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Abstract 
 

Catalytic Consequences of Metal-Acid Site Proximity, Acid Strength, and Confinement 
on Bifunctional Transformations of Alkanes 

 
by 

 
Gina Ahyun Noh 

 
Doctor of Philosophy in Chemical Engineering 

 
University of California, Berkeley 

 
Professor Enrique Iglesia, Chair 

 
Hydroisomerization and hydrocracking reactions convert long-chain alkanes to more highly 
branched and shorter analogs, respectively; these reactions occur on bifunctional metal-acid 
catalysts through kinetic cascades. The metal function is responsible for dehydrogenation of 
reactant alkanes and hydrogenation of product alkenes, both in equilibrated steps. Reactant alkenes 
undergo kinetically-relevant reaction on acid sites and thus, measured rates reflect the reactive 
properties of the acid. Zeolites, zeotypes, and mesoporous aluminosilicates are commonly used as 
the acid function in industrial catalysts, where they are combined with oxide binders to form 
extrudates, onto which metal precursors are then applied. Subsequent treatments result in metal 
clusters whose location and proximity to acid sites cannot be accurately determined. Physical 
mixtures of a metal function (here, Pt clusters supported on mesoporous SiO2) and different 
nanoporous solid acids are useful as model catalysts because they define the size of the acid domain, 
which consists of the contiguous region of acid sites residing between metal sites; these domains 
are given by the crystallite diameter for zeotype and aluminosilicate acid systems. Additionally, 
these mixtures can be made with sufficient metal contents to establish equilibrated reactant 
dehydrogenation, irrespective of the nature and reactivity of the acid function. These bifunctional 
catalysts thus allow mechanistic interpretation of confinement, acid strength, and site-proximity 
on reactivity and product selectivity, in the present case for n-hexane and n-heptane isomerization 
and for 2,4-dimethylpentane isomerization and β-scission reactions. 
 
In this work, we address the effects of site proximity, confinement, and acid strength on alkane 
isomerization and β-scission reactions by combining experimental kinetic measurements with 
insights from periodic density functional theory (DFT) calculations. Reaction rates are normalized 
by the number of protons in each sample, counted either during reaction or using ex situ techniques. 
Chemical interpretations of measured turnover rates reveal that first-order rate constants (per H+) 
reflect the free energy difference between the kinetically-relevant ion-pair transition states and the 
gas-phase alkene precursors with bare protons; zero-order rate constants, in turn, reflect the same 
transition state free energy but with respect to alkoxides (bound alkenes). The experimental 
evaluation of rate constants normalized per H+ in each kinetic regime allows rigorous comparison 
with free energies from structures converged using periodic density functional theory methods that 
account for dispersion forces on bound intermediates and transition states. 
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Mesoporous and zeolitic aluminosilicates contain Brønsted acid sites of similar acid strength that 
reside, however, within diverse topologies. These pores and apertures have sizes on the order of 
molecular dimensions and stabilize contained reaction intermediates and transition states through 
van der Waals interactions that depend sensitively on the “fit” between the reactant-derived guest 
and the inorganic framework. Confinement effects on measured first-order rate constants (per H+) 
for n-heptane isomerization demonstrate the sensitive nature of the stabilizing van der Waals 
contacts between the framework and the alkyl-substituted cyclopropyl carbenium ions present at 
ion-pair transition states. 
 
The same small pores and cages that stabilize transition states also hinder the diffusion of guest 
molecules in a manner that depends sensitively on the backbone length and degree of branching in 
reactant and product molecules. This results in significant contribution of secondary reactions to 
measured product selectivities. We use here experimental techniques to systematically change site 
proximity on-stream, where we define site proximity as the inverse of the intracrystalline residence 
time for a given molecule or, more rigorously, its Thiele modulus; such techniques involve the 
gradual desorption of weakly bound titrants during reaction to systematically to decrease site 
proximity. These experiments, taken together with rigorous reaction-transport formalisms, 
illustrate the measured effects of Thiele moduli and the strong effects of diffusion-enhanced 
secondary reactions on measured product selectivities. They also enable the assessment of intrinsic 
(single-site sojourn) selectivities that are not corrupted by such diffusional constraints. These 
approaches, taken together, demonstrate that confinement effects are similar for all isomerization 
and β-scission transition states involved in n-heptane and 2,4-dimethylpentane isomerization and 
β-scission pathways. High measured β-scission selectivities during n-heptane reactions, where it 
is exclusively a product of secondary reactions, therefore only reflect the diffusional hurdles of β-
scission precursors (dimethylpentenes) in egressing from acid domains before undergoing these 
secondary reactions. We also demonstrate here using n-hexane and n-heptane as reactants that 
equilibrated product isomers can be sensitively differentiated by medium-pore zeolites (MFI, TON, 
MTT) on the basis of their differing diffusivities. Their measured selectivity ratios thus indicate 
the apparent preferential formation of one isomer over the others (e.g., 2-methylalkane over 3-
methylalkane), while, in fact, these obesrvations merely reflect their different ability to egress from 
the acid domain where the two isomers are present in thermodynamic equilibrium within acid 
domains. 
 
β-Scission and isomerization are both primary pathways directly accessible from 2,4-
dimethylpentane reactant molecules. In spite of the strong intracrystalline concentration gradients 
of its alkene regioisomers within MFI zeotypes with different acid strength but similar confining 
environments, their intrinsic (single-site sojourn) rate ratios can be assessed to determine the 
effects of acid strength on reactivity and selectivity. Isomerization rate constants decreased with 
increasing acid strength, defined rigorously as deprotonation energy (DPE), which primarily 
reflects the less stable conjugate anion present at ion-pair transition states for weaker acids. 
Isomerization selectivities are invariant with DPE, reflecting the similar amounts and 
delocalization of charges in the relevant transition state carbocations. In contrast, selectivities to 
β-scission increase with decreasing acid strength. Carbocations at β-scission transition states 
localize charge and interact more effectively with the conjugate anion, and their energies are 
accordingly less affected by the energy required to deprotonate a weaker acid.  
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These effects of confinement, acid strength, and site proximity were assessed on physical mixtures 
of Pt/SiO2 with mesoporous and microporous aluminosilicates and zeotype materials. Site 
proximity here was limited to the size of the acid crystallites. Platinum clusters were introduced 
into zeolite crystallites in order to decrease the size of acid domains beyond that of the zeolite 
crystallites. n-Heptane isomerization turnover rates (per H+) on these materials showed increases 
in rates of factors of 2-8, in spite of the absence of reactant alkene concentration gradients within 
crystallites, shown by systematic changes in the number of protons and the diffusional 
characteristic times.  rigorous reaction-transport analysis that demonstrated the lack of reactant-
alkene concentration gradients within crystallites. We explore here the plausible existence of 
parallel reaction pathways that become relevant when metal clusters and acid sites are separated 
by only nanometer distances. 
 
In this work, we have developed correlative and causative relationships between solid acid 
properties (confinement, acid strength, site proximity) and reactivity and selectivity in 
bifunctionally catalyzed alkane isomerization and β-scission reactions. The methods elucidating, 
models describing, and descriptors isolating the catalytic consequences of confinement, acid 
strength, and site proximity are generalizable to all phenomena in solid acid catalysis. The insights 
discussed herein can be applied to the design and development of catalytic architectures for desired 
reactivity and selectivity. 
 
 



i 
 

 

Table of Contents 

 
Acknowledgments ........................................................................................................................ iii 

 

Chapter 1: Alkane Isomerization and β-Scission Reactions on Bifunctional Metal-Acid  
Catalysts: Consequences of Confinement and Diffusional Constraints on Reactivity  
and Selectivity...........................................................................................................................1 

1. Introduction ..................................................................................................................................1 
2. Methods and materials .................................................................................................................2 
 2.1. Catalyst preparation and characterization ...........................................................................2 
 2.2. n-Heptane isomerization and β-scission rate measurements ..............................................4 
 2.2.1. n-Heptane isomerization and β-scission rate measurements during desorption 
  of reversibly-bound titrants of acid sites ......................................................................5 
 2.3. Diffusional properties of solid acids from transient 2,2-dimethylbutane uptakes ..............6 
 2.4. Density functional theory (DFT) methods ..........................................................................7 
 2.4.1. Computational evaluation of van der Waals interaction energies ...................................8 
3. Results and discussion .................................................................................................................9 
 3.1. Site proximity requirements for n-heptane isomerization and β-scission  
  on bifunctional catalysts ..................................................................................................9 
 3.2. Isomerization elementary steps and secondary β-scission reactions ................................13 
 3.3. Transition state confinement effects on n-heptane isomerization turnover rates 
  and selectivities .............................................................................................................24 
 3.4. Assessment of the effects of diffusional constraints on measured product selectivities  
  in n-heptane isomerization and β-scission reactions .....................................................30 
4. Conclusions ................................................................................................................................40 
5. Acknowledgments......................................................................................................................41 
6. Supporting information ..............................................................................................................42 
7. References ..................................................................................................................................66 
 
Chapter 2: Acid Strength Effects on Alkane Isomerization and β-Scission Turnover Rates 

and Selectivities on Bifunctional Metal-Acid Catalysts ......................................................71 
1. Introduction ................................................................................................................................71 
2. Methods and materials ...............................................................................................................72 
 2.1. Catalyst preparation and characterization .........................................................................72 
 2.2. C7 alkane isomerization and β-scission rate measurements .............................................74 
 2.3. Density functional theory (DFT) methods ........................................................................76 
3. Results and discussion ...............................................................................................................78 
 3.1. Elementary steps mediating alkane isomerization and β-scission ....................................78 
 3.2. Pathways in 2,4-dimethylpentane isomerization and β-scission 
  and the effects of zeolite topology on measured selectivities .......................................84 
 3.3. The effects of acid strength on alkane isomerization reactivity and selectivity ...............91 
 3.4. Acid strength effects on ratios of rate constants for 24DMP β-scission and 
  isomerization .................................................................................................................96 
4. Conclusions ..............................................................................................................................101 



ii 
 

 

5. Acknowledgments....................................................................................................................102 
6. Supporting information ............................................................................................................102 
7. References ................................................................................................................................107 
 
Chapter 3: Diffusional Enhancements of Selectivities for Alkane Isomerization  

on 1-Dimensional Zeolites ...................................................................................................110 
1. Introduction ..............................................................................................................................110 
2. Methods and materials .............................................................................................................111 
 2.1. Catalyst preparation and characterization .......................................................................111 
 2.2. Alkane isomerization and β-scission rate measurements................................................112 
3. Results and discussion .............................................................................................................113 
 3.1. Site requirements for n-alkane reactions on MTT and TON ..........................................113 
 3.2. Diffusional enhancements of product selectivities  
  during n-heptane and n-hexane isomerization reactions .............................................121 
4. Conclusions ..............................................................................................................................126 
5. Acknowledgments....................................................................................................................127 
6. Supporting information ............................................................................................................128 
7. References ................................................................................................................................128 
 
Chapter 4: Catalytic Consequences of Metal-Acid Site Proximity on Alkane Isomerization  

and β-Scission Reactions .....................................................................................................131 
1. Introduction ..............................................................................................................................131 
2. Methods and materials .............................................................................................................132 
 2.1. Catalyst preparation and characterization .......................................................................132 
 2.1.1. Infrared (IR) spectroscopy ...........................................................................................133 
 2.2. Catalytic rate measurements ...........................................................................................134 
 2.2.1. n-Heptane isomerization and β-scission rates and selectivities ...................................134 
 2.3. Density functional theory (DFT) methods ......................................................................135 
3. Results and discussion .............................................................................................................135 
 3.1. Enhancements in n-heptane isomerization turnover rates ..............................................135 
 3.2. Assessment of changes in acid properties: the number and reactivity of protons ..........138 
 3.3. Assessment of metal reactivity .......................................................................................140 
 3.4. Assessment of previously unrecognized reaction pathways in heptane isomerization...142 
4. Conclusions ..............................................................................................................................145 
5. Acknowledgments....................................................................................................................146 
6. Supporting information ............................................................................................................147 
7. References ................................................................................................................................148 
  



iii 
 

 

Acknowledgments 
 
First and foremost, I would like to thank Professor Enrique Iglesia for being a wonderful advisor 
and a remarkable role model in his unrelenting pursuit of rigor and scientific understanding. My 
growth over the last five years has been, in no small part, due to his guidance and mentorship. 
 
Secondly, and no less important, thank you also to Dr. Stacey Zones for always being in my corner 
and for giving me a different perspective on my work. My worldview has benefited from our 
collaboration. 
 
I have had the great fortune to stand on the shoulders of giants while I attempted to drink from a 
firehose. My experiences in graduate school were shaped by many of the members (past and 
present) of LSAC. I’d like to specifically thank: 

Raj Gounder, Andrew Jones, Will Knaeble (and Steph Knaeble); Michele Sarazen, Stanley 
Herrmann, Allie Landry, Hannes Simboeck, Iker Aggirezabal; Stephanie Kwon, Ari 
Fischer, and Haefa Mansour. 

 
Special thanks to Zhichen Shi, a delightful, dedicated, and motivated undergraduate researcher 
with whom I worked closely. She drove me to be the best mentor and teacher I could be. 
 
To those who have thanklessly tolerated me for many years… 

thank you to my parents, Dong and Seon, for always encouraging my curiosity, demonstrating 
the value of (and absurd joy in) hard work, and affording me the luxury of pursuing intellectual 
fulfillment. 

thank you to my siblings, Andrew and Courtney, for your support, understanding, foodie 
adventures, and tech start-up ideas. 

thank you to those who encourage me (and give me a reason) to leave lab occasionally (to 
name a few: Leslie Chan, Harrison Chen, Margaret Hwang, Kasia Kornecki, Hetul Patel, Elizabeth 
Hawkins, Jesus Zuniga, Yingxia Wang, David Sternberg). 
 
Last but certainly not least, Andrew Hwang. Thank you for all that you do. I look forward to our 
next adventure. 



1 
 

Chapter 1 
 

Alkane Isomerization and β-Scission Reactions on Bifunctional Metal-Acid Catalysts: 
Consequences of Confinement and Diffusional Constraints on Reactivity and Selectivity 

 

1. Introduction 
 
 Hydrocracking and hydroisomerization reactions of alkanes form shorter and more 
highly-branched chains with improved combustion [1] and low-temperature flow [2] properties 
that are essential for their use as fuels and lubricants. These reactions occur on microporous or 
mesoporous solid acids via kinetic cascades mediated by reactive alkenes [3,4] and thus require a 
metal function to dehydrogenate reactant alkanes and to scavenge reactive product alkenes 
before undesired secondary interconversions. The metal function must be sufficient in reactivity 
and in proximity to the acid function to maintain equilibrium concentrations of reactant-derived 
alkenes at all acid sites, a condition referred to as sufficient “intimacy” [5,6], for reaction 
turnover rates to reflect the intrinsic reactive properties of the solid acid function. Acid strength 
and solvation by confinement are two such reactive properties afforded by zeolites and zeotypes 
in their acid forms. Acid sites in zeolites of different crystalline frameworks exhibit similar acid 
strength [7], but they reside within channels and cages of diverse structure, which stabilize to 
different extents confined intermediates and transition states through van der Waals contacts 
between the organic guests and the inorganic hosts [8]. 
 Reaction turnover rates and product selectivities on kinetically-controlled bifunctional 
catalysts reflect, only in part, these confining interactions imposed by microporous solid acids; 
the same small pores and apertures that enhance reactivity also can restrict diffusion sensitively 
based on the size and skeletal structure of the reactants and products [9]. Such reactant and 
product shape-selectivity, in conjunction with the high reactivity of confined protons, often 
results in diffusional enhancements of secondary reactions [10,11]. The selectivity to secondary 
products remains non-zero even at very short reactor residence times, because these products 
form during one sojourn within an acid domain (the contiguous region of acid sites separating 
metal sites). The rigorous treatment of selectivity in these systems requires reaction-transport 
formalisms. In their absence, the consequences of aluminosilicate framework structure for 
isomerization and β-scission rates have been attributed, unconvincingly and often inaccurately, 
to transition-state shape-selectivity [12–14] or to effects of framework structure on acid strength 
[15–18]. 
 Here, we report and mechanistically interpret rate and selectivity data for the 
isomerization and β-scission of n-heptane on physical mixtures of Pt/SiO2 with mesoporous or 
microporous aluminosilicates of different void topologies (Al-MCM-41, FAU, SFH, BEA, MFI).  
The use of physical mixtures defines the size of the acid domain as that of the aluminosilicate 
crystallites and allows assessment of the catalytic consequences of the void structures that 
confine Brønsted acid sites of similar strength among all aluminosilicate frameworks [7]. n-
Heptane isomerization turnover rates (per accessible proton) permit rigorous reactivity 
comparisons among these aluminosilicates and allow benchmarking of reactivities derived from 
experiments and density functional theory calculations. Measured first-order isomerization rate 
constants increase as van der Waals interactions strengthen, as described by energy estimates 
(Evdw) using Lennard-Jones potentials that reflect the adequacy of the “fit” between the shape 
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and size of the void and of the organic moiety at the transition state (a carbocation derived from 
the reactant alkene). 
 Carbocations at the ion-pair transition states that mediate primary isomerization of n-
heptenes and secondary isomerization and β-scission of isomer alkene products are nearly 
identical in energetic estimates of “fit” within a given confining void, despite slight differences 
in size and shape. As a result, these transition states are stabilized to similar extents by each 
inorganic framework, leading to selectivities expected to be unaffected by confinement. The 
measured selectivity to secondary products is, however, highest on aluminosilicates with the 
strongest confinement effects, and among these, on catalysts with higher proton densities and 
larger crystallite sizes. Such selectivities include contributions from primary products formed 
during a sojourn at a single Brønsted acid site and from diffusional enhancement of secondary 
reactions, which involve additional interconversions of product alkenes that are both more 
reactive [10] and diffuse more slowly [19] than reactant linear heptenes as they egress from the 
acid domain. These effects are merely the result of diffusion-enhanced secondary reactions that 
must be assessed according to mathematical treatments that account for these diffusional effects. 
The reaction-transport formalisms presented here reveal that the extent of these diffusional 
constraints (an effective intracrystalline residence time) uniquely describes measured product 
selectivities to secondary reactions. These apparent effects of confinement do not reflect 
transition state selectivity or differences in acid strength among frameworks but only the degree 
of diffusional constraints imposed by zeolites. 
 

2. Methods and materials 
 
2.1. Catalyst preparation and characterization 
 
 Mesoporous and microporous aluminosilicates (Table 1) were obtained in their proton 
(H+) or ammonium (NH4

+) forms from commercial sources (Al-MCM-41 (Sigma-Aldrich); MFI-
2, MFI-3, MFI-4, and MFI-7 (Zeolyst); BEA (Zeolyst)), prepared according to previously 
described protocols (FAU [20], SFH [21]), or synthesized using procedures described below 
(MFI-1, MFI-5, MFI-6). These latter three MFI samples were synthesized using different 
methods intended to obtain different crystallite sizes but with similar Si/Al ratios. MFI-1 was 
prepared by combining Al2(SO4)3∙18H2O (51.4 wt% Al2(SO4)3, Mallinckrodt Chemical, 0.033 g), 
deionized water (6.33 g), tetraethyl orthosilicate (98%, Sigma, 1.04 g), and (C22H45-N+(CH3)2-
C6H12-N+(CH3)2-C6H13)Br2 (C22-6-6Br2) [22] (8.4 wt%, Sachem Inc., 5.36 g) in a Teflon-lined 
autoclave reactor (Parr, 23 cm3; 43/60 Hz) held at 423 K for 12 days. MFI-5 was synthesized by 
combining sodium silicate (9 wt% Na2O, 28 wt% SiO2, Fisher, 214.5 g), tetra-n-propyl 
ammonium bromide (98%, Fluka, 0.16 mol), Al2(SO4)3∙16H2O (54.3 wt%, Mallinckrodt 
Chemical, 6.3 g), H2SO4 (17.4 g), and deionized water (492 g), with sufficient NaOH (Fisher) to 
adjust initial pH to 10.5, in a plastic-lined resin kettle (1 L), held statically at 373 K for 10 days. 
MFI-6 was synthesized by dissolving amorphous SiO2 (96% SiO2, Cab-o-sil M-5, 9 g) in a slurry 
containing deionized water (50 g), tetra-n-propyl ammonium hydroxide (40 wt%, Aldrich, 12.5 
g), KOH (Fisher, 1 M, 25 g), and Al(OH)3 (53% Al2O3, Reheis F-2000 dried gel, 0.75 g) into a 
Teflon liner held within an autoclave reactor (Parr, 125 cm3), held statically at 423 K for 10 days. 
Samples were filtered, washed with excess deionized water until the filtrate conductivity was 
<50 S/m, and dried under vacuum at 298 K. 
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 All samples were treated in flowing dry air (2.5 cm3 g-1 s-1, extra dry, Praxair) at 823 K 
(0.0167 K s-1, 4 h at 823 K). Air-treated zeolites were exchanged three times with NH4

+ using 0.1 
M NH4NO3 (>98%, Sigma-Aldrich; 300 g solution [g zeolite]-1). Solids were filtered and washed 
with deionized water (resistivity >17.6 Ω cm-2; 1500 g [g zeolite]-1). The elemental composition 
of each sample (Si, Al, Na) was determined by inductively-coupled plasma optical emission 
spectroscopy (Galbraith Laboratories). BEA-1–2, MFI-2–4, and MFI-7 were characterized using 
N2 and CO2 physisorption measurements (77 K and 273 K, respectively; Micromeritics 3Flex). 
BEA samples were also characterized using 27Al MAS NMR (Bruker Avance 500 MHz 
spectrometer in a wide-bore 11.7 Tesla magnet). NMR spectra and micropore volumes for BEA 
are reported in S1, SI. Micropore volumes for MFI are included in S13, SI. 
 
 
Table 1: Mesoporous aluminosilicates and zeolites 

Acid Provenance dLCS / nm a Si/Al b H+/Al R2/D22DMB / ks e 

Al-MCM-41 Sigma-Aldrich 2.50 37.8 0.36 c << 0.09 f 
FAU [22] 1.12 7.5 0.39 c 3.24 (± 0.004) 

SFH-1 [23] 0.763 75.8 0.89 d 16.8 (± 1.2) 
SFH-2 [23] 0.763 45.0 0.71 d 16.8 (± 1.3) 
BEA-1 Zeolyst 0.668 11.8 0.27 c 5.57 (± 0.39) 
BEA-2 Zeolyst 0.668 43.3 0.37 d* 10.5 (± 0.9) 
MFI-1 This work 0.636 45.1 0.32 d 0.39 (± 0.05) 

MFI-2 Zeolyst 0.636 29.2 0.64 d 8.00 (± 0.42) 
MFI-3 Zeolyst 0.636 43.8 0.89 d 6.00 (± 0.04) 
MFI-4 Zeolyst 0.636 168.3 0.62 d 13.0 (± 0.03) 
MFI-5 This work 0.636 38.9 1.19 d 1.30 (± 0.14) 
MFI-6 This work 0.636 35.0 0.65 d 18.5 (± 0.8) 
MFI-7 Zeolyst 0.636 16.6 0.77 d 14.9 (± 2.1) 

a diameter of the largest contained sphere [28] 
b elemental analysis (ICP-OES; Galbraith Laboratories) 
c from 2,6-di-tert-butylpyridine titration during n-heptane isomerization at 548 K (Section 2.2) 
d from the amount of NH3 evolved from heating of NH4

+-exchanged samples (Section 2.1) 
* only peak at 673 K quantified (Section S1, SI) 

e from transient uptake measurements of 2,2-dimethylbutane at 448 K (Section 2.3) 
f the value corresponding to the fastest transient that can be regressed to the form of Eq. 5 

 
 
 The number of accessible protons in each sample was determined by quantifying the 
amount of NH3 evolved during rapid heating (0.833 K s-1 to 823 K, 1 h at 823 K) of NH4

+-
exchanged zeolite samples (0.04-0.07 g), held on a coarse quartz frit within a tubular quartz 
reactor (7.0 mm i.d.), in a mixture of He (2.5 cm3 g-1 s-1, 99.999% Praxair) and Ar (0.83 cm3 g-1 
s-1, 99.999% Praxair, used as an internal standard); NH3 concentrations in the effluent were 
measured by on-line mass spectrometry (MKS Spectra Minilab). For BEA-2, only the peak at 
lower temperature (673 K) was quantified (temperature profiles and discussion in S1, SI). The 
number of protons in Al-MCM-41, FAU, and BEA-1 was counted by titration with 2,6-di-tert-
butylpyridine during n-heptane isomerization reactions, as described in Section 2.2. 
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 Pt/SiO2 (2 wt%) co-catalyst was prepared by incipient wetness impregnation of SiO2 
(Sigma-Aldrich, Davisil Grade 646; 280 m2 g-1, 0.57 cm3 g-1 pore volume; treated prior to use in 
2.5 cm3 g-1 s-1 air, extra dry Praxair at 923 K (0.083 K s-1, 5 h at 923 K)) with aqueous 
H2PtCl6·(H2O)6 (Aldrich). The impregnated sample was dried in stagnant ambient air at 383 K 
for 10 h before treatment in flowing air (2.5 cm3 g-1 s-1, extra dry Praxair) at 823 K (0.083 K s-1, 
2 h at 823 K) then at 923 K (0.083 K s-1, 3 h at 923 K). The sample was then treated in flowing 
H2 (0.2 cm3 g-1 s-1, 99.999% Praxair) at 573 K (0.083 K s-1, 2 h at 573 K). The Pt dispersion 
(88%) was determined from total H2 uptakes (assuming 1:1 H:Pts stoichiometry, where Pts is the 
number of Pt surface atoms) at 373 K.  
 Intimate physical mixtures of NH4

+-zeolites and Pt/SiO2 co-catalyst (sieved to ensure 
<100 µm diameters of each) were mixed thoroughly using a mortar and pestle and pressed into 
wafers (Carver Bench Top Manual Press, 8000 psi), which were then crushed and sieved to 
retain aggregates 125-180 µm in size. These mixtures are denoted hereafter by the identity of 
their acid function using the notation in Table 1 (e.g., MFI-3 for a physical mixture of Pt/SiO2 
with MFI-3). They are also identified by their Pts/H+ ratio, where Pts is determined from 
chemisorption uptakes and H+ are provided in Table 1. 
 
 
2.2. n-Heptane isomerization and β-scission rate measurements 
 
 Rates for isomerization and β-scission of n-heptane were measured at 548 K on all 
samples (0.050-0.150 g) using a tubular reactor (316 S.S., 12 mm i.d.) with plug-flow 
hydrodynamics at differential conversions (<10%). Temperatures were maintained with a three-
zone resistively heated furnace (Applied Test Systems Series 3210) using electronic controllers 
(Watlow, EZ-ZONE PM Series) and measured with a K-type thermocouple held within an axial 
thermal well aligned with the mid-point of the packed bed. Samples were treated in a 10% H2/He 
mixture (0.83 cm3 s-1; 99.999% Praxair H2; 99.999% Praxair He) at 573 K (0.083 K s-1) for 2 h 
before cooling to reaction temperature. n-Heptane (nC7; >99.5%, Acros Organics; used as 
received) was introduced as a liquid into a flowing mixture of H2 (99.999%, Praxair) and He 
(99.999%, Praxair) using a syringe pump (Cole-Parmer 780200C series). Alkane and H2 
concentrations were varied independently (60-100 kPa H2; 6-300 H2/alkane molar ratio). All 
transfer lines after n-heptane introduction were heated above 423 K to prevent condensation. 
Reactant and product concentrations in the effluent were measured by on-line gas 
chromatography (Agilent 6890N GC) using a methyl silicone capillary column (Agilent HP-1; 
50 m x 0.32 mm x 1.05 μm) and flame ionization detection. 
 The number of accessible protons was measured during catalysis on mesoporous 
aluminosilicates and three-dimensional large-pore zeolites (Al-MCM-41, FAU, BEA) by 
titration with 2,6-di-tert-butylpyridine (DTBP; >97%, Sigma-Aldrich; used as received). DTBP, 
which selectively interacts with Brønsted acid sites [23], was dissolved in the liquid n-heptane 
reactant (2.2-9.6 × 10-4 mole fraction) and vaporized into a flowing H2/He stream (0.11-0.48 Pa 
DTBP). Isomerization and β-scission rates and DTBP uptakes were calculated from the effluent 
concentrations of the reactant, products, and titrant. The number of DTBP molecules required to 
fully suppress rates (assuming 1:1 DTBP:H+ stoichiometry) was determined by titrant uptake as 
isomerization and β-scission rates decreased to zero (titration plots for Al-MCM-41, FAU, BEA-
1, and BEA-2 in Figure S2, SI). The complete suppression of isomerization and β-scission 
reactivity upon saturation DTBP uptakes for Al-MCM-41, FAU, and BEA-1 indicates that Lewis 
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acid sites, present in some samples as extraframework Al species, do not contribute to measured 
rates. BEA-2 rates remain finite and measurable (~10% of initial reactivity) because of regions of 
the zeolite that limit the accessibility of both the reactant n-heptane and DTBP titrants, likely the 
result of well-known stacking faults within this disordered framework [24,25]. The evidence for 
such claims and discussion of the proton count for BEA-2 are included in the SI (S1). Bulky 
DTBP titrants cannot diffuse into the one-dimensional channels of SFH or the 10-MR channels 
of MFI. The accessibility of DTBP to confined protons in BEA, whose channels are only slightly 
larger than those of MFI (~6 Å vs ~4.7 Å [26]), was assessed by CHN analysis (Carlo-Erba 
Combustion Elemental Analyzer; Section S1, SI) of BEA-1, BEA-2, and MFI-3 samples, 
following DTBP treatment (0.48 Pa DTBP dissolved into a flowing H2/He stream for 4 h, 
followed by flowing H2/He for 0.5 h to remove weakly adsorbed titrant). 
 Rates are reported here as turnover rates, normalized by the number of H+ (Table 1) from 
titration with DTBP for Al-MCM-41, FAU, and BEA-1 and from decomposition of NH4

+-zeolite 
samples during rapid heating for SFH, BEA-2, and MFI. Turnover rates were corrected for 

approach to equilibrium ( i j, ) for the conversion of the reactants to each isomer product: 

   1

reactprod,netforward 1


 rr  (1) 

where approach to equilibrium ( i j, ) for species i to species j is defined as: 

 1
i j,

i

j
i j,










 K

P

P
  (2) 

 ij / PP  is the molar ratio of species j to species i and ij,K  is the equilibrium constant calculated 

at 548 K from tabulated thermodynamic data [27,28] for each i-j pair. Measured β-scission 

products remained far from equilibrium (
7nC ,  < 10-4) at all conditions. 

 Fractional selectivities ( jS ) and intrinsic fractional selectivities ( j,0S ) are defined as: 

 



j j

j
j r

r
S  (3) 

 



j j,0

j,0
j,0 r

r
S  (4) 

where jr  is the measured formation rate of each product from reactant n-heptane, and the 

subscript “0” refers to the product formation rates resulting from single-site-sojourn reaction 
events (as discussed in Section 3.1 and 3.4). 
 Rates were measured periodically at a reference condition (100 kPa H2, 0.5 kPa alkane) 
to detect (and correct for) any intervening deactivation; only minor deactivation was observed 
(<5% change after 60 h). All reported uncertainties for rate constants and selectivities reflect 
95% confidence intervals. 
 
 
2.2.1. n-Heptane isomerization and β-scission rate measurements during desorption of 
reversibly-bound titrants of acid sites 
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 Product selectivities were measured during transient desorption of NH3, a titrant 
reversibly bound at 548 K, in order to assess their intrinsic primary values ( prod,0S , defined in Eq. 

4; as discussed in Section 3.4). Intrinsic selectivities were obtained by extrapolating measured 
selectivities to their values at complete titration, because fully-titrated samples prevent 
readsorption and interconversion events within single crystallites. These experiments were 
performed by treating samples as described above and then exposing them to a stream containing 
0.5 kPa NH3 (0.83 cm3 s-1, 1% NH3 in He, Praxair; diluted with He, 99.999%, Praxair) for 2 h. 
Isomerization and β-scission rates and selectivities (100 kPa H2; H2/alkane ~ 200) were then 
measured as the titrant desorbed and reaction rates concurrently increased (measured with the 
chromatographic protocols described above. Reaction rates and selectivities returned to within 
75%-100% of their values before exposure to NH3 after ~3 h, indicating the nearly complete 
desorption of the titrant. 
 
 
2.3. Diffusional properties of solid acids from transient 2,2-dimethylbutane uptakes 
 
 The relevant diffusion distances in bifunctional mixtures are defined by the zeolite 
crystallite size, because interstices among aluminosilicate crystals and within Pt/SiO2 aggregates 
are much larger and thus impose negligible diffusional constraints [6]. Zeolite crystallite sizes 
are typically inferred from electron micrographs, which become inaccurate when crystallites are 
of irregular morphology and non-uniform size; such micrographs also cannot detect the presence 
of twinning or misaligned intergrowths [29], which strongly influence diffusion within zeolite 
crystals. In lieu of such visual determinations of crystallite size, zeolite diffusion times (R2/D 
(units: s), where R is quasi-spherical crystallite radius and D is sorbate diffusivity) are used in 
conjunction with reaction-transport formalisms to assess the presence and severity of reactant 
(Section 3.1) and product (Sections 3.4) intracrystalline concentration gradients. Values of R2/D 
are used as a proxy for the effective crystallite size among acids of a given framework, because 
molecular diffusivity of the probe sorbate should be a constant for a given zeolite framework 
[19]. 
 Zeolite diffusion times were determined for each zeolite using transient uptake 
measurements of 2,2-dimethylbutane (22DMB; >98% purity, Sigma-Aldrich, purified by three 
freeze-thaw cycles) at 448 K in a constant volume apparatus (schematic diagram in S3, SI). 
NH4

+-zeolites (~0.10 g) were treated in flowing 5% O2/He mixture (8.3 cm3 g-1 s-1, 99.999% 
Praxair) at 723 K (0.025 K s-1) for 2 h before uptake measurements. The cell was evacuated to 
<0.1 Pa for 1.5 h and cooled to the analysis temperature. Uptake transients were measured (with 
millisecond resolution using a pressure transducer (MKS Baratron Type D28B Dual-Range 
Manometer)) until equilibrium sorption was attained following step-wise increases in initial 
sorbate pressure (from 0.6 to 4.0 kPa). Changes in pressure were kept small (<10% during each 
transient) to establish nearly constant gas-phase sorbate concentrations. 
 Values of R2/D for 22DMB were obtained by regressing transients to an equation that 
describes diffusion processes characterized by a diffusivity (D) independent of sorbate 
concentration for quasi-spherical aggregates or crystallites of nearly uniform radius, R [30]:  
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where tM  is the molar uptake at time t and M  that at equilibrium. Accounting for a Gaussian 

distribution in crystallite size improved regressed fits with no corresponding change in values of 
R2/D (discussed in S4, SI). Diffusion in zeolites, however, is thermodynamically non-ideal [31]; 
the relationship between sorbate chemical potential and sorbate concentration within zeolites was 
accounted for by post hoc correction using Darken’s equation [9]: 

 









pln

qln
0 d

d
DD  (6) 

Values of  pln/qln dd , where q is adsorbed-phase concentration and p is pressure, were 

obtained from measured equilibrium isotherms. Values of R2/D22DMB (R2/D for 22DMB; 
corrected by Eq. 6) are included in Table 1. Uptake transients for Al-MCM-41 at these 
temperatures were faster than the resolution of the pressure transducer (~1 ms); its reported value 
is that for the fastest hypothetical transient that can be regressed to Equation 5 and represents a 
lower bound for that acid. 

 

2.4. Density functional theory (DFT) methods 
 
 The energies of transition states and relevant precursors were calculated using periodic 
plane-wave DFT, as implemented in the Vienna ab initio simulation package (VASP 5.3.5) [32–
35]. The basis set of Bloch waves was truncated to 396 eV. The revised Perdew-Burke-Ernzerhof 
(RPBE) generalized gradient approximation (GGA) functional was used to describe exchange 
and correlation energies [36,37], and the projector augmented wave method (PAW5) was used to 
account for interactions between valence and core electrons [38,39]. Empirical dispersive energy 
corrections (DFT-D3) with Becke-Johnson (BJ) damping [40,41] were incorporated at each 
structure- and energy-optimization step. The first Brillouin zone was sampled using a (1 × 1 × 1) 
Γ-centered k-point mesh. Electronic structures were relaxed until the energy difference between 
iteration steps was <1×10-6 eV and forces on all atoms were <0.05 eV Å-1. 
 MFI unit cells were constructed using orthorhombic unit cell parameters (2.0022 nm × 
1.9899 nm × 1.3383 nm, α = β = γ = 90o; used without relaxation) and atomic coordinates from 
X-ray crystallography [42], with framework atoms numbered according to the convention of 
Olson [43]. Brønsted acid sites (1 H+/u.c., corresponding to a Si/Al of 95) were generated by 
substituting Si4+ with Al3+ at the T-12 site and placing a proton at the O-20 site to balance the 
resultant framework charge. This site lies at the intersection of MFI straight and sinusoidal 
channels; an image of this site’s location within MFI is included in S5, SI. Eight of the twelve 
crystallographically-unique T-sites in MFI face into such intersections, and Al atoms 
preferentially reside at such locations for the Si/Al ratios of the majority of MFI samples used 
here [44,45]. 
 Transition state structures and energies were obtained by calculating minimum energy 
paths using nudged elastic band (NEB) methods [46] with individual structures converged to 
within 1×10-4 eV (energy) and <0.3 eV Å-1 total forces at each atom. Transition state structures 
were refined using Henkelman’s dimer method [47] with convergence criteria of 1×10-6 eV for 
energy and 0.05 eV Å-1 for forces. Converged transition state structures, excised from their 
confining void for visual clarity, are included in the SI (S7). The size of the carbocation at each 
transition state was estimated from their Connolly surfaces [48], which were used to obtain 
volumes (V) and surface areas (As) of transition-state carbocations. Sizes for each transition state 
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carbocation are reported here using two definitions that represent, respectively, the lower and 
upper bounds of representative-sphere diameters: (1) the sphere of equivalent volume (

sAVd /6eq  ) and (2) the sphere of equivalent surface area ( /eq sAd  ). These values are 

included in the SI (S9). 
 Löwdin population analyses [49] were used to obtain charge distributions for converged 
structures after transforming wavefunctions into localized quasiatomic orbitals (QUAMBO) [50–
53]. Zero-point vibrational energies (ZPVE), vibrational enthalpies and free energies (Hvib, Gvib) 
for all structures, and translational and rotational enthalpies and free energies (Htrans, Hrot, Gtrans, 
Grot) for gaseous molecules were determined from frequency calculations performed on 
optimized structures. Enthalpy and free energy were then calculated by adding corrections to 
DFT-derived electronic energies (E0) and dispersive corrections (ED3-BJ): 
  (7) 

   (8) 

Low-frequency vibrational modes (<110 cm-1) resemble hindered translations and rotations and 
are inaccurate in these calculations. Yet, they contribute significantly to vibrational free energy 
estimates; as a result, they are replaced by a fraction (0.70) of the translational and rotational free 
energies of their gaseous analogs, as proposed previously [54]. 
 All species present along the reaction coordinate consist of an ensemble of energetically 
accessible configurations that includes, for instance, all of their conformational isomers. These 
accessible configurations also include regioisomers or skeletal isomers for any quasi-equilibrated 
species that are rigorously lumped in the kinetic analysis. For accurate comparisons to 

experiment, the Gibbs free energy for each ensemble m ( mG ) was determined for structures of 

different configuration (n, with free energy 
m
nG ) converged at the T-12 site of MFI: 

 
















 
 

n

m
nm expln
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G
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where  is the gas constant and T is temperature. Free energy barriers ( ‡G ) were estimated 

from the free energies of the ensemble of transition states ( ‡G , determined using Eq. 9) and 

the ensembles of their relevant precursors ( refG ): 

 
ref

refGGG ‡‡
 (10) 

 
 
2.4.1. Computational evaluation of van der Waals interaction energies 
 
 One-dimensional geometric descriptors of size, such as diameters of spheres, for 
transition state carbocations and the inorganic void inherently neglect their diverse and 
aspherical shapes; confining interactions are described more completely using Lennard-Jones 
potential force-fields to instead estimate the energies of van der Waals interactions (Evdw). 
Structures for transition state carbocations optimized at the MFI T-12 site were placed at each 
crystallographically unique T-site in MFI and in the other zeolite frameworks (FAU, SFH, BEA) 
using previously described methods and algorithms [55]. Atomic coordinates and unit cell 

H  E0 +ED3-BJ + ZPVE +Hvib +H trans +H rot

G  E0 +ED3-BJ + ZPVE +Gvib +Gtrans +Grot

R
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parameters for FAU (2.4345 nm × 2.4345 nm × 2.4345 nm, α = β = γ = 90o); SFH (0.5255 nm × 
3.4319 nm × 2.1518 nm, α = β = γ = 90o); and BEA (1.2632 nm × 1.2632 nm × 2.6186 nm, α = β 
= γ = 90o) were taken from the International Zeolite Association (IZA) database [26] and used 
without relaxation. Supercells were constructed to fully enclose confined species at each 
accessible T-site (e.g., SFH 3 × 1 × 1, BEA 3 × 2 × 2) to accurately estimate van der Waals 
interaction energies using Lennard-Jones potentials: 
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where a is the index for framework oxygen atoms, b is the index for atoms in the transition state 
carbocation, da,b is the distance between the a-b pair, da,b,eq is the equilibrium distance for each a-
b pair and is defined here as the sum of their van der Waals radii [56], and ε is a scaling 
parameter determined by benchmarking Evdw values against those derived from empirical 
dispersive corrections in periodic DFT calculations (ED3-BJ in Eqs. 7 and 8) in previous work (ε = 
1.59 kJ mol-1) [55]. a-b pairs within covalent interaction distances (da,b < 0.15 nm) are neglected. 
Equation 11 can be divided into its repulsive and attractive terms (Evdw,repul and Evdw,attr, 
respectively): 
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Values of Evdw and Evdw,attr were evaluated across all accessible configurations (n) of the 
transition-state carbocation at each framework T-site within a given framework to yield: 
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to allow accurate and rigorous comparison with experimentally measured quantities. 
 

3. Results and discussion 
 
3.1. Site proximity requirements for n-heptane isomerization and β-scission on bifunctional 
catalysts 
 
 n-Heptane (nC7) isomerization and β-scission rates and selectivities were measured on 
mesoporous and microporous aluminosilicates with diverse void structures (Al-MCM-41, FAU, 
SFH, BEA, MFI) (Table 1), present as physical mixtures with Pt/SiO2 co-catalyst. Measured 
isomerization and β-scission rates (per mass) were much greater (by >103-fold) on bifunctional 
mixtures than on either monofunctional component, as expected from isomerization routes on 
acid sites of alkenes that are formed on the metal function. Alkene transformations on Brønsted 
acid sites limit rates for sufficiently intimate bifunctional mixtures [4]. Such intimacy is defined 
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by the presence of equilibrium alkene concentrations at all acid sites, which requires (i) metal 
contents adequate to attain reactant alkane dehydrogenation equilibrium at the external surface of 
acid domains and (ii) acid and metal sites that are sufficiently proximate. 
 

 

Figure 1. n-Heptane consumption turnover rate 
(per H+) as a function of (nC7)/(H2) molar ratio 
on physical mixtures of Pt/SiO2 and MFI-3, 
where Pts/H+ ratio is 1.6 (black), 7.8 (gray), and 
18 (white) (0.02-12 kPa nC7, 60-100 kPa H2, 
548 K). Dashed lines represent regression of 
data to the functional form Eq. 23. 

 
 The equilibration of n-heptane with linear heptene isomers (and H2) on the Pt function 
was confirmed by the similar rates on mixtures of MFI-3 and Pt/SiO2 with different Pts/H+ ratios 
(1.6, 7.8, and 18; Pts is the number of Pt surface atoms from chemisorption uptakes and H+ is 
from quantifying the NH3 evolved during heating of NH4

+-exchanged acids for SFH, BEA-2, and 
MFI or from base titrations for Al-MCM-41, FAU, and BEA-1). Figure 1 shows nC7 
consumption turnover rates (per H+) as a function of nC7/H2 reactant molar ratios that were 
established by independent changes in nC7 and H2 pressures. Turnover rates were nearly 
identical for Pts/H+ ratios of 7.8 and 18 and were a single-valued function of nC7/H2 reactant 
ratios, an indication of n-heptane/H2-linear heptenes equilibration, because such reactant ratios 
are a surrogate for heptene pressures only at dehydrogenation-hydrogenation equilibrium (S6, SI). 
Rates on these two mixtures increased linearly with nC7/H2 molar ratio at low values and, as 
values increased further, rates became nearly constant. In contrast, rates were lower for the 
sample with a Pts/H+ ratio of 1.6 and could not be solely described by the prevalent nC7/H2 ratio, 
consistent with metal-catalyzed alkane dehydrogenation and alkene hydrogenation steps that 
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cannot be considered quasi-equilibrated at such low loadings of the Pt function. Therefore, 
mixtures with Pts/H+ ratios of at least 8 equilibrate n-heptane, H2, and all linear heptenes, at least 
in the fluid phase outside aluminosilicate crystallites, where the metal function resides. 
 Linear heptene concentrations below equilibrium may prevail, however, within acid 
domains. The severity of gradients in their concentrations depends on the size of these acid 
domains, given here by the size of the aluminosilicate crystallites, because intracrystalline 
micropores impose much more significant diffusional barriers than do intercrystal mesopores and 
interstices for these physical mixtures [4,6]. The presence and severity of intracrystalline nC7

= 
concentration gradients are described for nth-order reactions (n > 0) by reaction-transport models, 
assuming quasi-spherical geometry, that lead to a dimensionless Thiele modulus ( 2

A ) 

 
A

1
A

2

Hn2
A

+

D

CR n




  (14) 

as the relevant dimensionless parameter, where αn is an nth-order rate constant, DA is the reactant 
diffusivity, +H

  is the proton volumetric density within acid domains, R is the aluminosilicate 

crystallite radius, and CA is the equilibrium pressure of reactant alkenes set by the 
extracrystalline metal function. The Thiele modulus [57] represents the ratio of a characteristic 
reaction rate to a characteristic diffusion rate. Measured turnover rates are of strict kinetic origins 
for small 2  (< 1) but become affected by gradients of reactant alkenes and decrease below 

kinetically-controlled values as 2  increases (> 1) [57]. 
 The Thiele modulus (Eq. 14) for solid acids with a microporous void structure includes a 
rate constant (αn, per proton) that depends on the stability of the transition state, which is 
determined by conjugate anion stability (acid strength) and by van der Waals contacts 
(confinement), which are the same for all aluminosilicates [7] and for a given acid framework, 
respectively. Confinement effects also strongly influence diffusivities, which are characteristic of 
a given void structure and do not vary with the size [9] or proton density [58] of acid domains. 
Values of diffusivities decrease with the ratio of molecular size to channel size [19,31]; as long 
as the probe sorbate is not sufficiently large as to preclude its access to the intracrystalline void, 
its diffusivity within that void is an accurate surrogate for that of linear heptenes, among acids of 
a given framework. The diffusivity of probe sorbate 2,2-dimethylbutane (22DMB), assessed with 
zeolite crystallite radius (appearing together in a diffusion time (R2/D22DMB) in Equation 5; 
Section 2.3), was used in lieu of those for linear heptenes. In fact, the diffusion time for 22DMB 
was used directly because it accurately reflects kinetically-relevant zeolite crystallite radii for 
acids of a given framework. Thus, the presence and severity of intracrystalline reactant alkene 
concentration gradients, for acids of a given framework that accordingly have the same value of 
α1 (here, the first-order rate constant for n-heptane isomerization), are described by a simplified 
Thiele modulus, Ξ2 (units: s cm-3): 

 
22DMB

2

H2 +

D

R
  (15) 

 The prevalence of equilibrium linear heptene concentrations throughout MFI acid 
domains was determined from rates on samples with different Ξ2 values (physical mixtures of 
each acid with Pt/SiO2, with Pts/H+ ratios > 8), varied through systematic changes in +H

  for 

samples with similar R2/D22DMB (1.09-1.24 × 104 s; Table 1, MFI-2, MFI-3, MFI-4), in R2/D22DMB 
for similar +H

  (5.53-6.5 × 10-4 mol cm-3; MFI-2, MFI-3, MFI-6), and in both R2/D22DMB and 
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+H
  (MFI-1, MFI-5). Figure 2 shows that nC7 consumption turnover rates (nC7/H2 = 0.005) 

remained constant for low Ξ2 values (up to ~6 s cm-3), at which point measured rates decreased, 
indicating intracrystalline concentration gradients of linear heptene reactants. These data were 
obtained at nC7/H2 ratios corresponding to first-order kinetics (Fig. 1), for which gradients are 
more kinetically consequential than at higher molar ratios because of the increasingly sublinear 
dependence of rates on molar ratios. As a result, nC7 turnovers on MFI with Ξ2 values below 6 s 
cm-3 reflect kinetic rates driven by the equilibrium heptene concentrations imposed at the 
extracrystalline Pt function.  
 Mesoporous acids and large-pore zeolites (Al-MCM-41, FAU, SFH, and BEA), which 
give lower rate constants (Table 2 and discussed in Section 3.3) and comparable or smaller 
values of R2/D22DMB (Table 1) must also be devoid of intracrystalline gradients of reactant 
heptene concentrations, as long as Pt contents maintained dehydrogenation equilibrium (Pts/H+ > 
8 for FAU, SFH, BEA, and MFI; Pts/H+ ~ 2 for Al-MCM-41 because of its lower turnover rates 
(by a factor of 200 compared to MFI), as discussed in S6, SI). The rigorous kinetic origins of 
measured turnover rates permit the chemical interpretation of turnover rates and product 
selectivities, as discussed next. 
 
 
 

 

Figure 2. n-Heptane consumption turnover rate 
(per H+) as a function of the simplified Thiele 
modulus (Ξ2, defined in Eq. 11) on physical 
mixtures of Pt/SiO2 and MFI-1 – MFI-6 (Pts/[H+] 
~ 7.8-9.6, 0.0048-0.0052 nC7/H2 molar ratio, 60-
100 kPa H2, 548 K). The dashed line is the 
average rate for values of Ξ2 less than 5. 
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3.2. Isomerization elementary steps and secondary β-scission reactions 
 
 This section examines primary and secondary reactions in n-heptane reactions 
(isomerization and β-scission) and the elementary steps involved in determining nC7

= reactivity. 
2-Methylhexane (2MH), 3-methylhexane (3MH), 2,4-dimethylpentane (24DMP), and equimolar 
amounts of propane and isobutane that were formed via monomolecular β-scission events were 
detected on all zeolites. 2,3-Dimethylpentane (23DMP) and traces of 2,2-dimethylpentane 
(22DMP) and 3,3-dimethylpentane (33DMP) (< 10-2 fractional selectivity) were also formed on 
large-pore zeolites FAU and SFH but not on MFI or BEA. Isomerization involves alkyl-
substituted cyclopropyl carbenium ions in transition states [59–61] that form and cleave C-C 
bonds concertedly, precluding backbone lengthening or shortening by more than one C-atom 
[5,10,60]. Dimethylpentanes consequently cannot form directly from linear heptenes but require 
subsequent rearrangements of primary methylhexenes products. These secondary 
interconversions occur within an acid domain before primary alkene isomers egress from a 
crystallite to become hydrogenated at the extracrystalline Pt/SiO2 function (Section 3.4). Product 
alkenes are both more reactive and slower to diffuse than linear heptenes during their egress 
from the acid domain; their intracrystalline residence times, consequently, are long compared to 
reactor residence times and result in product selectivities that are solely determined by these 
intracrystalline residence times and invariant with reactor residence times. 
 Mesopores in Al-MCM-41 (~ 2.5 nm diameter) contain acid sites of similar strength to 
those in zeolites [7] but minimize concentration gradients by enabling faster diffusion and by 
decreasing proton reactivity through weaker confinement effects on transition state stability. The 
products observed on Al-MCM-1 (Fig. 3) thus reflect intrinsic values of selectivity (Eq. 4) and, 
at low conversion, those products formed in one single sojourn at acid sites, while secondary 
interconversions occur with increasing reactor residence time. Figure 3 shows product 
selectivities (Eq. 3) and the respective approach to equilibrium (η2MH,3MH Eq. 2) for 2-
methylhexane and 3-methylhexane during nC7 reactions on Al-MCM-41 mixtures with Pt/SiO2 
as a function of reactant conversion (varied by changing reactant residence time). 2MH and 3MH 
(Fig. 3, left) formed as primary products, without detectable concentrations of dimethylpentanes 
or β-scission products at all conversions. 2MH was formed at higher selectivities than 3MH but 
underwent rapid methyl shifts to form 3MH and approached equilibrium with 3MH (Fig. 3, right) 
with increasing reactant conversion. These results are consistent with quasi-equilibrated 
desorption of product alkoxides and infrequent secondary interconversions among primary 
alkene products before egress from Al-MCM-41 channels and hydrogenation at the 
extracrystalline Pt/SiO2 function. Intracrystalline residence times are short relative to bed 
residence times for Al-MCM-41, leading to negligible concentration gradients in product alkenes 
within acid domains. Product alkenes facilely diffuse to the extracrystalline fluid phase and 
equilibrate with their saturated analogs; concentrations of 2MH and 3MH therefore approach the 
ratios dictated by alkane thermodynamics (K2MH,3MH = 0.87 at 548 K [27]). Dimethylpentanes did 
not form on Al-MCM-41 even at residence times that led to 2MH-3MH equilibration because 
methyl shifts are much faster than events leading to changes in backbone length [10]. The 
predominance of singly-branched isomers and lack of β-scission products on Al-MCM-41 have 
been inaccurately attributed to acid sites much weaker than on zeolites and to a requirement for 
stronger acid sites for β-scission and backbone shortening. In fact, such selectivities reflect the 
formation of methyl-branched isomers as primary products and their minimal conversion to 
dimethyl-branched isomers or β-scission products during subsequent sojourns at acid sites 
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because facile diffusion within Al-MCM-41 pores makes intracrystalline residence times short 
relative to reactor residence times, in contrast to zeolites where the converse is true. 
 
 

 

Figure 3. Measured product selectivities for 2-
methylhexane (2MH; diamonds, left) and 3-
methylhexane (3MH; circles, left) and approach 
to equilibrium (defined in Eq. 2) for 2MH/3MH 
(squares, right) as a function of reactant n-
heptane conversion, varied by changes in 
reactant space velocity, during n-heptane 
isomerization on a physical mixture of Pt/SiO2 
and Al-MCM-41. 0.01 nC7/H2 molar ratio, 100 
kPa H2, 548 K. The dashed lines are guides for 
the eye. 

 
 
 Diffusion-enhanced interconversions preclude accurate experimental assessment of 
equilibration between 2MH and 3MH alkenes because ratios of these products become weighted 
by their relative diffusivities (Section 3.4). DFT-derived activation free energies using 
functionals that account for dispersive effects (Section 2.4, representative structures, S7; SI) are 
used here to assess both the extent to which methylhexenes (and dimethylpentenes) equilibrate 
and the identity of the alkene isomers that undergo β-scission on MFI, the framework that 
provides the most effective van der Waals contacts with relevant transition state carbocations. 
These conclusions remain applicable for Al-MCM-41 and large-pore zeolites (FAU, SFH, BEA) 
because the transition state carbocations that mediate all isomerization and β-scission events are 
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similar in shape and size (Section 3.3). These free energy barriers are evaluated across the 
ensemble of all transition state configurations that connect a given alkene with all its skeletal and 
regioisomers and with its smaller fragments (Eqs. 9, 10), referenced to bare protons and gaseous 
n-heptane and hydrogen. 
 
 
 
 

 

Scheme 1. (a) Schematics of transition states mediating primary and secondary isomerization 
and β-scission. DFT-derived Gibbs free energies (in kJ mol-1) are indicated in parentheses for 
transition state ensembles converged at the MFI-Al12 at 548 K, standard state (1 bar) (structures 
included in SI, Section S6), and calculated with respect to acid sites and equilibrated gas-phase 
linear heptenes (nC7

=). (b) Isomerization and β-scission reaction network for C7 alkanes on 
physical mixtures of solid Brønsted acids and Pt/SiO2. Dashed boxes around isomers of same 
degree of branching indicate rapid interconversion. 
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 The activation free energy to convert linear heptenes to 2-methylhexenes (ΔG‡ = 48.0 kJ 
mol-1) (Scheme 1a) was smaller than for 3-methylhexenes formation (ΔG‡ = 54.3 kJ mol-1), 
consistent with their intrinsic selectivities on Al-MCM-41 (Fig. 3). β-Scission of linear heptenes 
shows a much larger activation barrier (ΔG‡ = 86.0 kJ mol-1) because of its nearly-formed 
primary carbocation fragment. The conversion of 2-methylhexenes to 3-methylhexenes via 
methyl shifts (ΔG‡ = 25.5 kJ mol-1) is fast and their equilibration requires that their free energy 
barrier be smaller than for the formation of other products. Indeed, 2-methylhexenes convert to 
2,4-dimethylpentenes (ΔG‡ = 44.0 kJ mol-1) and to β-scission products (ΔG‡ = 78.0 kJ mol-1) 
with much higher barriers than for methyl shifts, consistent with equilibration and with the 
treatment of methylhexene isomers as lumped species. Interconversion of 24DMP, 23DMP, 
22DMP, and 33DMP alkenes similarly has a much lower free energy barrier (ΔG‡ = 21.9 kJ mol-

1 for 24DMP to 23DMP alkene methyl shift) than for 2,4-dimethylpentene β-scission (ΔG‡ = 
46.0 kJ mol-1), thus allowing dimethylpentenes to be treated as the equilibrated chemical pseudo-
species that acts as the precursor to β-scission products. These reaction pathways are depicted in 
Scheme 1b for the saturated analogs of each alkene. nC7 converts to 2MH and 3MH isomers that 
rapidly interconvert and then isomerize to dimethylpentane isomers that undergo β-scission. 
 Primary nC7 reactions form only 2MH and 3MH, and isomerization rates are given by the 
formation of each isomer and β-scission product (j; jr ): 

 
j

jnCisom, 7
rr  (16) 

expressed as the number of nC7 molecules appearing as each product. Figure 4 shows 
7nCisom,r

values (per H+) on MFI-1, BEA-1, SFH-1, and FAU zeolites (each mixed with Pt/SiO2) as a 
function of nC7/H2 reactant ratios that set the concentration of n-heptene regioisomers at the Pt 
function (Section 3.1). Turnover rates at all nC7/H2 ratios are smallest on FAU (1.12 nm) and 
increase with decreasing void size, defined here as diameters of largest spheres that can be 
contained within each framework (dLCS; Table 1), despite their similar acid strength, indicative of 
stabilization of transition states by van der Waals contacts between hosts and guests that depend 
sensitively on their relative size and shape (Section 3.3). Turnover rates increased linearly with 
nC7/H2 ratio then reached constant values (Fig. 4; S8, SI) on all solid acids, irrespective of how 
such ratios were varied. 
 The elementary steps in Scheme 2 lead to a rate equation (derivation in S6, SI) that 
accurately describes the measured effects of nC7/H2 ratios on isomerization rates (Eq. 22; dashed 
lines in Fig. 4 and S8, SI). The Pt function equilibrates n-heptane with all linear heptene 
regioisomers (trans-2-heptene shown here as the illustrative example; Scheme 2, step 1). Linear 
heptenes react with protons to form equilibrated mixtures of bound alkoxides with different 
attachment points at framework O-atoms (Scheme 2, step 2, shown for trans-2-heptene and its 
bound hept-3-oxide). Bound heptoxides skeletally isomerize to give alkoxides with a different 
backbone structure in the sole irreversible elementary step (Scheme 2, step 3, shown for 2-
methylhex-1-oxide formed from hept-3-oxide). The transition states that mediate such skeletal 
isomerization events are fully-formed ion pairs (charge on the carbocation, δ+ = +0.84; S7, SI); 
the anion is the conjugate base of the Brønsted acid and the cation, an alkyl-substituted 
cyclopropyl carbenium ion that undergoes concerted C-C bond formation and cleavage 
(structures in S7, SI). The product alkoxides desorb as gaseous alkene isomers through β-
hydrogen elimination steps that return the proton to the inorganic framework (Scheme 2, step 4, 
shown for 2-methyl-1-hexene formed from 2-methylhex-1-oxide). These alkene isomers diffuse 
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through acid domains, where they can readsorb and rearrange via analogous elementary steps, 
until they reach the extracrystalline Pt function where they hydrogenate to form equilibrium 
amounts of their respective alkanes with the same skeletal backbone (Scheme 2, step 5; 2-
methylhexane from 2-methyl-1-hexene). 
 
 

 

Figure 4. n-Heptane isomerization turnover rates (per H+) 
as a function of nC7/H2 molar ratio on physical mixtures of 
Pt/SiO2 with MFI-1 (circles; Pts/H+ = 9.6), BEA-1 (squares; 
Pts/H+ = 12), SFH-1 (diamonds; Pts/H+ = 11.6), and FAU 
(triangles; Pts/H+ = 8.1) (60-100 kPa H2, 548 K). Dashed 
lines represent regression of data to Eq. 23. 

 
 
 Scheme 2 shows elementary steps for the conversion of hept-3-oxide to 2-methylhex-1-
oxide, one of the many isomerization reactions of linear heptoxides to the methylhexenes-
derived alkoxides; analogous sequences of elementary steps can be written for each of these  
transition states that mediate conversion of heptoxides with specific attachment points to the 
zeolite to specific methylhexoxides. These sets of elementary steps, taken together with 
assumptions of equilibrated dehydrogenation-hydrogenation steps and protonation steps and 
kinetically-relevant skeletal isomerization of heptoxides lead to: 
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where ka,b is the rate constant for skeletal isomerization of heptoxide b to form a product 
methylhexoxide and mediated by transition state configuration a, Kb,c is the equilibrium constant 
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for adsorption of alkene c to form alkoxide b, Kc,ref is the equilibrium constant for alkene c to a 
chosen reference alkene ref, and Kdehyd,ref is the dehydrogenation equilibrium constant to form 
that reference alkene. Kprod is the equilibrium constant for adsorption of product alkenes; this 

summation term ( 
prod

prod )Prod(K ) over all product alkenes contributes negligibly to site 

coverages at differential nC7 conversions and at high reactant to product ratios. The assumption 
of bare protons and heptoxides as MASI yields: 
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nCisom, 7  (18) 

 The free energy differences (where m
nG  is the free energy specific configuration n within 

the ensemble m (‡ for TS, * for alkoxide, = for gaseous alkene)) reflected in each of the kinetic 
and thermodynamic constants in Equation 18 are: 
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+HG , (g)ref G , (g)nC7G , and (g)H2G  denote the free energies of bare protons, the reference alkene, 

gas-phase nC7, and gas-phase H2, respectively. R  is the gas constant, T is temperature, kB is the 
Boltzmann constant, h is Planck’s constant. Equation 18, in the limit of heptoxides being the 
MASI (

b c

KKK )/HnC( 27refdehyd,refc,cb,  > 1), substitution of Equations 19, and the definition of 

ensemble free energies (Eq. 9; represented by ) yields an expression for a zero-order rate 

constant (
7nCisom,k ): 
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‡G  is the free energy of the transition state ensemble, and *nC7G  is the free energy of the 

ensemble of equilibrated heptoxides. Similar operations when uncovered protons are MASI, in 
addition to the definition of the dehydrogenation equilibrium constant as: 
 

c

KKK refdehyd,refc,nCdehyd, 7
 (21) 
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yields and expression for a first-order rate constant (
77 nCprot,nCisom, Kk ): 
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(g)nC7



G  is the free energy of the ensemble of equilibrated heptenes. Equations 19 and 21 

indicate the treatment of alkene regioisomers and alkoxides as equilibrated groups, denoted here 
by superscript “=” for alkenes and by “*” for alkoxides (e.g., nC7

= and nC7*; structures of 
equilibrated species in nC7

= and nC7* lumps are shown in Scheme 3a). 
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Scheme 2. Elementary steps for n-heptane 
isomerization on physical mixtures of solid 
Brønsted acids and Pt/SiO2. Alkane 
dehydrogenation (step 1) and alkene 
hydrogenation (step 5) are equilibrated on the 
metal function. Steps 3–5 are shown for 
products with 2-methylhexane backbone, but 
analogous steps form 3-methylhexane. “*” in 
molecular structure denotes points of attachment 
of protons and alkoxides to aluminosilicate 
structures. Double-bond regioisomers and 
surface alkoxides of a given backbone are each 
treated rigorously as equilibrated lumps, 
although only 2-heptene, hept-3-oxide, 2-
methylhex-1-oxide and 2-methylhex-1-ene are 
shown for convenience. 
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Scheme 3. (a) Structures of double-bond 
regioisomers within equilibrated linear heptenes 
(nC7

=) and alkoxides of different attachment 
points to aluminosilicate structures (denoted by 
“*”) within equilibrated heptoxides (nC7*). (b) 
Reaction coordinate diagram indicating free 
energies reflected in rate constants (per H+) for n-
heptane isomerization. 
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 Equation 17 can be written with effective kinetic and thermodynamic parameters: 
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7nCprot,K  is the equilibrium constant for alkoxide formation, 
7nCdehyd,K  (Eq. 21) is the equilibrium 

constant for nC7 dehydrogenation to an equilibrated mixture of all linear heptene regioisomers 
(nC7

=), and 
7nCisom,k  (Eq. 19) is the rate constant for isomerization of nC7*. The first-order rate 

constant is given by 
77 nCprot,nCisom, Kk  (Eq. 22). The free energies reflected in the zero- and first-

order rate constants (Scheme 3b) can be written, respectively, as: 
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The ensemble free energy differences in Eqs. 23a and 23b include the individual ensembles of 
transition states forming 2MH= and 3MH=. 
 The first-order and zero-order rate constants (

77 nCprot,nCisom, Kk  and 
7nCisom,k , respectively) 

were obtained by regressing all data to Eq. 22 and using tabulated thermodynamic data for the 
dehydrogenation equilibrium constant (

7nCdehyd,K  = 19.8 Pa at 548 K [27,28]). Table 2 shows 

77 nCprot,nCisom, Kk  and 
7nCisom,k  values for each aluminosilicate. Values of 

7nCisom,k  cannot be 

accurately measured because they require kinetically-detectable alkoxide converages that favor 
oligomerization and concomitant deactivation. Measured 

77 nCprot,nCisom, Kk  values vary by 103-fold 

among aluminosilicates and decrease monotonically as void sizes increase (Fig. 5); these trends 
are discussed in the following section in the context of van der Waals interaction energies. 
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Table 2: Rate constants for nC7 isomerization (per H+, 548 K), as 
defined in Eq. 23, on mesoporous and microporous 
aluminosilicates 

Acid 
77 nCprot,nCisom, Kk  a 

7nCisom,k  b 

Al-MCM-41 0.647 (± 0.025) 1.80 (± 0.51) 
FAU 8.88 (± 0.38) 46.5 (± 35) 

SFH-1 35.5 (± 4.1) 39.9 (± 10) 
SFH-2 33.1 (± 1.6) 47.1 (± 5.7) 
BEA-1 88.7 (± 4.7) 80.4 (± 19.4) 
BEA-2 83.6 (± 2.7) 74.9 (± 9.9) 
MFI-1 93.5 (± 2.0) 112 (± 15) 
MFI-2 103 (± 1.3) 111 (± 14) 
MFI-3 93.5 (± 3.5) 158 (± 43) 
MFI-4 117 (± 8.5) 108 (± 34) 
MFI-5 90.7 (± 4.8) 96.6 (± 42) 

MFI-6 c 40.8 (± 0.34) 61.5 (± 6.5) 
MFI-7 c 246 (±9.0) 315 (± 85) 

a     units: (Pa H+ ks)-1 
b     units: (H+ ks)-1 
c    measured rate constants are corrupted by kinetically-relevant reactant 

concentration gradients (Section 3.1 for MFI-6, Section 3.3 for MFI-7) 
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Figure 5. n-Heptane first order isomerization 
rate constant (

77 nCprot,nCisom, Kk , per H+; 548 K) as 

a function of aluminosilicate void size (diameter 
of the largest contained sphere [26]). Shaded 
area is the range of diameters for the nC7 
isomerization transition-state carbocation. Rate 
constants for MFI-1 – MFI-5 are averaged and 
denoted as “MFI.” Dashed line represents 
trends. 

 

3.3. Transition state confinement effects on n-heptane isomerization turnover rates and 
selectivities 
 
 Transition state (TS) stabilization depends sensitively on van der Waals interactions that 
reflect the fit between aluminosilicate hosts and organic guest species [21,55], as shown by 

77 nCprot,nCisom, Kk  values that vary strongly with void size (Fig. 5). The void size is defined here as 

the diameter of the largest sphere that can be contained within each framework (dLCS, Table 1). 
The shaded bar in Figure 5 depicts the range of sizes for the ensemble of nC7 isomerization 
transition state carbocations (0.636-0.698 nm); the smallest size is the diameter of a sphere with 
the same volume as the transition state carbocation (deq), while the largest size is the diameter of 
a sphere with the same surface area (deq,SA) (values included in S9, SI). nC7 isomerization first-
order rate constants increased 10-fold as void sizes decreased from Al-MCM-41 mesopores (dLCS 
= 2.5 nm) to FAU supercages (dLCS = 1.1 nm), evidence for more effective van der Waals 
contacts as much larger confining hosts decreased in size toward that of transition state 
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carbocations (0.636-0.698 nm). These trends continued for smaller voids (SFH, BEA, and MFI, 
respectively) as void sizes further approached the sizes of the guest. 
 First-order rate constants were similar on MFI-1-5 (95.5-123 (Pa H+ ks)-1, Table 2); their 
mean values are shown in Figure 5. These MFI samples varied in +H

  and R2/D22DMB but their 

Ξ2 values (< 6 s cm-3; Eq. 15) are sufficiently small to preclude any effects of nC7
= concentration 

gradients on measured rates (Section 3.1). These data are consistent with protons that are present 
within similar confining environments and specifically at the intersections of straight and 
sinusoidal channels in these samples, as discussed previously [44], at these Al contents (0.35-2.8 
H+ per unit cell (u.c.)). MFI-7 contains a higher density of protons than the other MFI samples 
(4.2 H+/u.c.) and a larger first-order rate constant (258 (Pa H+ ks)-1; Fig. 5; by a factor of ~ 2.5), 
despite Ξ2 values (19.9 s cm-3) that indicate that the likely presence of intracrystalline nC7

= 
concentration gradients, which would lead to smaller rate constants in the absence of 
compensating factors. The higher reactivity of protons within MFI-7 reflects the presence of such 
protons within smaller local voids that more effectively stabilize transition states, either because 
of their location at T-sites in the smaller sinusoidal channels or because of the presence of 
extraframework Al species at MFI intersections, as shown for the case of Al2O3 detrital species 
in FAU [62]. The content of non-framework Al for MFI-7 (1.25 Al/u.c.) is in the same ranges as 
for the other MFI samples (0.25-1.42 Al/u.c.) and thus unlikely to account for significant 
differences in TS stability among these MFI samples. This extraframework aluminum content is 
also small relative to the number of intersections in each unit cell (4 intersections/u.c) and 
compared to the 4 Al/supercage (37 Al/u.c.) found to stabilize transition states within FAU [62]. 
It appears instead that Al atoms start to occupy T-sites within MFI channels at Al contents that 
would otherwise force intersections to accommodate Al next-nearest-neighbors. TS within such 
channels are stabilized more effectively, as also shown for methanol dehydration on these MFI 
samples [44,45]. Yet, channel dimensions in the radial direction (0.47 nm) are significantly 
smaller than isomerization TS carbocations (0.636-0.698 nm), based on spherical constructs that 
neglect the asphericity of both hosts and guests. 
 Such heuristics based on spheres must be replaced by assessments of van der Waals 
interactions, which depend on the size and shape of hosts and guests. Interaction energies (Evdw) 
are determined here using Lennard-Jones potentials and statistical sampling methods that place 
transition state carbocations at each crystallographically unique T-site in zeolite frameworks, 
without additional geometric or electronic optimizations (as discussed in Section 2.4.1) [55]. 
Values for interaction energies (

TvdwE , Eq. 13a) and for the attractive component of interaction 

energies (
Tvdw,attrE , Eq. 13b) at each T-site within FAU, SFH, BEA, and MFI are shown in S10 

(SI) for one representative transition state carbocation, selected among those involved in 
formation of 2MH= or 3MH=, because other carbocations are similar in shape and size (< 0.5% 
difference in values of deq or deq,SA; average values included in S9, SI). 

TvdwE  values were 

calculated at every T-site in FAU, SFH, and BEA; Equation 13a was used to obtain vdwE

values for each framework. Such vdwE  values are for random Al distributions among all T-

sites in each framework. The values of MFI were evaluated for such Al siting (denoted as 
“random”) and for Al placement only at intersections (“intersection”). vdwE  values at the 

intersections only (-105 kJ mol-1) are less negative than within channels (-119 kJ mol-1), despite 
spherical models indicating that TS carbocations (0.636-0.698 nm) are larger than confining 
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channel diameters (0.47 nm). These treatments illustrate the incomplete nature of size descriptors 
that neglect shape in assessing van der Waals interactions; the more complete descriptor must 
describe not only shapes but also the “fit” in the more useful form of the energy of such 
interactions. 
 
 

 

Figure 6. n-Heptane first order isomerization 
rate constant (

77 nCprot,nCisom, Kk ; per H+; 548 K) as 

a function of van der Waals interaction energy 
values, Evdw, for aluminosilicates, each in 
physical mixture with Pt/SiO2. Rate constants 
for MFI-1 – MFI-5 are averaged and denoted as 
“MFI (intersection).” Rate constant for MFI-7 is 
denoted as “MFI (channel).” The dashed line is 
the regressed exponential fit of the measured 

77 nCprot,nCisom, Kk  values and omits MFI (channel). 

 
 
 Figure 6 shows that 

77 nCprot,nCisom, Kk  values increase exponentially as values of vdwE  

become more negative, indicative of the more effective stabilization of TS. These effects 

predominantly reflect the effects of vdwE  on activation barriers ( appE  for nC7 isomerization) 

instead of activation entropies. The dashed line (Fig. 6) represents an exponential fit based on:  
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which accurately describes the effects of vdwE  on rate constants when vdwE  primarily affects 

activation barriers. The exponential omits MFI-7 (denoted MFI “random”) because its measured 
rate constant is affected by nC7

= concentration gradients, as discussed above and accordingly lies 
below the value predicted by its vdwE  value. 

 These trends in first-order rate constants (Fig. 6) are examined next using Born-Haber 
thermochemical cycles (Scheme 4) [63] that assess the contributions of the properties of catalysts 
and molecules to activation barriers using a sequence of hypothetical steps leading to the 
formation of transition states. Scheme 4 includes steps that (i) deprotonate the acid and remove 
the proton to non-interacting distances (deprotonation energy, DPE), (ii) form a gaseous 
transition state analog by placing the H+ at a gaseous nC7

= (proton affinity, Eprot), and (iii) place 
the gaseous cation at the distance from the conjugate anion corresponding to that in the ion-pair 
TS (interaction energy, Eint). The last step can be further dissected into an electrostatic 
component (Ees), given by the energy recovered by Coulombic interactions as the gaseous 
carbocation approaches the conjugate anion, a van der Waals component (Evdw), given by 
dispersion forces, and a structural component (Estr) that reflects the energy required to distort the 
framework and the carbocation to establish the most stable configuration of the host-guest 
complex:  
 strvdwesprotintprotapp EEEEDPEEEDPEE ++++++  (26) 

The assessment of separate van der Waals and structural components in Equation 26 arises from 
evaluation of Evdw using unrelaxed zeolite structures that undergo no further geometry 
optimizations. Scheme 4 shows such thermochemical cycles for one specific transition state 
configuration; Equation 26 is evaluated across the ensemble of all transition state configurations 
that form MH products from nC7 (using Eq. 9) to yield: 

 strvdwesprotapp EEEEE +++  (27) 

Measured 
77 nCprot,nCisom, Kk  values increased exponentially as Evdw became more negative (Fig. 6) 

because vdwE  decreases appE  with a sensitivity given by the derivative of Equation 27 with 

respect to vdwE : 
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DPE  is independent of vdwE  because protons and conjugate anions do not benefit detectably 

from changes in the void environment [64]; protE  is a gas-phase property (of nC7
=) unrelated to 

confinement and insensitive to vdwE ; and esE  accounts for electrostatic interactions between 

the conjugate anion and the gaseous proxy for the transition-state carbocation and is similar for 
all aluminosilicates because of their similar acid strength [7]. 
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Scheme 4. Thermochemical cycle representing 
activation barriers for acid-catalyzed alkene 
isomerization as hypothetical constituent steps, 
indicating individual energies reflected in first-
order rate constants (Eapp). 

 
 

 The value of 
 
 vdw

app

E

E




 (0.48; Fig. 6) is constant with Evdw and smaller than unity for void 

structures that differ in reactivity more than 100-fold, indicating that appE  does not benefit to 

the full extent of added stabilization by vdwE . Isomerization transition states benefit from 

improved van der Waals contacts as the fit between the organic guest and the inorganic host 
improve, but they gain only 48% of the change in vdwE  from framework to framework. The 

sub-unity value of 
 
 vdw

app

E

E




 reflects energy penalties caused by structural changes in the host 

and guest required to minimize overall TS energies, strE , in the context of the hypothetical 

paths in Scheme 4 and Equation 28. Larger voids contract to strengthen contacts with the TS 
carbocations, while smaller voids expand to avoid repulsion as the TS carbocations and voids 
become similar in size, as shown by quantitative metrics of distortion in a previous study [65]. 
These effects are more severe for frameworks with more negative values of vdwE  because 

these zeolites also have a higher framework density (18.4 T atoms per nm3 for MFI compared to 
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13.3 for FAU [26]), which results in a greater number of framework atoms being perturbed in 
structural rearrangements. The stabilization of TS carbocations by van der Waals contacts is 
attenuated by the structural distortions required for optimal arrangements of such contacts. 
 The effects of confinement on the formation of secondary products depend on the “fit” of 

their TS carbocations within the confining voids. vdwE  and attrvdw,E  values were also 

calculated for 2,4-dimethylpentane isomerization and β-scission TS carbocations, which are 
similar in size to those involved in nC7-MH isomerization (deq, deq,SA in Table S9, SI). vdwE  

values (Fig. 7a) were similar among all TS carbocations within a given framework for larger 
frameworks (FAU, SFH, BEA). vdwE  values for 24DMP β-scission were less negative (by ~40 

kJ mol-1) than for nC7 and 24DMP isomerization, which were similar, when accounting for 
placement of TS carbocations only within the large channel intersections of MFI (MFI (i), Fig. 
7a). Accounting for random placement of TS carbocations within MFI (MFI (r), Fig. 7a) resulted 
in even more pronounced differences in vdwE  between 24DMP β-scission (less negative by 

~150 kJ mol-1) and nC7 isomerization; vdwE  for 24DMP isomerization was also ~50 kJ mol-1 

less negative than for nC7 isomerization. These trends seem to suggest that the voids within MFI, 
which are smaller than those within the other zeolites, begin to destabilize TS, despite similar 
sizes among all nC7 isomerization and 24DMP isomerization and β-scission TS carbocations (S9, 

SI). Figure 7b shows the attrvdw,E  value for 24DMP isomerization and β-scission as a function 

of attrvdw,E  value for nC7 isomerization within each zeolite and for MFI accounting for random 

TS carbocation placement or for intersections only. attrvdw,E  values for 24DMP TS correlate 

with those for attrvdw,E  values for nC7 TS, despite values of vdwE  that differed by as much as 

150 kJ mol-1 in MFI. These trends suggest that rather than reflecting destabilization of TS, the 
less negative vdwE  values for 24DMP isomerization and β-scission with MFI (i) and MFI (r) 

are a result of the repulsive component of Lennard-Jones potentials unrealistically dominating 

because frameworks have not been geometrically optimized. Nevertheless, attrvdw,E  remains an 

accurate descriptor of the quality of fit between organic carbocation and inorganic framework 
because the attractive component of LJ potentials scales less sensitively with atom-atom 

distances (Δd-6 compared to Δd-12 for the repulsive component, Eq. 12). attrvdw,E  values indicate 

similar fits for the TS carbocations mediating primary and secondary reactions during nC7 
isomerization (Fig. 7b) for a given zeolite framework. All TS are stabilized similarly for each 
void structure; as a result, confinement effects cannot influence the relative rates of reactions 
mediated by such transition states, leading to intrinsic selectivities that are insensitive to the 
shape and size of the confining voids. 
 Measured product selectivities, however, vary significantly among zeolite frameworks; 
secondary products are favored, in general, for frameworks with higher reactivity (more negative 

vdwE  and attrvdw,E ) and on the smaller voids that impede diffusional egress of product alkenes 

and enhance their subsequent reactions. 
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Figure 7. (a) The van der Waals interaction energy for the ensembles of n-heptane isomerization 
(white), 2,4-dimethylpentane isomerization (grey), and 2,4-dimethylpentane beta-scission (black) 
transition state carbocations in FAU, SFH, BEA, and MFI. The ensemble energies were 
evaluated across all possible configurations at all T-sites in each zeolite. Values for MFI (i) 
(intersection) include only contributions from those carbocations located in the intersection, 
while those for MFI (c) (channel) only include contributions from those locations in the channel. 
(b) The attractive component of the van der Waals interaction energy for the ensembles of 2,4-
dimethylpentane isomerization (circles) and β-scission (squares) transition-state carbocations as 
a function of the attractive component of the van der Waals interaction energy for the ensemble 
of n-heptane isomerization transition state carbocations for FAU, SFH, BEA, MFI (intersection), 
and MFI (channel). The dashed line is a parity line. 

 
 
3.4. Assessment of the effects of diffusional constraints on measured product selectivities in 
n-heptane isomerization and β-scission reactions 
 
 The extent to which diffusional egress of primary products enhances their sequential 
reactions are treated here using well-established formalisms that require solutions to coupled 
reaction-transport equations [66,67]. Product selectivities for MH, DMP, and β-scission are 
shown as a function of residence time in Figure 8a on MFI-3, used as an illustrative example. 
Dimethylpentane and β-scission selectivities were non-zero even when extrapolated to 
infinitesimal residence times on all acids. Product selectivities on zeolites do not accurately 
reflect the effects of confinement on stabilization of transition states mediating product formation 
because these measured selectivities include contributions not only from single-site-sojourn 
events (for MH) but also from readsorption and secondary interconversion of reactive product 
alkenes as they egress from the acid domain. 
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 Measured selectivities were insensitive to changes in reactor residence time (Fig. 8a) 
(nC7/H2 molar ratio) (S11, SI for MFI-3); they were unaffected by partial titration of protons 
with hindered bases (DTBP) for large-pore zeolites (FAU, BEA; S11, SI, for BEA-1) because 
irreversible titrants effectively shorten the reactor bed by the fast irreversible deactivation of 
protons sequentially along the bed. Product selectivities varied systematically with +H

  for a 

series of acids of the same zeolite framework where TS are stabilized similarly; β-scission 
selectivities increased with +H

  (Fig. 8b), while MH selectivities decreased, for a series of MFI 

of different +H
  and similar R2/D22DMB (1.09-1.24 × 104 s; Table 1, MFI-2–4). Only decreases in 

reactant conversion resulting from catalyst deactivation changed product selectivities for a given 
acid during steady-state reactions; MH selectivities increased while DMP and β-scission 
selectivities decreased, as a result of the decrease in acid site density across all acid domains. 
These trends together indicate that intracrystalline residence times, not reactor residence times, 
govern product selectivity. Intracrystalline residence times ( izeo,  for molecule i) affect the 

concentration gradients of product alkenes that are more reactive and slower to diffuse than the 
reactant and are described by: 
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i

i
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H
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+
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where Di and ki are diffusivity and first-order rate constant for i, respectively, and 2
i  is the 

Thiele modulus for i: 
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Equation 29 shows that izeo,  is proportional to 2
i  for each zeolite, although it differs among 

acids of different framework; Thiele moduli can thus be considered effective intracrystalline 
residence times. Equations 29 and 30 show that the severity of product alkene concentration 
gradients, and thus the extent of readsorption and secondary interconversion, can be reduced by 
decreasing the density of active protons within every acid domain in the catalyst bed, as has 
previously been achieved by deactivating samples on-stream to decrease proton density in all 
acid domains for solid acids of different strengths supported on mesoporous oxides [11]. 
 Here, proton density was varied by covering sites with a weakly-bound basic titrant 
(NH3), which subsequently desorbed during nC7 isomerization to systematically increase the 
density of active protons throughout all acid domains, thereby increasing intracrystalline 
residence time (Section 2.2.1). nC7 isomerization rates per mass and product selectivities (for 
MH, DMP, and β-scission products) during desorption are shown for FAU (Fig. 9) as an 
illustrative example; nC7 isomerization rates monotonically increased with time-on-stream 
during NH3 desorption (Fig. 9a). Fractional accessible proton density was calculated from ratio 
of nC7 isomerization rates during desorption to steady-state rates and takes the sole effect of NH3 
as reversible deactivation of active protons without altering molecular diffusivities or the 
reactivity of accessible protons. β-Scission and DMP product formation were completely 
suppressed (below detection limits) when density of accessible protons was smallest and 
effective intracrystalline residence times shortest, consistent with the formation of these products 
only through secondary reactions (Section 3.2).  Selectivities to β-scission and DMP increased 
while that to MH decreased (Fig. 9b) as density of accessible protons increased during titrant 
desorption. These trends indicate that as more acid sites in each acid domain become accessible, 
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the Thiele modulus for MH= increases, and MH= reacts to a greater extent in secondary reactions. 
Such results clearly demonstrate that increasing acid site density (and therefore izeo, ) shifts 

measured product selectivities away from intrinsic values to those dictated by the secondary 
reactions. 
 
 
 

 

Figure 8. (a) Measured product selectivities (methylhexanes, circles; β-scission, squares; 
dimethylpentanes, diamonds) as a function of reactor residence time during nC7 isomerization on 
a physical mixture of Pt/SiO2 and MFI-3, and (b) measured β-scission selectivity during n-
heptane isomerization as a function of reactor residence time on physical mixtures of Pt/SiO2 
with MFI of similar measured R2/D22DMB and different acid site densities (H+/u.c.: 0.35, white; 
1.9, light gray; 2.3, dark gray; 4.2, black). (Differential nC7 conversion (<10%), 0.01-0.02 
nC7/H2 molar ratio, 60-100 kPa H2, 548 K) The dashed lines are the average measured selectivity 
on each physical mixture. 
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Figure 9. (a) Measured n-heptane isomerization turnover rate (per g) as a function of time-on-
stream during NH3 desorption and (b) product selectivities (methylhexanes, circles, left; β-
scission, squares, right; dimethylpentanes, diamonds, right) as a function of fraction of sites 
accessible (varied by desorbing NH3) during n-heptane isomerization on a physical mixture of 
Pt/SiO2 and FAU (0.015 nC7/H2 molar ratio, 100 kPa H2, 548 K). 

 
 Intrinsic selectivities (Eq. 4) can be assessed by extrapolating these selectivities to 
infinitesimal izeo,  yet are necessarily zero for secondary DMP and β-scission products, as 

demonstrated by product selectivities on Al-MCM-41 (Fig. 3, by varying reactor residence time) 
and FAU (Fig. 9b, by varying izeo, ). Their values cannot provide insight into the stabilization by 

confinement of transition state carbocations mediating secondary reactions. Such effects can be 
assessed using more rigorous treatments of the intracrystalline gradients of product alkenes and 
the diffusion enhancements of their secondary interconversions within acid domains through 
reaction-transport formalisms, which show that the relevant dimensionless parameters are Thiele 
moduli. These parameters are defined for MH isomerization pathways ( 2

MH ), as depicted in 

Scheme 1b, as: 
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and for DMP β-scission pathways ( 2

DMP  ) as: 
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where DMH= is the diffusivity of MH=, kisom,MHKprot,MH is the first-order rate constant for MH 
isomerization to dimethylpentanes, DDMP= is the diffusivity of DMP=, and kβ,DMPKprot,DMP is the 
first-order rate constant for DMP β-scission. The ratio of these Thiele moduli (Eqs. 31 and 32) 
yields:  
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a parameter that is independent of crystallite size and of volumetric proton density, a ratio of 
diffusivities and of rate constants for DMP and MH. 

 Here, we define an independently measured Thiele modulus for nC7
=, 2

nC7
 , 
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where 
77 nCprot,nCisom, Kk  is from steady-state kinetic experiments, 22DMB

2 / DR  is from transient 

uptake of sorbate 2,2-dimethylbutane (Section 2.3), and +H
  is varied by NH3 desorption. This 

Thiele modulus is proportional to the nC7
= Thiele modulus derived from reaction-transport 

constructs, 2

nC7
 , 
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and differs only in diffusivity. The MH Thiele modulus can be taken with respect to 2

nC7
  (Eq. 

34) to yield: 
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Values of κ2 (Eq. 33) and λ2 (Eq. 36) are independent of assumptions of site coverage. 
 The conceptual framework used to develop Equations 31 and 32 considers MH and DMP 
each an equilibrated lump because of the facile methyl-shifts that equilibrate 2MH-3MH and 
24DMP-23DMP-22DMP-33DMP interconversions (as discussed in Section 3.2); these reaction-
transport constructs can be taken together with the reaction pathways in Scheme 1b and the 
elementary steps described in Scheme 2 to derive expressions for selectivities for MH, DMP, and 
β-scission product. Such formalisms require assumptions of sufficient intimacy of the metal and 
acid functions (as established in Section 3.1) to maintain equilibrium between n-heptane, H2, and 
n-heptenes at the extracrystalline metal function and to ensure the absence of intracrystalline 
gradients of n-heptenes, of equilibration among gaseous heptenes and their respective alkoxides, 
and of bare protons as the MASI. Direct nC7-DMP isomerization, nC7 cracking, and MH 
cracking pathways, and reverse reactions are neglected. Zeolite crystallites are assumed to be 
quasi-spherical, although these expressions can be generalized to other shapes by accounting for 
shape factors [68]. The model based on these assumptions (derivation in S12, SI) yields 
expressions for the selectivity to methylhexanes: 
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to dimethylpentanes: 
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and to β-scission products: 
 DMPMH1 SSS   (39) 

in the absence of concentration gradients of the reactant alkene, nC7
=. 

 An analogous set of expressions describing selectivities can be derived for cases where 
the reactant alkene is diffusion-limited in the acid domain to describe selectivities for MFI-6 and 
MFI-7 (derivation in S12, SI). Expressions for selectivity (S') are given by: 
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where 22

2

1 



  and 222

22

2 



 , and 

 DMPMH ''1' SSS    (43) 

 Product selectivities were assessed for all acids during NH3 desorption at low nC7/H2 
molar ratios (~0.01-0.02) to ensure the appropriateness of these reaction-transport constructs that 
only account for first-order rate constants and take unoccupied protons as the MASI. Figure 10a 
shows MH selectivity on all acids as a function of MH

  (Eq. 31), varied for each acid by 

desorption of NH3. Selectivities were nearly equal to unity for small values of MH
  (< 1). As 

MH
  increased beyond 1, SMH decreased monotonically and approached zero. MH selectivities 

were regressed to Equation 37 (or Eq. 40 for MFI-6 and MFI-7) using a single fitting parameter, 
2  (Eq. 36) with the same value for each zeolite framework. Regressed values of 2  are 

included in Table 3; their values are of order 105 and increase from FAU to MFI. Ratios of rate 
constants ( MHprot,MHisom,nCprot,nCisom, /

77
KkKk  in Eq. 36) have constant, sub-unity values because 

transition states are stabilized to the same extent by a given framework (Section 3.3) and 
methylhexene-derived transition states have a greater proton affinity and are accordingly more 
stable than heptene-derived transition states [10]. Changes in fitted values of lambda therefore 
reflect ratios of diffusivities ( 22DMBMH

/ DD  ) that only differed by a factor of 5 among 

frameworks (1.24 × 105 for FAU to 5.56 × 105 for MFI). Regression for MFI-6 and MFI-7 
required a second fitting parameter, 2  (Eq. 41); their values are included in Table 3. Equations 

40 and 37 show nearly identical dependences on MH
  for the relevant range of MH selectivities 
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for these regressed values of 2 . Analogous conclusions were reached for β-scission selectivities 

and DMP
  (Eq. 43, compared to Eq. 39). Equations 40 and 43 are represented as grey lines in 

Figure 10a and 10b. These trends show the appropriateness of the reaction-transport formalisms 
used here to describe MH selectivities. 
 
 

Table 3: Values of the fitting 
parameters, λ2 (Eq. 36) and χ2 
(Eq. 41). 

Acid λ2 × 10-5 * 
FAU 1.24 
SFH 1.94 
BEA 4.55 
MFI 5.56 

 χ2 × 106 * 
MFI-6 0.12 
MFI-7 0.09 

      *     unitless 
 
 
 Figure 11 shows approaches to equilibrium for 2MH with respect to 3MH (η2MH,3MH) on 
all acids as a function of the MH

 , varied by desorbing NH3. Measured values are unity for all 

large-pore zeolites and MFI-1, consistent with the persistent equilibration of these species on all 
zeolites and even on Al-MCM-41 (Section 3.2). Other MFI samples, however, show values that 
are greater than unity and continue to increase with increasing MH

 , reflecting either that the 

equilibrium constant for MFI is incorrect or that diffusional enhancements somehow 
discriminate between methylhexene isomers. The equilibrium constant between 2MH and 3MH 
is unlikely to be inaccurate because mesoporous aluminosilicates (Al-MCM-41, Fig. 3) and 
zeolites (FAU, SFH, BEA) all demonstrate approaches to equilibrium of unity; product alkenes 
equilibrate through hydrogenation-dehydrogenation events on metal sites and are able to react on 
acid sites to establish equilibrium between the alkanes. In contrast, for MFI, product alkenes may 
not be able to react in secondary reactions in later acid domains, as demonstrated by selectivity 
ratios that are greater than K2MH,3MH (0.87 at 548 K [27]) but do not vary as a function of reactor 
residence time (Fig. 12); these cases could reflect the irreversible nature of hydrogenation for 
MFI, which indicates that K2MH=,3MH= is relevant for equilibration in MFI. The value of this 
equilibrium constant, however, is smaller than that for the respective alkanes (K2MH=,3MH= = 0.48 
at 548 K [28]) and only further exacerbates the departure from expected ratios; η2MH,3MH of unity 
using the equilibrium constant for the alkenes is indicated by the grey dashed line in Figure 11. 



37 
 

 
Figure 10. Measured selectivities to (a) methylhexane and (b) β-scission products during nC7 
isomerization as a function of the methylhexane Thiele modulus, 2

MH  (as defined in Eq. 31, varied by 

desorption of NH3) and the dimethylpentane Thiele modulus, 2
DMP  (as defined in Eq. 32, varied by 

desorption of NH3), respectively, on physical mixtures of Pt/SiO2 and FAU (green diamonds), SFH 
(red circles), BEA (blue squares), MFI (white, grey, black, and purple triangles) (548 K). Dashed 
black lines represent Eqs. 37 and 39, respectively. Dashed and dotted grey lines represent Eqs. 37 and 
43, respectively. 
 
 
 The assessment of product selectivities for diffusion-limited equilibrated products uses 
reaction-transport constructs similar to those presented above (full model and derivation in S12, 
SI); here, reactions of 2MH= and 3MH= are treated separately, and their reactions to form DMP= 
are neglected because the time-scale for interconversion of 2MH= and 3MH= is much shorter 
than for MH to isomerization to DMP. Thiele moduli for 2MH= and 3MH= can be written 
separately as: 
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where kisom,2MHKprot,2MH and kisom,3MHKprot,3MH are first-order rate constants for 2MH= and 3MH= 
isomerization, respectively, and D2MH= and D3MH= are their respective diffusivities. For quasi-
spherical zeolite crystallites, according to the reaction-transport constructs used to derive the 
Thiele moduli in Equations 44 and 45, the selectivity to 2MH with respect to 3MH is: 
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when 2MH and 3MH are not diffusion-limited ( 2MH  and 3MH  < 1) and is 
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in the limit of severe concentration gradients of both 2MH and 3MH ( 2MH  and 3MH  > 1). The 

ratio of diffusivities presented in Equation 47 is greater than unity by as much as an order of 
magnitude (depending on temperature) for MFI-framework zeolites [9]. The measured selectivity 
ratios reflect their equilibrium concentrations weighted by the ratio of their diffusivities and 
increasingly diverge away from equilibrium values, as 3MH= becomes increasingly diffusion-
limited in its egress out of the acid domain. These are the same high selectivities to 2-
methylalkanes among all singly-branched isomers during hydroisomerization reactions on 1-
dimensional medium pore zeolites that have been explained by invoking so-called pore-mouth 
catalysis [69]; in fact, these selectivities merely reflect the ability of the zeolite to discriminate 
between products with 2-methyl and 3-methyl branching based on their diffusivities. 
 Even among MFI-framework zeolites, some samples (MFI-4, MFI-7) show even greater 
values of approach to equilibrium (1.7-2.0). This phenomenology is consistent with improved 
differentiation between isomers with a similar degree of branching but a different branching 
point on the backbone. Pore-mouth narrowing, which can occur during zeolite synthesis or by 
post-synthetic modifications [70], has been implicated previously for high selectivity to p-xylene 
during toluene disproportionation on MFI; an analogous increase in the ability to discriminate 
between 2MH and 3MH is expected (evidence for such pore-mouth narrowing is included in S13, 
SI). These findings indicate that in all cases, methylhexanes are equilibrated, but their differing 
diffusivities prevent direct measurement of the expected (alkane) equilibrium ratios. The 
equilibrated species treated together as DMP, which interconvert through analogous facile 
methyl-shift reactions, are similarly discriminated; 22DMP, 33DMP, and 23DMP were 
unmeasurable on MFI and BEA, and their equilibration could not be directly assessed even on 
large-pore zeolites because their equilibria are weighted by their diffusivities, which are 
significantly lower (by at least an order of magnitude) than that for 24DMP [19]. 
 Measured β-scission products during nC7 reactions were formed only from DMP 
intermediates. Figure 10b shows β-scission selectivity on all acids as a function of the DMP 
Thiele modulus ( DMP

 , Eq. 32). β-Scission selectivities were zero at small values of DMP
  and 

increased, asymptotically approaching 1 as DMP
  increased. Selectivities on all acids were fit to 

the same value (50.9) of the fitting parameter, 2  (Eq. 33). The diffusivity ratio reflected in 2  
(DMH=/DDMP=) is likely fairly insensitive to changes in zeolite framework because even the 
diffusivity ratio reflected in 2  (DMH=/D22DMB, where D22DMB was assessed at 448 K) varied only 
by a factor of 5 from FAU to MFI. A value of 2  common to all solid acids thus suggests that 
despite solid acids that vary across orders of magnitude in reactivity, rate constants for secondary 
reactions vary to the same extent with changing confinement. These findings are consistent with 

calculated values of attrvdw,E  for transition state carbocations for 24DMP isomerization and β-

scission (Fig. 7) that are similar to those mediating nC7-MH isomerization reactions. Thus, the 
variation in measured selectivities to MH, DMP, and β-scission reflects merely the extent of 
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diffusion-enhanced secondary reactions. Product alkenes undergo readsorption and secondary 
reactions as they diffuse out of the acid domain to become hydrogenated at the extracrystalline 
metal function. Differences in reported selectivities to product isomers and to β-scission products 
on these acids reflect combinations of Thiele moduli, not preferential stabilization of any 
isomerization or β-scission transition states with respect to each other. 
 
 

 

Figure 11. Measured approaches to equilibrium 
(defined in Eq. 2) for 2-methylhexane with 
respect to 3-methylhexane, normalized by the 
alkane equilibrium constant (η2MH/3MH) during 
nC7 isomerization as a function of the 

methylhexane Thiele modulus,  (Eq. 31; 

varied by desorption of NH3) on physical 
mixtures of Pt/SiO2 with FAU (green 
diamonds), SFH (red circles), BEA (blue 
squares), MFI (white, grey, black, and purple 
triangles). Differential nC7 conversion (<10%), 
0.01 nC7/H2 molar ratio, 100 kPa H2, 548 K. 
The dashed black line is unity for η2MH/3MH. The 
dashed grey line represents the expected 
equilibrium ratio when alkene hydrogenation is 
irreversible. 

 
 

2
MH
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Figure 12. Ratio of 2-methylhexane selectivity 
to 3-methylhexane selectivity during steady-
state n-heptane isomerization as a function of 
reactor residence time on MFI of similar 
R2/D22DMB and different acid site densities 
(H+/u.c.: 0.35, white; 1.9, light gray; 2.3, dark 
gray), each in physical mixture with Pt/SiO2. 
Differential nC7 conversion (<10%), 0.01-0.02 
nC7/H2 molar ratio, 60-100 kPa H2, and 548 K. 
The dashed lines are the average value on each 
physical mixture. 

 
 

4. Conclusions 
 
 The effects of confinement on reactivity and selectivity and the effects of diffusional 
constraints on selectivity were mechanistically interpreted here using n-heptane isomerization 
and β-scission reactions on physical mixtures of Pt/SiO2 with mesoporous and microporous 
aluminosilicates (Al-MCM-41, FAU, SFH, BEA, and MFI); these materials contain protons of 
similar acid strength within a diverse array of topologies. This use of physical mixtures defines 
the acid domain, the contiguous region of acid sites separating the metal function, as 
aluminosilicate crystallite, thereby permitting the assessment of their diffusion timescales, which 
are proportional to (and a surrogate for) crystallite sizes for a given zeolite framework, by 
transient uptake measurements of sorbate probe 2,2-dimethylbutane. Physical mixtures of 
sufficient intimacy equilibrate reactant n-heptane dehydrogenation (to linear heptenes and H2) at 
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the extracrystalline metal function and preclude sub-equilibrium concentrations of reactant 
alkenes within acid domains. n-Heptane isomerization turnover rates, normalized by the number 
of accessible protons, allow rigorous comparison among acids of different confining ability and 
with free energies from density functional theory calculations. 
 Linear heptenes form 2- and 3-methylhexenes in primary reactions, which can undergo 
further isomerization to form dimethylpentenes, the precursor for β-scission products. First-order 
nC7 isomerization rate constants reflect the free energy difference between isomerization 
transition states (to form 2MH and 3MH) and gas-phase nC7

= and bare protons. These first-order 
rate constants increase with improved “fit” between the organic moiety at the transition state and 
the inorganic framework; these van der Waals interactions (Evdw, estimated using Lennard-Jones 
potential force fields, where more negative values indicate better fit) become more effective as 
sizes of the framework approach those of confined carbocations (estimated using volumes and 
surface areas from DFT-derived structures). Host-guest interactions also include contributions 
from framework structural distortion energies that attenuate the energetic stabilization from van 
der Waals interactions alone. Energetic estimates of “fit” are similar for a given zeolite for each 
transition state carbocation mediating primary and secondary reactions of n-heptane, indicating 
that each framework similarly stabilizes all transition states in n-heptane reactions. 
 Measured selectivities to secondary products, however, differ among mesoporous and 
microporous aluminosilicates. Only on Al-MCM-41 did selectivities (to 2MH and 3MH) change 
with reactor residence time, a consequence of the weak confining interactions by this 
mesoporous acid. All zeolites, in contrast, showed values of selectivity that were constants for 
each sample and independent of reactor residence time and nC7

= pressure. Selectivities to 
secondary β-scission products increased among acids of the same framework for greater proton 
density and larger crystallite sizes. Such trends together indicate that for zeolites, intracrystalline 
residence times of products, not reactor residence times, determine measured product 
selectivities; product alkenes are formed within zeolite crystallites and react in secondary 
reactions during their egress from the crystallite. Reaction-transport formalisms accounting for 
the diffusional enhancements of these secondary reactions reveal that measured product 
selectivities to secondary products are uniquely described by Thiele moduli for methylhexene 
and dimethylpentene intermediates. Differences in measured product selectivities for 
aluminosilicate solid acids merely reflect the different diffusional constraints imposed by each 
acid, not transition state selectivity or acid strength differences among materials of different 
framework. 
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6. Supporting information 
 
S1. Additional characterization for BEA-1 and BEA-2 
 
 This section describes the determination of kinetically-relevant proton count for BEA-2 
as 0.37 H+/Al. Characterization methods show that although nearly all Al in BEA-2 have an 
associated proton (0.98 H+/Al from decomposition of the NH4

+-form of BEA-2), the majority of 
these protons reside in a location that is largely inaccessible to the reactant during reaction. 
 
S1.1. Characterization methods 
 
 BEA-1 and BEA-2 were characterized by CHN analysis (after treatment with 2,6-di-tert-
butylpyridine (DTBP)), 27Al NMR, and CO2 and N2 physisorption. The results of these, as well 
as NH3 desorption profiles during rapid heating of NH4

+-form BEA, are included in this section. 
 Bulky DTBP titrants cannot diffuse into the one-dimensional channels of SFH or the 10-
MR channels of MFI. The accessibility of DTBP to confined protons in BEA, whose channels 
are only slightly larger than those of MFI (~6 Å vs ~4.7 Å [26]), was confirmed by CHN 
analysis (Carlo-Erba Combustion Elemental Analyzer; Table S1.1) of titrant-treated MFI-3 (as a 
control), BEA-1, and BEA-2. MFI-3, BEA-1, and BEA-2 were treated with DTBP (0.48 Pa, 
dissolved into a flowing H2/He stream) for 4 h at 548 K, followed by flowing H2/He for 0.5 h to 
remove weakly adsorbed titrant molecules. 
 Adsorption and desorption isotherms were collected for BEA-1 and BEA-2 (and MFI, for 
which results are reported in Table S13) using N2 (77 K) and CO2 (273 K) (Micromeritics 3Flex). 
Samples were degassed at 673 K for > 24 h under vacuum prior to measurements. Micropore 
volumes from N2 isotherms were calculated using the t-plot method; those from CO2 isotherms 
were calculated using the D-R method. N2 isotherms can lead to an artificially low micropore 
volume because of the quadrupole moment present in N2 molecules [71] that can result in 
diffusion-limitations for N2 molecules at analysis temperatures. CO2 isotherms were collected at 
significantly higher temperatures (273 K) that reduce the likelihood of mass-transfer limitations, 
despite the similar sizes of N2 and CO2 (0.36 and 0.33 nm, respectively [72]). (To 
unambiguously assess the lack of diffusion limitations for the sorbate, isotherms should be 
collected across a range of temperatures; measured micropore volumes independent of increasing 
temperature preclude sorbate mass-transfer limitations.) 
 27Al MAS NMR spectra of BEA-1 and BEA-2 were collected using a Bruker Avance 500 
MHz spectrometer in a wide-bore 11.7 Tesla magnet (Caltech Solid State NMR Facility). 
Samples were hydrated in a desiccator (1.0 M KCl for >48 h) then packed in a 4 mm rotor and 
spun at 13 kHz. Chemical shifts are referenced to 1 M Al(NO3)3. 
 
S1.2. The assessment of proton counts for BEA-2 
 
 Table S1.1 shows, for BEA-1, nitrogen contents that reflect similar titrant uptakes to 
those from titration during reaction (Fig. S2; DTBP/Al = 0.27); taken together with full 
suppression of rates during titration, these data indicate that the titrant was able to access all acid 
sites. MFI-3 shows nearly no uptake of titrant, consistent with size exclusion of the titrant by the 
small zeolite pores and with the absence of external acid sites. BEA-2 shows nitrogen contents 
reflecting titrant uptakes of 0.57 DTBP/Al, compared to ~0.35 from titration during reaction, 
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suggesting that the titrant cannot access all protons during titration. DTBP pressures during ex-
situ treatment prior to CHN analysis were four times greater than those used for titrations during 
reaction, suggesting the presence of diffusional artifacts that affected titrations on this sample. 
 
Table S1.1. C, H, and N content for DTBP-treated MFI-3, BEA-1, and BEA-2 

Sample C / wt % H / wt % N / wt % C:N 1 DTBP/Al 2 
MFI-3 < 1.0 3 < 1.0 3 < 0.15 3 7.78 < 0.0006 
BEA-1 5.5 1.1 0.42 15.3 0.23 
BEA-2 3.7 < 1.0 3 0.30 14.3 0.57 

1 Expected C:N = 13 (value for DTBP) 
2 Estimated assuming the only source of N is DTBP; for MFI-3, the C-content is 

instead used because of the higher sensitivity of that measurement 
3 Instrument detection limit 

 
 Figure S1.1 shows NH3 desorption profiles (Section 2.1), measured during thermal 
decomposition of NH4

+-zeolites. The profile for BEA-2 shows the presence of two distinct peaks, 
an indication of the presence of two separate confining environments; the lower-temperature 
peak (~673 K) has a similar desorption temperature to the single peak measured for BEA-1. The 
second peak occurred at a higher temperature (~898 K), indicating the presence of a second, 
smaller confining environment that more effectively stabilizes NH4

+ (necessitating higher 
temperatures for desorption), and is consistent with the inaccessibility of some of the protons in 
BEA-2 to DTBP. Unlike in MFI (as discussed in Section 3.3 of the main text), however, the 
BEA framework only has one confining environment in which protons reside. 
 
 

 
Figure S1.1. NH3 desorption profiles for BEA-1 (yellow squares, left) and BEA-2 (black squares, 
left) and the temperature profile during desorption (solid line, right) as a function of time. 
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 The area of the lower-temperature peak (673 K) corresponds to 0.37 NH3/Al, while that 
for the higher temperature peak (898 K) corresponds to 0.61 NH3/Al. The total of these two 
peaks corresponds to 0.98 NH3/Al; the peak area for BEA-1 corresponds to 0.39 NH3/Al. 
 Table S1.2 shows pore volume estimates from physisorption of N2 and CO2. The 
theoretical micropore volume for BEA was 0.416-0.424 cm3 g-1 (depending on the polymorph). 
Pore volumes from CO2 physisorption were both smaller than the theoretical value, but that 
measured for BEA-2 was significantly smaller (0.262 cm3 g-1, compared to 0.338 cm3 g-1 for 
BEA-1). This low micropore volume and the presence of protons more effectively stabilized are 
explainable by either (i) the presence of space-filling detrital extraframework Al species, or (ii) 
polymorph intergrowths that have caused severe pore narrowing. 
 Figure S1.2 shows the 27Al NMR spectra for BEA-1 and BEA-2; chemical shifts 
associated with aluminum species with tetrahedral (AlO4; 55 ppm) and octahedral (AlO6; 0 ppm) 
coordination are indicated. These spectra indicate the absence of octahedral aluminum species in 
BEA-2, consistent with NH3 quantities measured during rapid heating of NH4

+-zeolites 
indicating that every Al has a corresponding proton. 
 
 

Table S1.2. Pore volumes from N2 physisorption 
(77 K) and CO2 physisorption (273 K) isotherms 

 Pore volume / cm3 g-1 * 
Sample N2 physisorption CO2 physisorption 
BEA-1 0.166 0.338 
BEA-2 0.159 0.262 
* Theoretical micropore volume = 0.416 cm3 g-1 

(polymorph A), 0.424 cm3 g-1 (polymorph C) [73] 
 

 

 
Figure S1.2. 27Al NMR spectra for BEA-1 and BEA-2 (chemical shifts referenced to Al(NO3)3). 
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 These data together, in addition to n-heptane isomerization rates that could not be fully 
suppressed during titration with DTBP but remained very low (Fig. S2), suggest the presence of 
BEA polymorph intergrowths and stacking faults with narrowed pores and channels. We note 
that although BEA is known to have intergrowths and stacking faults that result in additional 
tortuosity for a given crystallite size, these defects in BEA do not generally result in decreased 
pore volume [74]; similar defects in other zeolite frameworks, however, have been found to 
reduce sorption capacities [72]. These regions preclude access to DTBP, more effectively 
stabilize the small NH4

+ cation, and cause severe diffusion limitations of reactant heptenes. 
Residual n-heptane isomerization rates were low (5-20% of the initial value), indicating that 
these intergrowth sites do not contribute significantly to measured rates. 
 The proton content for BEA-2 used in the main text is 0.37 H+/Al, determined from the 
peak area of the lower temperature peak in the NH3 desorption profile (and similar to the 
extrapolated value of titrant uptake for DTBP titrations during n-heptane isomerization reactions, 
0.35 H+/Al, Fig. S2). These values correspond to only protons residing in the same confining 
environment as those in BEA-1 and are thus the appropriate normalization for turnover rates for 
BEA-2. 
 
 
S2. Titrations for mesoporous aluminosilicates and large-pore zeolites during n-heptane 
isomerization reactions 
 

 
 
Figure S2. Titrations with 2,6-di-tert-butylpyridine (DTBP) during n-heptane (nC7) 
isomerization reactions on physical mixtures of Pt/SiO2 with (a) Al-MCM-41 (purple circles) 
and FAU (red circles) and (b) BEA-1 (yellow squares) and BEA-2 (black squares) (0.11-0.48 Pa 
DTBP, 0.01-0.02 nC7/H2 molar ratio, 548 K). Dashed lines represent initial titrant uptakes that 
have been extrapolated to full suppression of rates. * Isomerization rates could not be completely 
suppressed on BEA-2, as discussed in S1 above. 
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Initial titrant uptakes are extrapolated to complete suppression of rates to assess H+/Al. A small 
amount of the titrant undergoes hydrogenolysis reactions on the Pt/SiO2; the quantity of titrant 
consumed by these undesired side reactions increases, relatively, as more of the acid sites are 
titrated, leading to curvature in uptakes. 
 
 
S3. Unit schematic for transient uptake of 2,2-dimethylbutane 
 

 
 
Figure S3. A schematic depiction of the constant-volume unit used for transient uptake 
measurements for 2,2-dimethylbutane (as discussed in Section 2.3). Manifold volume is 170 cm3; 
reactor volume is 6.5 cm3. The reactor was evacuated after pretreatment then isolated. A known 
pressure of the sorbate was charged to the manifold. The reactor was then exposed to the sorbate. 
The pressure transducer monitored pressure with ms resolution. 

 

S4. Accounting for crystallite size distributions in assessing diffusion timescales for 2,2-
dimethylbutane 

 The values of “R2/D22DMB” reported in Table 1 of the main text are values that have been 
regressed to an expression that accounts for a Gaussian distribution of particle sizes (Eq. S4.1) 
and have been corrected for thermodynamic non-ideality (by Darken’s equation; Eq. 6 of the 
main text). In this section, we discuss the reasoning behind accounting for such a distribution. 
 The transient uptake of 2,2-dimethylbutane was measured in zeolites at 448 K (Section 
2.3) to assess diffusion timescales (R2/D22DMB, where R is crystallite size and D22DMB is 2,2-
dimethylbutane diffusivity). A schematic of the constant-volume apparatus used for these 
measurements is shown above in Figure S3. Values of R2/D22DMB were obtained by regressing 
data for each individual transient for a given sample to Eq. 5 of the main text.  
 Values of R2/D22DMB obtained by regression to Eq. 5 of the main text varied for a given 
zeolite sample, change as a function of adsorbed sorbate concentration (Fig. S4.1), even after 
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post-hoc correction with Darken’s equation (Eq. 6 of the main text) to account for 
thermodynamic non-ideality of diffusion in zeolites. Such increases in values of R2/D22DMB occur 
either because the effective R increases with each progressive transient or because D22DMB 
decreases; at such low sorbate concentrations in the zeolite phase (corresponding to <10% zeolite 
volume occupied), D22DMB should not be affected by intermolecular interactions. Thus, we 
conclude that this trend reflects an increase in the effective R with increased equilibrium sorbate 
uptake.  We surmise that this is due to the presence of crystallite size distributions, because small 
particles in the distribution only affect transients at low sorbate loadings and at early times in 
each transient. As adsorbed sorbate concentration increases, these small crystallites become 
saturated and contribute less significantly to transient uptake behavior.  
 

 

  
Figure S4.1. Values of R2/D22DMB (blue triangles; obtained by regression to Eq. 5 of the main 
text) and μ2/D22DMB (yellow squares; obtained by regression to Eq. S4.1), corrected post-hoc with 
Darken’s equation, as a function of sorbate uptake for BEA-1 (448 K). The dashed line 
represents the average of μ2/D22DMB. 
 
 
 Eq. 5 can be modified to account for a Gaussian particle size distribution: 
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where tM  is the molar uptake at time t and M  that at equilibrium, and μ and σ are parameters 

characterizing the distribution (the mean and standard deviation, respectively). The diffusion 
timescale regressed to Eq. S4.1 is given by μ2/D22DMB. Regression of data to Eq. S4.1 requires 
numerical evaluation and regression for each individual transient for a given sample to the 
resultant functional form. Values of μ2/D22DMB and μ/σ were allowed to vary independently. 
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 Figure S4.2 shows a typical set of experimental data (for BEA-1; P0 = 2.6 kPa) as a 
function of time, as well as the regressed fits to both Eq. 5 of the main text and Eq. S4.1. The fit 
to Eq. 5 of the main text (solid line) under-predicts uptake at early times and over-predicts at 
later times (R2/D22DMB = 4.8 ks; sum of squared error (SSE) = 2.58). The expression accounting 
for the Gaussian particle size distribution (dashed line) shows better agreement with the data 
across the duration of the transient (μ2/D22DMB = 4.5 ks; SSE = 0.62; μ = 94 nm, σ = 42.4 nm). 
 

 
Figure S4.2. Uptake transient for 2,2-dimethylbutane in BEA-1 (448 K; P0 = 2.6 kPa 2,2-
dimethylbutane). The solid line represents the fit to Eq. 5 of the main text, while the dashed line 
represents the fit to Eq. S4.1.  
 
 
 A contour plot for the value of SSE, plotted as a function of independently varied values 
of μ and σ in Eq. S4.1, is shown in Figure S4.3 for BEA-1. The contour plot lacks a local 
minimum, demonstrating that these parameters are not independent. SSE can be minimized for a 
fixed ratio of μ/σ, but the specific values of μ and σ separately cannot be determined. 
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Figure S4.3. Contour plot for the sum of squared error (SSE) for regression of numerically-
evaluated Eq. S4.1, an expression accounting for the effects of a particle size distribution on 
sorption transients, to measured transient uptake data for 2,2-dimethylbutane for BEA-1 (448 K). 
SSE is shown as a function of the mean (μ) and standard deviation (σ) of the distribution. 
 
 
 Values of μ2/D22DMB (corrected by Darken’s equation) for BEA-1 as a function of the 
equilibrium sorbate uptake were nearly constant (Fig. S4.1); the regressed value of μ/σ was the 
same for every transient for a given sample. These data indicate that accounting for a crystallite 
size distribution is necessary to accurately obtain values of diffusion timescales. 
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S5. Structure and location of MFI-Al12-O(H) 
 

 
 
Figure S5. An image of the location of the T12 site that resides in the intersection of the straight 
and sinusoidal channels in MFI. This structure is unrelaxed and lacks a charge-balancing proton. 
All transition state structures were converged at this location in the zeolite structure (periodic 
density functional theory methods included in Section 2.4 of the main text). Red atoms represent 
O, yellow atoms represent Si, and the fuschia atom is the T12 site. 
 
 
S6. Derivations of the rate expression for n-heptane isomerization 
 
S6.1. Quasi-equilibration of reactant alkane dehydrogenation and reactant alkene 
hydrogenation 
 
 The assumption of a quasi-equilibrated elementary step requires that the reverse rate of 
that step is greater than the forward rate of the next elementary step. In short, 
 ]H[Pt

77
nCisom,snChydr,

+ rr  (6.1.1) 

where 
7nChydr,

r  is the rate of alkene hydrogenation on Pt/SiO2, per Pts, (where Pts indicates the 

number of active Pt sites, estimated from H2 chemisorption) and 
7nCisom,r is the rate of alkene 

isomerization on the acid, per proton, (where [H+] is the proton density, measured by titration 
with 2,6-di-tert-butylpyridine during nC7 isomerization for Al-MCM-41, FAU, and BEA-1 
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(Section 2.2), or by quantifying the NH3 evolved during rapid thermal treatments of NH4
+-

zeolites for all other zeolites (Section 2.1)). These reactions occur on different functional sites, 
and thus, the required comparison is that between their total rates (not turnover rates). 
Rearranging this expression yields: 

 1
]H[

Pt s

nCisom,

nChydr,

7

7 +



r

r
 (6.1.2) 

The form of Eq. 6.1.2 indicates that for a given acid function in the physical mixture, reactant 
alkane dehydrogenation equilibrium will eventually be attained by increasing the Pts/[H+] ratio. 
 The value of the Pts/[H+] ratio necessary to establish quasi-equilibrium depends on the 
ratio of rhydr to risom,nC7; the former is the same for all physical mixtures because the 
extracrystalline Pt/SiO2 used in all cases is identical. 

7nCisom,r , however, depends on the identity of 

the solid acid function. Specifically, isomerization rates on mesoporous aluminosilicates and 
zeolites with larger characteristic void diameters are lower because these frameworks are not 
able to effectively stabilize transition state carbocations through van der Waals interactions 
(Table 2 and Section 3.3 of the main text). Consequently, these acids require a smaller value of 
the Pts/[H+] ratio to establish equilibration of reactant alkane dehydrogenation, as was used for 
Al-MCM-41. 
 In cases where the expressions in Eq. 6.1.1 and 6.1.2 are invalid and this step cannot be 
considered equilibrated, the pseudo-steady-state hypothesis must instead be applied to the 
ensemble of reactant-derived alkenes, nC7

= (defined in Scheme 3a of the main text). Estimation 
of the pseudo-steady-state concentration of reactant alkenes at each alkane and H2 pressure 
requires mechanistic insight into the elementary steps for alkane dehydrogenation and alkene 
hydrogenation on Pt. 
 
S6.2. Derivation of the rate expression for n-heptane isomerization 
 
 In Scheme 2 of the main text, the overall rate of reaction is that of Step 3 (irreversible 
isomerization of heptoxides (nC7*) to 2-methylhexoxides (2MH*): 

 *)nC(
]H[ 7nCisom,

nCisom,

7

7 k
r

+  (6.2.1) 

7nCisom,k  is the rate constant for Step 3 in Scheme 2 and (nC7*) is the concentration of heptoxide 

regioisomers, as defined in Scheme 3a of the main text. The assumptions of quasi-equilibrium on 
reactant alkane dehydrogenation (on metal sites) and on reactant alkene adsorption (on acid sites) 
yield: 
 )H/nC()nC( 27nCdehyd,7 7

K  (6.2.2) 

 )(*)nC(*)nC( 7nCprot,7 7

 K  (6.2.3) 

(nC7
=) is the pressure of equilibrated gas-phase linear heptenes, 

7nCdehyd,K  is the equilibrium 

constant for dehydrogenation, and 
7nCprot,K  is the equilibrium constant for adsorption. 

 The most abundant surface intermediate (MASI) is assumed to be a combination of 
uncovered protons and nC7*: 
 *)nC((*)(*) 70 +  (6.2.4) 
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Other contributions come from product alkoxides (2-methylhexoxides, 3-methylhexoxides, 
dimethylpentoxides from isomerization and isobutoxides and propoxides from β-scission), but at 
such low reactant conversions (<10%), their coverages are negligible. Together, Eqs. 6.2.1-6.2.4 
yield: 

 
)/HnC(1

)/HnC(

]H[ 27nCdehyd,nCprot,

27nCdehyd,nCprot,nCisom,nCisom,

77

7777

KK

KKkr

+
+  (6.2.5) 

which is Eq. 23 of the main text. This rate expression specifically describes the rate of nC7 
isomerization through one of the many possible transition states in the ensemble of accessible 
transition state configurations. 
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S7. Transition state structures converged at MFI-Al12-O(H) 
 

 
 
Figure S7. Typical structures of transition state within the ensembles mediating (a) n-heptene 
isomerization to 2-methylhexene; (b) n-heptene isomerization to 3-methylhexene; (c) n-heptene 
β-scission; (d) 2,4-dimethylpentene isomerization; and (e) 2,4-dimethylpentene β-scission on 
MFI (converged at the Al12-O20(H) site (Fig. S5, SI); VASP, RPBE + D3(BJ) (Section 2.4 of 
the main text)). Dashed lines represent C-C bonds formed and broken (bisected with two lines) 
and C-Ozeolite bonds broken and formed; numbers represent bond distances in nm. 
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Carbocation structures have been excised from the MFI framework for visual clarity after 
structure convergence. Red atoms indicate oxygen; yellow, Si; blue, Al; grey, C; and white, H. 
 
Isomerization transition state carbocations (alkyl-substituted cyclopropyl carbocations that 
undergo concerted C-C bond formation and cleavage) each have charges of 0.84-0.86 electron 
charge, while the conjugate anion has the corresponding amount of negative charge. β-Scission 
transition states have a nearly fully-formed leaving group, as indicated by the elongated C-C 
bond between the leaving group and the remaining carbocation (0.24-0.28 nm, compared to 0.13-
0.14 nm for a typical C-C bond); the positive charge on these carbocations are 0.73-0.74 electron 
charge. These charge separations are consistent with the ion-pair nature of these transition states. 
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S8. n-Heptane isomerization turnover rates as a function of nC7/H2 molar ratio for all acids 
 

 
Figure S8. n-Heptane isomerization turnover rates (per H+) as a function of nC7/H2 molar ratio 
on physical mixtures of Pt/SiO2 and (a) SFH and BEA, (b) MFI, and (c) FAU and Al-MCM-41. 
(60-100 kPa H2, 548 K). Dashed lines represent regression of data to Eq. 23 of the main text. 
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S9. Transition-state carbocation sizes 
 
Table S9. Sizes of ensembles of carbocations for transition states mediating isomerization and β-
scission. The average of five transition state carbocations from converged periodic density 
functional theory calculations (Section 2.4 of the main text) were taken for each ensemble and 
are reported here. 
 

Transition state mediating 
Diameter of the sphere of equivalent volume 

(deq) or surface area (deq,SA) / nm * 
deq deq,SA 

nC7-2MH 0.636 0.698 
nC7-3MH 0.636 0.692 

2MH-3MH 0.638 0.702 
24DMP-23DMP 0.635 0.687 
24DMP-C3 + iC4 0.649 0.699 

* Carbocation volume and surface area assessed from the Connolly surface [48] 
 

S10. Values of 
TvdwE  and 

Tattrvdw,E  for ensembles of nC7-MH transition state 

carbocations at each T-site in each zeolite 
 

 
Figure S10. Values of (a) 

TvdwE  (the van der Waals interaction energy) and (b) 
Tattrvdw,E  (the 

attractive component of the van der Waals interaction energy) for ensembles of nC7-MH 
transition state carbocations at each T-site in FAU (red circles), SFH (green diamonds; only 7 of 
8 T-sites had accessible transition state configurations), BEA (yellow squares), and MFI (black 
circles; only 11 of 12 T-sites had accessible transition state configurations). Values are sorted in 

increasing order. 
TvdwE  and 

Tattrvdw,E  were assessed using Lennard-Jones potential force 

fields, as described in Section 2.4.1 and Section 3.3 of the main text. 
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S11. Measured product selectivity as a function of nC7/H2 molar ratio 

 

 
Figure S11.1. Measured product selectivities 
(methylhexanes, circles; β-scission, squares; 
dimethylpentanes, diamonds) as a function of 
nC7/H2 molar ratio during nC7 isomerization on 
a physical mixture of Pt/SiO2 and MFI-3 
(differential nC7 conversion (<10%), 0.01-0.02 
nC7/H2 molar ratio, 60-100 kPa H2, 548 K). The 
dashed lines represent the average of each 
measured selectivity. 
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Figure S11.2. Measured product selectivities 
(methylhexanes, circles; β-scission, squares) 
during titration on BEA-1 (0.11-0.48 Pa DTBP, 
0.01-0.02 nC7/H2 molar ratio, 548 K). 

 

 
 
S12. Reaction-transport models for product selectivities, accounting for diffusion-enhanced 
secondary reactions 
 
In this section, we derive expressions describing measured product selectivities during n-heptane 
isomerization reactions. Reactions are all assumed to be first-order in their respective reactant 
(the consequence of the assumptions of uncovered sites as MASI and equilibrated alkene 
adsorption-alkoxide desorption). Reverse reactions are neglected. Acid domains are assumed to 
be spherical with size R. 
 
S12.1. …assuming sufficient intimacy of physical mixtures (the prevalence of equilibrium 
pressures of reactant alkene at every acid site) 
 

Here, product selectivities are assessed for B, C, and D, as defined in DCBA
CBA kkk

 ; A is 
reactant heptene, B is the equilibrated lump of methylhexenes, C is the equilibrated lump of 
dimethylpentenes, and D is β-scission products. Rate constants have values such that 

CBA k~kk   (because primary reactions of A are kinetically relevant). Species A, B, C, and D 

have diffusivities DA, DB, DC, and DD, respectively, where CBAD DDDD  . Let us assume 

that A is not diffusion limited, as is true for most acids examined in this work (Section 3.1 of the 
main text). 
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Steady-state mass balances on B, C, and D: 
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Cx is the concentration of species x, CA,0 is the equilibrium pressure of heptenes set by the 
extracrystalline metal function, r is radius, and +H

  is proton density. 

 
These ordinary differential equations each require two boundary conditions. 
for Eq. S12.1.1a: 

 0
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 (S12.1.2a) 

 0B,0B 


CC
Rr
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for Eq. S12.1.1b: 
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 0  (S12.1.2c) 

 CC rR
CC,0  0  (S12.1.2d) 

for Eq. S12.1.1c: 

 0
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D 
rdr

dC
 (S12.1.2e) 

 0C,0D 


CC
Rr

 (S12.1.2f) 

The first boundary condition is symmetry. The second boundary condition in each pair is the 
result of maintaining differential conversion of the reactant (<10%), in addition to the 
hydrogenation-dehydrogenation equilibrium established at extracrystalline metal function that 
maintains product alkene pressures at undetectable levels. 
 
Defining dimensionless variables: 
Length: 
 Rr /  (S12.1.3a) 
Concentration:  
 A,0AA / CCY   (S12.1.3b) 
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B Ck

Ck
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Defining dimensionless parameters:  
Thiele moduli: 
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A combination of Thiele moduli (this expression is Θ in Eq. 31 of the main text): 
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Another dimensionless parameters: 
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Non-dimensionalizing Eqs. S12.1.1a-c and the boundary conditions in Eqs. S12.1.2a-f yields: 
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for Eq. S12.1.7a: 
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for Eq. S12.1.7b: 
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Eqs. S12.1.7a-c can be solved sequentially, applying their respective boundary conditions, to 
obtain analytical expressions for concentration profiles: 
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Eqs. S12.1.9a-c describe concentration profiles for each species. Concentration profiles can be 
expressed in terms of measurable selectivities. At steady-state, the diffusion rate of a species is 
equivalent to its measured rate of formation. Thus, expressions for selectivity are derived by 
taking the diffusion rate for each species, with respect to the volumetric rate of reactant 
consumption. 
 
Selectivity to methylhexanes (2-methylhexane + 3-methylhexane), MHS , is given by: 
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S  (S12.1.10) 

Selectivity to dimethylpentanes (2,4-dimethylpentane + 2,3-dimethylpentane + 2,2-
dimethylpentane +  3,3-dimethylpentane), DMPS : 
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Selectivity to β-scission products 

 

















++

2
B

2
CC

C

B

B
CB

C

C
2
C

11)coth()coth()coth(1
31










S  (S12.1.12) 

 
S12.2. …assuming the presence of kinetically-relevant concentration gradients of the reactant 
alkene 
 
In this section, a similar framework to that in S12.1 is employed: product selectivities are 

assessed for B, C, and D, as defined in DCBA
CBA kkk

 . As above, A is reactant heptene, B is 
the equilibrated lump of methylhexenes, C is the equilibrated lump of dimethylpentenes, and D is 
β-scission products; species’ rate constants are such that CBA k~kk   (because primary 

reactions of A are kinetically relevant), and their diffusivities are such that CBAD DDDD  . 

 
In contrast with S12.1, let us presume A is diffusion limited (as is the case for MFI-6 and MFI-7 
in this work). Definitions of dimensionless variables and parameters are the same as those 
presented in Eqs. S12.1.3a-e, S12.1.4a-c, S12.1.5, and S12.1.6 above. 



62 
 

 
Defining two additional dimensionless parameter, combinations of Thiele moduli (Θ1 and Θ2 in 
Eq. 36 of the main text, respectively): 
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Non-dimensional steady-state mass balances on A, B, C, and D: 
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Writing and non-dimensionalizing boundary conditions: 
for Eq. S12.2.2a: 
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for Eq. S12.2.2c: 
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Eqs. S12.2.2a-d can be solved sequentially, applying their respective boundary conditions, to 
obtain analytical expressions for concentration gradients: 
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Expressions for selectivity are derived analogously to the procedure in S12.1; the diffusion rate 
for the reactant will be used as the normalization here.  
 
Selectivity to methylhexanes (2-methylhexane + 3-methylhexane), MHS , is given by: 

 
 

)coth(1

)coth()coth(

AA

BBAABA
2
B

2
A

MH 








S  (S12.2.5) 

Selectivity to dimethylpentanes (2,4-dimethylpentane + 2,3-dimethylpentane + 2,2-
dimethylpentane 3,3-dimethylpentane), DMPS : 

 
    

1)coth(

)coth()coth()coth()coth(

AA

AACCCABBCCCBBA
2
C

2
A

DMP 









S
 

 
 (S12.2.6) 

Selectivity to β-scission products 
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S12.3. Selectivities of equilibrated products 
 
Here, product selectivities are assessed for E and F, as defined in the triangular reaction scheme: 

EFA  ; FEA
FEAFEFAE kkkk

 . A is reactant heptene, E is 2-methylhexenes, and F is 3-methylhexenes. 
Their first-order rate constants are denoted in the scheme. A forms both E and F in primary 
reactions, and E and F interconvert. The timescale for E-F interconversion is much shorter than 
the time scale for either species to isomerize further to a dimethylpentene, rendering this model 
an accurate representation of the effects of diffusion limitations on measured product selectivities 
for an equilibrated lump. Values of rate constants are such that EFFEAFAE k~kk~k   (because 
primary reactions of A are kinetically relevant). Species A, E, and F have diffusivities DA, DE, 
and DF, respectively, where FEA DDD  . Let us assume that A is not diffusion limited (CA = 
CA,0 and YA = 1), as is true for most acids examined in this work (Section 3.1 of the main text), 
although the simplified expressions for selectivities are identical even when A is diffusion 
limited because this framework accounts for only two products. 
 
Defining dimensionless variables (dimensionless length ( ) and concentration of A (YA) defined 
in Eqs. S12.1.3a and S12.1.3b, respectively): 
Concentration:  
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Thiele moduli:  
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Other groupings of dimensionless parameters: 
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2
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 AFAEEF / kks  (S12.3.3b) 
 
Expressions for non-dimensional steady-state mass balance on E and F: 
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with boundary conditions: 
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for Eq. S12.3.4a: 
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Eqs. S12.3.4a and b can be solved together to yield expressions for their concentration gradients:  
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The ratio of the diffusion rates of E and F yields an expression for the measured selectivity ratio, 
S2MH/S3MH: 
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(S12.3.7) 
 
This expression can be simplified for two limiting cases: 
1. where 12

EF  : 
 EFSS s3MH2MH /  (S12.3.8a) 

where EFs  (defined in Eq. S12.3.3b) is the intrinsic selectivity ratio for 2MH to 3MH from 
reactant nC7. The rapid interconversion of these species (Section 3.1 of the main text), even on 
Al-MCM-41, precludes the measurement of this ratio. Thus, Eq. S12.3.8a must instead reflect 
alkane equilibrium ( 2MH/3MHK , as determined from tabulated gas-phase free energies): 

 2MH/3MH3MH2MH / KSS   (S12.3.8b) 

2. where 12
EF  : 
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where /3MH2MH
K  reflects alkene equilibrium and D2MH and D3MH are diffusivities of 2MH and 

3MH, respectively. Eqs. S12.3.8b and S12.3.9 correspond to Eqs. 40 and 41 of the main text, 
respectively. 
 
 
S13. MFI micropore volumes measured from N2 and CO2 physisorption 
 
Table S13. Pore volume estimates from N2 physisorption (77 K) and CO2 physisorption (273 K) 
isotherms (details of measurements in S1.1, SI).  
 

 Pore volume / cm3 g-1 * 
Sample N2 physisorption CO2 physisorption 
MFI-2 0.125 0.238 
MFI-3 0.111 0.228 
MFI-4 0.052 0.254 
MFI-7 0.109 0.191 
* Theoretical micropore volume = 0.242 cm3 g-1 [73] 

 
MFI-4 shows a pore volume measured from N2 physisorption that is nearly half of the value for 
all of the other MFI, despite all samples having similar micropore volumes from CO2 
physisorption. This can be attributed to pore-mouth narrowing in this sample that results in 
diffusion limitations of sorbate N2 at low temperatures [71]. 
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Chapter 2 
 

Acid strength effects on alkane isomerization and β-scission turnover rates and selectivities 
on bifunctional metal-acid catalysts 

1. Introduction 
 
 Hydrocracking and hydroisomerization reactions convert alkane feedstocks to more 
valuable fuels and lubricants by shortening chains and increasing branching, respectively, to 
obtain products of desired chain lengths and with improved low-temperature flow characteristics 
[1,2]. These reactions are initiated and terminated on a metal function through quasi-equilibrated 
hydrogenation-dehydrogenation of reactant and product molecules and are mediated by acid 
catalysis of the formed alkene intermediates (as shown in Chapter 1 for n-heptane isomerization) 
[3–5]. Stronger Brønsted acid sites are often implicated in effecting the more demanding 
isomerization or β-scission reactions among possible pathways [6–9]. Such claims, however, rely 
on ambiguous definitions of acid strength and on measured product selectivities that depend 
sensitively on diffusional constraints (Chapter 1) and which reflect not only intrinsic transition 
state energies but instead, and often exclusively, facile secondary interconversions of alkene 
intermediates within acid domains [10,11]. 
 Acid strength is rigorously defined by deprotonation energies (DPE), defined as those 
required to heterolytically cleave the O—H bond. These energies reflect the ionic and covalent 
interactions that must be overcome in proton transfer to intermediates and transition states during 
reaction and thus the stability of the conjugate anion. DPE values for solid acids of well-defined 
structure and chemical composition are accessible to density functional theory (DFT) treatments 
[12]. Acid strength can be systematically changed for zeotypes through isomorphous framework 
substitution with different trivalent heteroatoms (Al3+, Ga3+, Fe3+, B3+, in order of increasing 
DPE; 1226-1292 kJ mol-1), where zeotypes of the same framework permit an inquiry into the 
effects of acid strength independent of the consequences of confinement. First-order rate 
constants (per H+) for methanol dehydration reactions on these materials decreased exponentially 
with increasing DPE, reflecting the stability of ion-pair transition states that benefit from the 
more stable conjugate anions of stronger acids, taken with respect to H-bound monomeric 
precursors [12]. Similar trends in first-order rate constants were observed for C6 alkene 
isomerization [10] on Keggin-type polyoxometalates of different acid strength (DPE range: 
1087-1143 kJ mol-1). First-order rate constants for each hexene isomer varied similarly with DPE 
because carbocations at their respective transition states had similar amounts and distributions of 
positive charge; consequently, selectivities in alkene isomerization are insensitive to acid 
strength. Analogous conclusions were reached for selectivities in ring contraction of 
methylcyclohexenes on the same solid acids [11]. Therefore, measured product selectivities 
cannot be interpreted as intrinsic kinetic values because they include significant contributions of 
secondary interconversions within acid domains, even when these acids are supported on 
mesoporous SiO2. 
 Here, we report and interpret rate and selectivity data for n-heptane isomerization and 
2,4-dimethylpentane isomerization and β-scission on physical mixtures of MFI zeotypes of 
varying heteroatom-substitution (Al3+, Ga3+, Fe3+, B3+; DPE = 1226-1292 kJ mol-1) with Pt/SiO2. 
2,4-Dimethylpentane isomerization and β-scission selectivities are also reported for 
aluminosilicates with different framework topologies (Al-MCM-41, FAU, BEA, SFH, MEL, 
MFI, SVR), each in mixture with Pt/SiO2. The intrinsic selectivities to isomerization and β-
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scission products were obtained by changing the density of accessible sites and thus, the 
contributions of secondary reactions, through the gradual desorption of weakly-bound titrants at 
acid sites that desorbed during 2,4-dimethylpentane reactions; such exposing of protons led to a 
monotonic increase in the density of accessible sites throughout each acid domain. Measured β-
scission selectivities, extrapolated to zero conversion during titrant desorption, on medium pore 
zeolites (MEL, MFI, SVR) increased as the severity of channel undulations increased in these 
frameworks, indicative of secondary reactions occurring at the length-scales of each single cage 
or intersection. Extrapolated β-scission selectivity values on large-pore and mesoporous 
aluminosilicates accurately reflect intrinsic selectivities for all acids of this strength. Measured 
selectivities on MFI zeotypes of weaker acid strength, varied by isomorphous substitution with 
non-Al heteroatoms (Ga, Fe, B, in order of decreasing strength), showed negligible contributions 
from diffusion-enhanced secondary reactions, because their reactivities (per H+) are significantly 
lower. 
 n-Heptane isomerization rate constants (per H+) decreased exponentially with increasing 
DPE values, reflecting the stability of conjugate anions at ion-pair transition states. DFT-derived 
energy barriers for individual formation of primary products 2-methylhexene and 3-
methylhexene vary similarly with DPE; 2-methylhexene—3-methylhexene interconversion and 
2,4-dimethylpentene isomerization also exhibit the same trends with DPE, indicating that 
isomerization selectivities are insensitive to acid strength. The carbocations at these transition 
states are alkyl-substituted cyclopropyl carbenium ions with similar amounts of and distributions 
of charge and accordingly interact similarly with conjugate anions for each given acid. In 
contrast, the ratio of 2,4-dimethylpentane β-scission/isomerization rate constants increased 
exponentially with increasing DPE. β-Scission transition state carbocations localize their charge 
more than their isomerization counterparts; these “proton-like” carbocations interact more 
strongly with zeotype anions and consequently recover a larger fraction of the energy required to 
deprotonate a weaker acid. These findings show that, in contradiction to previous proposals [6–
9], weaker acids preferentially perform β-scission over isomerization relative to stronger acids as 
a result of the more effective interaction between conjugate anions and β-scission transition state 
carbocations. In fact, these measured selectivities, which often favor β-scission on stronger acids, 
reflect the stronger contributions of secondary reactions on acids of greater strengths. 
 
 
2. Methods and materials 
 
2.1. Catalyst preparation and characterization 
 
 Mesoporous and microporous aluminosilicates (Table 1) and heteroatom-substituted MFI 
zeotypes (Table 2; Al-MFI are listed in both tables) were obtained from commercial suppliers 
(BEA, Al-MFI-2: Zeolyst), synthesized according to established protocols (FAU, SFH, Al-MFI-
1: Chapter 1; Fe-MFI, Ga-MFI, B-MFI [12]), or synthesized for this work (SVR, MEL). SVR 
was prepared by combining NaOH (EMD Chemicals, 0.80 g), Al(OH)3 (53% Al2O3, Reheis F-
2000 dried gel, 0.96), and hexamethylene-1,6-bis-(N-methyl-N-pyrrolidinium) hydroxide 
(synthesized according to reported protocols [13], 0.73 mM, 27.4 g) until dissolved. Seeds (0.60 
g) and amorphous SiO2 (96% SiO2, Cab-O-Sil M5, 12.4 g) were then added and combined 
thoroughly. The mixture was dried at ambient temperature then crushed with a mortar and pestle. 
The powder was placed into a Teflon liner held within an autoclave reactor (Parr, 150 cm3; static) 
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at 423 K for 28 days. MEL was prepared by combining N,N-diethyl-3,5-dimethylpiperidinium 
hydroxide (synthesized according to reported protocols [14], 2.25 mmol) in deionized water (4 g), 
then adding NaOH (EMD Chemicals, 1M, 1.5 mmol) and Al(OH)3 (53% Al2O3, Reheis F-2000 
dried gel, 0.066g), and once the mixture was clear, adding amorphous SiO2 (96% SiO2, Cab-O-
Sil M5, 0.90 g) and seeds (3 wt %), into a Teflon liner held within an autoclave reactor (Parr, 23 
cm3; 43/60 Hz) at 433 K for 8 days. Solids were collected by filtration, washed with deionized 
water (until filtrate conductivity was < 50 S/m), then dried under vacuum at ambient temperature. 
 Prior to use, all solid acids were treated in dry air (2.5 cm3 g-1 s-1, extra dry, Praxair) at 
823 K (0.0167 K s-1) for 4 h. Air-treated aluminosilicates were converted to their NH4

+-forms 
using procedures described in Chapter 1. The same procedures were used for heteroatom-
substituted zeotypes but with aqueous 0.1 M NH4C2H3O2 (>99%, Sigma-Aldrich; ~300 g 
solution [g zeotype]-1) to mitigate the loss of tetrahedral coordination of framework heteroatoms 
that occurs in acidic solution. Al-MFI-3 was prepared by ion-exchange of Al-MFI-2 with 1.0 M 
NaNO3 (>98%, EMD Millipore; ~300 g solution [g zeolite]-1) at 353 K for 12 h; solids were 
separated using vacuum filtration, washed with deionized water (resistivity >17.6 Ω cm-2; ~1500 
g [g zeolite]-1), and dried under vacuum for 12 h at ambient temperatures. Chemical composition 
(Si, Al, Ga, Fe, B, Na content) of all samples was assessed by inductively coupled plasma optical 
emission spectroscopy (Galbraith Laboratories). H+ were quantified for each acid by one of three 
methods: (1) titration with selective titrant 2,6-di-tert-butylpyridine (DTBP) during nC7 
isomerization reactions (Al-MCM-41, FAU) (details in Chapter 1); (2) titration with pyridine 
during methanol dehydration reactions [12] (Fe-MFI, Ga-MFI, B-MFI); or (3) quantifying NH3 
evolved during rapid heating of NH4

+-form zeolites (SFH, BEA, MEL, Al-MFI, SVR) (details in 
Chapter 1). 
 Pt/SiO2 co-catalyst was synthesized and treated according to procedures described in 
Chapter 1. Platinum dispersion (88%) was determined from total H2 uptakes at 373 K, assuming 
1:1 H:Pts stoichiometry (where Pts is the number of Pt surface atoms). Intimate physical mixtures 
of Pt/SiO2 and each aluminosilicate or zeotype were prepared by mixing individual functions 
together (individual functions crushed and sized prior to mixing to ensure particles <125 μm), 
pressing pellets (Carver Bench Top Manual Press, < 8000 psi), and crushing and sieving to retain 
aggregates between 180 and 250 μm in size. The amounts of metal function that were used in 
each physical mixture, denoted by Pts/H+ ratios where Pts is from chemisorption uptakes and H+ 
are provided in Tables 1 and 2, were sufficient to equilibrate reactant alkane dehydrogenation in 
n-heptane reactions (Chapter 1). Catalysts in physical mixture are referred to by the name of their 
acid function (as denoted in Tables 1 and 2; e.g., B-MFI for physical mixtures of Pt/SiO2 and B-
MFI). 
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Table 1: Mesoporous and microporous 
aluminosilicates 

Solid acid Source Si/Al a H+/Al 

Al-MCM-41 Sigma-Aldrich 37.8 0.36 b 
FAU [Chapter 1] 7.5 0.39 b 
SFH [Chapter 1] 45.0 0.71 b 
MEL This work 20.6 0.75 c 
BEA Zeolyst 43.3 0.37 c 
SVR This work 20.2 0.20 c 

MFI-1 d [Chapter 1] 45.1 0.32 c 
MFI-2 d Zeolyst 168 0.62 c 

MFI-3 d,e Zeolyst 168 0.02 f 
a elemental analysis ICP-OES (Galbraith Laboratories) 
b from titration with 2,6-di-tert-butylpyridine during n-
heptane isomerization reactions 
c from NH3 evolved during rapid heating of NH4

+-zeolites 
d indicated as Al-MFI-1, -2, -3 in Table 2  
e Na-exchanged form of MFI-2 
f by differences from Na contents 

 

 

Table 2: MFI zeotypes (X-MFI a) 

Solid acid Source Si/X b H+/T  

Al-MFI-1 c [Chapter 1] 45.1 0.32 d  
Al-MFI-2 c Zeolyst 168 0.62 d  
Al-MFI-3 c,f Zeolyst 168 0.02 g  

Fe-MFI [12] 61.1 0.85 e  
Ga-MFI [12] 109 1.09 e  
B-MFI [12] 75.3 0.25 e  

a X denotes the trivalent heteroatom isomorphously substituted 
into the framework 
b elemental analysis ICP-OES (Galbraith Laboratories) 
c indicated as MFI-1, -2. -3, in Table 1 
d from NH3 evolved during rapid heating of NH4

+-zeolites 
e from titration with pyridine during methanol dehydration 
reactions [12]  
f Na-exchanged form of MFI-2 
g by differences from Na contents 

 
 
2.2. C7 alkane isomerization and β-scission rate measurements 
 

Turnover rates for isomerization and β-scission of heptane isomers were measured at 548 
K on all samples (0.050-0.150 g) using a tubular reactor (316 S.S., 12 mm i.d.) with plug-flow 
hydrodynamics at differential reactant conversions (<10%). Temperatures were measured using a 
K-type thermocouple held within an axial thermal well, aligned with the center of the bed, and 
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were maintained with a three-zone resistively heated furnace (Applied Test Systems Series 3210) 
and three independent electronic controllers (Watlow, EZ-ZONE PM Series). Samples were 
treated 10% H2/He mixture (0.83 cm3 s-1; 99.999% Praxair H2; 99.999% Praxair He) at 573 K 
(0.083 K s-1) for 2 h before cooling to reaction temperature. n-Heptane (nC7; >99.5%, Acros 
Organics; used as received) and 2,4-dimethylpentane (24DMP; 99%, Sigma-Aldrich; purified by 
stirring in slurry with H-BEA powder for 12 h at 300 K and filtering) were introduced as liquids 
into flowing H2 (99.999%, Praxair) and He (99.999%, Praxair) streams using a syringe pump 
(Cole-Parmer 780200C series); alkane and H2 concentrations were varied independently (60-100 
kPa H2; H2/alkane = 6-300). All transfer lines after liquid introduction were heated (>423 K) to 
prevent condensation. Reactant and product concentrations in the reactor effluent were measured 
using on-line gas chromatography (Agilent 6890N GC), equipped with a methyl silicone 
capillary column (Agilent HP-1; 50 m x 0.32 mm x 1.05 μm) and flame ionization detection. 
Concentrations of trace impurities of product alkanes in reactant 24DMP (<0.2% carbon 
selectivity 2,3-dimethylpentane, 2-methylhexane, and 3-methylhexane) were subtracted from 
those measured in the reactor effluent before calculating rates. 
 Rates are reported here as turnover rates, normalized by the number of H+ (as specified in 
Tables 1 and 2). Turnover rates were corrected for approach to equilibrium ( i j,η ) for the 
conversion of the reactants (react) to each isomer product (prod): 
 ( ) 1

reactprod,netforward 1 −
−= ηrr  (1) 

where approach to equilibrium ( i j,η ) for species j to species i is defined as: 

 1
i j,

i

j
i j,

−








= K

P
P

η  (2) 

( )ij / PP  is the molar ratio of species j to species i and ij,K  is the equilibrium constant calculated 
at 548 K from tabulated thermodynamic data [15,16] for each i-j pair. Measured β-scission 
products remained far from equilibrium at all conditions (ηβ,nC7 and ηβ,24DMP < 10-4). Rates were 
periodically measured at reference conditions (100 kPa H2, 0.5 kPa alkane) to correct for any 
deactivation during the intervening period. Slow but detectable deactivation was observed with 
n-heptane reactants (<5% change after 60 h); deactivation for 2,4-dimethylpentane reactants was 
more pronounced (~20% rate decrease 4 h), especially at low H2/alkane ratios. All reported 
uncertainties denote 95% confidence intervals. 
 Fractional selectivities (Sreact,prod) are defined as: 

  (3) 

where rreact,prod is the measured formation rate of each product (prod) from reactant (react) and 
intrinsic fractional selectivities (Sreact,prod,0) are defined as: 

  (4) 

where the subscript “0” denotes product formation rates resulting from single-site sojourns (as 
discussed in Section 3.2). 
 Product selectivities for 24DMP were measured on zeolites during desorption of NH3, a 
reversibly-bound titrant on these acids at 548 K; similar measurements for n-heptane reactions 
were performed and are reported in Chapter 1. Samples were treated as described above prior to 



76 
 

rate and selectivity measurements. Rates and selectivities were measured (100 kPa H2; 
H2/24DMP ~ 200) using the chromatographic protocols also described above. The samples were 
exposed to a stream containing 0.5 kPa NH3 (0.83 cm3 s-1, 1% NH3 in He, Praxair; diluted with 
He, 99.999%, Praxair) for 2 h. Samples were then exposed again to the reactant stream (100 kPa 
H2; H2/24DMP ~ 200), and rates and selectivities (Eq. 3) were measured as the titrant gradually 
desorbed and reaction rates concurrently increased. Reaction rates returned to within 70-90% of 
their initial values after 2 h because of intervening catalyst deactivation. The fraction of sites 
accessible ( ) is defined as: 

  (5) 

where rreact is the reaction rate at a given time during NH3 desorption and rreact,ss is reaction rate at 
steady state. The effects of  on measured selectivities (Eq. 3) and intrinsic selectivities 
(Eq. 4) are discussed in Section 3.2. 
 
 
2.3. Density functional theory (DFT) methods 
 
 Energies and structures of transition states, reaction intermediates, and reaction 
precursors for heptene and 2,4-dimethylpentene isomerization and β-scission in MFI zeotypes 
were calculated using periodic plane-wave DFT as implemented in the Vienna ab initio 
simulation package (VASP) [17–20] using a plane-wave energy cutoff of 396 eV, projector-
augmented wave potentials (PAW) [21,22], the revised Perdew-Burke-Ernzerhof (RPBE) 
functional [23,24], and semi-empirical DFT-D3 with Becke-Johnson (BJ) damping [25,26] (to 
account for dispersive interactions). A (1 × 1 × 1) Γ-centered k-point mesh was used to sample 
the first Brillouin zone. Structures were relaxed until electronic energies varied by < 1×10-6 eV 
and forces on all atoms were < 0.05 eV Å-1. Fe-MFI was calculated with a specified spin 
multiplicity of 6. Electronic structures of other MFI zeotypes were not specified. Transition state 
energies and structures for heptene and 2,4-dimethylpentene isomerization and β-scission 
reactions on MFI zeotypes were obtained by calculating minimum energy paths using the nudged 
elastic band (NEB) method [27]; individual structures along the NEB were converged to < 1×10-

4 eV (energy) and total forces on atoms < 0.3 eV Å-1. Structures were refined using Henkelman’s 
dimer method [28], converged to < 1×10-6 eV for energy and < 0.05 eV Å-1 for forces. Löwdin 
population analyses [29] were used to obtain charge distributions for converged structures after 
transforming wavefunctions into localized quasiatomic orbitals (QUAMBO) [30–33]. 
 MFI zeotypes were constructed with 1 heteroatom per unit cell (Si/T = 95); the 
numbering convention of Olson [34] is used here to denote specific framework atoms. Unit cells 
were initially constructed in the siliceous form, using orthorhombic unit cell parameters (2.0022 
nm × 1.9899 nm × 1.3383 nm, α = β = γ = 90o; used without further relaxation) and atom 
coordinates determined from crystallography [35]. The Si-12 was isomorphously substituted 
with Al3+, Ga3+, Fe3+, and B3+, and the requisite charge-balancing proton was placed at O-20. 
Transition state structures and energies were obtained for only Brønsted acid sites at this location, 
which faces the intersection of the straight and sinusoidal channels of MFI; Figure 1 shows the 
location of the T-12 and the optimized structure of a 2,4-dimethylpentene isomerization 
transition state for an Al in this location. Spurious interactions from charged defects in periodic 
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DFT calculations [36] result in artificially high DPE values (by ~400 kJ mol-1 for Al-MFI [37]); 
DPE values from cluster models are instead used here [12]. 
 Energy barriers for transition states (  for the transition state to form prod from 
react) are calculated by taking:  
  (6) 

where  is the transition state energy and Eref are the energies of the relevant precursors. 
 

 

 
Figure 1. 2,4-Dimethylpentene isomerization 
(to 2,3-dimethylpentene) transition state 
structure converged in MFI (at the Al12-O20(H) 
site), VASP, RPBE + D3(BJ). Framework Si 
and O atoms are yellow and red, respectively. 
The fuschia atom denotes the T12 site. The 
transition state carbocation is represented using 
the CPK model; grey atoms are carbon and 
white are hydrogen. (a) is a view down the 
straight channel of MFI, with part of the 
structure excised for visual clarity after 
structural optimization. (b) is a view down the 
sinusoidal channel. 
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3. Results and discussion 
 
3.1. Elementary steps mediating alkane isomerization and β-scission 
 
 2,4-Dimethylpentane (24DMP) and n-heptane (nC7) isomerization and β-scission rates 
and selectivities measured on MFI zeotypes with different heteroatoms (X-MFI, where X = Al, 
Fe, Ga, B) that contain sites that reside within similar confining environments but which are of 
different acid strengths [12]. 24DMP rates and selectivities were also were measured on 
mesoporous and microporous aluminosilicates (Al-MCM-41, FAU, SFH, MEL, BEA, MFI, 
SVR). These solids contain acid sites that are similar in strength [37] but which reside within 
diverse confining environments. All acids were used in physical mixture with Pt/SiO2; reaction 
rates measured on bifunctional mixtures were 100-fold greater than on individual 
monofunctional components, consistent with alkane isomerization and β-scission events that 
require the formation of unsaturated species at metal sites that undergo kinetically-relevant 
skeletal rearrangement or C-C bond cleavage on acid sites before becoming hydrogenated at 
metal sites. Rigorous assessment of the effects of acid strength and confinement on reactivity and 
selectivity requires that acid sites are exposed to known alkene concentrations; this requires, in 
turn, that reactant alkanes are equilibrated with alkene regioisomers of the same skeletal 
backbone at the external surfaces of acid domains. Mixtures with Pts/H+ ratios of at least 7.8 
(where Pts is the number of Pt surface atoms from H2 chemisorption and H+ is from titrations 
with DTBP during nC7 isomerization (Al-MCM-41, FAU) or from NH3 evolved during rapid 
heating of NH4

+-samples (SFH, BEA, MEL, MFI, SVR)) were shown to be sufficient to 
equilibrate reactant alkane/H2-reactant alkene for nC7 isomerization reactions (Chapter 1). 
Measured turnover rates for nC7 isomerization on MFI were at least a five-fold larger than 
measured 24DMP consumption turnover rates on all acids. Thus, similar Pts/H+ ratios are 
sufficient to equilibrate reactant alkane/H2-reactant-alkene in the extracrystalline gas phase and 
are used here for all acids in this work. 
 Figure 2a shows 2,4-dimethylpentane consumption turnover rates (per H+), on each 
physical mixtures of Pt/SiO2 and MFI zeotypes of different acid strength. 24DMP consumption 
rates (rtotal,24) are given by the sum of measured β-scission rates (rβ,24) and isomerization rates (to 
each isomer, j; risom,24,j): 
 ∑+=

j
rrr jisom,24,,24total,24 β  (7) 

The product selectivities and reaction pathways for these 24DMP are examined in detail in 
Section 3.2. Turnover rates are proportional to 24DMP/H2 molar ratios at small values and 
approach a nearly constant value at higher molar ratios. Rates are uniquely described by the 
alkane/H2 molar ratio, as expected from quasi-equilibrated reactant dehydrogenation where this 
molar ratio determines the prevalent pressures of reactant-derived alkene regioisomers. Figure 2b 
shows n-heptane isomerization rates (per H+) on these acids; these rates are first-order in nC7/H2 
molar ratio and approach constant values at higher values. 
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Figure 2. (a) 2,4-Dimethylpentane consumption turnover rates as a function of (24DMP)/(H2) 
molar ratio and (b) n-heptane isomerization turnover rates as a function of (nC7)/(H2) molar 
ratio on physical mixtures of Pt/SiO2 and X-MFI (where X = Al, Fe, Ga, B) (548 K, 60-100 
kPa H2). Dashed lines represent regression to Eqs. 11 and 8, respectively. 

 
 The product selectivities for n-heptane reactions are discussed in Chapter 1. Primary 
products 2-methylhexane (2MH) and 3-methylhexane (3MH) interconvert through facile methyl 
shifts and are treated here as an equilibrated methylhexane (MH) group. The formation of 
dimethylpentane or β-scission products from nC7 occurs only through secondary reactions of 
equilibrated MH alkenes. The elementary steps for n-heptane isomerization and the assumptions 
of quasi-equilibrated alkene dehydrogenation and adsorption as alkoxides, together with bare 
protons and heptene-derived alkoxides as the most abundant surface intermediates (MASI) yield 
the rate expression (Chapter 1): 

 
)/HnC(1

)/HnC(
]H[ 27nCdehyd,nCprot,

27nCdehyd,nCprot,nCisom,nCisom,

77

7777

KK
KKkr

+
=+  (8) 

Here, 
7nCisom,k  is the rate constant for skeletal isomerization of n-heptene derived heptoxides, 

7nCprot,K  is the equilibrium constant for the formation of heptoxides from linear heptenes, and 

7nCdehyd,K  is the equilibrium constant for n-heptane dehydrogenation to an equilibrated mixture of 
linear heptene regioisomers (

7nCdehyd,K  = 19.8 at 548 K [15,16]). 
 This mechanistic interpretation indicates that the free energies reflected in the first-order 
(

77 nCprot,nCisom, Kk ; ‡G
7nCapp,∆ ) and zero-order (

7nCisom,k ; ‡G
7nCisom,∆ ) rate constants are given by:  
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respectively. R  is the gas constant, T is temperature, kB is the Boltzmann constant, and h is 
Planck’s constant. In Equations 9, 

+HG , ‡G 7nC , *nC7G , and (g)nC7
=

G  denote the free 

energies of bare protons, the ensemble of ion-pair transition states forming 2MH and 3MH, the 
ensemble of equilibrated heptoxides, and the ensemble of linear heptenes. Ensemble free 
energies (for ensemble m with configurations n) are indicated by mG : 
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Reactant alkenes and alkoxides are treated as equilibrated chemical species in these kinetic 
treatments and denoted with superscript “=” and “*”, respectively (e.g., nC7

=. nC7*, 24DMP=, 
24DMP*). 
 The reactions of 24DMP occur through elementary steps (Scheme 1) similar to those for 
nC7 and lead to a rate expression that accurately describes the measured effects of molar ratio on 
rates (Figure 2a): 

 
)DMP/H42(1

)DMP/H42(
]H[ 2dehyd,24prot,24

2dehyd,24prot,24total,24total,24

KK
KKkr

+
=+  (11) 

where 
 isom,24,24total,24 kkk += β  (12) 
Kdehyd,24 and Kprot,24 are the equilibrium constants for dehydrogenation of 24DMP to 24DMP= and 
formation of 24DMP* from 24DMP=, respectively (Kdehyd,24 = 49.8 at 548 K [15,16]), kβ,24 is the 
rate constant for 24DMP* C-C bond cleavage, and kisom,24 is the kinetic constant for 24DMP* 
skeletal isomerization. rtotal,24 (Eq. 12) includes contributions from all reaction pathways that 
form specific alkoxides of product isomers and smaller chains from specific 24DMP*; Scheme 1 
shows 2,4-dimethylpent-2-oxide conversion to 2,3-dimethylpent-4-oxide (Scheme 1, step 3a) and 
prop-2-oxide (Scheme 1, step 3b) as illustrative examples of these. Scheme 2 shows the reaction 
coordinate diagram for 24DMP reactions. The free energies that determine first-order 
(ktotal,24Kprot,24; ‡Gapp,24∆ ) and zero-order (ktotal,24; ‡Gtotal,24∆ ) rate constants are: 
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where ‡G 24DMP , *24DMPG , and (g)24DMP=

G  denote the free energies of the ensemble of ion-

pair transition states forming isomers and smaller chains, the ensemble of equilibrated 24DMP*, 
and the ensemble of 24DMP=. 
 Table 3 lists values of ktotal,24Kprot,24, ktotal,24, 

77 nCprot,nCisom, Kk , and 
7nCisom,k  for MFI zeotypes. 

Zero-order rate constants are included but are inaccurate because the high alkene pressures 
required to assess Kprot,i leads to significant catalyst deactivation. The values of first-order rate 
constants for 24DMP vary by a factor of 5 between Al-MFI-1 and Al-MFI-2, despite their 
similar rate constants for the corresponding reactions of nC7. In the case of nC7 reactions, these 
samples did not exhibit any intracrystalline concentration gradients of linear heptenes (Chapter 
1), suggesting the existence of kinetically-relevant reactant 24DMP= concentration gradients 
within acid domains. S1 (SI) shows evidence for severe diffusion limitations of 24DMP= within 
crystallites of nearly every acid, with the exception of B-MFI. Diffusion-limitations of product 
alkenes shift the zero-order regime to higher molar ratios, despite allowing accurate regression to 
the functional form of Equations 8 and 11, albeit with parameters not of strict kinetic origins. 
 Such reactant 24DMP= diffusion limitations preclude assessment of the effects of acid 
strength on reactivity but not on intrinsic selectivities, because isomer and β-scission products 
are all formed from equilibrated 24DMP* intermediates whose concentrations similarly depend 
on local 24DMP= concentration. In the next section, we determine primary and secondary 
reactions in 2,4-dimethylpentane consumption pathways and assess the effects of zeolite 
structure on intrinsic selectivities for aluminosilicates. 
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Scheme 1. Elementary steps in 2,4-dimethylpentane 
isomerization to 2,3-dimethylpentane and β-scission to isobutane 
and propane on physical mixtures of solid Brønsted acids and 
Pt/SiO2. Alkane dehydrogenation (Step 1) and alkene 
hydrogenation (Steps 5a, 5b, and 5c) are quasi-equilibrated on 
Pt/SiO2 (the metal function). Steps 2-4 occur on the acid. Steps 
3a, 4a, and 5a are for products with the 2,3-dimethylpentane 
skeletal structure; analogous steps also form products with the 2-
methylpentane backbone. Attachment points of protons and 
alkoxides to inorganic framework structures are indicated by “*” 
in molecular structures. Double-bond regioisomers and surface 
alkoxides of a given backbone are equilibrated; those included in 
the scheme were chosen for convenience. 
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Scheme 2. Reaction coordinate diagram indicating 
free energies reflected in rate constants (per H+) for 
total 2,4-dimethylpentane reactions. Equilibrated 
species denoted as 24DMP= (alkene regioisomers) 
and 24DMP* (alkoxides of different attachment 
points) are indicated below. Grey lines at the 
transition state indicate free energies of specific 
transition state configurations (i.e., isomerization 
and β-scission), while the dark black line is 
indicates the sum of all of the configurations. 

 
 
Table 3: Rate constants (per H+, 548 K) for 24DMP consumption (as defined in Eq. 11) and 
nC7 isomerization (as defined in Eq. 8) on MFI zeotypes (X-MFI, where X = Al, Fe, Ga, B) 

Acid prot,24DMPPtotal,24DM Kk  a Ptotal,24DMk  b 
77 nCprot,nCisom, Kk  a 

7nCisom,k  b 
Al-MFI-1 44.0 (± 1.3) 357 (± 48) 93.5 (± 2.0) 112 (± 15) 
Al-MFI-2 9.71 (± 1.4) 34.8 (± 40) 117 (± 8.5) 108 (± 34) 
Fe-MFI 2.77 (± 0.33) 33.1 (± 8.5) 7.92 (± 0.51) 12.6 (± 7.5) 
Ga-MFI 2.56 (± 0.07) 25.6 (± 17) 10.4 (± 0.38) 20.0 (± 6.2) 
B-MFI 0.137 (± 0.001) 2.84 (± 7.6) 0.0051 (± 0.0002) 0.178 (± 0.15) 

a     units: (Pa H+ ks)-1 
b     units: (H+ ks)-1 
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3.2. Pathways in 2,4-dimethylpentane isomerization and β-scission and the effects of zeolite 
topology on measured selectivities 
 
 In this section, we identify the isomer and β-scission products formed in primary (directly 
from reactant-derived 24DMP=) and secondary (from the primary products of 24DMP=) reactions 
on aluminosilicates (Al-MCM-41 and all zeolites). Aluminosilicates have acid sites of the lowest 
DPE value (1226 kJ mol-1) and therefore greatest strengths among isomorphously-substituted 
materials (1242-1292 kJ mol-1 for Fe, Ga, B substitution); the higher reactivities of zeolites (>10-
fold higher than Fe-MFI and Ga-MFI; Table 3) implicate the plausible presence of diffusion-
enhanced secondary reactions that can cause measured selectivities to differ significantly from 
their intrinsic values. Scheme 3 shows the reaction network in 2,4-dimethylpentane reactions; 
measured products are 23DMP, β-scission products (equimolar amounts of propane and 
isobutane), 2MH, 3MH, nC7, 2,2-dimethylpentane (22DMP), and 3,3-dimethylpentane (33DMP). 
22DMP and 33DMP only form via secondary isomerization of 23DMP= [10] because the alkyl-
substituted cyclopropyl carbenium ions that mediate such methyl shift reactions can only shift 
the location of methyl groups one at a time; these products (23DMP, 22DMP, 33DMP) are 
therefore grouped together as dimethylpentanes (DMP) because they all require the initial 
formation of 23DMP. 2MH and 3MH are also grouped together as methylhexanes (MH) because 
their facile interconversion leads to near-equilibrium 2MH-3MH ratios in the effluent stream (as 
shown in Chapter 1). 
 Figure 3a shows product selectivities as a function of the fractional 24DMP conversion, 
varied by changes in the reactor residence time, on Al-MCM-41. DMP, MH, and β-scission 
products all formed in primary reactions, as shown by their non-zero selectivities extrapolated to 
short residence times. The initial zero nC7 selectivity and its gradual increase with residence time 
shows that nC7 forms exclusively via secondary reactions. Secondary reactions also consumed 
DMP species to form MH, as indicated by respective selectivities that decrease and increase with 
increasing residence time. β-Scission selectivities are insensitive to residence time because β-
scission occurs directly from 24DMP=, in parallel with isomerization, and because product 
alkenes do not undergo β-scission. Figure 3b shows the approaches to equilibrium for the 
interconversion of 3MH and 2MH (η2MH,3MH, as defined in Eq. 2; K2MH,3MH = 0.87 at 548 K [15]) 
at these reactant conversions on Al-MCM-41. η2MH,3MH values are initially greater than one and 
decrease with increasing residence time, indicating that 2MH is preferentially formed from 
24DMP reactants and converts to 3MH in secondary reactions; their ratios approach but do not 
reach equilibrium (η2MH,3MH = 1), even at higher conversions. Product selectivities for Al-MCM-
41 varied as a function of reactor residence time because this aluminosilicate, in contrast to 
zeolites and zeotypes, allows product alkenes to become hydrogenated at metal functions prior to 
undergoing secondary reactions because the large mesopores in Al-MCM-41 enable the facile 
diffusion of product molecules and poorly stabilize transition states through van der Waals 
contacts. 
 Measured product selectivities on zeolites and zeotypes are invariant with changes in 
reactant conversion by changing reactor residence time (S2, SI for SFH), because, in contrast to 
Al-MCM-41, selectivities on zeolites and zeotypes are also affected by intracrystalline residence 
times that are comparable to reactor residence times. Product selectivities are thus invariant with 
changes in reactant conversion despite reflecting non-intrinsic values (S3, SI for SFH). The 
contributions of these diffusion-enhanced secondary reactions to measured product selectivities 
can be minimized by decreasing intracrystalline residence times. Zeolites were exposed to 
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weakly-bound titrants (NH3) that reversibly covered sites and slowly desorbed upon introduction 
of reactant streams. Such titration reduces both intracrystalline and reactor residence times and 
allow the assessment of intrinsic product selectivities, which increase with increases in both 
residence times during titrant desorption. 
 
 
 
 

 
Scheme 3. Reaction network for 24DMP 
isomerization and β-scission on physical mixtures of 
Pt/SiO2 and solid Brønsted acids, represented by the 
saturated analogs of reactive alkene species. Black 
arrows indicate primary reactions, dashed arrows 
indicate secondary reactions. Dashed boxes around 
isomers with similar degrees of branching indicate 
facile interconversion. 
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 Figure 3c shows the measured evolution of 24DMP conversion on FAU and BEA as 
bound NH3 desorbed gradually with time. These conversion rates increased monotonically with 
time on stream and returned to 75%-90% of the steady state values by 7 ks after commencement 
of desorption because of intervening deactivation during that time period. Figure 3d shows the 
isomer product selectivities as a function of the fraction of protons rendered accessible as a result 
of NH3 desorption ( , in Eq. 5) for FAU and BEA. The selectivities to MH and nC7 
increased as NH3 desorbed and to DMP decreased with increasing , despite selectivities 
that were did not vary with changing reactor residence times; these trends together indicate that 
intracrystalline residence times and secondary reactions that occur in a given zeolite crystallite 
contribute significantly to measured product selectivities. Measured selectivity trends with 

 are consistent with the trends observed on Al-MCM-41 with reactor residence time (Fig. 
3a) and with the pathways in Scheme 1. The η2MH/3MH values on FAU and BEA were greater than 
unity at low  values, consistent with the preferential formation of 2MH relative to 3MH, 
but approached unity as NH3 desorbed (by  = 0.5), indicative of their facile equilibration 
(Chapter 1). These selectivities reflect the significant contributions of secondary reactions of 
product alkenes, despite measured steady-state values of selectivities on zeolites and zeotypes 
that do not vary with reactor residence times (S3, SI) and would lead to the conclusion that such 
products are directly formed form the reactant. 
 β-Scission selectivities (Fig. 3f) were insensitive to  at low values, but increased as 
NH3 desorbed and  increased, indicating that these smaller products formed, at least in part, 
via secondary reactions. This suggests that either product alkenes are able to undergo β-scission 
or that the severe concentration gradients of 24DMP alkenes (as discussed in S1, SI) within acid 
domains enable reverse reaction of product alkenes to 24DMP alkenes throughout the acid 
domain. Measured product selectivities on Al-MCM-41 (Fig. 3a) indicate that β-scission 
products are formed only in primary reactions and that product alkenes do not undergo β-scission 
reactions to a detectable extent. Instead, the strong diffusion limitations and concomitant 
intracrystalline concentration gradients of 24DMP alkenes in all zeolite frameworks render the 
center of acid domains devoid of reactant-derived alkenes that percolated in from the 
extracrystalline fluid; product alkenes of other backbones readily diffuse throughout crystallites 
and undergo reverse reaction in these areas. These re-formed 24DMP alkenes, present at higher 
concentrations than permitted from reactant diffusion alone, undergo β-scission in their egress 
from acid domains. β-Scission selectivities extrapolated to zero proton densities are similar on 
FAU and BEA (Fig. 3f; 0.026 and 0.028, respectively); that their values do not change with 

 values below 0.50 indicates that these extrapolated selectivities reflect their intrinsic 
values (S24,β,0, Eq. 4). 
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Figure 3. (a) Product selectivities to dimethylpentanes (diamonds, right), methylhexanes 
(circles, left), n-heptane (triangles, left; multiplied by 5), and β-scission (squares, left) and (b) 
approaches to equilibrium for 2-methylhexane with respect to 3-methylhexane (η2MH/3MH, 
defined in Eq. 2) on physical mixtures of Pt/SiO2 and Al-MCM-41 as a function of reactant 
conversion (0.005 (24DMP) / (H2) molar ratio, 100 kPa H2, 548 K; reactant conversion varied 
by changing reactant space velocity). (c) 2,4-Dimethylpentane consumption turnover rates as a 
function of time-on-stream during NH3 desorption on physical mixtures of Pt/SiO2 and FAU 
and BEA. (d) Selectivities to dimethylpentanes (diamonds, right), methylhexanes (squares, left), 
and n-heptane (circles, left; multipled by 10), (Eq. 5), (e) η2MH/3MH (Eq. 2), and (f) β-scission 
selectivities as a function of fraction of accessible sites on physical mixtures of Pt/SiO2 and 
FAU and BEA (0.005 (24DMP) / (H2) molar ratio, 100 kPa H2, 548 K). Dashed lines in (a) 
represent trends and in (b) and (e) represent unity. 
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 Figure 4 shows DMP, nC7, and β-scission selectivities extrapolated to zero  values 
for zeolites (FAU, SFH, BEA, MEL, MFI, SVR) and to zero reactant conversion for Al-MCM-
41. nC7 was not detected on Al-MCM-41, FAU, SFH, and BEA, indicating that these 
mesoporous and large-pore acids do not impose significant diffusional hurdles that enhance 
secondary reactions. These mesoporous and large-pore acids also give similar DMP and β-
scission selectivity values, consistent with the similar size and shape of the 24DMP 
isomerization and β-scission transition state carbocations, which lead to their similar stabilization 
by each framework. MEL, MFI, and SVR (medium-pore zeolites), in contrast, give detectable 
nC7 selectivities, as well as greater β-scission and lower DMP selectivities than on large pore 
aluminosilicates. MFI-1, MFI-2, and MFI-3 show nearly identical selectivities for all products. 
Selectivity values for MFI-1 and MFI-2 were extrapolated from NH3 desorption transients and 
showed similar selectivities despite different initial proton densities; selectivities for MFI-3 were 
instead assessed by reducing the accessible proton density by exchanging of nearly all protons 
with inert sodium cations (Section 2.1). The similar values for all selectivities among these three 
samples suggest the relevance of length-scales within zeolite crystallites where only a single 
proton matters. These extrapolated selectivities for MEL, MFI, and SVR that should reflect 
single-site sojourns include significant contributions from secondary reaction (selectivities to nC7 
0.01-0.04; Fig. 4), suggesting that even single sites within these specific zeolite frameworks 
allow multiple reactions to occur before products are able to egress away. 
 
 
 

Figure 4. Dimethylpentane (diagonal stripes), n-heptane (horizontal stripes), and β-scission 
(solid) selectivities extrapolated to zero site density during NH3 desorption on aluminosilicates 
(0.005 (24DMP/H2) molar ratio, 100 kPa H2, 548 K). 
a Al-MCM-41 extrapolated to zero reactant conversion 
b MFI-3 exchanged with Na cations  
 
 
 Figure 5a shows the pore limiting diameter, dPL, against largest cavity diameter, dLC, for 
all zeolite frameworks [38]. The values for SFH and BEA lie along the parity line, while MFI, 
MEL, SVR, and FAU show dPL that are smaller than dLC, leading to undulatings along the 
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framework. The metric of such undulations (dPL/dLC [39]) has values of 0.56-0.78 for these 
samples. MEL, MFI, and SVR frameworks contain 10-member ring channels that intersect to 
form cages that are larger than the interconnecting channels required for molecular egress. FAU 
structures consist of large suprecages with significantly smaller apertures. Al-MCM-41 is 
omitted because its values lie well outside of the range of values reported in Figure 5a for 
microporous aluminosilicates, but its large cylindrical channels (2.5 nm) give dPL/dLC ratios of 
unity. Figure 5b shows fractional β-scission selectivity extrapolated to  values of zero 
(zeolites) or to reactor residence times of zero (Al-MCM-41) as a function of dPL/dLC for these 
aluminosilicates. Zeolite frameworks without undulations (dPL/dLC = 1) and those with large 
pores (dPL > 0.6 nm), irrespective of their dPL/dLC values, show similar β-scission selectivities 
(0.025-0.027) and do not form detectable nC7 products (Fig. 4). β-Scission selectivities on MEL, 
MFI, and SVR, however, increased as the undulations become more pronounced (decreases in 
dPL/dLC). Dimethylpentene products have relatively long residence times even inside a single 
cage, because their low diffusivities through the narrow pores cause these products to become 
trapped inside such cages, and must undergo secondary reactions to form products that can 
escape. Selectivities to nC7, a product that can only form via secondary isomerization events, 
show a similar trend with dPL/dLC as do β-scission selectivities on these samples (Fig. 4). 
Extrapolated selectivities on MFI, MEL, and SVR thus reflect diffusional constraints in the 
length-scale of a single cage or intersection that result in secondary reactions even at a single 
proton. 
 Concentration gradients of 24DMP= in MFI zeotypes preclude direct assessment of acid 
strength on their isomerization rates. n-Heptane isomerization occurs via an analogous 
mechanism; in the next section, we mechanistically interpret the effects of acid strength on 
reactivity and selectivity in n-heptane isomerization reactions. 
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Figure 5. (a) Zeolite framework pore limiting 
diameter, dPL, plotted as a function of largest 
cavity diameter, dLC [38]. The dashed line is 
parity; the shaded area above the line indicates 
impossible combinations. (b) β-Scission 
selectivities, extrapolated to zero accessible 
protons during NH3 desorption for each zeolite, 
and at steady-state for Al-MCM-41, as a 
function of dPL/dLC. The dashed line and shaded 
region represents aluminosilicates with dPL > 0.6 
nm. 
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3.3. The effects of acid strength on alkane isomerization reactivity and selectivity 
 
 The stability of the transition states that mediate n-heptane isomerization depends 
sensitively on acid strength, as shown by the strong effects of the deprotonation energy (DPE) of 
MFI zeotypes (X-MFI, where X = Al, Fe, Ga, B; DPE = 1226-1292 kJ mol-1) on 

77 nCprot,nCisom, Kk  
values (Fig. 6). These zeotypes contain protons within similar confining environments but with 
conjugate anions of different stability. These 

77 nCprot,nCisom, Kk  values decrease exponentially with 
increasing DPE (Fig. 6), the energy required to heterolytically cleave the O-H bond and the 
appropriate descriptor of acid strength. The measured effects of DPE on rate constants 
predominantly reflect differences in activation barriers (

7nCapp,E  for nC7 isomerization) instead 
of activation entropies. In such instances, the dashed line in Figure 6 represents the exponential 
dependence of rate constants on activation barriers and its slow characterizes the effects of DPE 
on activation barriers:  
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The constant and sub-unity slope of this regressed fit ( ( ) ( )DPEE ∂∂
7nCapp, = 0.69) indicates that 

activation barriers vary less than concomitant changes in DPE. 
 

 

 
Figure 6. First-order rate constants for n-heptane 
isomerization (

77 nCprot,nCisom, Kk ; grey diamonds) and 
for 2,4-dimethylpentane total consumption 
(ktotal,24Kprot,24; white circles) as a function of X-
MFI deprotonation energy (where X = Al, Fe, Ga, 
B) (548 K). The dashed line represents an 
exponential fit (Eq. 14). 
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 First-order rate constants (
77 nCprot,nCisom, Kk ) can be expressed in terms of the individual 

constituent product formation rates (where j indicates 2MH= and 3MH= here):  
 ∑=

j
KkKk

7777 nCprot,j,nCisom,nCprot,nCisom,  (15) 

The effects of DPE on first-order rate constants can thus be written as the sum of DPE effects on 
individual product formation rates: 
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Taking Equations 14 and 16 together yields: 
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which indicates that product selectivities are independent of acid strength if the activation 
barriers for their formation rates change with the same sensitivity to DPE. Primary products in 
nC7 isomerization are 2MH= and 3MH=, which quickly interconvert and preclude experimental 
assessment of their intrinsic formation rates (as shown in Section 3.2). Energies from density 
functional theory calculations, however, can provide insight on the effects of DPE on individual 
activation barriers. 
 nC7

=-2MH= and nC7
=-3MH= are separately mediated by many different possible transition 

state configurations that convert nC7* with specific attachment points to the zeolite to product 
specific 2MH* and 3MH*. As an accurate representation of trends with changing DPE, a single 
configuration for each product formation reaction was chosen and converged at the same 
location in MFI (MFI-T20-O(12)H) with different heteroatoms substituted into the framework 
(Section 2.3). These calculations also accounted for dispersive interactions from the surrounding 
silicate framework. Figure 7a shows the carbocations at these ion-pair transition states, as well as 
their partial positive charge; the conjugate anion has the corresponding amount of negative 
charge. These carbocations have alkyl-substituted cyclopropyl carbenium ion structure; their 
positive charges (δ+ = 0.88-0.92) are indicative of the full charge separation at these ion-pair 
transition states. Figure 8 shows activation barriers, taken with respect to energies of bare 
protons and the ensemble of equilibrated heptene reactants, as a function of DPE; activation 
barriers on Al, Fe, and Ga-MFI are negative because dehydrogenation of alkanes is endothermic. 
Their similar slopes (0.85 for nC7

=-2MH= and 0.84 for nC7
=-3MH=) indicate their similar 

sensitivities to DPE. These slopes, taken together with Equation 17, indicate that nC7 
isomerization selectivities are independent of acid strength, consistent with conclusions reached 
for selectivities in C6 alkene isomerization [10]. 
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Figure 7. (a) Alkyl-substituted cyclopropyl carbenium ions at transition states mediating 
isomerization of alkenes. Partial charges are the total positive charge on the carbocation; the 
conjugate anion has the corresponding amount of negative charge. (b) Charge distributions at 
2,4-dimethylpentene transition states for isomerization (top) and β-scission (bottom). Charges 
indicate the sum for all atoms outlined by the dashed lines. Structures were converged in MFI (at 
T12-O(20)H; VASP RPBE + D3(BJ)) then extracted from the framework for visual clarity. 
 
 

 
Scheme 5. Thermochemical cycle for 
isomerization of n-heptene to 2-methylhexene 
on MFI zeotypes. 
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Figure 8. DFT-derived activation barriers for 
nC7

=-3MH= (diamonds), nC7
=-2MH= (squares), 

2MH=-3MH= (circles), and 24DMP=-23DMP= 
(triangles), taken with respect to bare protons 
and equilibrated reactant alkenes as a function 
of deprotonation energy on MFI zeotypes of 
different strength (RPBE PAW D3(BJ); MFI-
X12-O(20)H). Dashed lines represent linear fits. 

 
 
 These trends in first-order rate constant can be interpreted using a thermochemical cycle 
[40], as shown in Scheme 4. This thermochemical cycle forms the ion-pair transition state (with 
activation energy 

7nCapp,E ) through a series of hypothetical steps that (i) deprotonate the acid 
(DPE), (ii) form the gas-phase analog of the transition state carbocation (proton affinity, 

7nCprot,E ), and (iii) bring the carbocation and conjugate anion together to the distances required to 
form the ion-pair transition state (

7nCint,E ). 
7nCint,E  can be additionally divided into dispersive 

host-guest interactions (van der Waals interactions, 
7nCvdw,E , and structural deformations of the 

framework, 
7nCstr,E ; discussed in Chapter 1) and electrostatic interactions (

7nCes,E ): 
 

7777777 nCstr,nCvdw,nCes,nCprot,nCint,nCprot,nCapp, EEEEDPEEEDPEE ++++=++=  (18) 

 This activation energy for n-heptane isomerization (
7nCapp,E ) includes individual 

contributions from ensembles of transition states that form product isomers (j) 2MH= and 3MH= 
separately:  
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Evaluating Equation 18 over each individual ensemble, by analogy with Equation 19, yields: 
 

77777 nCstr,nCvdw,nCes,nCprot,nCapp, EEEEDPEE ++++=  (20) 
Equation 20 shows that the activation energy depends explicitly on DPE. The effects of acid 
strength on activation energies are given by the derivative of Equation 20 with respect to DPE:  
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7nCprot,E  is a property of the gaseous species and thus insensitive to DPE. The values of 

7nCstr,E  and 
7nCvdw,E  do not depend on DPE because the distance between the carbocation and 

the conjugate anion only changes negligibly with the stability of the conjugate anion (distances 
included in S4, SI) and protons reside in similar confining environments for these MFI zeotypes 
with different framework heteroatoms. The first-order rate constants in Figure 6 are accurately 

described by a line on a semi-log plot; the value of 
( )
( )DPE
E
∂

∂
7nCapp,  is a constant and smaller than 

unity (0.69; Fig. 6) and corresponds to a 
( )
( )DPE
E

∂

∂
7nCes,  value of -0.31. This term is negative 

because electrostatic interactions between the charges species in ion pairs stabilize such charged 
species relative to their unpaired precursors. Its magnitude indicates that the ensemble of nC7 
isomerization transition states recover a fraction (0.31) of the energy required to deprotonate a 
weaker acid. Charge reorganization at the transition state [41] results in greater stability of 
transition state carbocations but in less effective electrostatic interactions with conjugate anions 
that are unable to delocalize negative charge in these insulating materials. 
 Such insights from DFT calculations can be extended to isomerization transition states 
that are not kinetically-relevant in these nC7 reactions (2MH=-3MH= interconversion and 
24DMP=-23DMP= interconversion). Figure 7 includes structures of transition state carbocations 
for these reactions; these carbocations have similar alkyl-substituted carbenium ion structures to 
those for nC7

=-2MH= and nC7
=-3MH= transition state carbocations. The fractional charge on 

these carbocations (δ+ = 0.89-0.92) indicates that the proton is nearly fully transferred at these 
transition states. Figure 8 shows their activation barriers, each referenced to their respective 
reactant alkene precursors (2MH= for 2MH=-3MH= and 24DMP= for 24DMP=-23DMP=), as a 
function of DPE. These activation barriers change similarly with DPE to each other (slopes of 
0.84 for 2MH=-3MH= and 0.85 for 24DMP=-23DMP=) but also with the same sensitivity as the 
activation barriers for nC7

=-2MH= and nC7
=-3MH= (0.85 and 0.84, respectively). These similar 

slopes demonstrate that these alkyl-substituted cyclopropyl carbenium ions at transition states are 
similarly charged and their charge distributions lead to similar electrostatic stabilization at ion-
pairs, in spite of differences in the location of their alkyl substituents. These results are consistent 
with previous findings for C6 alkane isomerization [10] and MCH ring contraction [11] on 
stronger acids and indicate that the rates of all primary and secondary isomerization events 
depend similarly on acid strength. The activation barriers for all primary and secondary 
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isomerization events in nC7 reactions, and therefore for the similar steps involved in reactions of 
24DMP, also depend similarly on DPE. 
 First-order rate constants for 24DMP consumption, shown as a function of DPE in Figure 
6, are influenced, however, by intracrystalline gradients in 24DMP= concentration (S3, SI), 
except perhaps on B-MFI. These measured rate constants cannot be interpreted using the same 
analysis shown above, which describes constants of strict kinetic origins. Measured rate 
constants ((ktotal,24Kprot,24)obs, Eq. 22) reflect, in the limit of severe diffusion limitations, using 
well-established reaction-transport formalisms [42]: 
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exp Aapp,24
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obsprot,24total,24  (22) 

Here D24DMP= is 24DMP= diffusivity, EA is its activation barrier, and app,24E  is the activation 
barrier for 24DMP consumption taken with respect to bare protons and 24DMP= (Eq. 13a). The 
extent of reactant diffusion limitation, however, varies within each of these MFI zeotypes, which 
precludes the use of Equation 22. The effects of acid strength on 24DMP reactivity therefore 
cannot be directly assessed. 
 24DMP isomerization and β-scission both occur through the same equilibrated 24DMP* 
(Scheme 1) that are formed in quasi-equilibrated steps from 24DMP=. Their intrinsic rate 
constant ratios are therefore equally affected by reactant diffusion limitations and, in spite of 
these reactant concentration gradients, reflect differences in activation barriers for these two 
reactions. In the next section, we assess the effects of acid strength on 24DMP β-
scission/isomerization rate constant ratios. 
 
 
3.4. Acid strength effects on the ratios of rate constants for 24DMP β-scission and 
isomerization 
 
 Measured 24DMP turnover rates on these physical mixtures reflect the combined effects 
of chemical reaction rates and significant gradients in reactant alkene concentrations within 
zeolite crystallites (Section 3.3; S3, SI). Intrinsic fractional selectivities, extrapolated to  
values of zero (Eq. 5) were found to be independent of aluminosilicate framework for large-pore 
and mesoporous aluminosilicates (A-MCM-41, FAU, SFH, BEA; Section 3.2). The extrapolated 
selectivities for medium-pore zeolites (MEL, MFI, SVR), however, included contributions from 
secondary reactions that resulted from the undulating cage-window structure of these materials. 
Intrinsic selectivities for aluminosilicates, which have acid sites of the same strength, are thus 
taken as the mean value for the large-pore aluminosilicates and Al-MCM-41, because these, 
extrapolated to zero proton density, show no formation of secondary isomer products and 
accurately reflect their kinetic origins. MFI zeotypes with different heteroatoms (X-MFI) have 
identical undulations and their high Si/X content leads to preferential siting of protons at 
intersections (Chapter 1). These materials, however, exhibit lower reactivity per proton when X 
is Ga, Fe, or B than for Al heteroatoms (Section 3.3), thus leading to intracrystalline residence 
times much shorter than those on aluminosilicate zeolites. Measured selectivities on these 
materials therefore reflect intrinsic values unaffected by these local diffusional constraints. 



97 
 

 The ratio of intrinsic rate constants for 24DMP β-scission and isomerization ( ) is 

related to measured selectivities by: 

 
0,,24

0,,24

24,som

24,

1 β

ββ

S
S

k
k

i −
=  (23) 

where 0,,24 βS  is intrinsic β-scission selectivity during 2,4-dimethylpentane reactions as defined in 
Equation 4 and was assessed as discussed in Section 3.2 for aluminosilicates. The 0,,24 βS  value 
for aluminosilicates (Al-MFI) is given by the mean for all large-pore zeolites and mesoporous 
aluminosilicate (Al-MCM-41, FAU, SFH, BEA) because of the secondary reactions at even a 
single proton in Al-MFI because of the undulations characteristic to its framework and because 
of the high reactivity of protons. X-MFI with other heteroatoms, however, are significantly less 
reactive (by factors of 102-104 for nC7 isomerization), and despite the presence of the same 
undulations in all MFI zeotypes, these effects of single-cage events become negligible because of 
the low rate per proton. Their rate constant ratios are reported directly. This rate constant ratio 
reflects the energy difference noted in Scheme 5: 
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where j denotes primary isomer products (23DMP, 2MH; Scheme 3). 
 Figure 9 shows measured rate ratios on all MFI zeotypes as a function of the DPE value 
for each acid. The rate constant ratios ( 24,som24, ikkβ ) increased with DPE, indicating that weaker 
acids preferentially stabilize β-scission transition states over those involved in isomerization 
reactions. These β-scission transition states respond less sensitively to the changing stability of 
the conjugate anion than do isomerization transition states, across a series of acids whose n-
heptane isomerization rate constants (

77 nCprot,nCisom, Kk , per H+) varied by a factor of 1000. An 
expression analogous to Equation 14, which describes the effects of DPE on first-order nC7 
isomerization rate constants, gives the sensitivity of 24,som24, ikkβ  to acid strength:  
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for the specific case of activation entropies that are essentially independent of DPE. The line in 
Figure 9 represents the regression of these data to an exponential with a constant slope, as 

indicated by Equation 25. The value of 
( )

( )DPE
E

∂
∆∆∂ app,24  (-0.11) is indicative of weak 

effects of DPE on the differences between β-scission and isomerization transition state energies. 
Figure 10 shows values of DFT-derived app,24E∆∆  as a function of DPE on all X-MFI 
structures (carbocation structures in Fig. 7b). The slope of these DFT-derived values with DPE 

(
( )

( )DPE
E

∂
∆∆∂ app,24  = -0.13) agree well with those measured, confirming the chemical, and 

not diffusion-enhanced, underpinnings of such changes in selectivities. 
 



98 
 

 
 

 
Figure 9. β-Scission/isomerization rate constant 
ratios for 2,4-dimethylpentane reactions 
(kβ,24/kisom,24) as a function of X-MFI 
deprotonation energy (where X = Al, Fe, Ga, B) 
(548 K). The dashed line represents an 
exponential fit to the ratios (Eq. 25). 

 
 
 The preferential stabilization of isomerization transition states over those involved in β-
scission with increasing acid strength can be interpreted, as in the case of nC7 isomerization 
(Section 3.3), using the formalism of thermochemical cycles (Scheme 5). The relevant energy 
difference for 24,som24, ikkβ  ratios is between the two transition states that mediate these reactions 

( ). This thermochemical cycle accounts for energies to (i) deprotonate the acid and take 
the proton to non-interacting distances (DPE), (ii) form a gas-phase surrogate for the transition 
state carbocation by reacting the proton with a gas-phase reactant (Eprot), and (iii) brings the 
carbocation back together with the conjugate anion to form the ion-pair transition state (Eint). 
This interaction energy, as shown in Section 3.3, can be dissected into at least two parts that 
involve host-guest interactions: (1) contributions from van der Waals interactions and from 
structural distortions (Evdw + Estr) (Chapter 1) and (2) that involves electrostatic interactions (Ees). 
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Figure 10. DFT-derived ΔEapp,24, the difference 
in transition state energy for 2,4-
dimethylpentane β-scission taken with respect to 
isomerization (diamonds, left) and partial 
charges at transition state carbocations for 
24DMP β-scission (white circles, right) and 
isomerization (black circles, right) as a function 
of deprotonation energy on MFI-zeotypes of 
different strength (RPBE PAW D3(BJ); MFI-
X12-O(20)H). Dashed lines represent the linear 
fit for energies and the average for charges. 

 
 
 This thermochemical cycle leads to differences in activation barriers ( app,24E∆∆ ) given 
by: 
 str,24vdw,24es,24prot,24app,24 EEEEE ∆+∆+∆+∆=∆∆  (26) 
The energies of the steps of the thermochemical cycle have been taken across the entire 
ensembles of isomerization transition states and β-scission transition states, using Equation 19. 
The Δ in each term of Equation 26 denotes the difference between the energy for β-scission and 
for isomerization. The sensitivity of the 24,som24, ikkβ  ratios to DPE is given by the derivative of 
Equation 26 with respect to DPE: 
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in which the derivative of proton affinity terms (Eprot) is zero because such affinities are 
properties of gaseous species and thus unrelated to DPE. The contributions from van der Waals 
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components (Evdw) and structural framework deformations (Estr) can be assessed using structures 
and energies from DFT.  
 24DMP isomerization and β-scission transition state carbocations do not differ 
significantly in size and are stabilized similarly by a given confining void (Chapter 1, Section 
3.2). Evdw and Estr would vary with DPE when the distances between cations and anions at the 
ion-pair differ among acids with different DPE values. Structures for 24DMP isomerization and 
β-scission transition state carbocations are shown in Figure 7a. Transition state carbocations for 
isomerization (24DMP=-23DMP=) and 24DMP= β-scission are held at similar distances away 
from conjugate anions, irrespective of DPE (0.24 nm and 0.33 nm for β-scission and 
isomerization, respectively; S4, SI); values of Evdw and Estr therefore will not change significantly 
with acid strength. Equation 27 simplifies to: 
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Equation 28 attributes the increase in 24,som24, ikkβ  ratios with DPE to the electrostatic 
interaction energies for ion-pair transition states. Figure 10 shows that charges at carbocations in 
each transition state do not vary with DPE (0.89 e for isomerization, 0.75 e for β-scission) and 
reflect the nearly complete proton transfer for all DPE values. The decrease in 24,som24, ikkβ  
ratios for stronger acids must thus reflect different charge distributions in carbocations that allow 
Coulombic interactions that differ in their effectiveness. 
 
 

 

Scheme 6. Thermochemical cycles representing activation barriers for acid-catalyzed 2,4-
dimethylpentene isomerization and β-scission in sequences of hypothetical steps. Activation 
energies reflected in first-order rate constants (Eapp,24,isom and Eapp,24,β for isomerization and β-
scission, respectively) and in their ratios (ΔEapp,24) are indicated. 
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 Figure 7b shows structures and charge distributions for carbocations at isomerization and 
β-scission transition states. β-Scission transition states are slightly less charged than 
isomerization transition states (0.75 e vs. 0.89 e); yet, these transition states localize their 
positive charge on a single carbon atom, which accommodates about half of the charge in the 
organic cation (0.35 e). The two methyl substituents at this carbon are slightly positively charged 
(0.13 e on each), consistent with their electron donation to the central carbon. In contrast, the 
isomerization transition state delocalizes charge effectively across its cyclopropyl carbenium ion 
backbone; the two carbons on the bottom of the backbone (circled in white in Fig. 7b) have 
slightly less than half of the charge for the carbocation. The additional alkyl substituents on the 
backbone delocalize charge in the plane of the conjugate anion, while the passing carbon at the 
top of the cyclopropyl carbenium ion delocalizes it normal to the conjugate anion. These 
isomerization transition states highly delocalize positive charge, contributing to their overall 
stability because of their greater Eprot (which is only evident in the values of rate constants and 
not in their sensitivity to DPE), but also prevent their effective recovery of DPE through 
electrostatic interactions with the conjugate anion. β-Scission transition states with their highly 
localized charge recover more of the charge required to deprotonate a weaker acid (relative to 
isomerization transition states), and their activation barriers thus are less affected by acids of 
weaker strength. 
 
 
4. Conclusion 
 
 In this work, the catalytic consequences of acid strength on reactivity and selectivity in 
alkane isomerization and β-scission reactions were assessed using MFI zeotypes (X-MFI, where 
X = Al, Fe, Ga, and B, in order of decreasing strength) that have protons of different strengths 
residing within similar confining environments. Isomerization turnover rates decrease with 
increasing acid deprotonation energy (DPE), which is the rigorous descriptor of acid strength and 
represents the energy required to heterolytically cleave the O-H bond and remove the proton to 
non-interacting distances. First-order rate constants (per H+) increase with decreasing DPE, 
primarily a reflection of the greater stability of the conjugate anion present at the ion-pair 
transition state. Density functional theory calculations demonstrate that isomerization 
selectivities remain constant despite values of first-order rate constants that decrease by four 
orders of magnitude from Al-MFI to B-MFI. This is because the alkyl-substituted cyclopropyl 
carbenium ions at isomerization transition states all have similar amounts and delocalization of 
positive charge, independent of DPE. Such trends indicate that 2,4-dimethylpentane 
isomerization selectivities will also be constants for these zeotypes, and reactant diffusion 
limitations preclude their direct assessment. 
 Acid strength effects on primary 2,4-dimethylpentane β-scission to isomerization rate 
ratios were assessed using the same MFI zeotypes. Measured intrinsic rate ratios on Al-MFI, the 
acid with the strongest protons include significant diffusional enhancements of secondary 
reactions that apparently occur even at a single proton. These enhancements are also seen for 
other medium pore zeolite frameworks that are characterized by pore structures with significant 
undulations, with small windows opening into larger cages, and with protons of similar strength 
to Al-MFI. These measured product distributions suggest that bulky primary dimethylpentene 
products are formed within intersections in these zeolites but are entrapped because of their size; 
in order to escape through narrow apertures, they undergo secondary reactions even within the 
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same intersection and form secondary products (linear heptenes, methylhexenes, and β-scission 
products) that are all characterized by higher diffusivities. Intrinsic rate ratios show similar 
values among all large-pore zeolites and mesoporous aluminosilicates, consistent with the similar 
values of van der Waals interaction energy estimates for a given framework. The mean value for 
large-pore zeolites is taken as the intrinsic rate ratio for aluminosilicates. 
 MFI zeotypes with weaker protons demonstrate intrinsic rate ratios, despite having 
similar undulations in their pore structures, because their reactivities are orders of magnitude 
lower than Al-MFI protons. Acid strength effects show that weaker acids show higher intrinsic 
rate ratios for β-scission compared to isomerization, contrary to the oft-cited suggestion that 
stronger acids are required to perform β-scission. Density functional theory calculations show 
that positive charge on β-scission transition state carbocations is more localized, closer to the 
conjugate anion of the framework, compared to isomerization transition states. These 
carbocations thus interact more effectively with conjugate anions and recover more of the energy 
required to deprotonate a weaker acid, compared to isomerization transition states that delocalize 
charge more effectively and thus pay a larger penalty for charge reorganization. These results 
show that isomerization selectivities are independent of acid strength, but β-scission occurs 
preferentially on weaker acids. Measured β-scission selectivities may be greater on stronger 
acids because of their exacerbation of diffusion-enhanced secondary reactions, but these are the 
effects of diffusional constraints and not of acid strength on transition state stabilization. 
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6. Supporting information 
 
S1. Assessment of concentration gradients of 2,4-dimethylpentenes in acid domains 
 
 Aluminosilicates have protons of similar acid strength [37]. Previous work has shown 
that ratios of C6 alkene isomerization rate constants, normalized by the equilibrium constant for 
their alkene interconversion, are independent of acid strength [10]. In Section 3.3 of the main 
text, it was demonstrated that C7 alkene isomerization rate constants similarly change with the 
same sensitivity to acid strength, indicating that their rate ratios should be constants. 
 In Chapter 1, it was demonstrated that 2,4-dimethylpentane and n-heptane isomerization 
transition states are stabilized through van der Waals interactions to the same extent, for a given 
zeolite framework, because their carbocations are of similar size and shape. 
 Figure S1 shows values of ( ) == 24DMP/nCnCprot,nCisom,prot,24total,24 777

/ KKkKk  for acids used in 
this work; for B-MFI, ( ) == 24DMP/nCnCprot,nCisom,prot,24isom,24 777

/ KKkKk  was used because of the 
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significant contributions of β-scission to total rates. Their values vary among zeolite frameworks 
and among MFI zeotypes, in contrast with an expectation of nearly constant values. These results 
indicate the presence of severe diffusion limitations within all zeolite and zeotype crystallites, 
with the possible exception of B-MFI. 
 
 

 
Figure S1. The ratio of the first-order rate constants for 
2,4-dimethylpentane consumption to nC7 isomerization, 
divided by the equilibrium constant between their 
alkenes for solid acids used in this work. (548 K) * 
kisom,24Kprot,24 is used in lieu of ktotal,24Kprot,24 because of 
the relatively large contribution of β-scission rates to the 
total rate constant for B-MFI. 
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S2. Steady-state selectivities for 2,4-dimethylpentane reactions on aluminosilicates 
 
Figure S2 shows product selectivities during steady-state reaction on aluminosilicates. 
 
 

 
Figure S2. β-Scission (blue, left bar), dimethylpentane (orange, center 
bar), and n-heptane (grey, right bar) selectivities during steady-state 
reaction, prior to catalyst deactivation, on physical mixtures of FAU, SFH, 
BEA, MEL, MFI-1, MFI-2, and SVR and Pt/SiO2 (0.005 (24DMP/H2) 
molar ratio, 100 kPa H2, 548 K). 
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S3. Selectivities during 2,4-dimethylpentane reactions on SFH 
 
Figure S3 shows measured selectivities during steady-state reaction on SFH (in mixture with 
Pt/SiO2) as a function of fractional reactant conversion. Selectivities do not vary with reactant 
conversion, varied by changing reactor residence time, an indication of diffusion-enhanced 
secondary reactions. 
 
 

 
Figure S3. Selectivities for methylhexanes 
(grey, left), dimethylpentanes (yellow, right), β-
scission (blue, left), and n-heptane (orange, left) 
as a function of reactant conversion (varied by 
changing reactor residence time) on physical 
mixtures of SFH and Pt/SiO2 (0.005 
(24DMP/H2) molar ratio, 100 kPa H2, 548 K). 
Dashed lines represent average values. 
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S4. Distances and charges from optimized structures from DFT 
 

 
Figure S4.1. Schematics of the isomerization and β-scission transition states, indicating atom 
nomenclature. 
 
 

 
Figure S4.2. Bond lengths (left) and total charge on carbocations (right) for transition states 
converged at X12-O20(H) for (a) nC7

=-2MH= and (b) nC7
=-3MH=. 
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Figure S4.3. Bond lengths (left) and total charge on carbocations (right) for transition states 
converged at X12-O20(H) for (a) 24DMP=-23DMP= and (b) 24DMP=-β-scission. 
 
 
 
7. References 
 
[1] J.W. Ward, Design And Preparation Of Hydrocracking Catalysts, in: Stud. Surf. Sci. 

Catal., 1983: pp. 587–618. doi:10.1016/S0167-2991(09)60052-5. 
[2] S.J. Miller, New molecular sieve process for lube dewaxing by wax isomerization, 

Microporous Mater. 2 (1994) 439–449. doi:10.1016/0927-6513(94)00016-6. 
[3] H. Heinemann, G.A. Mills, J.B. Hattman, F.W. Kirsch, Houdriforming Reactions: Studies 

with Pure Hydrocarbons, Ind. Eng. Chem. 45 (1953) 130–134. doi:10.1021/ie50517a042. 
[4] H.L. Coonradt, W.E. Garwood, Mechanism of Hydrocracking. Reactions of Paraffins and 

Olefins, Ind. Eng. Chem. Process Des. Dev. 3 (1964) 38–45. doi:10.1021/i260009a010. 
[5] P.B. Weisz, Polyfunctional Heterogeneous Catalysis, Adv. Catal. 13 (1962) 137–190. 

doi:10.1016/S0360-0564(08)60287-4. 
[6] K. Park, S. Ihm, Comparison of Pt/zeolite catalysts for n-hexadecane hydroisomerization, 

Appl. Catal. A Gen. 203 (2000) 201–209. doi:10.1016/S0926-860X(00)00490-7. 
[7] Y. Bi, G. Xia, W. Huang, H. Nie, Hydroisomerization of long chain n-paraffins: the role 

of the acidity of the zeolite, RSC Adv. 5 (2015) 99201–99206. doi:10.1039/C5RA13784E. 
[8] W. Zhang, P.G. Smirniotis, Effect of Zeolite Structure and Acidity on the Product 

Selectivity and Reaction Mechanism forn-Octane Hydroisomerization and Hydrocracking, 
J. Catal. 182 (1999) 400–416. doi:10.1006/jcat.1998.2337. 

[9] A. Corma, A. Martinez, S. Pergher, S. Peratello, C. Perego, G. Bellusi, Hydrocracking-
hydroisomerization of n-decane on amorphous silica-alumina with uniform pore diameter, 
Appl. Catal. A Gen. 152 (1997) 107–125. doi:10.1016/S0926-860X(96)00338-9. 

[10] W. Knaeble, R.T. Carr, E. Iglesia, Mechanistic interpretation of the effects of acid strength 



108 
 

on alkane isomerization turnover rates and selectivity, J. Catal. 319 (2014) 283–296. 
doi:10.1016/j.jcat.2014.09.005. 

[11] W. Knaeble, E. Iglesia, Acid strength and metal-acid proximity effects on 
methylcyclohexane ring contraction turnover rates and selectivities, J. Catal. 344 (2016) 
817–830. doi:10.1016/j.jcat.2016.08.007. 

[12] A.J. Jones, R.T. Carr, S.I. Zones, E. Iglesia, Acid strength and solvation in catalysis by 
MFI zeolites and effects of the identity, concentration and location of framework 
heteroatoms, J. Catal. 312 (2014) 58–68. doi:10.1016/j.jcat.2014.01.007. 

[13] A. Jackowski, S.I. Zones, A.W. Burton, A study on zeolite synthesis from diquaternary 
ammonium compounds; the effect of changing end-group heterocycles in the HF/SiO2 
synthesis of molecular sieves, Zeolites Relaed Mater. 174 (2008). 

[14] O. Terasaki, T. Ohsuna, H. Sakuma, D. Watanabe, Y. Nakagawa, R.C. Medrud, Direct 
Observation of “ Pure MEL Type ” Zeolite, 8 (1996) 463–468. doi:10.1021/cm950387i. 

[15] R.A. Alberty, C.A. Gehrig, Standard Chemical Thermodynamic Properties of Alkane 
Isomer Groups, J. Phys. Chem. Ref. Data. 13 (1984) 1173–1197. doi:10.1063/1.555726. 

[16] R.A. Alberty, C.A. Gehrig, Standard Chemical Thermodynamic Properties of Alkene 
Isomer Groups, J. Phys. Chem. Ref. Data. 14 (1985) 803. doi:10.1063/1.555737. 

[17] G. Kresse, J. Hafner, Ab initio molecular dynamics for liquid metals, Phys. Rev. B. 47 
(1993) 558–561. doi:10.1103/PhysRevB.47.558. 

[18] G. Kresse, J. Hafner, Ab initio molecular-dynamics simulation of the liquid-metal–
amorphous-semiconductor transition in germanium, Phys. Rev. B. 49 (1994) 14251–
14269. doi:10.1103/PhysRevB.49.14251. 

[19] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set, Phys. Rev. B. 54 (1996) 11169–11186. 
doi:10.1103/PhysRevB.54.11169. 

[20] G. Kresse, J. Furthmüller, Efficiency of ab-initio total energy calculations for metals and 
semiconductors using a plane-wave basis set, Comput. Mater. Sci. 6 (1996) 15–50. 
doi:10.1016/0927-0256(96)00008-0. 

[21] G. Kresse, From ultrasoft pseudopotentials to the projector augmented-wave method, Phys. 
Rev. B. 59 (1999) 1758–1775. doi:10.1103/PhysRevB.59.1758. 

[22] P.E. Blöchl, Projector augmented-wave method, Phys. Rev. B. 50 (1994) 17953–17979. 
doi:10.1103/PhysRevB.50.17953. 

[23] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation Made Simple, 
Phys. Rev. Lett. 77 (1996) 3865–3868. doi:10.1103/PhysRevLett.77.3865. 

[24] K. Yang, J. Zheng, Y. Zhao, D.G. Truhlar, Tests of the RPBE, revPBE, ?? -
HCTHhyb, ??b97X-D, and MOHLYP density functional approximations and 29 others 
against representative databases for diverse bond energies and barrier heights in catalysis, 
J. Chem. Phys. 132 (2010). doi:10.1063/1.3382342. 

[25] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio 
parametrization of density functional dispersion correction (DFT-D) for the 94 elements 
H-Pu, J. Chem. Phys. 132 (2010). doi:10.1063/1.3382344. 

[26] S. Grimme, S. Ehrlich, L. Goerigk, Effect of the damping function in dispersion corrected 
density functional theory, J. Comput. Chem. 32 (2011) 1456–1465. doi:10.1002/jcc.21759. 

[27] H. Jónsson, G. Mills, K.W. Jacobsen, Nudged elastic band method for finding minimum 
energy paths of transitions, in: B.J. Berne, G. Ciccotti, D.F. Coker (Eds.), Class. Quantum 
Dyn. Condens. Phase Simulations Proc. Int. Sch. Phys., 1997. 



109 
 

[28] G. Henkelman, H. Jónsson, A dimer method for finding saddle points on high dimensional 
potential surfaces using only first derivatives, J. Chem. Phys. 111 (1999) 7010–7022. 
doi:10.1063/1.480097. 

[29] P. Löwdin, On the NonOrthogonality Problem Connected with the Use of Atomic Wave 
Functions in the Theory of Molecules and Crystals, J. Chem. Phys. 18 (1950) 365–275. 
doi:10.1063/1.1747632. 

[30] X. Qian, J. Li, L. Qi, C.Z. Wang, T.L. Chan, Y.X. Yao, K.M. Ho, S. Yip, Quasiatomic 
orbitals for ab initio tight-binding analysis, Phys. Rev. B - Condens. Matter Mater. Phys. 
78 (2008) 1–22. doi:10.1103/PhysRevB.78.245112. 

[31] T.L. Chan, Y.X. Yao, C.Z. Wang, W.C. Lu, J. Li, X.F. Qian, S. Yip, K.M. Ho, Highly 
localized quasiatomic minimal basis orbitals for Mo from ab initio calculations, Phys. Rev. 
B - Condens. Matter Mater. Phys. 76 (2007) 1–10. doi:10.1103/PhysRevB.76.205119. 

[32] W.C. Lu, C.Z. Wang, M.W. Schmidt, L. Bytautas, K.M. Ho, K. Ruedenberg, Molecule 
intrinsic minimal basis sets. I. Exact resolution of ab initio optimized molecular orbitals in 
terms of deformed atomic minimal-basis orbitals, J. Chem. Phys. 120 (2004) 2629–2637. 
doi:10.1063/1.1638731. 

[33] W.C. Lu, C.Z. Wang, T.L. Chan, K. Ruedenberg, K.M. Ho, Representation of electronic 
structures in crystals in terms of highly localized quasiatomic minimal basis orbitals, Phys. 
Rev. B - Condens. Matter Mater. Phys. 70 (2004) 1–4. doi:10.1103/PhysRevB.70.041101. 

[34] D.H. Olson, G.T. Kokotailo, S.L. Lawton, W.M. Meier, Crystal structure and structure-
related properties of ZSM-5, J. Phys. Chem. 85 (1981) 2238–2243. 
doi:10.1021/j150615a020. 

[35] H. Van Koningsveld, H. Van Bekkum, J.C. Jansen, On the location and disorder of the 
tetrapropylammonium (TPA) ion in zeolite ZSM‐5 with improved framework accuracy, 
Acta Crystallogr. Sect. B. 43 (1987) 127–132. doi:10.1107/S0108768187098173. 

[36] C. Freysoldt, J. Neugebauer, C.G. Van de Walle, Electrostatic interactions between 
charged defects in supercells, Phys. Status Solidi. 248 (2011) 1067–1076. 
doi:10.1002/pssb.201046289. 

[37] A.J. Jones, E. Iglesia, The Strength of Brønsted Acid Sites in Microporous 
Aluminosilicates, ACS Catal. 5 (2015) 5741–5755. doi:10.1021/acscatal.5b01133. 

[38] E.L. First, C.E. Gounaris, J. Wei, C.A. Floudas, Computational characterization of zeolite 
porous networks: an automated approach, Phys. Chem. Chem. Phys. 13 (2011) 17339. 
doi:10.1039/c1cp21731c. 

[39] M.L. Sarazen, E. Doskocil, E. Iglesia, Effects of Void Environment and Acid Strength on 
Alkene Oligomerization Selectivity, ACS Catal. 6 (2016) 7059–7070. 
doi:10.1021/acscatal.6b02128. 

[40] M. Aronson, R.J. Gorte, W.E. Farneth, The influence of oxonium ion and carbenium ion 
stabilities on the Alcohol/H-ZSM-5 interaction, J. Catal. 98 (1986) 434–443. 
doi:10.1016/0021-9517(86)90331-3. 

[41] P. Deshlahra, E. Iglesia, Toward More Complete Descriptors of Reactivity in Catalysis by 
Solid Acids, ACS Catal. 6 (2016) 5386–5392. doi:10.1021/acscatal.6b01402. 

[42] H.S. Fogler, Elements of Chemical Reaction Engineering, 4th ed., Prentice Hall, 2005. 
 
 



110 
 

Chapter 3 
 

Diffusional enhancements of selectivities for alkane isomerization on 1-dimensional zeolites 
 
 
1. Introduction 
 
 Hydroisomerization reactions for dewaxing applications selectively increase the 
branching of n-alkane feedstocks to reduce hydrocarbon pour point and viscosity index [1,2]. 
These reactions widely incorporate 1-dimensional (1D) 10-membered ring (MR) zeolites (TON, 
MTT) and zeotypes (SAPO-11) as the acid function of their bifunctional catalysts; the other 
component of these bifunctional catalysts is a hydrogenation-dehydrogenation metal function, 
which forms unsaturated analogs of reactants that subsequently undergo kinetically-relevant 
reaction on acid sites. These 1D 10MR zeolites are known for their high selectivities to 
methylbranched isomers and, among those, specifically to 2-methylalkanes. Such selectivities 
have been justified by invoking so-called “pore-mouth” catalysis, claiming that linear alkenes 
adsorb partly within the pores of these zeolites and isomerize at acid sites located either on the 
external surface or at the pore mouths of these materials [3–6]. In fact, these selectivities merely 
reflect the ability of small pores to discriminate among equilibrated product isomers based on 
their diffusivities. 
  In this work, we address pore-mouth catalysis phenomenology using measured rate and 
selectivity data for n-hexane and n-heptane isomerization reactions on physical mixtures of 
Pt/SiO2 and zeolites. Alkene reactants were diffusion-limited on MTT and TON and became 
increasingly more so as crystallite sizes and proton densities increased; their concentration 
gradients within crystallite of MTT and TON were reflected in measured rate constants. 
Diffusion limitations were more severe for linear heptenes because of their higher reactivity and 
smaller diffusivities compared to linear hexenes. Ratios of measured rate constants (for heptane 
with respect to hexane) increased as crystallite sizes and proton densities decreased. These trends 
demonstrate the kinetic relevance of intracrystalline protons and not exclusively those that are 
accessible from the pore mouth. 
 Diffusion-limitations of these linear reactant alkenes suggest that product selectivities 
measured during these reactions reflect the combined contributions of single-site (intrinsic) 
selectivities and diffusional enhancements of secondary reactions. Diffusion-enhanced secondary 
reactions occur because product alkenes experience long intracrystalline residence times relative 
to reactor residence times; product selectivities on these materials were invariant with bed 
residence times, despite not reflecting intrinsic values. Measured product selectivities on 
mesoporous aluminosilicates and large-pore zeolites (Al-MCM-41, FAU) indicate that 2-
methylhexane and 3-methylhexane (and 2-methylpentane and 3-methylpentane) facilely 
equilibrate through secondary reactions. As pores become smaller, measured ratios of 
methylalkanes diverge from ratios dictated by thermodynamics and favor the 2-methylalkane, 
despite being independent of intracrystalline residence time. This tendency is most extreme on 
zeolites with smaller pore sizes, and among those, on 1D zeolites that sensitively reduce 
molecular diffusivities. Reaction-transport analyses reveal that these trends reflect the sensitive 
ability of these small pores to discriminate among equilibrated isomers by their diffusivities 
during their egress, not their preferential formation via pore-mouth phenomena. 
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2. Methods and materials 
 
2.1. Catalyst preparation and characterization 
 
 Mesoporous aluminosilicates and zeolite samples were obtained from commercial 
suppliers (Al-MCM-41, Sigma-Aldrich; MFI, Zeolyst), synthesized according to previously 
established protocols (MTT-1, MTW [7]; FAU, SFH (Chapter 1); MEL, SVR (Chapter 2)), or 
synthesized for this work (MTT-2, MTT-3, TON-1, TON-2). MTT was prepared by combining 
the following into a Hastelloy C-lined autoclave (5 gallon): N,N-diisopropylimidazolium 
hydroxide (synthesized according to reported protocols [8], 1M, 300 g), deionized water (4500 
g), KOH (1 M, Fisher, 2500 g), colloidal SiO2 (30% colloidal suspension in water, Ludox AS-30, 
1524 kg), and colloidal Al2O3/SiO2 (30% solids, 4% Al2O3, Nalco 1SJ612, 1080 g). 
Isobutylamine (>99%, Aldrich, 181 g) was added to the mixture, which was then held at 443 K 
(18.12 K h-1 ramp) for 108 h while stirring (150/60 Hz). TON was prepared by combining N,N-
diisopropylimidazolium hydroxide (synthesized according to reported protocols [8], 1M, 14 
mmol), Al2(SO4)3∙18H2O (51.4 wt% Al2(SO4)3, Mallinckrodt Chemical, 1 mmol), sodium silicate 
(9 wt% Na2O, 28 wt% SiO2, Fisher, 100 mmol), and deionized water (32 g). Sulfuric acid 
(concentrated, Fisher, 2.5 g) was then added to the combined mixture, which was then placed 
into Teflon liners held within an autoclave reactor (Parr, 23 cm3; 43/60 Hz) at 433 K for 120 h. 
Solids were collected by filtration, rinsed with deionized water (until filtrate conductivity was < 
50 S/m), and dried at ambient temperature for 12 h. 
 
 

Table 1: Mesoporous and microporous aluminosilicate solid acids 

Solid acid Source Si/Al a H+/Al R2/DnP / s b 

Al-MCM-41 Sigma-Aldrich 37.8 0.36 d -- 
FAU Chapter 1 7.5 0.39 d -- 
MEL Chapter 2 20.6 0.75 e -- 
MFI Zeolyst 29.2 0.64 c -- 
SVR Chapter 2 20.2 0.20 e -- 

SFH * Chapter 1 45.0 0.71 c 38.9 
MTW * [7] 31.9 0.63 c 469 
TON-1 * Chevron 39.6 0.68 c 528 
TON-2 * Chevron 43.1 0.36 c 153 
MTT-1 * [7] 16.6 0.46 c 228 
MTT-2 * [7] 34.1 1.07 c 25.2 
MTT-3 * [7] 73.0 0.82 c 298 

* 1D zeolite frameworks 
a elemental analysis ICP-OES (Galbraith Laboratories) 
b diffusion time-scales measured from transient uptake of n-pentane at 423 K 
c from NH3 evolved during rapid heating of NH4

+-zeolites 
d from 2,6-di-tert-butylpyridine titration during n-heptane isomerization at 548 K 
(Chapter 1) 
e from pyridine titration during methanol dehydration reactions (per [7]) 
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 Synthesized and as-made zeolites were treated in air (2.5 cm3 g-1 s-1; extra dry, Praxair) at 
823 K (0.0167 K s-1) for 4 h. Air-treated materials were exchanged with NH4NO3 according to 
previously established procedures (discussed in Chapter 1) to obtain NH4

+-zeolites. Sample 
elemental composition (Si, Al, Na) was determined by inductively-coupled plasma optical 
emission spectroscopy (ICP-OES, Galbraith Laboratories). Diffusion timescales (R2/DnP, units: s) 
for each 1D zeolite (SFH, MTW, TON, MTT) were measured using previously established 
protocols (Chapter 1), using n-pentane (nP; > 98%, Sigma-Aldrich; purified by three freeze-thaw 
cycles) as the sorbate (423 K). The numbers of accessible protons in medium pore and 1D NH4

+-
zeolites (MFI, SFH, MTW, TON, MTT) were determined by quantifying NH3 evolved during 
rapid thermal treatments of these samples (Chapter 1). Brønsted acid sites were quantified for 
Al-MCM-41 and FAU with titration by 2,6-di-tert-butylpyridine during nC7 reactions (Chapter 
1) and for MEL and SVR by titration with pyridine during methanol dehydration reactions 
(Chapter 2). 
 Co-catalyst Pt/SiO2 was synthesized as described in Chapter 1. Intrapellet physical 
mixtures of Pt/SiO2 and each NH4

+-zeolite were prepared by combining individual functions in 
ratios that were sufficient to maintain alkane-alkene dehydrogenation equilibrium during n-
heptane isomerization (Pts/H+ > 7.8, where Pts is the number of surface platinum atoms from H2 
chemisorption and H+ is determined as specified in Table 1; Chapter 1). Individual functions 
were separately crushed and sieved to ensure all monofunctional aggregates were smaller than 
100 μm. Pt/SiO2 and zeolite were subsequently thoroughly combined using a mortar and pestle, 
pressed into wafers (Carver Bench Top Manual Press, 8000 psi), and crushed and sieved to retain 
aggregates 125-180 μm in size. Physical mixtures are referred to throughout the text by their acid 
function, as indicated in Table 1. 
 
 
2.2. Alkane isomerization and β-scission rate measurements 
 
 n-Hexane (nC6; >99.0; Fluka; used as received) and n-heptane (nC7; >99.5%, Acros 
Organics; used as received) isomerization rates were measured at 548 K on all catalysts (0.10-
0.20 g), held within a tubular reactor (316 S.S., 12 mm i.d.) with plug-flow hydrodynamics. 
Catalyst temperature was measured by a K-type thermocouple in a thermal well aligned axially 
with the midpoint of the catalyst bed and was maintained by a three-zone furnace (Applied Test 
Systems Series 3210) with independent electronic controllers (Watlow, EZ-ZONE PM Series). 
Samples were treated in 10% H2/He mixture (0.83 cm3 s-1; 99.999% Praxair H2; 99.999% Praxair 
He) at 573 K (0.083 K s-1) for 2 h then cooled to reaction temperature. 
 Reactant alkanes were introduced as liquids to mixed streams of H2 (99.999% Praxair H2) 
and He (99.999% Praxair He) using a syringe pump (Cole-Parmer 780200C Series). Transfer 
lines downstream of liquid introduction were heated to at least 423 K to prevent condensation. 
H2, He, and reactant alkane pressures were varied independently to give desired alkane/H2 molar 
ratios (between 0.003-0.15) and to maintain differential reactant conversion (<8%). Reactant and 
product concentrations in the reactor effluent were analyzed using on-line gas chromatography 
(Agilent 6890N; Agilent HP-1 column 50 m x 0.32 mm x 1.05 μm) with flame ionization 
detection. 
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 Measured rates are reported here as turnover rates, normalized by the number of H+ 
(quantified as indicated in Table 1) and corrected by approach to equilibrium ( i j,  for species i 

to species j): 

 1
i j,

i

j
i j,










 K

P

P
  (1) 

to obtain forward rates: 

   1

reactprod,netforward 1


 rr  (2) 

In Equation 1,  ij / PP  is the molar ratio of species j to species i and ij,K  is the equilibrium 

constant calculated at 548 K from tabulated thermodynamic data [9,10] for each i-j pair. 
 Product selectivities were assessed during NH3 desorption to systematically change 
product intracrystalline residence times and thus assess the contributions of diffusion-enhanced 
secondary reactions (Chapters 1 and 2). The fraction of sites accessible ( r

H+,acc
) during NH3 

desorption is defined as: 

 r
H+,acc

 rreact

rreact,ss

 (3) 

where rreact is the reaction rate at a given time during NH3 desorption and rreact,ss is reaction rate at 
steady state. Fractional selectivities are defined as:  

 Sreact,prod 
rreact,prod

rreact,prodprod
å

 (4) 

where rreact,prod is the measured formation rate of each product (prod) from reactant (react). 
Intrinsic fractional selectivities (Sreact,prod,0) are defined as: 

 Sreact,prod,0 
rreact,prod,0

rreact,prod,0prod
å

 (5) 

where the subscript “0” denotes product formation rates resulting from single-site reaction events.  
 
 
3. Results and discussion 
 
3.1. Site requirements for n-alkane reactions on MTT and TON 
 
 n-Hexane (nC6) and n-heptane (nC7) isomerization rates and selectivities were measured 
on physical mixtures of Pt/SiO2 and 1-dimensional zeolites (TON, MTT). These reactions occur 
through bifunctional pathways that require the presence of a metal function, to equilibrate 
dehydrogenation and hydrogenation of both reactants and products, and an acid function, on 
which kinetically-relevant reactions of alkenes occur. Sufficient platinum contents were used in 
all physical mixtures to equilibrate reactant alkane dehydrogenation (Chapter 1 for n-heptane). 
Equilibrated alkenes are denoted by superscript “=” (nC6

= and nC7
= for linear hexenes and 

heptenes, respectively). Schemes 1a and 1b show the reaction networks for nC6 isomerization 
and nC7 isomerization, respectively. nC7 isomerization is discussed in detail in Chapter 1; 
reactant heptenes form 2-methylhexenes and 3-methylhexenes which interconvert through facile 
methyl shifts. Methylhexenes undergo secondary isomerization to form dimethylpentenes (2,3-, 
2,4-, 2,2,-, and 3,3-) that also interconvert and are the precursors to β-scission products. Reactant 
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hexenes similarly form 2-methylpentenes and 3-methylpentenes which interconvert rapidly; 
these product alkenes can also undergo further branching to form 2,3-dimethylbutenes. 2,2-
Dimethylbutenes, measured in very small amounts only on FAU (< 0.05% C selectivity), are 
only formed from methyl-shift reactions of 2,3-dimethylbutenes [11] and are therefore grouped 
together with those products. No smaller fragments were detected at any conditions during n-
hexane isomerization on these physical mixtures. 2,3-, 2,2-, and 3,3-dimethylpentanes and 2,2-
dimethylbutanes are not detected as products on most solid acids, and even on FAU, where they 
are measurable, their selectivities are very small (< 0.05% C selectivity). These are treated 
together with 2,4-dimethylpentanes and 2,3-dimethylbutanes respectively, because of the fast 
equilibration among isomers of the same degree of branching (Chapter 1 and Chapter 2). 
 Figure 1a shows n-hexane isomerization turnover rates as a function of nC6/H2 molar 
ratio on physical mixtures of Pt/SiO2 with MTT and TON, Isomerization rates are proportional to 
molar ratios at low molar ratios and approach constant values at higher molar ratios. Figure 1b 
shows n-heptane isomerization turnover rates as a function of nC7/H2 molar ratio on the same 
physical mixtures; nC7 isomerization turnover rates also change linearly with molar ratio and 
approach constant values at higher molar ratios. Scheme 2 shows a series of elementary steps 
through which nC6 isomerization occurs. nC6 becomes dehydrogenated in quasi-equilibrated 
steps to linear hexenes, with trans-2-hexene shown here as the illustrative example (Scheme 2, 
step 1). Linear hexenes diffuse into the acid domain and become protonated to form alkoxides in 
quasi-equilibrated steps (Scheme 2, step 2; trans-2-hexene to hex-3-oxide); these alkoxides are 
equilibrated based on their respective attachment points. Hex-3-oxide undergoes kinetically-
relevant skeletal rearrangement to form 2-methylpent-1-oxide (Scheme 2, step 3). Product 
methylpentoxides desorb to their respective alkenes through β-hydrogen elimination steps that 
return the proton to the framework (Scheme 2, step 4 for 2-methylpent-1-oxide to 2-methylpent-
1-ene). 2-Methylpentenes become hydrogenated at the extracrystalline metal function, in quasi-
equilibrated steps (Scheme 2, step 5 for 2-methylpentane from 2-methylpent-1-ene). Secondary 
reactions, which may occur during the egress of product alkenes out of the acid domain prior to 
their hydrogenation at the metal function, result in the conversion of 2-methylpentenes to 3-
methylpentenes or in their further branching to form 2,3-dimethylbutene. Analogous elementary 
steps to those presented in Scheme 2 form other specific 2-methylpentoxides, as well as specific 
3-methylpentoxides, from hexoxides. 
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Scheme 1. Reaction pathways in (a) n-hexane and (b) n-heptane isomerization, shown for 
saturated reactants and products. Dashed arrows indicate secondary reactions. Dashed boxes 
around isomers with the same degree of branching indicate rapid interconversion. 
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Figure 1. (a) n-Hexane isomerization turnover rates as a function of (nC6 / H2) molar ratio and 
(b) n-heptane isomerization turnover rates as a function of (nC7 / H2) molar ratio on physical 
mixtures of Pt/SiO2 and MTT (circles) or TON (diamonds) (60-100 kPa H2, 548 K). Dashed 
lines represent regression to Equations 6 and 9, respectively. 
 

 

 
Scheme 2. The sequence of elementary steps for skeletal isomerization of 
n-hexane to 2-methylpentane on bifunctional catalysts. Circles overlaying 
double arrows indicate quasi-equilibrated steps.  
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 These elementary steps, with assumptions of quasi-equilibrated dehydrogenation and 
adsorption, taken together with bare protons and hexene-derived alkoxides as the most abundant 
surface intermediates (MASI), result in the rate expression: 

 
)/HnC(1

)/HnC(

]H[ 26nCdehyd,nCprot,

26nCdehyd,nCprot,nCisom,nCisom,
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for nC6 isomerization. 
6nCdehyd,K  is the equilibrium constant for dehydrogenation of n-hexane to 

all of the alkene regioisomers (17.6 Pa at 548 K [9,10]), 
6nCprot,K  is the equilibrium constant for 

adsorption of these alkenes as alkoxides, and 
6nCisom,k  is the rate constant for isomerization of 

reactant-derived hexoxides to form methylpentoxides and includes contributions from each 
specific hexoxide to methylpentoxide reaction, of which Scheme 2, step 3 is a specific example. 

First-order (
66 nCprot,nCisom, Kk ; ‡G

6nCapp, ) and zero-order (
6nCisom,k ; ‡G

6nCisom, ) nC6 isomerization 

rate constants reflect the energy differences shown in Scheme 3:  
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where R  is the gas constant, T is temperature, kB is the Boltzmann constant, and h is Planck’s 

constant. 
HG , ‡G 6nC , *nC6G , and (g)nC6



G  denote the free energies of bare protons, the 

ensemble of ion-pair transition states forming 2-methylpentane (2MP) and 3-methylpentane 
(3MP), the ensemble of equilibrated hexoxides, and the ensemble of linear hexenes. Ensemble 

free energies (for ensemble m with configurations n) are indicated by mG : 
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 Analogous elementary steps to those in Scheme 1 are used to obtain the rate expression 
for n-heptane (Chapter 1): 

 
)/HnC(1

)/HnC(

]H[ 27nCdehyd,nCprot,

27nCdehyd,nCprot,nCisom,nCisom,

77

7777

KK

KKkr




 (9) 

Rate and thermodynamic constants are defined analogously to those in Equation 6; 
7nCdehyd,K  and 

7nCprot,K  are equilibrium constants for dehydrogenation of n-heptane to all heptene regioisomers 

(
7nCdehyd,K  = 19.8 Pa at 548 K [9,10]) and for adsorption of these heptenes as alkoxides, 

respectively, and 
7nCisom,k  is the rate constant for isomerization of reactant-derived heptoxides to 

form methylhexoxides. These first-order (
77 nCprot,nCisom, Kk ) and zero-order (

7nCisom,k ) rate 

constants reflect:  
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where ‡G 7nC , *nC7G , and (g)nC7


G  denote the energies for the analogous ensembles to those 

in Equations 7. 
 
 

 
Scheme 3. Reaction coordinate diagram denoting 
the energy differences reflected in first- and zero-
order n-hexane isomerization rate constants (per 
H+). The groups represented by nC6

= and nC6* 
(equilibrated alkenes and alkoxides, respectively) 
are specified below. 
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 Measured turnover rates in Figures 1a and 1b can be accurately regressed to Equations 6 
and 9, respectively. The values of their first-order and zero-order rate constants are included in 
Table 2. Values for zero-order rate constants (

6nCisom,k  and 
7nCisom,k  for nC6 isomerization and nC7 

isomerization, respectively) are included for completeness despite their inaccurate values; the 
high alkane/H2 molar ratios required to assess their values accurately resulted in catalyst 
deactivation. 

66 nCprot,nCisom, Kk  values for each sample are smaller than those for n-heptane 

isomerization as a result of the lower proton affinities and smaller sizes, and thus the lower 
stability, of hexene-derived transition states compared to heptene-derived transition states. First-
order rate constants for n-heptane isomerization on MTT varied by 10-fold among samples of the 
same zeolite framework, which have acid sites of the same strength [12] residing within similar 
confining environments (Chapter 1), and accordingly should demonstrate the same reactivity (per 
H+). n-Hexane isomerization rate constants (per H+) also vary by a factor of ten among these 
samples. Such trends suggest the existence of reactant alkene concentration gradients within 
these 1-D zeolites. 
 
 
Table 2: Rate constants (per H+, 548 K) for isomerization of nC6 (as defined in Eq. 6) and nC7 
(as defined in Eq. 9) on MTT and TON 

Acid 
66 nCprot,nCisom, Kk a 

6nCisom,k  b 
77 nCprot,nCisom, Kk  a 

7nCisom,k  b 

MTT-1 5.32 (± 0.017) 56.2 (± 3.67) 12.1 (± 0.11) 53.5 (± 8.2) 
MTT-2 10.6 (± 0.26) 76.9 (± 28) 28.2 (± 0.40) 85.9 (± 7.7) 
MTT-3 1.36 (± 0.029) 2.43 (± 0.19) 2.65 (± 0.046) 7.02 (± 0.85) 
TON-1 1.83 (± 0.018) 16.2 (± 3.6) 3.65 (± 0.21) 7.77 (± 2.0) 
TON-2 8.36 (± 0.80) 76.7 (± 17) 23.8 (± 0.84) 107 (± 34) 

a     units: (Pa H+ ks)-1 
b     units: (H+ ks)-1 

Uncertainties represent 95% confidence intervals. 
 
 
 Figure 2a shows measured first-order rate constants (per H+) for nC6 and nC7 
isomerization on MTT as a function of Ξ2 (units: s cm-3): 

 
nP

2

H2 +

D

Rr
  (11) 

where +H
r  are proton densities and R2/DnP are diffusion timescales measured for n-pentane (423 

K; Section 2.1). Rate constants for both nC6 and nC7 isomerization decreased with increasing Ξ2. 
Equation 11 is an accurate simplification of the first-order Thiele modulus [13], which is a 
dimensionless parameter given by 2

i  (for reactant i):  

 
i

2

H2 +

D

Rk i
i

r
   (12) 

where ki is the first-order rate constant for i, R2 is the kinetically-relevant domain size, and Di is 
the diffusivity of i in the relevant domain. Thiele moduli describe reactant diffusion limitations 
and resultant concentration gradients. Aluminosilicates of a given framework have the same 
reactivity per proton (ki) and the same molecular diffusivity (Di). Kinetically-relevant domain 
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sizes in physical mixtures are given by zeolite crystallite sizes, because the mesopores and 
interstices throughout pellets permit more facile diffusion in the Knudsen regime [14]. These 
crystallite sizes are accurately represented by diffusion timescales (R2/DnP) for acids of a given 
framework. 
 
 

 
Figure 2. (a) First-order rate constants (per H+) for nC6 isomerization (squares) and nC7 
isomerization (circles) for MTT (orange) and TON (red) and (b) ratios of measured first-order 
rate constants (nC7 isomerization to nC6 isomerization) for MTT (orange) and TON (red) as a 
function of the simplified Thiele modulus (Ξ2, defined in Eq. 11) (548 K). 
 
 
 The first-order rate constants in Figure 2a decrease with increasing Ξ2 for both nC6 and 
nC7 isomerization, suggesting that intracrystalline concentration gradients within zeolite 
crystallites significantly decrease their measured values. These trends, however, do not preclude 
catalysis by only externally accessible or pore-mouth sites; measured rate constants for reactions 
catalyzed by only such sites, but normalized by the total number of sites in the zeolite bulk, 
would decrease with increasing R+H

r , assuming random site distribution. A functional 

dependence of rate constants on R+H
r  is difficult to distinguish from one on Ξ2, for modest 

changes in R. Ratios of rate constants for different reactions should remain constant with 
changing Ξ2 if only external sites are being used. 
 Figure 2b shows measured rate constant ratios (

77 nCprot,nCisom, Kk /
66 nCprot,nCisom, Kk ) on MTT 

and TON as a function of Ξ2; their values decrease with increasing Ξ2. These trends are a result 
of nC7

= being both more reactive and having a lower diffusivity than nC6
= [15]. Both nC6

= and 
nC7

= are diffusion-limited within zeolite domains, indicated by their increasing values with 
smaller Ξ2. Reaction-transport analysis [13] indicates that measured rate constant ratios for such 
diffusion-limited reactions that are first-order in reactant pressure are described by: 



121 
 

 
 
 1)coth(

1)coth(

66

77

7

6

66

77

66

77

nCnC

nCnC

2
nC

2
nC

nCprot,nCisom,

nCprot,nCisom,

obsnCprot,nCisom,

nCprot,nCisom,






























Kk

Kk

Kk

Kk
 (13) 

assuming a quasi-spherical geometry, where 7nC  and 6nC  are defined by Equation 9. The ( )obs 

indicates measured rates (per H+), in the presence of reactant alkene concentration gradients. 
Equation 13 has three regimes, the trivial one being where neither reactant is diffusion-limited 
( 2

nC7 
 and 2

nC6 
  << 1) and thus reflects the ratio of their true kinetic constants (

77 nCprot,nCisom, Kk /

66 nCprot,nCisom, Kk ). Severe diffusion limitations of both reactants ( 2
nC7 
 and 2

nC6 
  >> 1) result in 

simplification of Equation 10 to: 
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Measured rate constant ratios in this regime are constants, despite changing Ξ2, that also reflect 
the ratio of reactant diffusivities. These values are smaller than those that reflect true kinetic 
constants because nC7

= diffusivities are smaller than those for nC6
=. Rate constant ratios for 

moderate reactant diffusion limitations ( 2
nC7 
 and 2

nC6 
  ~ 1) follow the functional form of 

Equation 13 and decrease monotonically with Ξ2, from kinetic ratios (
77 nCprot,nCisom, Kk /

66 nCprot,nCisom, Kk ) to diffusion-limited values (Eq. 14). Measured rate constant ratios (Fig. 2b) that 

decrease with Ξ2 are consistent with diffusion-limited reactant heptenes and hexenes whose 
concentration gradients occur within zeolite pores and render dubious the claims that only 
external sites participate in reactions of n-alkanes. 
 In the next section, we examine measured product selectivities to determine the origins of 
unusually high selectivities to 2-methylalkanes. 
 
 
3.2. Diffusional enhancements of product selectivities during n-heptane and n-hexane 
isomerization reactions 
 
 Measured product selectivities during nC7 isomerization reactions were demonstrated in 
Chapter 1 to have significant contributions from diffusion-enhanced secondary reactions. These 
secondary reactions occur because product alkenes, more reactive and slower to diffuse than 
reactant alkenes, have long intracrystalline residence times, and undergo multiple secondary 
reactions and during their egress from zeolite crystallites. Al-MCM-41 is a mesoporous solid 
acid for which secondary reactions only contribute minimally because the large pores both allow 
facile product diffusion in the Knudsen regime but also poorly stabilize transition states through 
van der Waals contacts (Chapter 1). 
 Figure 3 shows measured approaches to equilibrium for 2-methylhexane (2MH) to 3-
methylhexane (3MH) (η2MH,3MH, defined in Eq. 2) for Al-MCM-41, TON-2, and MTT-2 as a 
function of fractional reactant conversion, varied by changing reactor residence times. These 
values for TON-1 and MTT-1 and -3 are included in the SI (S1). η2MH,3MH for Al-MCM-41 was 
greater than unity at low conversions and decreased to 1 as conversion increased, indicating that 
2MH was preferentially formed in primary reactions but converted to 3MH in secondary 
reactions occurring in acid domains downstream in the reactor bed. Values for TON-2 and MTT-
2 were constants irrespective of reactant fractional conversion. β-Scission products were not 
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detected for Al-MCM-41, consistent with their formation in secondary reactions of 
dimethylpentene intermediates; their selectivities for MTT-2 and TON-2 (Fig. 3) were non-zero 
and independent of reactant fractional conversion. These selectivity trends for Al-MCM-41 
reflect expectations for reactions catalyzed by only external or pore-mouth sites: selectivities that 
reflect intrinsic values at small reactant conversions but approach ratios dictated by 
thermodynamics in secondary reaction events down the catalyst bed. Constant approaches to 
equilibrium and finite β-scission selectivities on MTT and TON, in contrast, indicate 
contributions from diffusion-enhanced secondary reactions that occur within zeolite crystallites. 
  
 

 
Figure 3. Approaches to equilibrium for 2-
methylhexane with respect to 3-methylhexane 
(η2MH/3MH, defined in Eq. 1; triangles, left) and β-
scission selectivities (circles, right) during n-
heptane isomerization on physical mixtures of 
Pt/SiO2 with Al-MCM-41 (blue), MTT-2 (orange), 
and TON-2 (red) as a function of fractional reactant 
conversion, varied by changing reactor residence 
time. Al-MCM-41 had no detectable β-scission 
products. 

 
 
 Diffusional enhancements of secondary reactions can be suppressed by covering sites 
with weakly bound titrant NH3, which slowly desorbs upon introduction of reactant streams 
(Chapter 1). Figure 4a shows approaches to equilibrium for 2MH to 3MH and 2MP to 3MP, as 
well as β-scission selectivities on FAU for n-heptane and n-hexane reactions during NH3 
desorption. η2MH,3MH values were equal to unity at the smallest value of r

H+,acc
, where selectivity 

to β-scission products that form only through secondary reactions were completely suppressed. 
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These trends indicate that secondary methyl shift reactions occur very rapidly; η2MH,3MH 
remained at unity as NH3 desorbed, despite increases in β-scission selectivities that reflect the 
greater prevalence of secondary reactions. η2MP,3MP values were greater than one at small values 
of r

H+,acc
 but rapidly decreased to unity, indicating a greater intrinsic selectivity to 2MP than to 

3MP and the occurrence of secondary reactions that convert 2MP to 3MP. These isomers reach 
equilibrium, although at greater  r

H+,acc
 than do 2MH and 3MH. This reflects the greater proton 

affinity of C7 alkenes compared to C6 alkenes but also the ability of confining frameworks to 
stabilize transition state carbocations whose sizes and shapes are more similar to those of the 
framework (Chapter 1). C7 isomerization transition state carbocations are larger than those for 
C6 isomerization and are thus more effectively stabilized by van der Waals contacts from the 
large inorganic framework. 
 β-Scission selectivities on SVR (Fig. 4b), a 3-dimensional 10MR zeolite, were low at 
small values of r

H+,acc
 and increased with NH3 desorption, reflecting the greater contributions of 

secondary reactions. η2MH,3MH and η2MP,3MP were both independent of r
H+,acc

 yet with values 

greater than unity (1.7 and 1.3, respectively). Similar trends are seen on TON-1 (Fig. 4c), with 
values of η2MH,3MH and η2MP,3MP being even greater than unity (2.2 and 1.6, respectively). η values 
that were invariant with r

H+,acc
, despite r

H+,acc
 as low as 5%, are indicative of equilibration 

between the relevant species; their values do not change with greater density of accessible 
protons. Yet, ratios of these products diverge from those expected from equilibrium constants 
and are always in favor of the 2-methylalkane. 
 Figure 5 shows values of η2MH,3MH and η2MP,3MP as a function of the pore size (pore 
limiting diameter [16]) for each zeolite framework. The values of η2MH,3MH and η2MP,3MP shown 
are those that have become independent of increasing r

H+,acc
 during NH3 desorption and 

accordingly reflect equilibrium. Zeolites with large pore sizes (SFH, 1D 14MR; FAU, 3D 12MR) 
have values that reflect gas-phase thermodynamics. As pore sizes decreased from MTW (1D 
12MR) to MEL to MFI to SVR (all 3D 10MR), η values increased, indicating the apparent 
preferential formation of 2-methylalkanes; values for MTT and TON were much greater than 
values measured for the 3D material with the same pore size (MEL). These approaches to 
equilibrium being greater than unity must reflect diffusional enhancements of equilibrated 
product isomers. 
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Figure 4. Approaches to equilibrium for 2-methylhexane with respect to 3-methylhexane 
(η2MH/3MH, Eq. 1; circles, left) and 2-methylpentane with respect to 3-methylpentane (η2MP/3MP, 
Eq. 1; squares, left) and selectivity to β-scission products (triangles, right) on physical mixtures 
of Pt/SiO2 with (a) FAU, (b) SVR, and (c) TON-1 as a function of fraction of sites accessible 
(ρH+,acc, in Eq. 3) during NH3 desorption. Dashed lines represent η2MH/3MH and η2MP/3MP of unity. 
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Figure 5. Equilibrium values of η2MH/3MH 
(circles) and η2MP/3MP (squares) on all zeolites as 
a function of zeolite pore limiting diameter [16]. 
Italicized three-letter codes indicate 1D zeolite 
frameworks. 

 
 
 
 The diffusional enhancements of secondary reactions are more rigorously described 
through reaction-transport models that indicate the relevant parameters are Thiele moduli, 2

2MH  
and 2

3MH   (for product 2MH and 3MH, respectively):  
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where k2MH= and k3MH= are the first-order rate constants for isomerization of 2MH= to 3MH= and 
vice versa, respectively, and D2MH= and D3MH= are diffusivities for 2MH= and 3MH=, respectively. 
The formalisms used to obtain the Thiele moduli in Equations 15, and analogous ones for 2MP= 
and 3MP=, can be used to develop an expression describing measured selectivity ratios. The 
model assumes that reactions occur in the first-order regime, where bare protons are the MASI, 
that reactions to form secondary products with different degrees of branching (dimethylalkenes) 
are slow relative to methylalkene interconversion, and that zeolite crystallites can be treated as 
quasi-spherical. The expression for selectivity ratios (derived in Chapter 1, SI) has two 
asymptotic limits. The first is in the limit of no diffusion enhancements ( 2

2MH  and 2
3MH  ; 2

2MP
and 2

3MP  < 1): 

 12MH,3MH   (16a) 
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 12MP,3MP   (16b) 

where selectivity ratios accurately reflect gas-phase thermodynamics (K2MH,3MH is the 
equilibrium constant between 2MH and 3MH, and K2MP,3MP the analogous for methylpentanes). 
Approaches to equilibrium thus have values of unity, based on Equations 16. The other limit for 
selectivity ratios is where products are diffusion limited, such that 2

2MH  and 2
3MH   (and 

analogously, 2
2MP and 2

3MP ) are both large: 
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Values of approach to equilibrium, according to Equations 17, will reflect relative diffusivities of 
products, not values of unity. 
 Diffusivity ratios present in Equations 17 vary based on zeolite framework and more 
specifically based on pore size compared to molecule size [14] and zeolite dimensionality [17]. 
Alkene diffusivities cannot be measured because of intervening reactions; diffusivities of their 
alkane analogs are considered suitable surrogates because of their similar size and branching, 
although it should be noted that alkenes have slightly smaller kinetic diameters and have more 
rigid pi bonds compared to their saturated counterparts [18,19]. Measured diffusivities for 2MP 
and 3MP on MFI (Silicalite-1) [19] vary by about a factor of 1.3 (D2MP/D3MP), extrapolated to 
548 K, in good agreement with our measured η2MP,3MP of 1.2. Diffusivities trend sensitively with 
molecule size [18,19]. Figure 5 suggests that these larger molecule sizes also allow their zeolite 
hosts to distinguish between their location of branching more sensitively. 1D zeolites MTT and 
TON have nearly the same values for η2MH,3MH and η2MP,3MP but these values are much greater 
(by factors of 1.6 and 1.4, respectively) than expectations based on pore-size alone. These 1D 
zeolites allow molecular egress based on single-file diffusion phenomena [20–22] that amplify 
their abilities to sieve based on differences in diffusivities. 
 These results together demonstrate that these high measured selectivities to 2-
methylalkane products merely reflect the ability of zeolite frameworks to discriminate between 
equilibrated products, sensitively based on their diffusivities, rather than oft-cited pore-mouth 
phenomena. 
 
 
4. Conclusions 
 
 n-Hexane and n-heptane isomerization turnover rates and selectivities on physical 
mixtures of Pt/SiO2 and mesoporous and microporous aluminosilicates (Al-MCM-41, FAU, 
SFH, MFI, SVR, TON, MTT) were reported and assessed here in the context of pore-mouth 
catalysis phenomena. Isomerization rate constants (per H+) on TON and MTT of different 
crystallite sizes and proton densities demonstrated the presence of diffusion limitations for linear 
hexenes and heptenes. Kinetically-relevant diffusion limitations in these bifunctional physical 
mixtures must occur within zeolite crystallites because of their high resistances to mass transfer 
compared to interstices and intrapellet mesopores; their presence accordingly precludes the 
exclusive participation of external or pore-mouth sites for these reactions. 
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 Product selectivities during pore-mouth catalysis were high selectivities to 
methylalkanes, and among those, to 2-methylalkanes. We demonstrate here that diffusion-
enhanced secondary reactions cause product dimethylpentenes formed during reaction to 
undergo secondary reactions to β-scission products before hydrogenation. We additionally 
demonstrate that product selectivities for equilibrated groups reflect not only their gas-phase 
thermodynamics but also the ratio of their diffusivities. 2-methylalkanes have the largest 
diffusivities among methylalkanes and were measured in higher-than-equilibrium amounts, 
despite their equilibration with other methylalkenes within acid domains. Our results here 
indicate that high selectivities to a given product do not reflect intrinsic selectivities that result 
from pore-mouth catalysis but the result of diffusion-enhanced secondary reactions. 
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6. Supporting information 
 
S1. Selectivities and selectivity ratios on MTT and TON 
 

 
Figure S3. Measured approaches to equilibrium for 
2-methylhexane with respect to 3-methylhexane 
(η2MH/3MH, Eq. 1 of the main text; triangles, left) and 
β-scission selectivities (circles, right) on TON-1 
(green), MTT-1 (blue), and MTT-3 (yellow) as a 
function of fractional reactant conversion, varied by 
changing reactor residence time (548 K, 0.01 
(nC7/H2) molar ratio, 100 kPa H2). Dashed lines 
represent averages of data. 
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Chapter 4 
 

Catalytic consequences of metal-acid site proximity 
on alkane isomerization and β-scission reactions 

 
1. Introduction 
 
 Hydroprocessing reactions upgrade inexpensive feedstocks to shorter-chain and more 
highly branched alkanes with desirable combustion and processing properties [1]. These reactions 
occur on bifunctional catalysts composed of sufficient metal function to establish reactant alkane 
dehydrogenation and an acid function on which kinetically-relevant alkene reactions occur [2–4]. 
Industrial catalysts for these reactions are made by impregnating metal precursors onto bound solid 
acid extrudates then treating with appropriate protocols to obtain metal clusters uncertain and 
poorly defined locations with respect to acid sites [5,6]. Much of the previous work in 
hydroisomerization and hydrocracking reactions of model alkanes also have employed synthetic 
approaches that place metal clusters at distances from acid sites that are not easily or well 
characterized [7–10]. Our previous work in understanding the effects of site proximity (Chapter 1) 
employed physical mixtures of metal function, supported on mesoporous oxides, with zeolites; 
these intimate physical mixtures defined the size of the acid domain, the contiguous region of acid 
sites separating two metal sites, as that of zeolite crystallites. We demonstrated using reaction 
transport formalisms that reactant heptenes, generated in their equilibrium amounts on 
extracrystalline Pt/SiO2 function, had negligible concentration gradients within acid domains. 
Reaction turnover rates and rate constants (per H+) reflected their kinetic values, uncorrupted by 
diffusion limitations. Product selectivities in such cases were also accurately modeled using 
reaction transport models that accounted for zeolite crystallite size as the relevant diffusion length. 
 In this work, we report and address the origins of significant n-heptane isomerization rate 
enhancements (by factors of 2-7) that occur when metal sites are placed within zeolite crystallites, 
even more proximate to acid domains, in an attempt to reduce acid domain size. We employ a 
combination of kinetic, spectroscopic, and density functional theory (DFT) methods to assess the 
origins of these enhancements in reactivity for acids for which, in physical mixture with 
extracrystalline Pt/SiO2, there were no kinetically-relevant concentration gradients of reactant 
alkenes present (Chapter 1). Infrared spectroscopy of Pt-zeolites showed that bands corresponding 
to Brønsted acid sites were unperturbed compared to parent zeolites. Methanol dehydration 
reactions, a sensitive probe of the acid strength and the confining environment of acid sites, 
demonstrated nearly identical reactive characteristics of protons before and after introduction of 
Pt clusters into the zeolite crystallites. Infrared spectra of CO chemisorbed on metals, a sensitive 
probe of metal characteristics, indicated that the metal function was nearly identical irrespective 
of its being supported on SiO2 or encapsulated within zeolite materials. CO oxidation reactions 
were additionally used as a kinetic probe of metal reactivity and accessibility. Measured turnover 
rates (per Pts) were similar on Pt/SiO2 and on Pt-zeolite. The metal and acid functions were both 
identical to their analogs used in physical mixture. These enhancements in rates therefore must 
occur via a previously-unrecognized pathway that becomes relevant only when metal and acid 
sites are separated by nanometer distances. 
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2. Methods and materials 
 
2.1. Catalyst preparation and characterization 
 
 Zeolites and Pt-zeolites are summarized in Tables 1 and 2, respectively. Zeolites were 
either synthesized according to previously established protocols (FAU: Chapter 1) or obtained 
from commercial suppliers (BEA, MFI: Zeolyst) and were treated in flowing dry air (2.5 cm3 g-1 
s-1, extra dry, Praxair) at 823 K (0.0167 K s-1) for 4 h prior to use. Air-treated zeolites were 
converted to their NH4

+-forms according to protocols previously discussed (Chapter 1). Proton 
densities for NH4

+-MFI were determined by quantifying the amount of NH3 desorbed during rapid 
heating of samples, using protocols discussed elsewhere (Chapter 1). Proton densities for FAU and 
BEA were both assessed by titration with selective titrant 2,6-di-tert-butylpyridine during n-
heptane reactions (Chapter 1). 
 

Table 1: Zeolite solid acids 

Solid acid Source Si/Al a H+/Al 

FAU Chapter 1 7.5 0.39 b 
BEA Zeolyst 11.8 0.27 b 

MFI-1 Zeolyst 168.3 0.62 c 
MFI-2 Zeolyst 43.8 0.89 c 
MFI-3 Zeolyst 29.2 0.64 c 

a elemental analysis ICP-OES (Galbraith Laboratories) 
b from titration with 2,6-di-tert-butylpyridine during n-
heptane isomerization reactions (Chapter 1) 
c from NH3 evolved during rapid heating of NH4

+-zeolites 

 
 
Table 2: Pt-zeolite solid acids 

Solid acid Source Pt content a 
Pt 

dispersion b 
clusterPtl  

/ nm c 
clusterPt/H  d Hl  

/ nm e 

PtFAU Chapter 1 0.96% 70% 19.2 2150 1.5 
PtBEA Zeolyst 1.03% 70% 17.9 990 1.8 

PtMFI-1 Zeolyst 0.36% 50% 33.6 1350 3.0 
PtMFI-2 Zeolyst 1.09% 36% 32.1 6710 1.7 
PtMFI-3 Zeolyst 2.63% 56% 15.4 834 1.6 

PtMFI-3b Zeolyst 1% (nom.) 54% 22.0 2630 1.6 
a elemental analysis ICP-OES (Galbraith Laboratories) 
b from H2 chemisorption uptakes (373 K) 
c average distance between intracrystalline platinum clusters, calculated assuming random distribution of Pt 
clusters throughout zeolite crystallites; only accounts for intracrystalline Pt 
d average number of protons per Pt cluster, assuming random distributions of both 
e average distance between protons, assuming their random distribution 
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 Platinum cations were exchanged into NH4
+-zeolites dropwise addition of a 

tetraamineplatinum(II) nitrate solution (0.005 M, Sigma-Aldrich) to aqueous suspensions of 
zeolite (100 g deionized water [g zeolite]-1; water resistivity > 17.6 Ω cm-2) and stirring at ambient 
temperature for 24 h. Following all exchange procedures, solids were separated via vacuum 
filtration and washed with excess deionized water (resistivity >17.6 Ω cm-2; ~1500 g [g zeolite]-

1). Pt-exchanged zeolites were treated in flowing dry air (2.5 cm3 g-1 s-1, extra dry, Praxair) at 383 
K (0.033 K s-1) for 3 h then at 723 K (0.025 K s-1) for 4 h; samples were cooled to ambient 
temperatures before treatment in 10% H2/He (2.5 cm3 g-1 s-1; 99.999% Praxair H2; 99.999% Praxair 
He) at 623 K (0.025 K s-1) for 3 h before cooling to ambient temperatures. Chemical composition 
(Si, Al, and Pt content) of all samples was determined by inductively coupled plasma optical 
emission spectroscopy (Galbraith Laboratories). 
 Co-catalyst Pt/SiO2 (2 wt%) was synthesized according to protocols in Chapter 1. Pt 
dispersion for Pt/SiO2 (88%) and Pt-zeolites was determined from strongly chemisorbed H2 
uptakes (at 373 K), assuming 1:1 H:Pts stoichiometry. Dispersion values for Pt-zeolite samples are 
included in Table 1; these values suggest the presence of larger metal clusters (~3-5 nm diameter). 
Transmission electron microscopy (FEI Tecnai 12, 120kV accelerating voltage; bright field 
detector) was used for visual confirmation of a bimodal distribution of cluster sizes for most Pt-
zeolites (representative micrographs are included in the SI, S1). The average distance between two 

Pt clusters in Pt-zeolite ( ) was estimated by assuming random distribution of metal clusters 

throughout zeolite crystallites. The average number of H+ per Pt cluster ( ) and the 

average distance separating H+ ( ) are also included. 

 Intimate physical mixtures were prepared using Pt/SiO2 and zeolites and Pt-zeolites 
(powders of individual functions <125 μm) mixed together, pressed into pellets, crushed, and 
sieved to retain aggregates between 180 and 250 μm. These physical mixtures were made with 
sufficient amounts of extracrystalline Pt/SiO2 to equilibrate reactant alkane dehydrogenation 
(Pts/H+ ratios > 7.8, as discussed in Chapter 1). 
 
 
2.1.1. Infrared (IR) spectroscopy 
 
 The OH vibrational band (3800-3400 cm-1) was examined for zeolites and Pt-zeolites from 
infrared spectra (Nicolet NEXUS 670 infrared spectrometer), collected in transmission mode using 
a Hg-Cd-Te (MCT) detector. Self-supporting wafers (0.01-0.02 g cm-2) were placed within a 
quartz vacuum cell with NaCl windows. Temperature was controlled (Watlow) using a resistively 
heated heater rod and measured with a K-type thermocouple aligned with the center of the wafer. 
Samples were treated in flowing H2 (40 cm3 g-1 s-1; 99.999%, Praxair) at 573 K (0.025 K s-1) for 2 
h before cooling to 548 K, where they were treated under vacuum (<0.01 Pa dynamic vacuum; 
Edwards E02 diffusion pump). All spectra (2 cm-1 resolution, 400-4000 cm-1, average of 64 scans) 
were normalized by the areas of the zeolite Si-O-Si overtones (2100-1750 cm-1). 
 The types and relative concentrations of chemisorbed CO species on Pt/SiO2 and Pt-
zeolites were examined using infrared spectra (Nicolet 8700 infrared spectrometer), collected in 
transmission mode using a MCT detector. Self-supporting wafers (0.01-0.02 g cm-2) were placed 
between CaF2 windows within a custom flow cell [11]; samples were treated in flowing H2 (40 
cm3 g-1 s-1; 99.999%, Praxair) at 573 K (0.025 K s-1) for 2 h before cooling to 300 K. Samples were 

clusterPtl

clusterPt/H

Hl
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exposed to flowing 1% CO/He (certified standard, Praxair) then purged with He for 20 minute 
prior to collection of spectra (2 cm-1 resolution, average of 64 scans). 
 
 
2.2. Catalytic rate measurements 
 
 CO oxidation and methanol dehydration reaction rates were measured on these samples at 
443 K and 433 K, respectively, as probe reactions that reflect reactive properties of the metal and 
acid functions, respectively, without intervening contributions from the other function (Sections 
3.2 and 3.3). Details of these methods are included in the SI (S2). 
 
 
2.2.1. n-Heptane isomerization and β-scission rates and selectivities 
 
 n-Heptane isomerization rates and selectivities were measured on Pt/SiO2 in physical 
mixture with zeolite and Pt-zeolites (548 K), held within a tubular reactor (316 SS, 12 mm i.d.) 
with plug-flow hydrodynamics. Bed temperature was controlled by a three-zone resistively-heated 
furnace (Applied Test Systems Series 3210) with electronic controllers (Watlow EZ-ZONE PM 
Series) and was measured by a K-type thermocouple within a thermowell, aligned with the 
midpoint of the bed. Samples were treated in flowing 10% H2/He mixture (0.83 cm3 s-1; 99.999% 
Praxair H2; 99.999% Praxair He) at 573 K (0.083 K s-1) for 2 h then cooled to reaction temperatures. 
n-Heptane (nC7; >99.5%, Acros Organics) was introduced as a liquid to flowing H2 and He streams 
(99.999% H2, Praxair; 99.999% He, Praxair), metered independently (Parker 601 Series electronic 
mass flow controllers) to change n-heptane and H2 pressures independently (n-heptane/H2 molar 
ratios ~ 0.005-0.15; 60-250 kPa H2). Total system pressure was maintained using a dome-loaded 
regulator (Tempresco). Reactant and product concentrations in the reactor effluent were detected 
using on-line gas chromatography (Agilent 6890N), equipped with a methyl silicone capillary 
column column (Agilent HP-1, 50 m x 0.32 mm x 1.05 μm) and flame ionization detection. 
 Measured rates were corrected for approach to equilibrium with the reactant to obtain 
forward rates:  

  (1) 

where  is the equilibrium constant for forming the product from the reactant (from gas 

phase thermodynamics [12]) and  is the measured pressure ratio for the product with respect 

to the reactant. 
 Product selectivities (Sprod)  

  (2) 

where rreact,prod is the measured formation rate of each product (prod) from reactant (react), were 
assessed for n-heptane isomerization during desorption of NH3 to change intracrystalline residence 
times, as discussed in Chapter 1. The fraction of sites accessible ( ) is defined as: 
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  (3) 

where rreact is the reaction rate at a given time during NH3 desorption, and rreact,ss is reaction rate at 
steady state. 
 
 
2.3. Density functional theory (DFT) methods 
 
 Transition state and reference state energies and structures were determined using periodic 
density functional theory methods (Vienna ab initio simulation package, VASP [13–15]); a 
periodic plane-wave basis set (energy cutoff of 396 eV) was used to represent wave functions, and 
projector-augmented wave (PAW) pseudopotentials [16,17] were used to describe electron-core 
interactions. The revised Perdew-Wang (PW91) functional was used [18]. Model solid Brønsted 
acids, tungsten-containing Keggin-type polyoxometalate clusters (POM) with well-defined 
chemical composition and connectivity, were used as the acid function to assess the existence of 
parallel mechanisms. POM clusters (1.1 nm diameter) were placed within 3 x 3 x 3 nm3 unit cells 
to preclude electronic interactions from neighboring cells. The structure of the POM cluster with 
a P central atom and the proton used as the Brønsted acid site are indicated in Figure 1; the other 
two accessible protons on the POM cluster remained unchanged. 
 Transition state structures were determined using nudged elastic band methods [19] to find 
minimum energy paths and dimer methods [20] to refine structures (energies < 1 x 10-6 eV, forces 
< 0.05 eV Å-1). Structure optimizations were converged to the same force and energy criteria. 
Frequency calculations were used to obtain values for zero-point vibration energies (ZPVE) and 
vibrational free energies (Gvib); for gas-phase molecules, translational and rotational free energies 
were also obtained (Gtrans, Grot, respectively). Low frequency modes of weakly bound adsorbates 
were excluded and replaced with a fraction (0.7) of translational and rotational entropies of gas-
phase analogs, shown to accurately estimate adsorption entropies of adsorbates on oxide surfaces 
[21]. 
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Figure 1. Structure of the tungsten Keggin-type 
polyoxometalate cluster. The circled proton is the 
bridging proton which is involved in reaction. 
Red atoms are oxygen, blue are tungsten, fuschia 
is phosphorus, and white are hydrogen. 

 
 

3. Results and discussion 
 
3.1. Enhancements in n-heptane isomerization turnover rates 
 
 n-Heptane isomerization rates (per H+, measured by titration with 2,6-di-tert-butylpyridine 
(FAU, BEA) or by quantifying the amount of NH3 desorbed during rapid heating of NH4

+-zeolites; 
Pt-zeolites were assumed to have the same [H+] as their parent zeolites) were measured on physical 
mixtures of zeolite or Pt-zeolite (FAU, BEA, MFI, and their Pt-containing analogs; Tables 1 and 
2) with Pt/SiO2. The zeolite-Pt/SiO2 mixtures examined here were of sufficient intimacy, as 
discussed in Chapter 1, which entailed having sufficient amounts of extracrystalline metal function 
to equilibrate reactant alkane dehydrogenation and zeolite crystallites that were free of 
concentration gradients of reactant heptenes. Measured product selectivities for these physical 
mixtures were accurately described by reaction-transport formalisms that accounted for zeolite 
crystallite size as that of the acid domain. Introduction of Pt clusters within zeolite crystallites was 
therefore expected to reduce acid domain sizes as relevant for measured product selectivities with 
no concomitant change in turnover rates. 
 Figure 2 shows n-heptane isomerization turnover rates for MFI-3, BEA, PtMFI-3, and 
PtBEA, each in physical mixture with Pt/SiO2, as a function of nC7/H2 molar ratio. Rates on each 
sample increased proportionally with nC7/H2 molar ratio at small ratios and approached constant 
rates as molar ratio increased further. Isomerization turnover rates (per H+) for Pt-zeolite samples 
were greater than those for analogous physical mixtures where Pt was present only as 
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extracrystalline Pt/SiO2. Isomerization rates on all samples were accurately regressed to the 
expression describing n-heptane isomerization rates as a function of nC7/H2 molar ratio (derivation 
in Chapter 1):  

  (4) 

This rate expression assumes quasi-equilibrated reactant alkane dehydrogenation and alkene 
protonation/adsorption to form reactant alkoxides and bare protons and hexoxides as most 
abundant surface intermediates (MASI). The elementary steps additionally involve a single 
kinetically-relevant step that converts reactant alkoxides to product alkoxides (2-methylhexoxides 
and 3-methylhexoxides), equilibrated product alkoxide desorption, and equilibrated product 
alkene hydrogenation. In Equation 4,  is the equilibrium constant for alkoxide formation, 

 is the equilibrium constant for nC7 dehydrogenation to an equilibrated mixture of linear 

heptene regioisomers (from gas phase thermodynamics, 19.8 Pa at 548 K [12,22]), and  is 

the rate constant for isomerization of heptoxides. The first-order isomerization rate constant is 
given by  and reflects the free energy difference between the ensemble of transition 

states that mediate heptoxide to methylhexoxide conversions and equilibrated gas-phase heptenes 
with bare protons. 
 

 
Figure 2. n-Heptane isomerization turnover rates 
(per H+) on physical mixtures of Pt/SiO2 and 
MFI-3 (white triangles), BEA (white circles), 
PtMFI-3 (grey triangles), and PtBEA (grey 
circles) (548 K, 60-100 kPa H2). Dashed lines 
represent regression to Equation 4. 
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 The rates in Figure 2 can be regressed to Equation 4, despite significant (and yet 
unexplainable) differences in turnover rates. Figure 3 shows enhancement factors (ω) for each 
zeolite:  

  (5) 

Values of ω vary from a value of unity (no enhancement) for FAU to an enhancement factor of 
about 6 for MFI-3, among these Pt-zeolites that only vary in their metal-acid site proximity 
(  in Table 1, where small values indicate greater proximity). These enhancements 

must be either because of changes in metal or acid reactive characteristics as a result of ion-
exchange and encapsulated cluster formation or the result of a previously unrecognized mechanism 
that occurs because these sites are in such close proximity. In the next two sections, we examine 
properties of the acid function and metal function separately, using spectroscopic techniques and 
kinetic probes. 
 
 

 
Figure 3. Enhancement factor (Eq. 5) for Pt-
zeolites (548 K). 

 
 
 
3.2. Assessment of changes in acid properties: the number and reactivity of protons 
 
 The reactivity of the acid function, as is relevant to rate increases for heptane isomerization, 
could have been altered by the introduction of platinum clusters in three different ways: (1) an 
increase in the number of acid sites from the treatments required to form intracrystalline Pt clusters, 
(2) a “tighter” confining environment around protons that more effectively stabilizes transition 
states from space-filling Pt clusters (as seen for extraframework Al in FAU [23]), and (3) an 
increase in the strength of acid sites from electronic interactions with metal clusters. The number 
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of acid sites can be assessed using IR spectroscopy of a given zeolite, compared to its Pt-containing 
analog. 
 Figure 4 shows IR spectra of MFI-3 and PtMFI-3; spectra look nearly identical for both 
samples, with no appearance of new bands and no shifts of existing bands for PtMFI-3 compared 
to its parent. The area of the OH vibrational band that corresponds to the Bronsted acid site (3600 
cm-1) is similar for MFI-3 and PtMFI-3. There are slight changes in the OH vibrational band 
corresponding to silanol groups (3700 cm-1) [24],  but these do not participate in catalysis in these 
materials. These spectra suggest that the number of acid sites has not changed as a result of 
introduction of platinum clusters. Additionally, vibrational bands are characterized by similar 
frequencies, indicating that their vibrations have not been perturbed by a different confining 
environment (as seen for MOR [25] and for protons in MFI-4 [26]). The confining environment 
around such protons can be interrogated more thoroughly by using a probe reaction that is sensitive 
to the number, strength, and confinement of acid sites, such as methanol dehydration. 
 

 
Figure 4. Infrared spectra of PtMFI-3 (grey) and 
MFI-3 (black) under vacuum. The Brønsted OH 
vibrational band (3600 cm-1) is unperturbed with 
introduction of Pt clusters into the zeolite. 

 
 
 Methanol (MeOH) dehydration reactions are catalyzed by Bronsted acid sites and are 
sensitive to the strength of acid sites and the size and shape of the confining void surrounding them 
[23,26]. Figure 5 shows methanol dehydration turnover rates as a function of methanol pressure 
on MFI-3 and PtMFI-3. Their values depend similarly on methanol pressures and are accurately 
described by:  

  (6) 
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where kfirst is the first-order rate constant and kzero is the zero-order rate constant (per H+) [26]. 
First-order rate constants (kfirst, per H+) reflect the effects of acid strength and confinement in 
stabilizing bimolecular transition states relative to a gas-phase methanol precursor and a confined 
H-bound methanol. Measured reaction rates on both MFI and PtMFI-3 can be regressed to the 
form of Equation 4 to obtain values for rate constants (inset in Fig. 5) that are nearly identical, 
indicating that the presence of metal clusters does not significantly alter the confining environment 
near protons or the strength of acid sites. Based on kinetic and spectroscopic probes, the acid 
function remains unchanged from the parent material compared to the Pt-zeolite. In the next 
section, we examine electronic properties of the metal function to assess possible changes in its 
properties. 
 
 

 
Figure 5. Measured methanol dehydration 
turnover rates (per H+) on MFI and PtMFI-3 (433 
K). Inset values represent rate constants regressed 
to Equation 6; the dashed curve represents the fit. 

 
 
 
3.3. Assessment of metal reactivity 
 
 Changes in reactive properties of the metal are unlikely to affect bifunctional alkane 
reactions that occur through the traditional bifunctional pathway because kinetically-relevant 
alkene transformations occur on the acid function, unless they result in the formation of a distinct 
site that acts like a proton, as was previously claimed for electron-deficient platinum-proton 
adducts [27–32]. The evidence for the formation of these adducts was the appearance of several 
previously-unseen bands in IR spectra for CO chemisorbed on platinum clusters that seemed to 
indicate isolated CO molecules bound in the atop position [29,33]. Figure 6 shows IR spectra for 
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Pt/SiO2 and PtMFI-3 after exposure to 1 kPa CO and allowing weakly-adsorbed molecules to 
desorb into He streams. The spectra are similar, with narrow bands representing the linear CO 
stretch (2060 cm-1 [34]) and broader ones for the bridge-bonded CO stretch (1820-1880 cm-1). 
There exist no additional bands on PtMFI-3 compared to Pt/SiO2, suggesting that Pt within zeolites 
behaves as metal clusters. 
 
 
 

 
Figure 6. Infrared spectra of chemisorbed CO 
species on PtMFI-3 (grey) and Pt/SiO2 (black). 
Both Pt/SiO2 and PtMFI-3 show vibrational bands 
associated with atop CO (~2060 cm-1) and bridge-
bonded CO (~1850 cm-1). The band at 2350 cm-1 
corresponds to CO2 (g). 

 
 
 A kinetic probe for metal clusters is CO oxidation turnover rates [34]. These reactions do 
not have intervening contributions from the acid function. The rate expression for CO oxidation 
(per Pts) has been determined to be:  

  (7) 

where keff is the effective rate constant. Figure 7 shows a parity plot of CO oxidation turnover rates 
on Pt/SiO2 and PtMFI-3, along with regressed values of keff (inset). These rate constants are similar 
in value, another indication that the metal clusters remain unchanged and all of their surface atoms 
accessible despite their encapsulation within zeolite frameworks. Such results also indicate that Pt 
clusters within zeolite crystallites are fully accessible to CO and O2 reactants. 
 The metal function and acid function were both determined to be unchanged when located 
in close proximity, compared to Pt/SiO2 and parent zeolite, respectively. In the next section, we 
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explore the possibility of reaction pathways in n-heptane isomerization that can only occur when 
acid and metal sites are separated by only nanometer distances. 
isomerization that can only occur when acid and metal sites are separated by only nanometer 
distances. 
 
 

 
Figure 7. Parity plot for CO oxidation turnover rates 
(per Pts) on Pt/SiO2 and PtMFI-3 (443 K). Calculated 
turnover rates are from Eq. 7. Inset values represent 
rate constants regressed to Eq. 7. The dashed line 
represents parity. 

 
 

3.4. Assessment of previously unrecognized reaction pathways in heptane isomerization 
  
 In this section, we explore the required characteristics for a previously unrecognized 
reaction pathway that could cause the observed enhancements in n-heptane isomerization turnover 
rates. Reaction rates require bifunctional synergies between metal and acid function. When low 
pressures of selective titrant 2,6-di-tert-butylpyridine were introduced during n-heptane reactions 
on PtBEA, reaction rates were completely suppressed (S3, SI). Such rate suppression indicates that 
the encapsulated metal function individually is unable to form isomer products, thereby excluding 
the kinetic relevance of metal-catalyzed isomerization or hydrogenolysis reactions. Enhancement 
factors generally increase with decreasing , demonstrating the relevance of metal-

acid site proximity. 
 Product selectivities assessed during desorption of weakly bound titrant NH3 (as discussed 
in Chapters 1, 2, and 3) demonstrate the same selectivity trends with increasing intracrystalline 
residence times (Figure 8) as were observed for n-heptane isomerization on physical mixtures of 

clusterPt/H



143 
 

zeolite with Pt/SiO2 (Chapter 1), where methylhexanes were formed as primary products and 
dimethylpentanes and smaller fragments as secondary. Reactant heptenes form 2-methylhexenes 
and 3-methylhexenes, which interconvert and undergo further reaction to form dimethylpentenes. 
2,4-Dimethylpentene is the precursor for β-scission products. These reactions must occur through 
analogous pathways or to bypass the kinetically-relevant step on the acid (nC7

= skeletal 
isomerization to form 2-methylhexenes and 3-methylhexenes). 
 
 

 
Figure 8. Product selectivities on PtMFI-3 for n-
heptane isomerization during NH3 desorption as 
a function of ρH+ (Eq. 3) (548 K; 0.005 nC7/H2 
molar ratio, 100 kPa H2). 

 
 
 The most conspicuous reaction analog is a pathway mediated by dienic intermediates, 
formed in equilibrium amounts on metal sites. Allylic cyclopropyl carbenium ions may benefit 
from additional charge delocalization and pi-pi stacking, allowing their transition states to be 
stabilized relative to alkene-derived ones. These diene intermediates must be short-lived and 
require metal and acid sites within close proximity to react to isomerization reactions. The 
existence of such a pathway is probed in two ways: (1) by using insights from DFT calculations, 
and (2) by changing hydrogen pressure during reaction and seeing if there is an additional 
suppression. Free energies from DFT calculations (Fig. 9; transition state images in S4, SI) for 
dienic analogs of alkene-derived transition states show higher barriers (by ~25 kJ mol-1) than the 
classical alkene pathway, both taken with respect to gaseous linear heptenes and bare protons. 
Taken together with their low equilibrium pressures, diene-derived pathways are unlikely to 
contribute significantly to measured rates. Figure 10 shows n-heptane isomerization rates on 
PtMFI-3 as a function of nC7/H2 molar ratio for varied H2 pressure (from 60-250 kPa). Turnover 
rates remain a single-valued function of nC7/H2 molar ratio, despite changes in H2 pressure of a 
factor of 4 (from 60 kPa to 250 kPa). These results together indicate that dienic-pathways are 
unlikely to contribute significantly to rate enhancements. 
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Figure 9. DFT-derived free energies for 
conversion of linear heptenes to 2-
methylhexenes on POM (PW91 PAW) through 
diene-derived (dashed line) and alkene-derived 
(solid line) pathways. Transition state structures 
are included in the SI (S4). 

 
 

 
Figure 10. n-Heptane isomerization turnover 
rates on PtMFI-3 as a function of nC7/H2 molar 
ratio for varied H2 pressures (60-250 kPa, colors 
indicated in the inset gradient). Dashed line 
represents regression to Eq. 4. 
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4. Conclusions 
 
 In this work, we have reported enhancements in n-heptane isomerization rates on physical 
mixtures of Pt/SiO2 with Pt-zeolites, compared to their zeolite counterparts, and assessed their 
plausible origins. These enhancements are marked and unexpected, given previous efforts that 
demonstrated the absence of reactant alkene concentration gradients within acid domains and 
accurately described the effects of acid domain sizes on measured product selectivities. These rate 
enhancements increased with improved metal-acid site proximity (decreasing ). The 

acid and metal functions of Pt-zeolites were determined to be unchanged from their 
monofunctional analogs (zeolites and Pt/SiO2, respectively) using the kinetic probe reactions of 
methanol dehydration and CO oxidation, respectively, and infrared spectroscopy. Rate 
enhancements must occur as a consequence of metal-acid site proximity. The requirements for a 
pathway responsible for such measured enhancements were discussed; this pathway must be 
bifunctionally-catalyzed and requires either circumventing the kinetically-relevant step in the 
alkene reactions or proceeding through an analogous pathway to that mediating alkene reactions. 
The analogous pathway involving dienic intermediates was ruled out using a combination of 
density functional theory and experimental methods. 
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6. Supporting information 
 
S1. Micrographs of PtMFI 
 

Figure S1. Transmission electron micrographs of (a) PtMFI-3 and (b) PtMFI-2. Scale bars 
represent 10 nm. Images have not been retouched or enhanced. 

 
 
 
S2. Protocols for catalytic rate measurements for methanol dehydration and CO oxidation 
 
S1.1. Methanol dehydration 
 Methanol dehydration rates (433 K; reactant conversion < 5%) were measured on NH4

+-
zeolites and Pt-zeolites that were pressed, gently crushed, and sieved to retain aggregates between 
180 and 250 μm. Catalyst (0.03-0.10 g) was mixed with SiO2 (Cab-O-Sil HS-5, washed with 1.0 
M HNO3, 180-250 μm aggregates) and held within a tubular reactor (316 S.S., 12 mm i.d.) with 
plug-flow hydrodynamics. Catalyst temperature was measured with a K-type thermocouple 
aligned with the midpoint of the catalyst bed and was maintained by a three-zone resistively heated 
furnace (Applied Test Systems Series 3210), each equipped with an independent controller 
(Watlow, EZ-ZONE PM Series).  
 All samples were treated in flowing 10% H2/He mixture (0.83 cm3 s-1; 99.999% Praxair 
H2; 99.999% Praxair He) at 573 K (0.083 K s-1) for 2 h before cooling to reaction temperature. 
Liquid methanol (99.8%, Sigma-Aldrich, used without further purification) was introduced to 
flowing He streams (99.999% Praxair) within heated transfer lines (> 423 K) using a syringe pump 
(Cole-Parmer 780200C Series). Reactant and product concentrations in the effluent were measured 
by on-line gas chromatography (Agilent 6890N, Agilent HP-1 column (50 m x 0.32 mm x 1.05 
μm)) and flame ionization detection. 
 
S1.2. CO oxidation 
 CO oxidation rates (443 K; reactant conversion < 0.7%) were measured on Pt/SiO2 and Pt-
zeolites that were crushed and mixed together with SiO2 (Cab-O-Sil HS-5, washed with 1.0 M 
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HNO3) to yield 1:10 mass ratios (Pt:diluent), then pressed and sieved to retain aggregates between 
180 and 250 μm. Catalysts were held against a quartz frit within a tubular reactor (quartz, 7.0 mm 
i.d.); bed temperature was measured using a K-type thermocouple in contact with the external wall 
and aligned with the middle of the catalyst bed. Temperature was maintained by a three-zone 
resistively heated furnace (Applied Test Systems Series 3210), each equipped with an independent 
controller (Watlow Series 96). 
 All samples were treated in flowing 50% H2/He mixture (1.67 cm3 s-1; 99.999% Praxair 
H2; 99.999% Praxair He) at 573 K (0.083 K s-1) for 2 h before cooling to reaction temperature. 
Reactant flows (1% CO/He, certified standard, Praxair; 25% O2/He, 99.999% Praxair; He, 
99.999% Praxair) were metered using electronic mass flow controllers (Porter, Type 201). 
Reactant and product concentrations were measured by on-line gas chromatography (Shimadzu 
GC-2014; Porapak Q (80/100 mesh, SS, 0.32 cm o.d., 0.02 cm i.d.) and thermal conductivity 
detection.  
 
 
S3. Suppression of isomerization rates with co-feed of selective titrants 
 

 
Figure S3. n-Heptane isomerization rates on 
physical mixtures of Pt/SiO2 and PtBEA as a 
function of time-on-stream. At ~4.1 ks, a low 
pressure of selective titrant 2,6-di-tert-
butylpyridine was introduced. Rates were 
completely suppressed within 3 ks of titrant 
introduction. 
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S4. DFT-derived structures of transition states 
 

 
Figure S4. Structures of transition states for (a) heptene isomerization to 2-
methylhexene and (b) heptadiene isomerization to 2-methylhexadiene on W-based 
Keggin-type polyoxometalate clusters (P3+ central atom). The dashed circle indicates 
the bridging oxygen bound to the proton is transferred to the alkene during catalysis 
(VASP, PW91 PAW). 
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