Al2Os-catalyzed TH2-b consumption, w,; is the apparent reaction order for THa2-b
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hydrogenation on Al2O3 with respect to toluene pressure, and f is the ratio between the Al20O3
surface area and the number of exposed surface Pt sites. Under conditions in which TH2-b forms
at pseudo-steady state pressures, the net TH2-b formation rate becomes zero (r7y,,p: = 0) and

equation 3.S80 simplifies to the following second-order polynomial:

0 = Qto15TH,b,Pt — aTszeMA,Pt[THZ]g,iPSS
- 2
— arp,p->maalHz] [tOI]wt"lﬁ([THz]g,lpss) .

where [TH; 355 is the pseudo-steady state THa-b concentration for a bifunctional Pt/SiO2+Al203
mixture in the absence of concentration gradients. The functional form of equation 3.S81 is
restated in the following form by substituting @i, p,p¢ With its value from equation 3.S65 and

rearranging terms:

(3.581)

, 2 :
0= ([THz]Z,lpss> QATH,b—>MA,Pt ( [TH, 15 pss

[TH,],p5s Arpyp-maal[Hz][tol]€tot [TH, [Pp58 [TH, 15 pss

where [TH,]p'pss is the pseudo-steady state TH2-b concentration for an AlLOs-free

(monofunctional) Pt/SiO:z catalyst. An expression for [THz]ngSS is obtained by solving equation
3.582:

>_ (3.882)

. TH,|mono 0\2 o o
TH oo = 9 |(2) 442 ) (3583)
where
A TH,b—>MA,Pt
o= (3.584)

B ary,p-maar[Ha1[tol] @t [TH, |00

Substituting the ary,pmape value with the value from equation 3.S64 (with g=2) gives the
following definition of the o term:

r—3 1
kru,b-mapc[Hz] 2 /(1 + KH,S[HZ]Z)
ary,p-maaltol]@et[TH, |ped

The enhancement factor for the inhibitor scavenging route (n) can thus be obtained by taking the
ratio between equation 3.23 (Twapt = to1oTH,, 0/ [THq]b) evaluated for [THq]b values of

(3.585)

g =

[TH,15pss and [TH,]78%, then simplifying:

Y O P (3.586)
77_2 o ' .
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A.1. Density functional theory-derived optimized geometries of molecules bound to Pt(111)

surfaces.

Density functional theory (DFT) was used to determine optimized geometries of toluene-
derived hydrocarbons bound to the surface of a Pt(111) slab (3x3 unit cell, 0.11 monolayer
coverage; four Pt layers; with computational details described Chapter 2, Section 2.2.3). The

APPENDICES

lattice vectors (v;) for the 3x3 unit cell are:

Lattice

vectors x; (A) x, (A) x3 (A)
12 8.456 0.0 0.0
v, 4.228 7.322 0.0
Vs 0.0 0.0 26.904

The bottom two layers of the four-layer Pt slab were fixed to their bulk coordinates (with a 3.986

A lattice constant):

The following tables show the atomic positions (x;) in fractional coordinates (relative to the unit
cell) for the atoms that comprise the top two Pt layers and the adsorbate. The adsorbate, binding
mode (as depicted in Scheme 2.S1), and absolute electronic energy (eV) are included in the

heading.

Methylbenzene; four-fold
bridge; -234.47174 eV

Atom x4 Xy X3

Pt 0.225 0.217 0.543
Pt 0.557 0.221 0.543
Pt 0.889 0.221 0.543
Pt 0.224 0.554 0.542
Pt 0.556 0.555 0.544
Pt 0.888 0.555 0.543
Pt 0.225 0.886 0.544
Pt 0.556 0.886 0.545
Pt 0.89 0.888 0.542
Pt 0.005 0.331 0.629
Pt 0.332 0.331 0.629
Pt 0.669 0.329 0.631
Pt 0.325 0.668 0.631
Pt 0.675 0.668 0.632
Pt 0 0.667 0.629
Pt 0.997 0 0.629
Pt 0.33 0.006 0.636
Pt 0.67 0 0.629

Methylbenzene; four-fold
bridge; -234.47174 eV

Toluene; four-fold bridge, -
238.56904 eV

Toluene; hep hollow;
-238.07309 eV

Atom  x; Xy X3 Atom  x; X, X3 Atom  x; Xy X3
Pt 0.225 0.217 0.543 Pt 0.225 0.215 0.543 Pt 0.221 0.232 0.543
Pt 0.557 0.221 0.543 Pt 0.558 0.221 0.543 Pt 0.553 0.233 0.544
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YT T YIS S Y YT Y Y YT
= = e~ = ~+ =+ ~ ~+ ~+ ~ ~+ ~+ = ~+

nflaslesfieslle-leol--NoNoNo Ro N o Ro X o s

0.889
0.224
0.556
0.888
0.225
0.556
0.89

0.005
0.332
0.669
0.325
0.675

0.997
0.33

0.67

0.441
0.637
0.339
0.73

0.433
0.632
0.333
0.368
0.708
0.196
0.876
0.701
0.406
0.191

0.221
0.554
0.555
0.555
0.886
0.886
0.888
0.331
0.331
0.329
0.668
0.668
0.667

0.006

0.494
0.394
0.689
0.499
0.793
0.693
0.99

0.42

0.255
0.759
0.428
0.767
0.057
0.053

0.543
0.542
0.544
0.543
0.544
0.545
0.542
0.629
0.629
0.631
0.631
0.632
0.629
0.629
0.636
0.629
0.715
0.713
0.713
0.716
0.715
0.714
0.716
0.723
0.727
0.725
0.724
0.726
0.73

0.728

TUTT T YIS Y Y Y Y Y YT
= = e~ = ~+ = ~ ~+ ~+ ~ ~+ ~+ = ~+

CTICOZIZIZOOQNCQOT

0.887
0.225
0.556
0.888
0.224
0.557
0.89

0.009
0.334
0.665
0.322
0.679
0.001
0.995
0.336
0.67

0.404
0.605
0.308
0.698
0.399
0.601
0.669
0.166
0.841
0.337
0.674
0.31

0.371
0.164
0.324

0.222
0.554
0.555
0.553
0.885
0.885
0.887
0.324
0.323
0.336
0.663
0.665
0.663
0.002
0.993
0.002
0.563
0.456
0.759
0.564
0.869
0.76

0.332
0.83

0.493
0.992
0.83

0.472
0.327
0.541
0.478

0.543
0.543
0.544
0.543
0.544
0.544
0.542
0.629
0.627
0.634
0.633
0.632
0.628
0.629
0.634
0.629
0.713
0.709
0.71

0.709
0.708
0.709
0.732
0.722
0.721
0.732
0.721
0.738
0.727
0.729
0.779

YT T Y ST Y Y Y Y YT
= e~ e~ = ~ = ~ ~+ = ~ ~ & = ~

TENIQOTICITIIZOQN0Q0O0T

0.882
0.225
0.554
0.889
0.221
0.554
0.889
0.996
0.329
0.659
0.329
0.669
0.997
0.994
0.328
0.668
0.394
0.573
0.234
0.583
0.243
0.413
0.691
0.106
0.706
0.122
0.424
0.392
0.507
0.264
0.404

0.233
0.561
0.561
0.562
0.894
0.897
0.896
0.348
0.34

0.351
0.694
0.684
0.682
0.019
0.018
0.009
0.326
0.318
0.503
0.481
0.664
0.659
0.192
0.509
0.48

0.795
0.778
0.167
0.035
0.167
0.182

0.544
0.545
0.544
0.542
0.543
0.541
0.542
0.63

0.634
0.637
0.633
0.627
0.629
0.63

0.628
0.628
0.716
0.714
0.724
0.713
0.722
0.712
0.727
0.733
0.726
0.731
0.722
0.742
0.73

0.735
0.782

1-methyl-6-hydrobenzene;

2-methyl-6-hydrobenzene;
four-fold bridge;

1-methyl-5,6-dihydrobenzene;
four-fold bridge; -245.41347

hcp hollow; -242.05782 eV -241.80224 eV eV

Atom x4 Xy X3 Atom x4 Xy X3 Atom x4 Xy X3
Pt 0.221 0.223 0.545 Pt 0.221 0.223 0.545 Pt 0.222  0.224 0.546
Pt 0.553 0.226 0.543 Pt 0.553 0.226 0.543 Pt 0.555 0.226 0.541
Pt 0.889 0.225 0.543 Pt 0.889 0.225 0.543 Pt 0.89  0.226 0.543
Pt 0.225 0.554 0.544 Pt 0.225 0.554 0.544 Pt 0.222 0.56 0.541
Pt 0.555 0.559 0.542 Pt 0.555 0.559 0.542 Pt 0.556 0.561 0.541
Pt 0.892 0.557 0.542 Pt 0.892 0.557 0.542 Pt 0.893 0.556 0.543
Pt 0.224 0.894 0.545 Pt 0.224 0.894 0.545 Pt 0.223  0.896 0.545
Pt 0.553 0.895 0.543 Pt 0.553 0.895 0.543 Pt 0.553 0.895 0.544
Pt 0.896 0.893 0.543 Pt 0.896 0.893 0.543 Pt 0.892 0.894 0.543
Pt 0.988 035 0.631 Pt 0.988 035 0.631 Pt 0.994 0.343 0.635
Pt 0.329 0.334 0.635 Pt 0.329 0.334 0.635 Pt 0.333  0.344 0.627
Pt 0.662 034 0.628 Pt 0.662 034  0.628 Pt 0.663 0.342 0.627
Pt 0.336 0.664 0.629 Pt 0.336 0.664 0.629 Pt 0.335 0.669 0.627
Pt 0.671 0.67 0.627 Pt 0.671 0.67 0.627 Pt 0.671 0.672 0.628
Pt 0.002 0.678 0.629 Pt 0.002 0.678 0.629 Pt 0.001 0.674 0.629
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n=Ba~)
- =
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0.351
0.68

0.004
0.121
0.315
0.387
0.995
0.264
0.064
0.062
0.408
0.854
0.317
0.987
0.129
0.569
0.669
0.627
0.544

0
0.004
0.017
0.368
0.264
0.063
0.307
0.991
0.106
0.517
0.3
0.386
0.851
0.059
0.341
0.947
0.987
0.801
0.969

0
0.626
0.638
0.732
0.711
0.713
0.708
0.712
0.709
0.728
0.73
0.723
0.725
0.732
0.773
0.739
0.729
0.731
0.78

n=Na)
= =

TICZOCZIIDNICZOOQQNNAT

0.351
0.68

0.004
0.121
0.315
0.387
0.995
0.264
0.064
0.062
0.408
0.854
0.317
0.987
0.129
0.569
0.669
0.627
0.544

0.009
0.004
0.017
0.368
0.264
0.063
0.307
0.991
0.106
0.517
0.3

0.386
0.851
0.059
0.341
0.947
0.987
0.801
0.969

0.635
0.626
0.638
0.732
0.711
0.713
0.708
0.712
0.709
0.728
0.73

0.723
0.725
0.732
0.773
0.739
0.729
0.731
0.78
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0.344
0.673
0.001
0.073
0.281
0.364
0.973
0.248
0.048
0.017
0.042
0.347
0.321
0.826
0.305
0.971
0.555
0.648
0.612
0.55

0.004
0.007
0.011
0.337
0.236
0.038
0.277
0.963
0.074
0.486
0.31

0.238
0.311
0.35

0.816
0.022
0.913
0.962
0.772
0.914

0.638
0.628
0.634
0.745
0.738
0.722
0.71

0.713
0.708
0.743
0.783
0.774
0.712
0.718
0.719
0.729
0.742
0.731
0.728
0.783




1-Methyl-5,6-

dihydrobenzene; hep hollow;

-245.96758 eV

1-Methyl-3,6-

dihydrobenzene; two-fold

bridge; -246.35577 eV

2-Methyl-4,5,6-

trihydrobenzene; hcp hollow;

-249.71302 eV

Atom  xq Xy X3 Atom  x Xy X3 Atom  x Xy X3
Pt 0.224 0.219 0.545 Pt 0.228 0.214 0.543 Pt 0.22  0.225 0.542
Pt 0.554 0.225 0.542 Pt 0.566 0.215 0.546 Pt 0.553 0.226 0.544
Pt 0.888 0.226 0.542 Pt 0.892 0.215 0.546 Pt 0.885 0.225 0.543
Pt 0.223 0.556 0.542 Pt 0.231 0.549 0.547 Pt 0.221 0.555 0.543
Pt 0.553 0.561 0.545 Pt 0.56 0.546 0.547 Pt 0.556 0.554 0.544
Pt 0.884 0.558 0.543 Pt 0.896 0.547 0.543 Pt 0.886 0.558 0.542
Pt 0.224 0.891 0.544 Pt 0.23  0.877 0.546 Pt 022 0.89 0.541
Pt 0.553 0.89 0.545 Pt 0.561 0.881 0.543 Pt 0.555 0.892 0.543
Pt 0.888 0.89 0.541 Pt 0.896 0.88 0.544 Pt 0.883 0.893 0.543
Pt 0.999 0.336 0.629 Pt 0.014 0.313 0.632 Pt 0.994 0.338 0.628
Pt 0.332 0.335 0.629 Pt 0.341 031 0.63 Pt 0.324 0.338 0.632
Pt 0.665 0.337 0.628 Pt 0.681 0311 0.643 Pt 0.666 0.338 0.636
Pt 0.326 0.669 0.633 Pt 0.343 0.643 0.646 Pt 0.328 0.673 0.627
Pt 0.67 0.667 0.637 Pt 0.678 0.65 0.63 Pt 0.663 0.673 0.629
Pt 0.999 0.667 0.627 Pt 0.007 0.649 0.633 Pt 0.993 0.674 0.629
Pt 0.992 0.007 0.626 Pt 0.344 0981 0.631 Pt 0.998 0.002 0.628
Pt 0.337 0.995 0.638 Pt 0.678 0.978 0.632 Pt 0.328 0.001 0.627
Pt 0.667 0.006 0.627 Pt 0.012 0.979 0.633 Pt 0.657 0.013 0.634
C 0.611 0.563 0.741 C 0.318 0.556 0.723 C 0.378 0.259 0.708
C 0.629 0.718 0.715 C 0.434 0353 0.737 C 0.582 0.146 0.707
C 0.418 0.583 0.741 C 0.399 0.672 0.727 C 0.291 0.426 0.743
C 0.458 0.899 0.715 C 0.635 0.264 0.722 C 0.679 0.253 0.711
C 0.277 0.739 0.709 C 0.719 0377 0.722 C 0.392 0.534 0.745
C 0.284 00911 0.713 C 0.605 0.577 0.739 C 0.6 0.409 0.749
H 0.71 0431 0.724 H 0.722 0.115 0.728 H 0.315 0.174 0.715
H 0.656 0.556 0.78 H 0.432 0.346 0.779 H 0.643 0.016 0.728
H 0.424 0455 0.73 H 0.371 0.272 0.723 H 0.147 0.516 0.732
H 0.365 0.612 0.78 H 0.869 0.313 0.727 H 0.826 0.163 0.718
H 0.467 0.015 0.73 H 0.666 0.661 0.726 H 0.34  0.632 0.776
H 0.139 0.764 0.716 H 0.615 0.574 0.78 H 0.668 0.491 0.744
H 0.163 0.034 0.726 H 0.17 0.619 0.731 H 029 0374 0.78
C 0.789 0.728 0.739 C 0.286 0.867 0.747 H 0.362 0.618 0.71
H 0.806 0.837 0.722 H 0.14 0932 0.735 C 0.648 0.322 0.802
H 0.918 0.598 0.735 H 0.341 0.956 0.735 H 0.587 0.235 0.808
H 0.762 0.757 0.779 H 029 0.86 0.788 H 0.595 0.429 0.831
H 0.797 0.236 0.807
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5-methyl-4,5,6-

trihydrobenzene; hcp hollow;

1-Methylcyclohexene; two-
fold bridge;

4-Methylcyclohexene; two-

-249.72500 eV -253.45018 eV fold bridge; -253.48939 eV
Atom  xq Xy X3 Atom  x Xy X3 Atom  x Xy X3
Pt 0.221 0.224 0.542 Pt 0.217 0.227 0.542 Pt 0.218 0.221 0.541
Pt 0.553 0.225 0.544 Pt 0.551 0.228 0.544 Pt 0.554 0.224 0.543
Pt 0.884 0.225 0.542 Pt 0.881 0.229 0.543 Pt 0.882 0.223 0.544
Pt 0.221 0.553 0.543 Pt 0.217 0.562 0.542 Pt 0.22  0.557 0.543
Pt 0.556 0.552 0.544 Pt 0.552 0.558 0.544 Pt 0.551 0.555 0.544
Pt 0.886 0.557 0.542 Pt 0.883 0.562 0.543 Pt 0.886 0.555 0.542
Pt 0.222 0.888 0.541 Pt 0.218 0.894 0.542 Pt 0.22  0.885 0.544
Pt 0.556 0.891 0.543 Pt 0.552 0.896 0.544 Pt 0.551 0.889 0.542
Pt 0.883 0.891 0.543 Pt 0.881 0.896 0.543 Pt 0.886 0.889 0.542
Pt 0.996 0.336 0.628 Pt 0.991 0.345 0.627 Pt 0.992 0.332 0.629
Pt 0.326 0.337 0.633 Pt 0.322 0.346 0.627 Pt 0.323 0.329 0.627
Pt 0.671 0.332 0.637 Pt 0.658 0.342 0.637 Pt 0.657 0.336 0.636
Pt 0.331 0.669 0.627 Pt 0.325 0.677 0.628 Pt 0.327 0.661 0.636
Pt 0.663 0.67 0.629 Pt 0.657 0.678 0.629 Pt 0.66 0.667 0.628
Pt 0.994 0.67 0.628 Pt 0.989 0.679 0.628 Pt 0.991 0.666 0.628
Pt 0.001 0.998 0.626 Pt 0.995 0.008 0.627 Pt 0.992 0.999 0.63
Pt 0.329 0.999 0.627 Pt 0.325 0.01 0.628 Pt 0.325 0.998 0.629
Pt 0.657 0.011 0.635 Pt 0.655 0.017 0.638 Pt 0.659 0.999 0.628
C 0.38 0.259 0.709 C 0.508 0.176 0.796 C 0.317 0.485 0.792
C 0.585 0.145 0.708 C 0.503 0.108 0.743 C 0.25 0.547 0.738
C 0.294 0424 0.744 C 0.662 0.095 0.713 C 0.392 0.577 0.712
C 0.688 0.246 0.714 C 0.674 0.269 0.715 C 0.581 0.412 0.713
C 0.389 0.537 0.744 C 0.512 0425 0.742 C 0.596 0.249 0.742
C 0.596 0.416 0.748 C 0.497 0365 0.796 C 0.503 0.303 0.794
H 0.319 0.173 0.715 H 0.392 0.184 0.818 H 0.212 0.469 0.812
H 0.643 0.014 0.729 H 0.633 0.073 0.815 H 0.327 0.594 0.811
H 0.148 0.509 0.736 H 0.509 0975 0.744 H 0.115 0.673 0.738
H 0.339 0.635 0.775 H 0.371 0.205 0.726 H 0.231 0.442 0.72
H 0.666 0.495 0.744 H 0.793 0976 0.724 H 0.392 0.699 0.726
H 0.303 0.367 0.782 H 0.383 0.466 0.723 H 0.685 0.447 0.723
H 0.628 036 0.787 H 0.528 0.547 0.743 H 0.531 0.184 0.721
H 0.354 0.621 0.71 H 0.606 0.361 0.819 H 0.741 0.144 0.746
C 0.885 0.125 0.732 H 0.367 0471 0.812 H 0.595 0.321 0.819
H 0.958 0995 0.711 C 0.855 0.239 0.737 C 0.479 0.145 0.813
H 0.884 0.088 0.771 H 0.857 0.209 0.777 H 0.611 0.017 0.816
H 0.964 0.196 0.729 H 0974 0.121 0.72 H 0.416 0.176 0.85
H 0.869 0.361 0.732 H 0.39 0.122  0.788
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1-methylcyclohexyl; atop;

4-methylcyclohexyl; atop;

-257.21462 eV -257.2742487 eV

Atom  x; Xy X3 Atom  x; X X3
Pt 0.217 0.228 0.542 Pt 0.224 0.225 0.543
Pt 0.552 0.23 0.544 Pt 0.56 0.224 0.542
Pt 0.881 0.23 0.544 Pt 0.894 0.226 0.544
Pt 0.217 0.562 0.542 Pt 0.226 0.557 0.543
Pt 0.552 0.559 0.544 Pt 0.56  0.557 0.543
Pt 0.884 0.562 0.542 Pt 0.894 0.555 0.544
Pt 0.216 0.896 0.542 Pt 0.226 0.89 0.543
Pt 0.55 0.896 0.542 Pt 0.56 0.891 0.542
Pt 0.884 0.896 0.542 Pt 0.892 0.891 0.542
Pt 099 0346 0.629 Pt 0.01 0338 0.637
Pt 0.322 0346 0.628 Pt 0.344 0337 0.629
Pt 0.655 035 0.64 Pt 0.676 0.337 0.63
Pt 0.321 0.683 0.628 Pt 0.342 0.67 0.629
Pt 0.656 0.681 0.629 Pt 0.675 0.671 0.629
Pt 0.989 0.681 0.629 Pt 0.008 0.671 0.629
Pt 0.989 0.015 0.629 Pt 0.007 0.004 0.629
Pt 0.323 0.014 0.629 Pt 0.342 0.003 0.629
Pt 0.656 0.014 0.629 Pt 0.675 0.004 0.63
C 0.445 0312 0.808 C 0.968 0.297 0.82
C 0.387 0.505 0.79 C 0.902 0.486 0.797
C 043 0501 0.734 C 0.868 0.485 0.741
C 0.631 0371 0.721 C 0.043 0.341 0.715
C 0.694 0.178 0.741 C 0.113 0.151 0.737
C 0.649 0.181 0.797 C 0.143 0.155 0.794
H 0.457 0.563 0.811 H 0.007 0.527 0.803
H 0.239 0.597 0.795 H 0.776 0.591 0.815
H 0.387 0.641 0.72 H 0.824 0.622 0.725
H 0.625 0.117 0.721 H 0.149 0379 0.718
H 0.842 0.089 0.735 H 0.014 0.104 0.731
H 0.732 0.221 0.82 H 0.243 0.051 0.72
H 0.688 0.041 0.809 H 0.252 0.189 0.8
H 0.344 0.455 0.714 H 0.192 0.018 0.809
H 0.363 0.262 0.788 H 0.756 0.456 0.735
H 0417 0313 0.848 C 0.995 0.297 0.877
C 0.753 0.445 0.739 H 0.861 0.261 0.813
H 0.751 0.453 0.78 H 0.1 0.333 0.886
H 0.705 0.585 0.725 H 0.037 0.162 0.892
H 0.896 0.357 0.727 H 0.867 0.397 0.895
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A.2. Density functional theory-derived vibrational frequencies of molecules bound to Pt(111)
surfaces.

The following tables show the vibrational frequencies calculated for toluene-derived
hydrocarbons bound to the surface of a Pt(111) slab (3x3 unit cell, 0.11 monolayer coverage; 4 Pt-
layers; unit cell in Appendix A1) calculated as described in Chapter 2, Section 2.2.3. The
adsorbate and binding mode (as depicted in Scheme 2.S1) are reported in the headings.

1-Methyl-5,6- 1-Methyl-3,6- 1-

Toluene; four-fold dihydrobenzene; hcp dihydrobenzene; two- Methylcyclohexene;
bridge hollow fold bridge two-fold bridge

Frequency Frequency Frequency Frequency
Mode (cm™) Mode (cm™) Mode (cm™) Mode (cm™)
1 3071 1 3020 1 3052 1 2997
2 3066 2 2989 2 3044 2 2990
3 3057 3 2977 3 3041 3 2987
4 3044 4 2969 4 3004 4 2971
5 3016 5 2963 5 2975 5 2968
6 3010 6 2956 6 2931 6 2946
7 2987 7 2944 7 2920 7 2938
8 2870 8 2884 8 2833 8 2932
9 1463 9 2853 9 2824 9 2917
10 1458 10 2726 10 2808 10 2904
11 1431 11 1459 11 1471 11 2858
12 1395 12 1452 12 1446 12 2808
13 1377 13 1445 13 1444 13 1489
14 1368 14 1433 14 1425 14 1472
15 1353 15 1408 15 1421 15 1466
16 1303 16 1373 16 1414 16 1447
17 1266 17 1349 17 1373 17 1443
18 1153 18 1342 18 1351 18 1436
19 1152 19 1318 19 1333 19 1369
20 1096 20 1297 20 1298 20 1340
21 1045 21 1276 21 1274 21 1333
22 1035 22 1217 22 1200 22 1321
23 994 23 1196 23 1190 23 1310
24 959 24 1131 24 1158 24 1301
25 931 25 1104 25 1134 25 1258
26 923 26 1084 26 1057 26 1246
27 906 27 1048 27 1048 27 1224
28 885 28 1020 28 1009 28 1184
29 862 29 1011 29 982 29 1141
30 830 30 990 30 970 30 1121
31 731 31 950 31 955 31 1058
32 642 32 911 32 912 32 1023
33 573 33 905 33 876 33 1019
34 534 34 865 34 854 34 999
35 517 35 822 35 828 35 980
36 474 36 784 36 813 36 971
37 414 37 693 37 703 37 939



38 377 38 605 38 583 38 903

39 341 39 557 39 512 39 858
40 339 40 496 40 496 40 825
41 297 41 471 41 474 41 787
42 254 42 444 42 396 42 719
43 211 43 414 43 372 43 694
44 175 44 400 44 365 44 566
45 131 45 331 45 329 45 551
46 300 46 298 46 494
47 257 47 253 47 452
48 203 48 229 48 424
49 187 49 170 49 388
50 153 50 143 50 310
51 121 51 108 51 273
52 262
53 226
54 213
55 158
56 119
57 75
4- 1-methyl-6-
Methylcyclohexene; hydrobenzene; hcp 5-methyl-4,5,6- 1-methylcyclohexyl;
two-fold bridge hollow trihydrobenzene atop
Frequency Frequency Frequency Frequency
Mode (cm™) Mode (cm™) Mode (cm™) Mode (cm™)
1 3022 1 3047 1 2997 1 2981
2 3001 2 3009 2 2990 2 2975
3 2981 3 2982 3 2987 3 2970
4 2979 4 2976 4 2971 4 2965
5 2969 5 2967 5 2968 5 2955
6 2965 6 2963 6 2946 6 2935
7 2953 7 2957 7 2938 7 2918
8 2924 8 2879 8 2932 8 2913
9 2897 9 2793 9 2917 9 2900
10 2894 10 1457 10 2904 10 2881
11 2882 11 1450 11 2858 11 2833
12 2870 12 1441 12 2808 12 2821
13 1486 13 1421 13 1489 13 2806
14 1483 14 1376 14 1472 14 1481
15 1473 15 1344 15 1466 15 1470
16 1464 16 1334 16 1447 16 1463
17 1445 17 1313 17 1443 17 1450
18 1390 18 1293 18 1436 18 1443
19 1343 19 1227 19 1369 19 1430
20 1338 20 1199 20 1340 20 1421
21 1334 21 1138 21 1333 21 1365
22 1323 22 1107 22 1321 22 1348
23 1310 23 1062 23 1310 23 1347
24 1299 24 1038 24 1301 24 1331
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

1279
1249
1225
1157
1130
1124
1084
1037
1026
1003
973
960
948
918
875
868
806
736
681
570
552
530
452
404
401
390
261
230
202
174
108
76

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

1027
1019
1002
974
948
907
876
823
808
709
628
573
557
501
468
436
419
366
347
327
234
217
172
143
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

1258
1246
1224
1184
1141
1121
1058
1023
1019
999
980
971
939
903
858
825
787
719
694
566
551
494
452
424
388
310
273
262
226
213

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

1315
1293
1282
1278
1245
1212
1151
1146
1111
1051
1031
1010
985
968
955
942
875
843
824
805
713
654
537
486
450
446
412
376
294
284
240
220
158
132
98
50




A.3. Density functional theory-derived optimized geometries of gas-phase molecules.

Density functional theory (DFT) was used to determine optimized geometries of gaseous
reactants and intermediates during toluene hydrogenation (computational details in Chapter 2,
Section 2.2.3). The lattice vectors (v;) of the unit cell are:

Lattice

vectors x; (A) x, (A) x3 (A)
vy 11.087 0.0 0.0
v, 5.544 9.602 0.0
vy 0.0 0.0 26.789

The following tables show the atomic positions (x;) in fractional coordinates (relative to the unit
cell) for toluene, H2, 1-methyl-1,3-cyclohexadiene, 1-methylcyclohexene, and 4-
methylcyclohexene molecules in vacuum. The molecule’s name and absolute electronic energy
(eV) are denoted in the heading.

1-Methyl-1,3-cyclohexadiene;

Toluene; -92.849765 eV -99.71414 eV Hy; -7.0256449 eV
Atom  Xx; Xy X3 Atom  xq X X3 Atom  x; Xy X3
C 0.277 0.512 0.629 C 0.219 0477 0.752 H 0.354 0.513 0.888
C 0.186 0.463 0.626 C 0.372 0.401 0.738 H 0.354 0.513 0.860
C 0.418 0.422 0.628 C 0.432 0.247 0.736
C 0.234 0.322 0.622 C 0.142 0423 0.723
C 0.467 0.281 0.624 C 0.349 0.198 0.722
C 0.376 0.232 0.621 C 0.205 0.29 0.71
H 0.237 0.622 0.632 C 0.583 0.158 0.745
H 0.075 0.534 0.627 H 0.175 0.588 0.747
H 0.489 0.461 0.63 H 0.209 0.462 0.793
H 0.577 0.21 0.623 H 0.431 0428 0.764
H 0.415 0.122 0.618 H 0.385 0.435 0.701
C 0.134 0.269 0.619 H 0.033 0.491 0.715
H 0.188 0.157 0.617 H 0.391 0.087 0.718
H 0.07 031 0.586 H 0.149 0.248 0.69
H 0.066 0.302 0.651 H 0.64 0.19 0.72
H 0.618 0.05 0.738
H 0.61 0.169 0.783
1-Methylcyclohexene; 4-Methylcyclohexene;
-107.9829 eV -107.91056 eV
Atom Xy Xy X3 Atom x4 Xy X3
C 0.378 0.308 0.629 C 0.379 0.307 0.629
C 0.508 0.316 0.636 C 0.506 0.322 0.635
C 0.318 0.353 0.577 C 0.317 0.349 0.576
C 0.618 0.226 0.597 C 0.616 0.233 0.597
C 0.426 0.294 0.537 C 0.425 0.295 0.536
C 0.561 0.236 0.545 C 0.559 0.242 0.545
C 0.666 0.175 0.504 C 0.563 0.287 0.688
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0.301
0.402
0.55
0.483
0.262
0.24
0.67
0.699
0.391
0.618
0.737
0.73

0.371
0.201
0.285
0.424
0.466
0.322
0.117
0.253
0.3

0.186
0.065
0.224

0.657
0.635
0.673
0.631
0.574
0.569
0.609
0.596
0.498
0.468
0.511
0.502
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0.301
0.408
0.256
0.243
0.67

0.696
0.39

0.632
0.475
0.595
0.485
0.652

0.369
0.199
0.462
0.313
0.125
0.263
0.3
0.203
0.43
0.18
0.353
0.301

0.657
0.636
0.573
0.569
0.609
0.595
0.498
0.514
0.627
0.697
0.716
0.692
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A.4. Density functional theory-derived vibrational frequencies of gas-phase molecules.

The following tables show the vibrational frequencies calculated for the optimized
structures of toluene, Hz, 1-methyl-1,3-cyclohexadiene, 1-methylcyclohexene, and 4-
methylcyclohexene molecules in vacuum from Appendix A.3 (with computational details in
Chapter 2, Section 2.2.3).

1-Methyl-1,3-

Toluene cyclohexadiene 1-Methylcyclohexane 4-Methylcyclohexane
Frequency Frequency Frequency Frequency

Mode (cm™) Mode  (cm™) Mode  (cm™) Mode (cm™)
1 3120 1 3090 1 3037 1 3075
2 3096 2 3083 2 3018 2 3054
3 3088 3 3070 3 2969 3 3004
4 3069 4 3023 4 2965 4 2997
5 3060 5 2984 5 2959 5 2963
6 3044 6 2965 6 2930 6 2944
7 3028 7 2956 7 2929 7 2934
8 2952 8 2903 8 2919 8 2926
9 1676 9 2872 9 2916 9 2918
10 1581 10 2855 10 2896 10 2906
11 1489 11 1645 11 2894 11 2889
12 1475 12 1584 12 2885 12 2878
13 1469 13 1470 13 1673 13 1657
14 1437 14 1458 14 1475 14 1486
15 1385 15 1450 15 1472 15 1480
16 1335 16 1437 16 1462 16 1467
17 1321 17 1394 17 1459 17 1458
18 1224 18 1381 18 1456 18 1452
19 1195 19 1359 19 1446 19 1396
20 1188 20 1332 20 1384 20 1385
21 1092 21 1311 21 1368 21 1361
22 1044 22 1245 22 1352 22 1342
23 1034 23 1185 23 1342 23 1338
24 1006 24 1177 24 1338 24 1308
25 995 25 1155 25 1320 25 1300
26 988 26 1072 26 1281 26 1267
27 972 27 1054 27 1257 27 1243
28 912 28 1037 28 1189 28 1215
29 859 29 1002 29 1162 29 1163
30 795 30 987 30 1150 30 1123
31 739 31 963 31 1090 31 1096
32 698 32 942 32 1084 32 1064
33 632 33 874 33 1043 33 1036
34 551 34 862 34 1038 34 986
35 475 35 762 35 1007 35 981
36 421 36 748 36 958 36 959
37 366 37 703 37 932 37 944
38 237 38 540 38 882 38 900
39 181 39 516 39 852 39 881

40 496 40 827 40 861
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41
42
43
44
45

416
363
325
259
177

H»

Frequency
Mode (cm™)
1 4243

41
42
43
44
45
46
47
48
49
50
51
52

53
54

812
749
634
504
459
432
348
336
310
259
154
95

71

46

41
42
43
44
45
46
47
48
49
50
51
52

53
54

788

726

673

513

457

443

417

346

327
237.9765
167
77.13923
66

5
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A.5. Molecular geometries of gas-phase molecules optimized using coupled cluster singles and
doubles (CCSD) theory.

The following tables show the atomic coordinates (in A) for the optimized geometries
determined using coupled clusters singles and doubles (CCSD) theory (with computational details
in Chapter 3, Section 3.2.4) for toluene, H>, methylcyclohexadiene isomers, and
methylcyclohexene isomers in vacuum. The molecule’s name and absolute electronic energy (eV)
are listed in the heading.

1-Methyl-1,3-cyclohexadiene; -

Toluene; -7368.297934 eV 7400.263786 eV
Atom X1 X X3 Atom X1 X5 X3
C -0.194 1.2 -0.009 C 2469  0.009  -0.083
C 1.199  1.203  0.002 C 0.963  0.088 0.013
C 1.902 0 0.008 C -1.219  -1.184  -0.279
C 1.199 -1.203  0.002 C 0.204 -1.2 0.311
C -0.194  -1.2 -0.009 C -1.922 0.13 0.02
C -0.912 0 -0.012 C 0.271 1.252 -0.065
H -0.732  2.143  -0.018 C -1.202  1.276 0.098
H 1.735 -2.146  0.002 H 2776  -0.643  -0.921
H -0.732  -2.143  -0.018 H 2.892  -0.431 0.84
C -2.422 0 0.009 H 2916 1.006  -0.232
H -2.801 -0.008  1.038 H -1.801  -2.036 0.115
H -2.828 0.888  -0.48 H -1.164  -1.315  -1.379
H 1.736  2.145  0.002 H 0.764  -2.069 -0.078
H 2.986 0 0.014 H 0.152  -1.323 1.414
H -2.828  -0.88  -0.495 H -3.014  0.148 0.111

H 0.799  2.199 -0.23

H -1.698  2.237 0.271
2-Methyl-1,3-cyclohexadiene; 5-Methyl-1,3-cyclohexadiene;
-7400.237377 eV -7400.180133 eV
Atom X1 Xy X3 Atom X1 Xy X3
C -0.278 1232 -0.206 C -2.47 -0.099 0
C 1.065 1318  -0.047 C -0.957  -0.083 0
C 1.866  0.086  0.346 C -0.313 1.292 0.001
C 1234  -1.189  -0.247 C -0.225  -1.219 0
C -0.271  -1.211  -0.026 C 1.201 1.258 0
C -0.99  -0.061 -0.021 C 1.29 -1.261 0.001
H -0.868  2.122  -0.455 H 1.918 0.116  -0.001
H 1.439  -1.229 -1.337 H -2.867 0.426 -0.89
H -0.779  -2.178  0.074 H -2.863 -1.13 -0.001
C -2.495  -0.023  0.142 C -2.868 0.424 0.889
H -2.78  0.574 1.028 H -0.676 1.863  -0.879
H 2971 0448  -0.737 H -0.674 1.861 0.882
H 1.578 2.281 -0.148 H -0.745  -2.186  -0.001
H 2913  0.182  0.013 H 1.721 2224 -0.001
H -2909 -1.039  0.259 H 1.646 -1.832  0.882
H 1.883  0.013 1.453 H 1.647 -1.833  -0.879
H 1.702  -2.083  0.199 H 3.014 0.166  -0.001
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1-Methyl-1,4-cyclohexadiene;

6-Methyl-1,4-cyclohexadiene;

-7400.264064 eV -7400.176149 eV
Atom X1 X X3 Atom X1 X, X3
C -2.47  -0.099 0 C -1.095  -1.259  0.039
C -0.957  -0.083 0 C 0215 -1.256 -0.285
C -0.313 1.292  0.001 C 1.049 0 -0.46
C -0.225  -1.219 0 C 0.215 1.256  -0.285
C 1.201 1.258 0 C -1.095  1.259  0.039
C 1.29 -1.261  0.001 C -1.909 0 0.249
C 1.918 0.116  -0.001 C 2.247 0 0.519
H -2.867  0.426  -0.89 H -1.617  -2.217  0.158
H -2.863 -1.13  -0.001 H 0.737 2212 -0.422
H -2.868  0.424  0.889 H 0.737 2212  -0.422
H -0.676  1.863  -0.879 H -1.617  2.217 0.158
H -0.674  1.861  0.882 H -2.779 0 -0.437
H -0.745  -2.186 -0.001 H -2.341 0 1.269
H 1.721 2.224  -0.001 H 2.878 -0.894  0.368
H 1.646  -1.832 0.882 H 2.878  0.894  0.368
H 1.647 -1.833 -0.879 H 1.887 0 1.562
H 3.014 0.166  -0.001 H 1.465 0 -1.488
1-Methylcyclohexene; 3-Methylcyclohexene;
-7433.434324 eV -7433.474187 eV
Atom X1 X X3 Atom X1 Xy X3
C -2.526 0.072  0.055 C -2.424  0.006 0.263
C -1.012 0.084  0.003 C -1.032  -0.067 -0.392
C -0.331 -1.275  0.079 C -0.199  -1.229 0.183
C -0.304 1.233  -0.095 C -0.29 1.252 -0.232
C 1.156 -1.217  -0.319 C 1.268  -1.143  -0.273
C 1.213 1.299  -0.107 C 1.021 1.348 0.082
C 1.846 -0.024  0.363 C 1.925 0.142 0.268
H -2.88 -0.425  0.978 H -2.33 0.213 1.344
H -2.94 1.093 0.03 H -3.035  0.808 -0.187
H -2.942 -0.496  -0.798 H -2.967  -0.948 0.139
H -0.434 -1.67 1.11 H -1.178  -0.248  -1.478
H -0.874 -1.985 -0.574 H -0.24 -1.183 1.29
H -0.848 2.185 -0.166 H -0.648  -2.194  -0.118
H 1.656 -2.165 -0.054 H -0.875  2.171 -0.374
H 1.236 -1.101  -1.417 H 1.834 -2.03 0.063
H 1.565 1.541 -1.13 H 1.303  -1.134  -1.379
H 1.549 2.132 0.537 H 1.47 2.341 0.209
H 1.728 -0.117 1.46 H 2.161 0.023 1.344
H 2.93 -0.025  0.151 H 2.89 0.323 -0.24
4-Methylcyclohexene;
-7433.493186 eV
Atom X1 X X3
C -2.436  -0.069  -0.028
C -0.932  -0.031 -0.335
C -0.182  -1.201 0.329
C -0.304 1.305 0.113
C 1.293 -1.241  -0.115
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C 1.214 1.277 0.056
C 1.929 0.137 -0.061
H -2.61 -0.025 1.063
H -2.961 0.787 -0.489
H -2.898  -0.997  -0.409
H -0.793  -0.119  -1.432
H -0.232  -1.074 1.429
H -0.678  -2.159 0.09

H -0.683 2.128 -0.521
H -0.632 1.538 1.146
H 1.866 -1.937 0.525
H 1.366 -1.64 -1.146
H 1.74 2.238 0.112
H 3.024 0.193 -0.119
Hy; -31.69854353 eV

Atom X, X, X3

H -0.483 0.473 0

H -1.227 0.473 0
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A.6. Vibrational frequencies of gas-phase molecules using the complete basis set (CBS-QB3)
method.

The following tables show the vibrational frequencies for toluene, Ho,
methylcyclohexadiene isomers, and methylcyclohexene isomers using the optimized structures
reported in Appendix A.5 and using the complete basis set (CBS-QB3) method with
computational details in Chapter 3, Section 3.2.4.

1-Methyl-1,3- 2-Methyl-1,3- 5-Methyl-1,3-

Toluene cyclohexadiene cyclohexadiene cyclohexadiene

Frequency Frequency Frequency Frequency
Mode (cm™) Mode  (cm™) Mode (cm™) Mode (cm™)
1 3187 1 3172 1 3159 1 3176
2 3174 2 3153 2 3136 2 3165
3 3166 3 3143 3 3135 3 3150
4 3153 4 3095 4 3099 4 3140
5 3151 5 3056 5 3050 5 3085
6 3100 6 3049 6 3029 6 3082
7 3074 7 3038 7 3012 7 3053
8 3020 8 2999 8 3008 8 3018
9 1649 9 2970 9 3001 9 2955
10 1627 10 2958 10 2995 10 2934
11 1530 11 1711 11 1738 11 1701
12 1504 12 1650 12 1676 12 1634
13 1491 13 1489 13 1499 13 1502
14 1470 14 1481 14 1495 14 1499
15 1414 15 1477 15 1481 15 1472
16 1356 16 1469 16 1476 16 1438
17 1328 17 1422 17 1434 17 1411
18 1229 18 1412 18 1414 18 1395
19 1203 19 1391 19 1380 19 1366
20 1181 20 1358 20 1358 20 1341
21 1111 21 1333 21 1325 21 1308
22 1062 22 1269 22 1290 22 1237
23 1052 23 1202 23 1227 23 1200
24 1018 24 1187 24 1206 24 1187
25 1000 25 1173 25 1186 25 1143
26 999 26 1079 26 1117 26 1108
27 975 27 1073 27 1066 27 1073
28 910 28 1046 28 1035 28 1019
29 854 29 1013 29 1031 29 988
30 799 30 994 30 986 30 981
31 744 31 979 31 948 31 965
32 713 32 949 32 924 32 952
33 638 33 886 33 853 33 916
34 529 34 874 34 850 34 879
35 476 35 766 35 798 35 775
36 415 36 755 36 736 36 762
37 343 37 705 37 716 37 694
38 209 38 526 38 588 38 580
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39 27 39 515 39 538 39 550

40 496 40 469 40 456
41 389 41 329 41 420
42 332 42 304 42 312
43 226 43 219 43 282
44 182 44 172 44 231
45 150 45 150 45 126
1-Methyl-1,4- 6-Methyl-1,4-
cyclohexadiene cyclohexadiene 1-Methylcyclohexene 3-Methylcyclohexene
Frequency Frequency Frequency Frequency
Mode (cm™) Mode (cm™) Mode (cm™) Mode (cm™)
1 3155 1 3151 1 3122 1 3143
2 3131 2 3148 2 3094 2 3117
3 3128 3 3125 3 3059 3 3083
4 3097 4 3124 4 3055 4 3082
5 3044 5 3094 5 3043 5 3058
6 3004 6 3084 6 3028 6 3050
7 2974 7 3020 7 3024 7 3030
8 2972 8 2980 8 3010 8 3017
9 2970 9 2976 9 3006 9 3012
10 2966 10 2952 10 3003 10 3002
11 1758 11 1746 11 2982 11 2987
12 1715 12 1700 12 2981 12 2961
13 1493 13 1501 13 1731 13 1711
14 1480 14 1496 14 1503 14 1502
15 1473 15 1469 15 1494 15 1501
16 1469 16 1440 16 1491 16 1498
17 1422 17 1400 17 1483 17 1491
18 1414 18 1399 18 1481 18 1478
19 1399 19 1377 19 1475 19 1425
20 1375 20 1356 20 1413 20 1406
21 1332 21 1315 21 1394 21 1379
22 1229 22 1227 22 1381 22 1372
23 1219 23 1219 23 1373 23 1370
24 1202 24 1189 24 1368 24 1343
25 1170 25 1129 25 1337 25 1326
26 1084 26 1087 26 1298 26 1282
27 1069 27 1042 27 1270 27 1251
28 1019 28 1014 28 1201 28 1232
29 1011 29 1010 29 1169 29 1169
30 986 30 1003 30 1167 30 1131
31 963 31 976 31 1105 31 1117
32 962 32 944 32 1102 32 1079
33 910 33 921 33 1062 33 1069
34 894 34 881 34 1049 34 1004
35 822 35 797 35 1015 35 996
36 747 36 738 36 974 36 988
37 671 37 706 37 938 37 967
38 571 38 582 38 898 38 902
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863
834
814
766
625
505
441
431
332
302
251
183
128

39
40
41
42
43
44
45
46
47
48
49
50
51

877
862
784
731
678
542
468
445
339
292
270
235
113

39 483 39 554 39

40 444 40 486 40

41 398 41 442 41

42 334 42 282 42

43 252 43 279 43

44 177 44 237 44

45 99 45 81 45
46
47
48
49
50
51

4-Methylcyclohexene H,

Frequency Frequency

Mode (cm™) Mode  (cm™)

1 3149 1 3155

2 3125

3 3080

4 3074

5 3049

6 3029

7 3023

8 3014

9 3004

10 2988

11 2987

12 2974

13 1717

14 1501

15 1500

16 1495

17 1480

18 1475

19 1418

20 1410

21 1398

22 1376

23 1368

24 1333

25 1326

26 1283

27 1254

28 1226

29 1167

30 1140

31 1115

32 1097

33 1051
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34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

1003
1000
968
957
908
896
875
795
735
668
512
447
417
391
308
235
197
140
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