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ABSTRACT

Vega-Vila, Juan Carlos Ph.D., Purdue University, December 2019. Synthetic Strate-
gies to Tailor Active and Defect Site Structures in Lewis Acid Zeolites for Sugar
Isomerization Catalysis. Major Professor: Rajamani Gounder.

Lewis acid zeolites contain framework metal heteroatoms that catalyze sugar iso-

merization reactions at different turnover rates depending on the local coordination

around metal centers and the polarity of their confining secondary environments.

Post-synthetic modification routes that react metal precursors with framework va-

cancy defects in dealuminated Beta zeolites (Sn-Beta-PS-OH) are developed as an

alternative synthetic strategy to the hydrothermal crystallization of Sn-Beta zeolites

(Sn-Beta-HT-F). Post-synthetic routes provide the ability to systematically tailor the

structural features of active and defect sites in Sn-zeolites, especially in composition

ranges inaccessible to materials crystallized by hydrothermal routes (Si/Sn < 100; >

2 wt.% Sn), yet often result in incomplete or unselective Sn grafting within framework

vacancy defects and form extraframework metal oxide domains and residual defect

sites. The development of robust post-synthetic routes to prepare Sn-zeolites with

intended active and defect structures has been limited by the dearth of characteri-

zation techniques to unambiguously detect and quantify such structures present in

stannosilicate materials, and of mechanistic links between such structures and the

turnover rates of catalytic reactions.

The presence of framework Sn centers that can expand its coordination shell from

four- to six-coordinate structures, and small extraframework tin oxide domains that

cannot, were unambiguously detected from diffuse reflectance UV-Visible spectra of

stannosilicate materials measured after dehydration treatments (523 K, 0.5 h) to

discern ligand-to-metal charge transfer bands for tetrahedrally-coordinated Sn het-
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eroatoms (< 220 nm, > 4.1 eV) and those for tin oxide domains (> 230 nm, <

4.1 eV). Liquid-phase grafting of stannic chloride in dichloromethane reflux (333 K)

enables preparing Sn-Beta zeolites with higher framework Sn content (Si/Sn = 30–

144; 1.4–6.1 wt.% Sn) than grafting performed in isopropanol reflux (423 K, Si/Sn >

120; 1.6 wt.% Sn). This reflects competitive adsorption of isopropanol solvents with

stannic chloride at framework vacancy defects during grafting procedures, consistent

with infrared spectroscopy (IR) and temperature-programmed desorption (TPD) of

dealuminated Beta samples after saturation with isopropanol at reflux temperatures

(423 K), and not any limitations inherent to the structure of vacancy defects within

dealuminated zeolite supports that would prevent reaction with metal precursors as

often proposed.

This insight enabled preparing Sn-Beta zeolites with varying densities of residual

defects, via dichloromethane-assisted grafting of stannic chloride to different extents,

into dealuminated Beta supports of different initial Al content (Si/Al = 19–180) and

mineralizing agent used for hydrothermal crystallization of the parent Al-Beta sam-

ple (e.g., fluoride or hydroxide). Preparation of low-defect Sn-Beta zeolites using

post-synthetic routes (Sn-Beta-PS-F) first required the synthesis of parent Al-Beta

zeolites in fluoride media to minimize residual siloxy defects (OSi−) formed during

crystallization, and dilute Al content (Si/Al > 100, < 0.6 Al (unit cell)−1), to min-

imize the density of intrapore silanol groups formed after dealumination and high

temperature oxidative treatment. The methanol packing density within microporous

voids of Sn-Beta zeolites was assessed from relative volumetric uptakes at the point

of micropore filling from single-component methanol (293 K) and nitrogen (77 K)

adsorption isotherms, and decreased systematically among samples with increasing

density of silanol groups. The total density of silanol groups within micropores and

at external crystallite surface in Sn-Beta zeolites was quantified by H/D isotopic ex-

change during temperature-programmed surface reactions (500–873 K), and within

microporous voids from IR spectra measured after saturation of microporous binding

sites with CD3CN (2275 cm−1, 303 K). In situ IR spectra collected at low methanol
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pressures (P/P0 < 0.2, 303 K) provide further evidence that methanol molecules ar-

range in localized clusters within Sn-Beta-PS-F, but form extended hydrogen-bonded

networks within Sn-Beta-PS-OH.

Glucose-fructose isomerization rate constants (373 K) were used to probe the lo-

cal coordination of Sn heteroatoms and the polarity of the secondary environment as

influenced by silanol defects within microporous cavities. Ex situ pyridine titration

of Sn-Beta-HT-F samples suppressed isomerization rates (per total Sn, 373 K) after

only a subset of Sn sites were poisoned, which correspond to the number of open Sn

sites quantified ex situ via CD3CN IR (303 K), providing further evidence that open

Sn sites are dominant active sites for glucose isomerization. First-order isomerization

rate constants (373 K) decrease with increasing Sn content when normalized by total

Sn density, and are invariant when normalized by the number of open Sn sites, be-

cause open Sn sites are grafted preferentially within Sn-Beta-PS-OH (Si/Sn = 30–144;

1.4–6.1 wt.% Sn) at low Sn densities. Isomerization rate constants (per open Sn, 373

K), however, are lower by ∼4x and ∼15x on Sn-Beta-PS-F (Si/Sn = 284; 0.7 wt.%

Sn) and Sn-Beta-PS-OH, respectively, than on Sn-Beta-HT-F. Open Sn sites catalyze

aqueous-phase glucose isomerization at higher turnover rates (373 K) when their mi-

croporous surroundings contain silanol defects present in low (hydrophobic) densities

than high (hydrophilic) densities, which are characteristic of Sn-Beta-HT-F and Sn-

Beta-PS-OH samples, respectively. This reflects reorganization of extended water

networks, which are stabilized in high-defect, hydrophilic micropore environments,

at kinetically relevant 1,2-hydride shift transition states that incurs entropic penal-

ties that lower turnover rates. This thesis highlights the development of synthesis-

structure-function relationships to guide the preparation of catalytic materials with

intended active and defect site structures within confining reaction environments, the

development of characterization techniques for the identification and quantification of

such structures, and the influence of such structures on turnover rates of liquid-phase

sugar isomerization.
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1. INTRODUCTION

The isomorphous substitution of silicon in pure-silica zeolitic frameworks with tetrava-

lent metal heteroatoms can be used to prepare molecular sieves with isolated Lewis

acid centers. The confinement of Lewis acid centers within zeolitic micropores of vary-

ing pore diameter (0.5–0.7 nm) generates reaction environments that are reported to

perform stereoselective reactions of oxygenated molecules containing carbonyl groups

through the concerted Meerwein-Ponndorf-Verley (MPV) reduction of ketones [1–3],

the Oppenauer oxidation of alcohols [4], and the Baeyer-Villiger oxidation of ke-

tones [5–10]. The rates at which these chemical reactions are catalyzed by Lewis acid

zeolites, however, depends on their synthesis and treatment history because they lead

to differences in framework metal density, metal speciation and coordination, and

confining environment polarity.

Beta molecular sieves with framework tetravalent cations (Si/Sn > 100, <2 wt.%

Sn) can be crystallized hydrothermally in the presence of cationic tetraethylammo-

nium (TEA+) organic structure directing agents (SDAs) and fluoride anions (20 days,

413 K) [5,11]. The addition of Beta zeolite seeds to fluoride-based synthesis gels used

in hydrothermal preparations of Sn-Beta can shorten crystallization times (2 days,

413 K) [12]. The incorporation of Sn heteroatoms in the framework of Beta molecular

sieves (Si/Sn > 100, <2 wt.% Sn) can also occur via steam-assisted crystallization of

stannosilicate gels in the presence of TEA+ cations in fluoride (5 days, 413 K) [13,14]

or hydroxide media (6 h, 453 K) [15]. Crystallization of Beta frameworks in fluo-

ride media results in the preferential stabilization of occluded TEA+ cations with

F− anions and the selective formation of non-polar siloxane bonds, which disfavors

formation of extended solvent (e.g., water) structures within microporous environ-

ments under relevant conditions for aqueous-phase sugar isomerization reactions [16].
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In hydroxide media, however, charge compensation of the structure-directing agent

(TEA+) during crystallization processes results in the formation of siloxy defects

(SiO−) that become silanol groups after high temperature oxidative treatments. More

recently, preparations of solid Lewis acids have been focused on the post-synthetic

grafting of stannic chloride precursors into vacancy defects within dealuminated Beta

supports via vapor-phase deposition [17], solid-state exchange [18–21], or liquid-phase

grafting in solvent reflux [22–25]. Post-synthetic grafting of Sn heteroatoms into a

subset of the total number of vacancy defects, however, results in hydrophilic solid

Lewis acids because of residual silanol groups that are detected in methanol and wa-

ter adsorption isotherms (293 K) and IR spectra (303 K) of dehydrated samples (823

K, 2 h) [25–28]. Altogether, differences in mineralizing agents used to prepare parent

zeolite supports, and the extent of metal grafting within framework vacancy defects

of dealuminated zeolites, determine the density of framework metal sites and of hy-

drophilic binding sites (e.g., silanol groups) present in post-synthetically prepared

Lewis acid zeolites.

Selective incorporation of metal heteroatoms into the framework of Beta molec-

ular sieves is also limited because extraframework metal oxide phases tend to form

preferentially with increasing Sn density. Hydrothermal crystallization of Beta zeo-

lites with Sn heteroatoms within their frameworks are reported to accommodate Sn

densities up to ∼2 wt.% (Si/Sn > ∼100) [13, 14]. Incorporation of high Sn densities

(Si/Sn = 100–400), however, results in longer crystallization times (4 days to 60 days,

413 K) [29]. Although the addition of dealuminated Beta seeds has been reported to

decrease the crystallization time to 2 days, Sn incorporation into framework and ex-

traframework positions was limited to Si/Sn = 126 (1.6 wt.% Sn) [12]. Post-synthetic

grafting of stannic chloride precursors into vacancy defects formed by dealumination

can accommodate higher Sn densities in framework positions by varying the Al den-

sity in the parent Al-Beta zeolite [22, 25]. For instance, Sn grafting via vapor-phase

deposition [17], solid-state exchange [19], and impregnation methods [24] incorporated

up to 5 wt.% Sn (Si/Sn = 37) in the framework, after which extraframework tin oxide
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species are observed. Preparation of Sn-Beta molecular sieves with high Sn densities

(Si/Sn < 100) becomes limited when post-synthetic grafting procedures incorporate

Sn within only a subset of the total vacancy defects present. Solely varying the

metal content, in turn, provides insufficient control of the active site features that are

relevant for reactions whose turnover rates are sensitive to local metal coordination.

Sn heteroatoms coordinate with four framework bonds to form closed Sn sites

(Sn(OSi)4) or three framework bonds and a hydroxyl ligand to form open Sn sites

(Sn(OSi)3(OH)). Recent studies on the structure of open Sn sites combined IR spec-

tra of various Sn-containing zeolites after saturation with CD3CN (303 K) and post-

synthetic treatments to conclude that persistent open Sn sites have a neighboring va-

cancy defect [28,30] in configurations that do not permit condensation to form closed

sites, and that such defective open sites tend to form at grain boundaries located

within Beta crystallites [31]. The presence of these framework Sn species, proposed

to be stable species based on ONIOM and DFT calculations [30], are observed after

deconvolution of the ν(C≡N) stretching region of IR spectra of Sn-Beta saturated

with CD3CN (303 K) [26, 32, 33]. Variations in the conditions of high temperature

oxidative treatment (e.g., humidity and bed depth) results in modifications on the

density of open and closed Sn sites in Sn-Beta [30]. Initial rates of Baeyer-Villiger

oxidation of adamantanone with hydrogen peroxide (per g, 363 K) correlated linearly

with the peak area of open Sn sites (2316 cm−1), but not the peak area of closed Sn

sites (2308 cm−1) [5, 6]. Sn-Beta samples pre-poisoned with ammonia resulted in a

selective decrease in the 2316 cm−1 CD3CN IR peak (303 K), along with a decrease in

the intensity of the resonance at -424 ppm in 119Sn NMR, which have been assigned

to partially-hydrolyzed Sn sites (open Sn sites) [32]. Ex situ pyridine titrations fully

suppressed aqueous-phase glucose isomerization rates (per total Sn, 373 K), measured

in the absence of intrazeolite mass transport limitations [26, 34, 35], when present at

coverages equivalent to the number of open Sn sites (2316 cm−1) quantified ex situ

from CD3CN IR spectra (303 K) on various hydrothermally-synthesized Sn-Beta ze-

olites [26]. These kinetic and spectroscopic experiments suggest that open Sn sites,
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characterized by IR ν(C≡N) stretches at 2316 cm−1 after saturation with CD3CN

(303 K), are the dominant active sites for oxidation and sugar isomerization reactions

on Sn-Beta.

Open Sn sites within the micropores of Sn-Beta are surrounded by the secondary

environment provided by the zeolitic walls and other defect sites (e.g., silanol groups)

that interact with water molecules [36,37], influencing the free energies of relevant re-

active intermediates and transition states [38]. Systematic variations in the density of

metal heteroatoms incorporated into the same dealuminated Beta supports [20,22,25],

or of the density of vacancy defects present initially while keeping metal incorpora-

tion constant [27,39], provides metallosilicates of varying density of residual vacancy

defects. Differences in the density of silanol groups upon incorporation of tetravalent

heteroatoms are probed by the disappearance of IR bands associated with the OH

stretching vibrations of perturbed silanol groups found in vacancy defects (∼3500–

3600 cm−1) [20, 24, 40–42]. Recently, systematic decreases in the peak intensity of

perturbed silanol groups (3300–3700 cm−1) upon Ti grafting within different parent

dealuminated Beta supports were estimated by normalization to an ν(Si-O-Si) over-

tone peak intensity (1865 cm−1) [27]. Consumption of silanol groups upon grafting of

metal heteroatoms has also been observed in the selective decrease of 29Si MAS NMR

resonances at -102 ppm [17,24] corresponding to Si atoms with three –OSi neighbors

and one non-silica neighbor or Q3 sites (e.g., (OSi)3OH) [43,44]. Internal and external

silanol defects are also detected through 1H MAS NMR of dehydrated zeolites with

resonances located at 2.0 and 1.8 ppm, respectively [45–48]. Quantification of NMR

spectra, however, has focused on the deconvolution of 29Si NMR contributions at -

102 ppm, corresponding to silanol groups located within various zeolitic environments

(e.g., external crystallite surface and within micropores) [49]. Although NMR and IR

experiments can be used to monitor the extent of metal incorporation, quantification

of the density of hydrophilic binding sites located within different void environments

of solid Lewis acids is required to interrogate reactivity trends specific to zeolitic

micropores [26, 35,38].
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Glucose-fructose isomerization rates (per open Sn, 373 K) are sensitive to the spe-

ciation of Sn heteroatoms as well as the density of hydrophilic binding sites [32, 50].

First-order glucose-fructose isomerization rate constants (373 K), which reflect Gibbs

free energy differences between water-covered open Sn sites and the 1,2 hydride shift

transition state [35,51], decrease with increasing Sn content in post-synthetically pre-

pared Sn-Beta samples when normalized by the total Sn density [19,22–24,52], because

of the preferential formation of open Sn sites at low Sn densities [25]. Isomerization

rate constants (373 K) are invariant among post-synthetically prepared Sn-Beta ze-

olites, but 15x lower than those measured on hydrothermally-synthesized Sn-Beta

zeolites after rigorous normalization by the number of open Sn sites. These differ-

ences in isomerization rate constants (per open Sn, 373 K) between post-synthetically

prepared and hydrothermally-synthesized Sn-Beta are the consequence of entropic

penalties in the hydride shift transition state formation because of reorganization

of extended networks of water molecules present within post-synthetically prepared

Sn-Beta [38]. Taken together, aqueous-phase sugar isomerization rate constants (373

K) provide a sensitive probe of the active site structures within solid Lewis acid that

consist of the local coordination of Sn heteroatoms and the secondary environment

in the form of silanol groups.

Here, we interrogate the nature of synthetic procedures in order to develop tech-

niques to tailor and characterize the metal density, metal coordination, and the frame-

work polarity of solid Lewis acids. In Chapter 2, we first develop methods to quantify

Sn heteroatoms in open and closed configuration through the use of IR spectroscopy

of adsorbed CD3CN (303 K). In Chapter 3, we evaluate how the identity of the reflux

solvent in liquid-phase grafting preparations of Sn-Beta zeolites influence framework

Sn density and coordination, and resulting consequences for sugar isomerization rate

constants (per total Sn, 303 K). The techniques developed in Chapter 3 allowed for

the preparation of Ti-containing Beta zeolites of varied density of silanol groups (and

metal heteroatoms) to interrogate their consequences for first-order and zero-order

glucose-fructose rate constants (per Lewis acid site, 303 K), as discussed in Chapter 4.
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These mechanistic findings guided the post-synthetic preparation of Sn-Beta zeolites

with confining micropore environments of polarity characteristic of hydrophobic Sn-

Beta catalysts prepared hydrothermally in fluoride media, as summarized in Chapter

5. We also discuss in Chapter 5 the development of methods to quantify the density

of hydrophilic binding sites located within intraporous voids. Lastly, Chapter 6 sum-

marizes the preparation of solid Lewis acids within varying confining environments

and its influence on the selectivity of glucose isomerization towards sorbose over fruc-

tose (373 K). Altogether, this thesis establishes guiding synthesis-structure-function

principles for the preparation of Lewis acid zeolites with tailored structural features

and with intended and predictable consequences for sugar isomerization catalysis in

aqueous media.
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2. TITRATION AND QUANTIFICATION OF OPEN AND CLOSED LEWIS

ACID SITES IN SN-BETA ZEOLITES THAT CATALYZE GLUCOSE

ISOMERIZATION

2.1 Abstract

Methods to quantify framework Lewis acidic Sn4+ sites in zeolite Beta (Sn-Beta)

with four Lewis base titrants (pyridine, deuterated acetonitrile, n-propylamine, am-

monia) were developed using infrared (IR) spectroscopy or temperature programmed

desorption (TPD). Integrated molar extinction coefficients (E, cm mol−1) were mea-

sured for IR bands of pyridine adsorbed to Lewis acidic Sn sites (E(1450 cm−1) =

1.42 ± 0.30) and of CD3CN adsorbed to open (E(2316 cm−1) = 1.04 ± 0.22) and

closed (E(2308 cm−1) = 2.04 ± 0.43) Sn sites, and differ from analogous E values for

Lewis acidic Al sites by up to 3.6. TPD of Sn-Beta samples after saturation with

NH3 or n-propylamine (NPA) and purging to remove physisorbed species also en-

abled quantification of Lewis acid sites, which is seldom performed despite analogous

methods that use such titrants to quantify Brønsted sites in solid acids. These four

Lewis bases titrated Lewis acidic Sn sites with equimolar stoichiometry and counted

similar numbers of Sn sites on low-defect Sn-Beta samples synthesized in fluoride

media (Sn-Beta-F) with high Sn content (Si/Sn < 150). NPA binding on residual

silanol defect sites, however, caused overestimation of Sn sites by TPD on Sn-Beta-F

samples with low Sn content (Si/Sn > 175) or high defect Sn-Beta samples prepared

via post-synthetic insertion of Sn atoms into framework vacancy defects of dealu-

minated Beta zeolites (Sn-Beta-OH). Molar ratios of open-to-closed Sn sites varied

widely (0.29–1.64) among the eight Sn-Beta samples studied here. Open Sn sites have

been proposed as the dominant active sites for aqueous-phase glucose–fructose iso-

merization via intramolecular 1,2-hydride shift, consistent with successive poisoning
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of Sn-Beta samples with pyridine prior to measurement of initial glucose isomerization

rates that suppressed reactivity at pyridine uptakes similar to the number of open

Sn sites counted ex situ by CD3CN. Measured first-order glucose isomerization rate

constants in water (per open Sn, 373 K), which reflect free energy differences between

isomerization transition states and two coordinated water molecules at Sn sites, were

50x higher on hydrophobic Sn-Beta-F than on hydrophilic Sn-Beta-OH zeolites. The

characterization methods reported herein enable normalization of initial glucose iso-

merization turnover rates on Sn-Beta zeolites by their number of open Sn sites, as

required prior to interpreting the catalytic consequences of structural heterogeneities

introduced by differences in sample preparation or treatment history.
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2.2 Introduction

Pure-silica molecular sieve frameworks containing Lewis acidic tetravalent het-

eroatoms (e.g., Sn4+, Ti4+) catalyze a range of oxidation reactions [1, 2, 5, 6, 53],

including the concerted Meerwein-Ponndorf-Verley carbonyl reduction (aldehyde, ke-

tone) and Oppenauer alcohol oxidation via intramolecular or intermolecular cycles

(MPVO), with recent attention focused on MPVO reactions of biomass-derived oxy-

genates containing carbonyl moieties [37, 54–58]. Lewis acidic heteroatoms (M) can

be tetrahedrally coordinated (M-(OSi)4, “closed” site) or tri-coordinated ((HO)-M-

(OSi)3; “open” site) to the zeolite framework [59], each with its own strength and

reactivity. Lewis acidic Sn-Beta zeolites have been prepared by direct hydrother-

mal crystallization (fluoride-assisted [5, 11], hydroxide-assisted [15] and by several

indirect post-synthetic modifications, which first involve removing framework silicon

atoms [9, 60] or heteroatoms (e.g., Zn, Al) [61] to form vacancy defects, followed by

insertion of Lewis acidic heteroatoms (e.g., Sn, Ti) via vapor-phase deposition [17],

via liquid-phase reflux or exchange [22–24,62], or via solid-state ion exchange [19–21].

Sn-Beta zeolites prepared by such diverse methods and treatments differ in their dis-

tribution of open and closed sites [30] and their density of other structures (e.g., Si-OH

defects), requiring methods to quantify the number of open and closed sites in order

to interpret turnover rate differences among samples of varying origin or treatment

history.

Experimental and theoretical assessments of the strength of Lewis acid sites, in-

ferred from their interactions with Lewis base probes, indicate that open sites are

stronger than closed sites in Sn-Beta. Deuterated acetonitrile (CD3CN) binding to

framework Sn sites involves donation of electron density from the HOMO of CD3CN

(localized at the nitrogen atom) to the LUMO of the Sn site (a combination of the

four antibonding σ*(Sn-O) orbitals) and concomitant lengthening of the four Sn-O

bonds, which occurs to a greater extent in open Sn sites than in less flexible closed

Sn sites according to theory (ONIOM and DFT) [30]. These findings are consis-
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tent with experiment, which has noted that infrared ν(C≡N) stretches for gas-phase

CD3CN (2265 cm-1) are more strongly perturbed when bound to open (2316 cm-1)

than to closed Sn sites (2308 cm-1), and that IR peaks for CD3CN bound to closed

sites disappear preferentially upon evacuation of CD3CN-saturated surfaces (298-433

K) [30, 32, 33]. Sn-Beta zeolites saturated with ammonia at 298 K and then evacu-

ated at 393 K give rise to 119Sn NMR resonances for tetrahedrally-coordinated closed

sites (ca. -443 ppm) but not for tetrahedrally-coordinated open sites (ca. -420 ppm),

which instead appear as broad resonances characteristic of penta-coordinated Sn (-

500 to -600 ppm; e.g., (NH3)(HO)-Sn-(OSi)3) [32], indicating that NH3 binds more

strongly at open Sn sites. Furthermore, NH3-saturated Sn-Beta zeolites that are sub-

sequently exposed to CD3CN (308 K) show IR peaks at 2308 cm-1 but not at 2316

cm-1 [32], indicating that NH3 binds more strongly than CD3CN to open Sn sites, as

also predicted by DFT [63]. Taken together, these spectroscopic data and theoretical

calculations provide evidence that open Sn sites bind Lewis bases more strongly than

closed Sn sites in Sn-Beta.

Experimental and theoretical assessments of catalytic oxidation reactivity also

provide evidence that open sites are more reactive Lewis acid sites than closed sites

in Sn-zeolites. Boronat et al. varied the distribution of open and closed sites in Sn-

Beta by varying calcination conditions (e.g., humidity, bed depth) and observed that

the initial rate of Baeyer-Villiger oxidation of adamantanone with aqueous H2O2 (per

g, 363 K, dioxane solvent) correlated linearly with IR peak areas for CD3CN bound

to open Sn sites, but not for CD3CN bound to closed Sn sites [30]. Bermejo-Deval

et al. exchanged sodium cations onto silanol groups proximal to open Sn sites in

Sn-Beta and observed suppression of glucose-fructose isomerization rates (per g, 353

K), concluding that open Sn sites were the dominant active site for this intramolec-

ular MPVO reaction [32]. These experimental findings are consistent with activation

enthalpies for intramolecular 1,2-hydride shift steps in glucose-fructose isomerization

sequences that theory has predicted to be 5–10 kcal mol-1 lower on open than on

closed Sn sites [34, 64, 65]. Both theory and experiment indicate that open Sn sites
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are stronger Lewis acids and more reactive in oxidation reactions than closed sites, but

these two types of sites have yet to be quantified precisely in Sn-zeolites, as required

for rigorous normalization of catalytic turnover rates.

Pyridine is used as a base titrant of Lewis acid sites because it gives rise to IR

peaks at 1455 cm-1 and 1623 cm-1 for perturbed gas-phase ring deformation modes

(1439 cm-1 and 1580 cm-1, respectively) when present in Lewis-bound adducts [66–69],

but it does not distinguish between open and closed Lewis acid sites. As a result,

pyridine titration of Sn-Beta zeolites has been used only to detect the presence of

Lewis acidic Sn [12,70], to infer the density of Lewis acidic Sn sites from integrated IR

peak areas [17,71], or to quantify the number of Lewis acidic Sn sites using integrated

molar extinction coefficients (E) for Lewis acidic Al sites [24,72–74]. Carbon monoxide

has also been used as a base titrant to identify open (2185 cm-1) and closed (2176

cm-1) Lewis acidic Zr sites in Zr-Beta zeolites and to infer their density from integrated

IR peak areas [75]. Deuterated acetonitrile, which is used to avoid Fermi resonance

between the ν(C≡N) stretching mode and a combination of the symmetric ν(C-C)

and deformation ν(CH3) modes in CH3CN [76, 77], can distinguish between open

(2316 cm-1) and closed (2308 cm-1) Lewis acid sites in Sn-Beta zeolites [20, 30, 32,

33]. These different IR vibrational stretching frequencies have been proposed to

reflect supra-stoichiometric CD3CN binding to Sn sites or the presence of additional

CD3CN within the immediate vicinity, based on temperature programmed desorption-

thermogravimetric analysis (TPD-TGA) of CD3CN-saturated Sn-Beta samples that

evolved 1.6 mol CD3CN per mol Sn [78] and reports of solvent-induced shifts in

CD3CN IR vibrations [79]. Yet, the distinct assignments of IR peaks to one CD3CN

bound at open (2316 cm-1) or closed (2308 cm-1) Sn sites are consistent with ν(C≡N)

stretches predicted by density functional theory [30] and with their correlations to

119Sn NMR resonances for tetrahedral open (ca. -420 ppm) and closed Sn sites (ca.

-443 ppm) in dehydrated Sn-Beta zeolites [34]. CD3CN has been used to infer the

relative density of open and closed sites in Sn-Beta from integrated IR peak areas [30],

and to quantify Lewis acidic Zn sites in Zn-exchanged Al-Beta using E values for
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CD3CN bound to Lewis acidic Al sites [80, 81], but to our knowledge, it has not yet

been used to quantify the number of open and closed Sn sites in Sn-zeolites.

Here, for the first time, integrated molar extinction coefficients (E ; cm µmol-1)

are measured and reported for IR peaks of pyridine adsorbed on Lewis acidic Sn sites

and of CD3CN adsorbed on open and closed Sn sites in Sn-zeolites. We use these E

values to quantify open and closed Sn sites on stannosilicates, focusing on Sn-Beta

as a representative zeolite topology for which several different preparation strategies

have been reported [9, 15, 17, 19, 20, 22–24, 60–62]. We demonstrate that the total

number of Lewis acidic Sn sites on a given sample, taken as the number of open

and closed Sn sites titrated by CD3CN (1:1 CD3CN:Sn) in IR experiments, agrees

quantitatively with the number of Sn sites titrated by pyridine (1:1 pyridine:Sn) in

IR experiments and by ammonia (1:1 NH3:Sn) and n-propylamine (1:1 NPA:Sn) in

TPD experiments. We also show that the number of active Sn sites in Sn-Beta can be

estimated by partial poisoning with pyridine titrants prior to aqueous-phase glucose

isomerization catalysis, which provides further evidence that the open Sn site is the

predominant active site for glucose-fructose isomerization [32]. We use the number

of open Sn sites to normalize initial turnover rates of glucose-fructose isomerization,

chosen as a model intramolecular MPVO reaction for which mechanistic interpretation

of rate data is tractable, prior to interpreting the catalytic consequences of structural

heterogeneities prevalent among Sn-Beta zeolites prepared by different synthetic or

post-synthetic methods.
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2.3 Experimental Methods

2.3.1 Catalyst Synthesis

Sn-Beta samples were synthesized directly in fluoride media (Sn-Beta-F) at dif-

ferent Si/Sn ratios (Sn-Beta-F-X, X = Si/Sn) by adapting the method reported by

Chang et al. [12], who prepared a seed solution comprising dealuminated Beta zeolites

(filtered to retain particles <200 nm in diameter) dispersed in water via sonication.

Here, dealuminated Beta zeolites (unfiltered) were used as seed material, and were

prepared by adding 5 g of H-form Al-Beta (Zeolyst, CP814C, Si/Al=19) to 125 cm3

of concentrated nitric acid (HNO3, Avantor, 69 wt.%) and stirring for 16 h at 353

K. Dealuminated Beta solids were collected via centrifugation, washed thoroughly

with deionized water (18.2 MΩ,6 washes, 25 cm3 (g zeolite)-1 per wash), and then

dried for 16 h at 373 K. The Sn-Beta synthesis gel was prepared by mixing 6.98 g of

tetraethylorthosilicate (TEOS, Sigma Aldrich, >98 wt.%) and 7.67 g of tetraethylam-

monium hydroxide (TEAOH, Sachem, 35 wt.%) in a perfluoroalkoxy alkane (PFA)

container (Savillex Corp.) and stirring for 1 h, followed by dropwise addition of a

solution of 0.04-0.12 g of tin (IV) chloride pentahydrate (SnCl4-5H2O, Sigma-Aldrich,

98 wt.%) in 0.64 g of deionized water. The resulting gel was stirred in a closed PFA

container for 12 h, and then ethanol (6.04 g) and excess water (1.95 g) were allowed

to evaporate. Next, 0.74 g of hydrofluoric acid (HF, Alfa Aesar, 48%) were added

into the solution in a fume hood and stirred manually with a Teflon spatula for 300

s and residual HF allowed to evaporate for an additional 900 s. After homogeniza-

tion, 0.579 cm3 of water and 0.085 g of dealuminated Beta seeds (∼4.1 wt.% of SiO2)

were added and the gel was stirred manually with a Teflon spatula. The final molar

composition of the gel was 1 SiO2/x SnCl4/0.56 TEAOH/0.54 HF/8.38 H2O, where x

ranged between 0.003 and 0.01. This gel was transferred into a Teflon-lined stainless

steel autoclave (45 cm3, Parr Instruments) and heated at 413 K in an isothermal oven

(Yamato DKN-402C) with rotation (∼60 rpm) for either 6 days (Sn-Beta-F-105 and

Sn-Beta-F-140) or 14 days (Sn-Beta-F-100, Sn-Beta-F-110, Sn-Beta-F-170, Sn-Beta-
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F-220). The products were removed from the Teflon liner, washed thoroughly with

water and acetone (Sigma Aldrich, >99.5 wt.%, 5 washes each, ∼25 cm3 (g zeolite)-1

per wash)), isolated by centrifugation, and dried for 16 h at 373 K. The dry zeolite

powders were then treated in dry air (Ultra Zero Grade, Indiana Oxygen, 1.67 cm3 s-1

(g zeolite)-1) to 853 K (0.0167 K s-1) and held for 10 h in a muffle furnace (Nabertherm

LE 6/11 equipped with a P300 controller).

Two Sn-Beta samples were prepared via the post-synthetic reflux method reported

by Dijkmans et al. (samples denoted Sn-Beta-OH) [23]. First, H-form Al-Beta zeolites

(gel Si/Al molar ratios of 30 or 100) were synthesized by adapting the method reported

by Chang et al. [12] without the aluminosilicate gel filtration step, followed by washing

the crystalline solids thoroughly with water and acetone, recovering the solids by

centrifugation, drying overnight at 373 K, and then treating in air (Ultra Zero Grade,

Indiana Oxygen, 1.67 cm3 s-1 (g zeolite)-1) to 853 K (0.0167 K s-1) for 10 h in a muffle

furnace. H-Beta zeolites with solid Si/Al ratios of 25 and 80 were dealuminated using

the HNO3 treatment described above (residual Si/Al >680 measured by AAS), and

then used as the starting material to prepare Sn-Beta-OH-170 and Sn-Beta-OH-200,

respectively. For Sn-Beta-OH-170, 2 g of dealuminated Beta was treated in air (Ultra

Zero Grade, Indiana Oxygen, 1.67 cm3 s-1 g zeolite-1) to 853 K (0.0167 K s-1) for 10

h, and then 2 g were placed in a round bottom flask (500 cm3) and dried overnight

at 423 K under rough vacuum (∼0.04 Torr, Oerlikon Trivac 140002E2) on a Schlenk

line. For Sn-Beta-OH-200, the dealuminated Beta was not treated in air prior to the

drying step under rough vacuum at 423 K. Next, isopropanol (Avantor, ChromAR

HPLC Grade, >99.5 wt.%) was dried over 3A molecular sieves (W. R. Grace, Type

3A, Grade 562, 4-8 mesh) for 72 h, and then transferred into the flask containing the

dried dealuminated zeolite via air- and moisture-free cannula transfer. Separately,

SnCl4-5H2O (0.027 or 0.081 mol Sn (g zeolite)-1) was added to a 50 cm3 flask sealed

with a septum (white rubber, Ace Glass), and dissolved in dry isopropanol transferred

into the flask via gas-tight syringe. The isopropanolic SnCl4-5H2O solution was then

transferred to the round bottom flask containing the dealuminated Beta, and the
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contents were refluxed in argon (Indiana Oxygen, 99.999%) for 7 h. The solids were

collected by centrifugation, washed 6 times (∼60 cm3) with isopropanol to prepare

Sn-Beta-OH-170, or with methanol (Sigma Aldrich, >99.9%) to prepare Sn-Beta-OH-

200, and then dried 16 h at 373 K. Washing the solids with methanol after the reflux

procedure has been reported to remove residual SnCl4 that leads to extraframework

Sn upon air treatment at 823 K [24]. The dried solids were treated in air (Ultra Zero

Grade, Indiana Oxygen, 1.67 cm3 s-1 (g zeolite)-1) at 473 K (0.05 K s-1) for 6 h, and

then at 823 K (0.05 K s-1) for 6 h in a muffle furnace. Sn-xerogel was synthesized

according to the procedure from van Grieken et al. [82]. 5.74 g of a 0.1 M HCl solution

(Macron, 37%) were stirred with 52.0 g of TEOS and 67.6 g of deionized water for 2

h at ambient temperature. Then, 0.77 g of SnCl4-5H2O were added and the mixture

stirred for 1 h. Finally, a 1 M NH4OH solution (Sigma Aldrich, 28%-30 wt.% NH3

basis) was added dropwise until the gel point was reached (∼12 cm3). The resulting

clear gel was dried at 433 K for 12 h. The dried solids were then thoroughly washed

with deionized water (5-10x, ∼60 cm3 per wash) until a stable pH was reached, dried

at 433 K for 12 h, and then treated in air (Ultra Zero Grade, Indiana Oxygen, 1.67

cm3 s-1 (g zeolite)-1) to 853 K (0.0167 K s-1) for 10 h in a muffle furnace. A sample

containing predominantly extraframework SnO2 was prepared via incipient wetness

impregnation of 1.12 g of a SnCl4-5H2O solution (0.60 M) on 1.82 g of as-made

Si-Beta crystallized in fluoride medium [11] (sample denoted SnO2/Si-Beta). The

impregnated solids were dried under rough vacuum at ambient temperature for 16 h,

then treated in air (Ultra Zero Grade, Indiana Oxygen, 1.67 cm3 s-1 (g zeolite)-1) at

853 K (0.0167 K s-1) for 10 h in a muffle furnace.

2.3.2 Catalyst Characterization

Bulk elemental compositions of samples were determined using atomic absorption

spectroscopy (AAS) performed with a Perkin Elmer AAnalyst 300 Atomic Absorption

Spectrometer. 1000 ppm AAS standards (Alfa Aesar, TraceCERT, +/- 4 ppm) for

each metal were diluted to create calibration standards, and the instrument was cal-
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ibrated for each element prior to collecting measurements. Zeolite samples (typically

0.02 g) were dissolved in 2 g of HF (48 wt.%, Alfa Aesar) overnight and then further

diluted with 30 g of deionized water. Absorbance values were measured at 396.2 nm

and 284.0 nm in an acetylene/nitrous oxide flame for Al and Sn, respectively. Al

and Sn weight fractions were used together with the unit cell formula for zeolite Beta

to estimate Si/Al and Si/Sn ratios, respectively. Powder X-ray diffraction (XRD)

patterns were collected on a Rigaku Smartlab X-ray diffractometer equipped with an

ASC-6 automated sample changer and a Cu K x-ray source (1.76 kW). Typically, 0.01

g of sample were packed within zero background, low dead volume sample holders

(Rigaku) and diffraction patterns were measured from 4-40◦ at a scan rate of 0.00417◦

s-1 with a step size of 0.02◦.

Scanning electron microscopy (SEM) and electron dispersive X-ray spectroscopy

(EDS) were performed on a FEI Quanta 3D FEG Dual-beam SEM with an Everhart-

Thornlev detector for high vacuum imaging. SEM micrographs were collected using

the focused beam operating mode with a voltage of 5 kV and spot size of 4 µm. EDS

was performed using an Oxford INCA Xstrem-2 silicon drift detector with an Xmax80

window for supplemental elemental analysis. All analyses were performed at 20 kV

at a spot size of 6 µm at a magnification of 3000-6000x.

N2 (77 K) and H2O (293 K) adsorption isotherms were measured on samples

(~0.03 g, pelleted and sieved to retain 180-250 µm diameter particles) using a Mi-

cromeritics ASAP2020 Surface Area and Porosity Analyzer. Prior to measurement of

isotherms, samples were degassed by heating to 393 K (0.0167 K s-1) under vacuum

(<0.005 Torr) for 2 h, then heating to 623 K (0.0167 K s-1) under vacuum for 8 h. Mi-

cropore volumes were determined from a semi-log derivative analysis of N2 isotherms

(δ(Vads/g)/δ(log(P/P0) vs. log (P/P0)) to identify the completion of micropore filling

(additional details in Section 2.7.2). The hydrophobicity of each sample was assessed

from the amount of water adsorbed at a relative pressure of 0.2, chosen elsewhere

as a reference pressure corresponding to cyclohexane (298 K) filling of micropores in

hydrophobic zeolites [83].
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Diffuse reflectance UV-Vis (DRUV) spectra were collected on a Varian Cary 5000

UV-VIS-NIR equipped with a Harrick Praying Mantis itin situ diffuse reflectance

cell. Spectra were collected on samples: (i) first exposed to ambient conditions and

held in flowing dry He (4.17 cm3 s-1 (g zeolite)-1) (“ambient” treatment); (ii) after

subsequent treatment to 523 K (~0.5 K s-1) for 1800 s in flowing dry He (4.17 cm3

s-1 (g zeolite)-1) (“dehydration” treatment); and (iii) after subsequent exposure to a

flowing wet He stream (4.17 cm3 s-1 (g zeolite)-1, ∼3% H2O, bubbled through a water

saturator at ambient temperature) while cooling from 523 K to 303 K and holding for

300 s (“rehydration” treatment). Diffuse reflectance spectra were collected at a rate

of 10 nm s-1, using poly(tetraflouroethylene) (PTFE, 1 µm powder, Sigma-Aldrich) as

the 100% reflectance standard, and then converted to an absorption spectrum using

the Kubelka-Munk (F(R)) function. Absorption edge energies were calculated from

Tauc plots of [F(R)hν]2 vs. hν (additional details in Section 2.7.3).

2.3.3 Temperature Programmed Desorption

Temperature programmed desorption (TPD) experiments were performed using a

Micromeritics Autochem II 2920 Chemisorption Analyzer interfaced with an Agilent

5793N mass selective detector (MSD) to quantify gaseous titrants evolved from the

catalysts. Zeolite samples (0.03-0.05 g, sieved to 180-250 µm) were supported in a

U-tube reactor between two quartz wool plugs inside of a clam-shell furnace. Zeolite

samples were treated in air (25 cm3 s-1 (g zeolite)-1, Indiana Oxygen, Ultra Zero

Grade) to 673 K (0.167 K s-1) for 4 h and then cooled to ambient temperature. For n-

propylamine (NPA) titration experiments, samples were saturated in a flowing stream

comprising NPA (1000 ppm certified concentration), 1% Ar and balance He (75 cm3

s-1 (g zeolite)-1, Airgas, Certified Standard Grade) at 323 K for 4 h, and then purged

in flowing He (25 cm3 s-1 (g zeolite)-1) at 338 K for 4 h to remove weakly-bound NPA

(additional details in Section 2.7.7). For NH3 titration experiments, samples were

saturated in flowing gaseous NH3 (456 ppm certified concentration) in balance N2 (25

cm3 s-1 (g zeolite)-1, Indiana Oxygen, Certified Standard Grade) for 12 h, and then



18

purged in flowing He (25 cm3 s-1 (g zeolite)-1, Indiana Oxygen, 99.999%) for 8 h at 331

K to remove gaseous and physisorbed NH3 (additional details in Section 2.7.8). After

titrant saturation and purge treatments, TPD was performed in flowing He (25 cm3

s-1 (g zeolite)-1) to 873 K (at 0.167 K s-1), during which the U-tube reactor effluent was

sent to the MSD via heated transfer lines held at 383 K. After each TPD experiment,

a 0.5 cm3 sample loop was filled with argon (99.999% Indiana Oxygen) and injected

by flowing He (25 cm3 s-1) that was sent to the MSD in order to quantify the amount

of NH3 or NPA desorbed from the integrated MSD signals and a calibrated response

factor for NH3 or NPA relative to Ar.

2.3.4 Infrared Spectroscopy and Determination of Integrated Molar Extinction Co-
efficients

IR spectra were collected on a Nicolet 4700 spectrometer with a Hg-Cd-Te (MCT,

cooled to 77 K by liquid N2) detector by averaging 64 scans at 2 cm-1 resolution

in the 4000 to 400 cm-1 range and were taken relative to an empty cell background

reference collected under dynamic vacuum (rotary vane rough pump, Alcatel 2008A,

<0.1 Torr) at either 303 K (CD3CN) or 423 K (pyridine). Self-supporting wafers

(0.01-0.03 g cm-1) were sealed within a custom-built quartz IR cell with CaF2 win-

dows, equipped with a mineral-insulated resistive heating coil (ARi Industries) and

encased in an alumina silicate ceramic chamber (Purdue Research Machining Ser-

vices). Wafer temperatures were measured within 2 mm of each side of the wafer by

K-type thermocouples (Omega). The quartz IR cell interfaced with a custom glass

vacuum manifold that was used for sample pretreatment and exposure to controlled

amounts of gaseous titrants. Prior to each IR experiment, wafers were treated in

flowing dry air (6.66 cm3 s-1 (g zeolite)-1) purified by an FTIR purge gas generator

(Parker Balston, <1 ppm CO2, 200 K H2O dew point) to 823 K (0.083 K s-1) for 1 h,

and then held under dynamic vacuum (rotary vane rough pump, Alcatel 2008A, <0.1

Torr) at 823 K for 1 h. The wafer was then cooled under dynamic vacuum to 303

K for adsorption experiments with CD3CN, or to 423 K for adsorption experiments
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with pyridine. Titrants were purified via freeze-pump-thaw (3 cycles) and admitted

to the cell in sequential doses (∼2.5 x 10-7 mol). Equilibration of the sample with

each dose was assumed when the final pressure in the cell and transfer line did not

change for 180 s. For doses in which the final pressure was recorded as 0.0 Torr, as

occurred during sub-saturation coverages, all of the titrant introduced to the cell was

assumed to adsorb on the sample wafer. After dosing was complete, which occurred

when samples reached equilibrium with a detectable gaseous titrant pressure (0.4-2.0

Torr), samples were exposed to dynamic vacuum (at 303 K for CD3CN or at 423 K

for pyridine) in order to remove gas-phase and weakly-bound species, which occurred

when the pressure was recorded as 0.0 Torr. IR peaks for bound titrants did not

change between spectra recorded after evacuation or after saturation, regardless of

the titrant pressure used for saturation (Fig. 2.39). Each wafer was also heated to

523 K (0.167 K s-1) in dynamic vacuum to monitor the disappearance of IR peaks for

bound titrant species.

IR spectra reported here were baseline-corrected and normalized to combination

and overtone modes of zeolite Si-O-Si stretches (1750-2100 cm-1). Integrated molar

extinction coefficients (E , cm µmol-1) for pyridine adsorbed onto Lewis acid sites on

three different Sn-Beta samples (Sn-Beta-F-100, Sn-Beta-F-140, and Sn-Beta-OH-

170) were determined from the increase in integrated area for the IR peak at 1450

cm-1 with sequential doses of pyridine to the wafer, and multiplying by the cross-

sectional area of the wafer (2.54 cm2). This analysis assumed that pyridine selectively

adsorbed on Lewis acid sites during titration, consistent with the absence of IR peaks

for pyridine adsorbed to non-Lewis acidic sites and with the method proposed by

Emeis [84] (details in Section 2.7.6). IR peaks for CD3CN species bound to open

(2316 cm-1) and closed (2308 cm-1) Lewis acid sites, bound to Sn sites in highly-

defective oxide surfaces (2287 cm-1), hydrogen-bound to Si-OH sites (2275 cm-1), and

physisorbed or gas phase CD3CN (2265 cm-1) overlapped and required deconvolution

into individual components (details in Section 2.7.9). Integrated molar extinction

coefficients for CD3CN were determined for open Lewis acid sites (2316 cm-1) and
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closed Lewis acid sites (2308 cm-1) on Sn-Beta by using a non-linear least squares

regression of saturation peak areas on three Sn-Beta samples (Sn-Beta-F-100, Sn-

Beta-F-105, Sn-Beta-OH-170), with the number of Lewis acid sites determined from

pyridine chemisorption IR experiments. The number of sites titrated by pyridine

or CD3CN on self-supporting sample wafers was estimated from integrated IR peak

areas and values using the following equation:

Site density (µmol g−1) =
Integrated Peak Area (cm−1)

E(cmµmol−1)
∗ aCS(cm2)

m(g)
(2.1)

where aCS and m are the cross-sectional area and mass of the wafer, respectively.

2.3.5 Kinetic and Isotopic Tracer Studies of Glucose Reactions with Sn-Beta

Catalytic studies were performed in batch reactors using 1-10% (w/w) aqueous D-

glucose (Sigma Aldrich, 99.5%) solutions with Sn-Beta samples. Reactant solutions

were made with water (18.2 MΩ) adjusted to pH 5 (measured by Mettler Toledo Seven

Compact pH Ion S220 probe) by addition of hydrochloric acid (Macron, 37% (w/w))

prior to glucose addition and filtration through 0.2 µm PTFE filters (VWR). Catalytic

solids (∼0.01 g) were added to thick-walled glass reactors (10 cm3, VWR) sealed with

crimp tops (PTFE/silicone septum, Agilent). Reactors and reactant solutions were

heated separately for 600 s to 373 K atop a digital stirred hot plate (IKA RCT

basic) prior to injecting the reactant solution (∼1 cm3) into the capped reactors.

Reactors remained at 373 K while stirring at 750 rpm under autogenous pressure

for various time intervals (300-14440 s) prior to quenching in an ice bath. Resulting

product solutions were filtered through 0.2 µm PTFE filters, diluted to 1% (w/w)

sugar concentration if necessary, and mixed with a 1% (w/w) aqueous D-mannitol

(Sigma Aldrich, ≥98 wt.%) solution as an internal standard. Component separation

was performed using an Agilent 1260 high performance liquid chromatograph (HPLC)

equipped with a Hi-Plex Ca column (7.7 x 300 mm, 8 µm particle size, Agilent) and
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an aqueous mobile phase (0.01 cm3 s-1, 353 K), and quantification was performed

using an evaporative light scattering detector (Agilent 1260 Infinity ELSD).

Initial rates of fructose formation were determined using a batch reactor model

for a reversible first-order glucose-fructose isomerization reaction, which has been de-

rived and discussed elsewhere [35]. Experimental batch reactor data were accurately

described by this model and initial isomerization rates were determined by extrapo-

lation of fructose product formation rates to zero reaction time. This extrapolation

provides an estimate of initial reaction rates that are identical, within experimen-

tal error (15%), to reaction rates estimated using a differential (well-mixed) reactor

model and data collected below 5% conversion (details in Section 2.7.10).

Kinetic evaluation of pyridine-titrated Sn-Beta samples was performed by treating

zeolite wafers in the IR cell in air to 723 K, as described in Section 2.3.2. Samples

were then exposed to controlled doses of pyridine at 423 K, typically between 0.03-

0.40 moles of pyridine per Sn. An IR spectrum was collected to determine the moles

of pyridine adsorbed on the sample, and then the titrated wafer was cooled to 333 K

under dynamic vacuum, exposed to ambient conditions, removed from the cell, and

crushed with a mortar and pestle. Powdered pyridine-titrated Sn-Beta samples were

then transferred into a batch reactor and studied as described above.

Isotopic tracer studies were conducted using 1 cm3 of a 5% (w/w) aqueous solution

of D-glucose-D2 (Cambridge Isotope Laboratories, 2-D, 98%) adjusted to pH 5 and

catalyst powders (∼0.01 g) at 373 K for 1-4 hours prior to quenching the reactors

and filtering the product solutions with 0.2 µm PTFE filters. Sugar separation was

performed as described above, and the effluent was sent to an Agilent Infinity series

fraction collector for solution collection. Liquid samples were frozen in liquid N2 (77

K) prior to removal of water via a Labconco FreeZone lyophilizer. The recovered

sugars were then dissolved in D2O (Cambridge Isotope Laboratories, 99.9%) and

placed in a NMR tube (Wilmad LabGlass, 5 mm thin wall, 7 in., 400MHz) for NMR

analysis. Solution 1H NMR spectra were measured on a Bruker ARX400 spectrometer
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equipped with a 5 mm QNP probe at ambient temperature and were the average of

64 scans acquired at a rate of ∼0.3 scans per second.
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2.4 Results and Discussion

2.4.1 Structural Characterization of Stannosilicates

Characterization data for the Sn-Beta samples used in this study are shown in

Table 2.1. Samples are denoted as Sn-Beta-X-Y, where X refers to the preparation

method used (F = fluoride-assisted hydrothermal synthesis [12]; OH = post-synthetic

Sn insertion into dealuminated Beta [23]) and Y is the Si/Sn ratio determined by

atomic absorption spectroscopy. Powder XRD patterns for all zeolite samples(Fig.

2.12) were consistent with the Beta topology and did not show diffraction peaks for

bulk SnO2 at 26.7◦ or 34◦ 2θ. Diffraction peaks for bulk SnO2 were also absent on

a control sample prepared to contain SnO2 supported on Si-Beta (SnO2/Si-Beta),

indicating that any SnO2 domains on this sample were small enough to be X-ray

amorphous (<3 nm in diam.) [85]. N2 adsorption isotherms measured at 77 K (Fig.

2.13) indicated that micropore volumes were 0.21-0.24 cm3 g-1 for all Sn-Beta-F sam-

ples and 0.19-0.22 cm3 g-1 for all Sn-Beta-OH samples (Table 2.1), also consistent

with the Beta topology. H2O adsorption isotherms measured at 293 K (Fig. 2.14

and 2.15) showed H2O uptakes (at P/P0 = 0.2) of 0.005-0.017 cm3 g-1 for Sn-Beta-F

samples (Table 2.1), consistent with the hydrophobic nature of low-defect zeolites

crystallized in fluoride media [16], but showed higher H2O uptakes of 0.036-0.092 cm3

g-1 for Sn-Beta-OH samples (Table 2.1), reflecting the more hydrophilic and defec-

tive nature of samples prepared via Sn insertion into framework vacancy defects of

dealuminated zeolites.

Figure 2.1: Adsorption of CD3CN on different sites in stannosilicates and correspond-
ing ν(C≡N) infrared vibrational frequencies.
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Table 2.1: Site and structural characterization data for the samples in this study.

Diffuse reflectance UV-visible (DRUV) spectroscopy has been used to probe Sn

coordination and detect tetrahedrally-coordinated framework Sn centers, which have

been assigned to bands centered at ∼205 nm [37, 86], yet such sites can coordinate

water ligands to become penta- or hexa-coordinated [34] and give rise to bands cen-

tered at ∼220 nm and ∼255 nm, respectively [86]. DRUV bands for hexa-coordinated

framework Sn centers at ∼255 nm, however, also fall within a range characteristic of

small SnO2 domains, which give rise to DRUV bands centered at lower wavelengths

(∼240 nm) [50, 78] than for bulk SnO2 (∼280 nm) because of quantum confinement

effects [87–90], precluding unambiguous characterization of Sn structure from DRUV

spectra of Sn-zeolites exposed to ambient conditions. Thus, DRUV spectra were

collected on each sample under ambient conditions, after dehydration treatments in

flowing dry helium at 523 K, and after rehydration treatments while cooling to 303

K in flowing wet (3% H2O) helium (dehydrated spectra in Fig. 2.17 and 2.18). The

positions of DRUV absorption (F(R)) bands of maximum intensity, together with

absorption edge energies (Tauc plots of [F(R)*hν]2 vs. hν Fig. 2.19 and 2.20) are

listed for each sample after dehydration treatments in Table 2.1.

DRUV spectra of Sn-Beta-F-170 (Fig. 2.16a) exposed to ambient conditions

showed a broad band centered at ∼250 nm, while spectra collected after dehydration

showed a new band centered at ∼207 nm with a shoulder centered at ∼250 nm, which
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reverted to a band centered at ∼250 nm after rehydration treatments. These spectral

features are consistent with framework Sn centers that are octahedrally-coordinated

under ambient conditions or upon exposure to water, but become tetrahedrally-

coordinated in the absence of water [34]. DRUV spectra of Sn-Beta-OH-200 (Fig.

2.16b) exposed to ambient conditions showed a band centered at ∼230 nm, which

shifted to ∼190 nm upon dehydration and returned to ∼230 nm after rehydration,

similar to the spectral changes observed on Sn-Beta-F-170 (Fig. 2.16a) and as ex-

pected from the reversible coordination of water ligands to framework Sn sites. These

changes in DRUV spectra upon dehydration were observed to different extents among

the different Sn-Beta samples in this study, for which bands did not always shift com-

pletely to ∼210 nm upon dehydration, but did revert to a single band centered be-

tween ∼230-250 nm upon rehydration. In sharp contrast, DRUV spectra of SnO2/Si-

Beta (Fig. 2.16c) did not change after dehydration or rehydration treatments and

remained centered at ∼250 nm, indicating that Sn atoms within SnO2 domains did

not change coordination in the presence of water. Absorption edge energies (Table

2.1) on Sn-Beta-OH-170 (4.3 eV) and on Sn-xerogel (4.4 eV) are characteristic of

isolated Sn sites in silica [78] and higher than the edge energy on SnO2/Si-Beta (4.1

eV), which is characteristic of SnO2 domains <3 nm in diameter (details in Section

2.7.3) [89]. Absorption edge energies for nearly all Sn-Beta-F samples (4.2-4.3 eV; Ta-

ble 1) fall within a range higher than reported for SnO2 domains [87–90] and reflect

the predominance of isolated framework Sn sites in these samples, while the lower

absorption edge energy of 4.1 eV on Sn-Beta-F-100 (Table 2.1) appears to reflect

detectable amounts of small SnO2 domains (≤3 nm) on this sample.

We conclude that DRUV spectra collected on stannosilicates exposed to ambi-

ent conditions cannot unambiguously discern penta- or hexa-coordinated Sn atoms

isolated within silica or stannic oxide domains [50, 78] , but changes to spectral fea-

tures and absorption edge energies on dehydrated samples can distinguish between

them because Sn centers isolated in silica (but not in stannic oxide) surfaces become

tetrahedrally-coordinated [23, 86]. The subtle, yet measurable, differences in DRUV
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absorption band maxima and edge energies among Sn-Beta-F and Sn-Beta-OH sam-

ples (Table 2.1) may reflect different densities of framework Sn and extraframework

SnO2 sites, which catalyze glucose-fructose isomerization by Lewis acid-mediated and

base-mediated mechanisms, respectively [50]. Isotopic tracer studies with glucose re-

actants deuterated at the second carbon (glucose-D2), performed in the aqueous phase

under acidic conditions (pH=5) selectively formed fructose products that retained

the deuterium label at the first carbon (fructose-D1) on all Sn-Beta samples in this

study (additional details and NMR spectra in Section 2.7.4), as expected from Lewis

acid-mediated isomerization via intramolecular 1,2-hydride shift [51]. Therefore, the

aqueous-phase glucose isomerization rates measured here reflect reactions catalyzed

solely by Lewis acid sites on Sn-Beta samples prepared by different routes and that

contain structural heterogeneities. Their effects on isomerization turnover rates can

be interpreted only after normalization by numbers of active Lewis acidic sites, which

require methods to quantify them.
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2.4.2 Quantification of Lewis Acid Sites: IR Studies with Pyridine

Infrared spectra were collected with increasing pyridine coverage on three Sn-Beta

samples (Sn-Beta-F-100, Sn-Beta-F-140, Sn-Beta-OH-170) and are shown in Figure

2.2. IR spectra showed two peaks centered at 1450 cm-1 and 1610 cm-1, reflecting

perturbed deformation modes of pyridine bound to Lewis acid sites [68], and a third

peak centered at 1490 cm-1 that reflects either ring stretches of pyridine coordinated to

Lewis acid sites or pyridine protonated at Brønsted acid sites [68]. IR peaks centered

at 1550 cm-1 and 1637 cm-1 characteristic only of protonated pyridine [67,68,91]were

absent in all spectra (Fig. 2.2), however, indicating that only Lewis acid sites were

present on these Sn-Beta samples. Integrated areas of IR peaks for Lewis acid-bound

pyridine (1450 cm-1) increased linearly with pyridine coverage on these three Sn-Beta

samples with a slope of 1.42 ± 0.30 cm µmol-1 (Fig. 2.3), which is the integrated

molar extinction coefficient (E) for this IR peak. This E(1450 cm-1, Sn) value, which is

listed in Table 2.2 together with literature values for reference, has not been reported

previously and is ∼1.5× lower than the widely-used E(1455 cm-1, Al) value reported

by Emeis for pyridine bound to Lewis acidic Al sites in crystalline and amorphous

aluminosilicates (2.2 ± 0.3 cm µmol-1) [84]. This single E(1455 cm-1, Al) value was

determined by simultaneously fitting data collected on different zeolite topologies (H-

MOR, H-FAU, H-MFI), yet E values among these different zeolites vary widely in the

literature (>10x) [84, 92]. The E(1455 cm-1, Al) value measured in our experimental

apparatus on H-Y zeolite was 1.45 ± 0.10 cm µmol-1 (Section 2.7.5) and within

the range of values reported by Emeis and by Nesterenko et al. for dealuminated H-

MOR zeolites (0.89 cm µmol-1) [93], suggesting that our apparatus provides reasonable

estimates of E values. Thus, we conclude that the generally-accepted literature E(1455

cm-1, Al) value [84] does not accurately predict the number of Lewis acidic Sn sites

in zeolites of the Beta topology, and use instead the E(1450 cm-1, Sn) value of 1.42

± 0.30 cm µmol-1 consistently measured here among Sn-Beta zeolites prepared by

different routes.
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Figure 2.2: IR spectra measured at low pyridine coverage (0.09-0.20 pyridine/Sn)
and saturated spectra (thick lines) for (a) Sn-Beta-F-100, (b) Sn-Beta-F-140, and
(c) Sn-Beta-OH-170. Dashed reference lines shown for Lewis acid sites (1615 cm−1,
1450 cm−1), Lewis or Brønsted acid sites (1575 cm−1, 1490 cm−1), Brønsted acid sites
(1550 cm−1), and gas-phase pyridine (1595 cm−1).

Infrared spectra were collected after saturation of all Sn-Beta samples with pyri-

dine and subsequent evacuation at 423 K to remove gaseous and weakly-bound species

(additional details and spectra in Section 2.7.6). Integrated IR peak (1450 cm-1) ar-

eas, together with the E(1450 cm-1, Sn) value (Table 2.2) determined from spectra

collected at sub-saturation coverages (0.04-0.66 pyridine/Sn; Fig. 2.3) that corre-
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Table 2.2: Integrated molar extinction coefficients (E) for infrared peaks for pyridine
and deuterated acetonitrile adsorbed to different sites on Sn-Beta and H-Y zeolites,
determined assuming equimolar titrant binding to each type of site.

Type of
Site

Peak
Center
(cm−1)

E ,
literature

(cm
µmol−1)

E , this
study
(cm

µmol−1)
Pyridine

Lewis acid, Al 1455 2.20 ± 0.30 [84] 1.45 ± 0.10
Brønsted acid, Al 1545 1.67 ± 0.25 [84] 1.95 ± 0.13

Lewis Acid, Sn 1450 n.a.* 1.42 ± 0.30
Deuterated acetonitrile

Open Lewis acid, Sn 2316 n.a.* 1.04 ± 0.22
Closed Lewis acid, Sn 2308 n.a.* 2.04 ± 0.43

Sn(OH)2
a 2287 n.a.* 2.13 ± 0.45

Silanol, SiOH 2275 n.a.* 0.74 ± 0.16
Lewis acid, Al 2325, 2310 3.6 ± 0.2 [81] n.m.**

Brønsted acid, Al 2297 2.5 ± 0.1 [81] n.m.**
a speculative assignment.
*n.a., not available
**n.m., not measured

spond to equimolar pyridine binding to Sn, were used to quantify the number of

Lewis acidic Sn sites on each sample using Eq. 2.1 and are reported in Table 2.3.

The fraction of Lewis acidic Sn sites (per total Sn) varied between 0.73-0.90 on seven

of the eight Sn-Beta samples in this study (Table 2.3), but was markedly lower on

Sn-Beta-F-100 (0.49, Table 2.3) that contained SnO2 detectable in DRUV spectral

band centers and edge energies (Table 2.1). The fraction of Lewis acidic Sn sites (per

total Sn) was much lower, but measurable, on the SnO2/Si-Beta control sample and

Sn-xerogel (0.25 and 0.23, respectively Table 2.3), suggesting that some tetrahedrally-

coordinated Sn atoms (analogous to open and closed Sn sites in Sn-Beta) at their

defective and undercoordinated surfaces are able to bind pyridine. On every Sn-Beta

sample, pyridine titrates only a fraction of Sn sites at saturation coverages (Table

2.3), either because of incomplete Sn incorporation within framework locations or
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incomplete accessibility of pyridine to framework Sn sites. Therefore, we next obtain

independent estimates of the number of Lewis acid sites in these Sn-Beta samples

using smaller base titrants that coordinate with Lewis acid sites and that can be

quantified in temperature-programmed desorption (TPD) experiments.

Figure 2.3: Determination of the integrated molar extinction coefficient for pyridine
adsorbed on Lewis acid sites (1450 cm−1) on Sn-Beta-OH-170 (squares), Sn-Beta-F-
140 (triangles), Sn-Beta-F-100 (circles), from IR peak areas corresponding to pyri-
dine/Sn coverages between 0.04 and 0.66.
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2.4.3 Quantification of Lewis Acid Sites: TPD Studies with n-Propylamine and
Ammonia

Reactive alkylamine titrants (e.g. n-propylamine, NPA) can distinguish between

Lewis and Brønsted acid sites on a given surface because they coordinate to Lewis acid

sites and desorb intact, but become protonated by Brønsted acid sites and decom-

pose via Hoffman-type elimination reactions to form ammonia and the corresponding

alkene (e.g., propene) [94–97]. The saturation of Sn-Beta samples with NPA and sub-

sequent purging in flowing helium (338 K) led only to the desorption of NPA (TPD

profiles in Section 2.7.7) and not to any ammonia or propene, consistent with the

undetectable levels of Brønsted acid sites in infrared spectra collected after pyridine

saturation (Section 2.4.2). The number of moles of NPA desorbed (per mol Sn) on

each sample is listed in Table 2.3, and is plotted against the number of moles of pyri-

dine adsorbed at saturation in IR experiments (per mol Sn) in Figure 2.4a for four

Sn-Beta-F samples with high Sn content (Si/Sn <150). On these Sn-Beta samples,

a similar number of NPA and pyridine molecules (within 1.25×) were adsorbed at

saturation coverages (Table 2.3, Fig. 2.4a), suggesting that NPA also binds to Sn

with equimolar stoichiometry. On Sn-Beta samples with low Sn content (Sn-Beta-F-

170, Sn-Beta-F-220) or with high defect density (Sn-Beta-OH-170, Sn-Beta-OH-200),

however, a larger number (by 1.6-2.5x, Table 2.3) of NPA desorbed during TPD than

the number of pyridine adsorbed at saturation (Table 2.3), reflecting the retention

of NPA at residual defect silanol sites under the conditions studied here (control

experiments performed on dealuminated Beta zeolites in Section 2.7.7).

In contrast with reactive alkylamines, ammonia titrants desorb intact from both

Lewis and Brønsted acid sites present on a given surface. The treatment of NH3-

saturated samples in flowing dry helium removes physisorbed NH3 species and enables

the concurrent measurement of NH3 bound to Lewis and Brønsted sites during a TPD

experiment, while treatment of NH3-saturated samples in flowing wet helium has been

shown to also desorb NH3 bound to Lewis acid sites (Al [98]; Cu [99, 100]) to enable

quantifying NH4
+ species at Brønsted sites. The number of NH3 bound to Lewis
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Figure 2.4: Titrant molar uptakes (per Sn) compared to pyridine molar uptakes (per
Sn) at saturation of Sn-Beta samples with (a) n-propylamine (NPA, squares), (b)
ammonia (NH3, triangles), and (c) CD3CN (closed circles were included and open
circles were not included in fitting of E values). Parity lines shown as dashed lines.
NPA titration data not shown for samples denoted with an asterisk in Table 32.3, for
which TPD quantification includes binding to residual defect sites.
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acid sites on solid acids can be estimated from the difference between these two TPD

methods, but on Sn-Beta zeolites devoid of protons were estimated after purging

NH3-saturated samples only in dry helium at 331 K (NH3 TPD profiles in Section

2.7.8). The number of moles of NH3 desorbed (per mol Sn) in a subsequent TPD is

listed in Table 2.3 for each sample and was identical, within experimental error, to

the number of Lewis acidic Sn sites titrated by pyridine on all samples except for Sn-

Beta-F-105 and Sn-Beta-OH-170 (Table 2.3, Fig. 2.4b). These data suggest that NH3

binds to both open and closed Sn sites with equimolar stoichiometry, consistent with

119Sn MAS NMR spectra of NH3 -saturated Sn-Beta samples that show resonances

attributed to penta-coordinated Sn (between -500 and -600 ppm) [32, 101]. Control

experiments performed to saturate dealuminated Beta zeolites with NH3 and purge

in dry helium did not evolve any NHs3 in a subsequent TPD (details in Section 2.7.8),

in contrast to analogous control experiments performed with NPA. Thus, we conclude

that the NPA and NH3 TPD techniques developed here can be used to accurately

quantify the number of Lewis acidic Sn sites on Sn-Beta-F samples with high Sn

contents (Si/Sn <150), but that NPA TPD overestimates the number of Lewis acid

sites on samples containing dilute amounts of Sn (Si/Sn >170) or high defect densities

(Sn-Beta-OH).
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2.4.4 Quantification of Open and Closed Lewis Acid Sites: IR Studies with Deuter-
ated Acetonitrile

Infrared spectra were collected with increasing CD3CN coverage (303 K) and are

shown for one representative Sn-Beta sample (Sn-Beta-F-105) in Figure 2.5a. Each

IR spectrum was deconvoluted into principal component peaks (Fig. 2.1, Fig. 2.5b)

centered at 2316 cm−1, 2308 cm−1, 2287 cm−1, 2275 cm−1 and 2265 cm−1 (additional

details in Section 2.7.9), and the evolution of IR peak areas with increasing CD3CN

coverage is shown in Figure 2.6. Initial CD3CN doses led to the appearance of the

2316 cm−1 peak, with a shoulder at 2308 cm−1 and even smaller and broader peaks

at 2287 cm−1 and 2275 cm−1. Increasing CD3CN coverages caused the 2316 cm−1

peak to saturate, while the 2308 cm−1, 2287 cm−1, and 2275 cm−1 peaks continued

to increase in area. At a coverage corresponding to CD3CN/Sn = 1, the 2316 cm−1

and 2308 cm−1 peaks had already reached saturation, while the 2287 cm−1 and 2275

cm−1 peaks continued to increase in area. Finally, the 2265 cm−1 peak for gas-phase

CD3CN appeared after saturation of all adsorption sites on the sample [81].

The IR peaks at ∼2316 cm−1 and ∼2308 cm−1 reflect CD3CN bound to open and

closed Lewis acidic Sn sites, respectively [30, 32], and have been correlated to 119Sn

MAS NMR resonances at -423 ppm (open sites) and -443 ppm (closed sites) in de-

hydrated Sn-Beta (vacuum, 393 K) [32]. The ratio of open-to-closed site peak areas

systematically decreases with increasing CD3CN coverage (Fig. 2.7), indicating that

CD3CN binds preferentially to open Sn sites, as also reported previously [30,32,33,63].

Open and closed Sn sites become saturated at a sub-stoichiometric CD3CN/Sn cover-

age of 0.80 (4.14*10−6 mol CD3CN, Fig. 2.6), which is similar to the number of total

Sn sites titrated by pyridine (0.87, Table 2.3) and provides evidence that CD3CN

also binds to Lewis acidic Sn sites with equimolar stoichiometry. We speculate that

the IR peak at ∼2287 cm−1, which appears prominently in IR spectra of Sn-xerogel

samples at low CD3CN coverages but is not prominent at any CD3CN coverage for

Si-xerogel or SnO2/Si-Beta samples (spectra in Section 2.7.9), reflects CD3CN inter-

acting with Sn of highly-defective coordination (e.g., (SiO)2Sn(OH)2). The existence
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Figure 2.5: FTIR difference spectra of Sn-Beta-F-105 (relative to the vacant sur-
face) (a) with increasing CD3CN increasing coverage and (b) at a coverage of 0.65
CD3CN/Sn with deconvolution into component peaks. Dashed reference lines shown
for open Sn sites (2316 cm−1), closed Sn sites (2308 cm−1), (SiO)2Sn(OH)2 sites (spec-
ulative assignment, 2287 cm−1), silanol groups (2275 cm−1), and gas-phase CD3CN
(2265 cm−1).

of doubly-hydroxylated Sn sites has been proposed on Sn-Beta using 119Sn CPMAS

NMR [58], and on grafted Sn-SiO2 using in situ DRIFTS [102]. The IR peak centered

at ∼2275 cm−1 reflects CD3CN bound to silanol groups [80,81], and increases linearly

in area with concomitant decreases in silanol OH stretching peak areas (∼3740 cm−1)

and concomitant increases in perturbed OH stretching peak areas (∼3300-3600 cm−1)

(Section 2.7.9) [103].

Infrared spectra of Sn-Beta samples after saturation with CD3CN and subsequent

evacuation at 303 K retained four peaks in the C≡N stretching region (2316, 2308,
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Figure 2.6: Evolution of IR peak areas for 2316 cm−1 (closed diamonds), 2308 cm−1

(open diamonds), 2287 cm−1 ( closed circles), and 2275 cm−1 (open circles) peaks
with increasing CD3CN coverage on Sn-Beta-F-105.

2287, 2275 cm−1, Fig. 2.5b), whose areas were determined by deconvolution and were

present in different proportions for each sample (Table 2.9).

Integrated molar extinction coefficients were first determined for the 2316 cm−1

and 2308 cm−1 IR peaks from spectra of three Sn-Beta samples (Sn-Beta-F-100, Sn-

Beta-F-105, Sn-Beta-OH-170), by non-linear least squares regression to minimize the

error between the total number of Lewis acid sites counted by CD3CN and pyridine

(additional details in Section 2.7.9). These E(2316 cm−1, Sn) and E(2308 cm−1,

Sn) values were determined to be 1.04±0.22 and 2.04±0.43 cm µmol−1 (Table 2.2),

respectively. Both CD3CN and pyridine estimated the same number of Lewis acid

sites (to within 1.25×) on five other Sn-Beta samples that were not used in estimating

E values for CD3CN (Sn-Beta-F-110, Sn-Beta-F-140, Sn-Beta-F-170, Sn-Beta-F-220,
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Figure 2.7: Moles of CD3CN adsorbed on open Sn sites (open diamonds) and closed
Sn sites (closed diamonds) on Sn-Beta-F-105, together with the ratio of open-to-closed
Sn sites titrated (closed circles), as a function of CD3CN coverage.

and Sn-Beta-OH-200), demonstrating that these E values can accurately quantify

Lewis acid sites on Sn-Beta zeolites. Next, E values for the 2287 cm−1 and 2275 cm−1

peaks were estimated from non-linear least squares regression of IR peak areas with

increasing CD3CN coverage on Sn-Beta-OH-170 (additional details in Section 2.7.9),

which was chosen because it showed the largest 2275 cm−1 peak area of any Sn-Beta

sample. These E(2287 cm−1, Sn) and E(2275 cm−1) values were determined to be

2.13±0.45 and 0.74±0.16 cm µmol−1 (Table 2.2), respectively. Increasing CD3CN

coverage on dealuminated Beta led only to the appearance the 2275 cm−1 peak,

whose integrated areas were used to independently estimate an E(2275 cm−1) value

of 0.89±0.09 cm µmol−1 (details in Section 2.7.9), similar to the E(2275 cm−1) value

determined from least-squares regression of IR data collected on Sn-Beta-OH-170.

The numbers of open and closed Lewis acidic Sn sites on each Sn-Beta sample,

determined from IR spectra collected after CD3CN saturation (303 K) and integrated

molar extinction coefficients (Table 2.2), are listed in Table 2.3 and were calculated
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using Eq. 2.1. The total number of Lewis acid sites quantified by CD3CN (per mol

Sn) is plotted against the number of sites quantified by pyridine (per mol Sn) in

Figure 2.4c for each of the Sn-Beta-F and Sn-Beta-OH samples studied here. The

total number of Lewis acid sites (open and closed) counted by CD3CN was identical,

within experimental error, to the number of Lewis acid sites counted by pyridine

titration in IR experiments on each of the Sn-Beta samples (Table 2.3, Fig. 2.4c),

providing evidence that CD3CN also binds with equimolar stoichiometry to each Sn

site and that either pyridine or CD3CN can accurately quantify the total number of

Lewis acid sites in IR experiments. Among the Sn-Beta samples in this study, the

fraction of Sn present as Lewis acid sites was almost always below unity (0.49-1.00,

Table 2.3), and the ratio of open-to-closed Lewis acid sites varied over a wide range

(0.29-1.64, Table 2.3). The consistent estimates of Lewis acidic Sn sites determined

by mfore than one base titrant provides further evidence that the integrated molar

extinction coefficients in Table 2 apply generally to Sn-Beta zeolites prepared via

different methods, in turn, enabling quantification of open (and closed) Sn sites to

normalize turnover rates for glucose-fructose isomerization, as we discuss next.
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2.4.5 Glucose Isomerization Rate Constants on Hydrophobic and Hydrophilic Sn-
Beta Zeolites

Figure 2.8: Dependence of initial glucose-fructose isomerization turnover rate (per
total Sn, 373 K) for Sn-Beta-F-220 on the initial aqueous-phase glucose concentration
(1-10% (w/w)).

Aqueous-phase glucose-fructose isomerization on Lewis acid sites proceeds via

quasi-equilibrated adsorption and ring-opening of glucose to form intermediates that

coordinate to Sn sites through oxygen atoms at the C1 (aldehyde) and C2 (deproto-

nated OH) positions [34], subsequent kinetically-relevant intramolecular 1,2-hydride

shift to form ring-opened fructose intermediates [51], and quasi-equilibrated ring-

closing and desorption of fructose (Fig. 2.9). Initial isomerization turnover rates are

first-order in glucose concentration (0-10% (w/w), 373 K, Figure 2.8) with measured

H/D kinetic isotope values of 2.0-2.4 (373 K) for glucose deuterated at the second

carbon, as expected for kinetically-relevant intramolecular 1,2-hydride shift in the
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absence of internal mass transfer limitations (details in Section 2.7.10) [35]. The

first-order dependence of isomerization rates on glucose concentration is consistent

with dilute glucose coverages and with two coordinated water molecules as the most

abundant surface intermediate (MASI) during reaction in liquid water, as expected

from the saturation of framework Sn sites with water even in ambient atmosphere to

give 119Sn MAS NMR resonances [34] and UV-Vis spectral features for octahedrally-

coordinated Sn (Section 2.4.1). These quasi-equilibrated reactions, elementary steps

and mechanistic assumptions give a turnover rate equation that accurately describes

aqueous-phase glucose-fructose isomerization on Sn-Beta zeolites (mechanistic details

and derivation of rate expression in Section 2.7.10) [35]:

risom = α
K1k2

K4K5

CG = kisomCG (2.2)

In this turnover rate equation, K1 is the adsorption equilibrium constant relating

aqueous-phase glucose and ring-opened glucose intermediates bound to Sn sites, k2

is the rate constant for the intramolecular 1,2-hydride shift to form fructose, K4 and

K5 are adsorption equilibrium constants for the sequential adsorption of two water

molecules at Sn sites, CG is the aqueous-phase glucose concentration, α is a constant

that contains the product of activity coefficients for reactants and intermediates in

the mechanism (details in Section 2.7.10), and kisom is the effective first-order iso-

merization rate constant. The rate and equilibrium constants that comprise kisom

can be decomposed to show that measured first-order isomerization rate constants

reflect the difference in free energy between the kinetically-relevant transition state

(bound glucose-fructose isomerization transition states (∆G‡,2∗
o) and two aqueous-

phase water molecules (2∆GW
o)) and the most abundant surface intermediate (two

bound water molecules (∆G2W∗
o) and aqueous-phase glucose (∆GG

o); details in Sec-

tion 2.7.10) [35]:

kisom = α
K1k2

K4K5

= α
kBT

h
e(−(∆Go‡,2∗+2∆GoW )−(∆GoG+∆Go2W∗))/RT ) (2.3)
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Figure 2.9: Plausible reaction mechanism for glucose-fructose isomerization on open
Sn sites in Sn-Beta involving kinetically-relevant 1,2-intramolecular hydride shift
(Step 2). For clarity, kinetically-irrelevant steps are lumped as quasi-equilibrated
reactions (Steps 1, 3-5).

Isomerization turnover rates (Eq. 2.2) are rigorously normalized by the number

of active Sn sites, demonstrated elsewhere to be open Sn sites based on selective NH3

pre-poisoning of open sites in Sn-Beta before glucose isomerization catalysis [32]. The

number of Sn sites active for glucose isomerization was independently estimated here

on two different Sn-Beta-F samples (Sn-Beta-F-110, Sn-Beta-F-170) from pyridine

pre-poisoning studies, in which samples were pressed into self-supporting wafers and

sealed in the IR cell, titrated with different amounts of pyridine (quantified from

IR spectra and the E values in Table 2.2), removed from the IR cell, and ground

into a powder prior to measurement of isomerization rates. Initial isomerization
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turnover rates (per total Sn, 373 K) decreased with increasing pyridine coverage

(per total Sn) for Sn-Beta-F-110 and Sn-Beta-F-170 (Fig. 2.10), but not because of

occlusion of intracrystalline void spaces or of pore openings at external crystallite

surfaces, or because of restricted diffusion of glucose reactants within intracrystalline

voids (details in Section 2.7.10). Linear extrapolation of initial isomerization rates

with increasing pyridine coverage (Fig. 2.10) predicts full suppression of reactivity at

pyridine uptakes of 0.49±0.10 and 0.15±0.03 (per total Sn) for Sn-Beta-F-110 and Sn-

Beta-F-170, respectively, which are similar to their fractions of open Sn sites counted

ex situ by CD3CN (0.35±0.07 and 0.20±0.04, respectively). In contrast, pyridine

uptakes required to fully suppress rates on Sn-Beta-F-110 and Sn-Beta-F-170 are not

equivalent to their fractions of closed Sn sites (0.63±0.13 and 0.67±0.14, respectively),

although closed Sn sites may be responsible for the residual isomerization reactivity

observed at pyridine uptakes higher than predicted to fully suppress reactivity (Fig.

2.10). The pyridine uptakes required to completely suppress the rates were also not

equal to the value of unity expected if residual Sn sites on pyridine-titrated samples

were equally reactive or undergo quasi-equilibrated structural changes during initial

reaction times. These findings also suggest that pyridine preferentially titrates open

Sn sites either in vacuum (423 K) or upon exposure to liquid water (373 K) and that

pyridine desorption from Sn sites in Sn-Beta-F appears irreversible on the timescale

of initial glucose isomerization rate measurements (373 K). Thus, we conclude that

initial isomerization turnover rates are rigorously normalized by the number of open

Sn sites present initially on Sn-Beta zeolites, which can be quantified from ex situ

CD3CN IR experiments (Table 2.3). Turnover rates estimated at longer batch reaction

times, or at steady-state in a flow reactor, may require different normalization to the

extent that framework Sn sites change structure or coordination during exposure to

liquid water at elevated temperatures (373 K) [104,105].

Values of kisom (per open Sn, 373 K) are listed in Table 2.10 for each Sn-Beta

sample in this study, and are plotted against Sn content in Figure 2.11. Values of

kisom were higher by ∼50x (on average) on the six low-defect Sn-Beta-F samples
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Figure 2.10: Dependence of initial glucose-fructose isomerization turnover rates (per
total Sn, 373 K, 1% (w/w) glucose) on pyridine coverage from titration before reaction
on (a) Sn-Beta-F-110 and (b) Sn-Beta-F-170. The fraction of Sn open sites counted
ex situ by CD3CN are shown as open diamonds along the x-axes.
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synthesized in fluoride media than on the two highly-defective Sn-Beta-OH samples

prepared by grafting of Sn atoms in dealuminated Beta zeolites (Fig. 2.11). Values of

kisom reflect free energy differences between glucose isomerization transition states

and two water molecules coordinated to active sites (Eq. 2.3), and would decrease as

adsorption equilibrium constants for coordinated water molecules (K4, K5) become

larger (Eq. 2.2), as proposed for hydrophilic zeolites with higher densities of defect

silanol groups that hydrogen bond with water bound at framework metal sites [106].

This mechanistic interpretation suggests that kisom values are larger on hydropho-

bic Sn-Beta-F zeolites, in part, because of weaker kinetic inhibition of Sn sites by

coordinated water molecules when such sites are confined within low-defect voids.

These findings extend previous reports of kisom values (per total Ti, 373 K) that

were 10-30× higher on hydrophobic than on hydrophilic Ti-Beta zeolites [35], and

demonstrate that such differences persist after precise normalization by the number

of active sites (open Sn) in Sn-Beta zeolites. We also note that the form of the ki-

netic rate equation in Eq. 2.2, which is derived with the assumption of sequential,

quasi-equilibrated adsorption of two water molecules, can instead be treated as one

quasi-equilibrated step (K’=K4*K5) [35] and is functionally equivalent to an equation

derived for the case of only one water molecule as the MASI, as expected if framework

Sn centers were penta-coordinated instead of tetrahedrally-coordinated [107].

Values of kisom (373 K), after normalization by open Sn sites, varied among Sn-

Beta-F samples of different crystallization time and Sn content by ∼3x (Table 2.10),

reflecting residual heterogeneities in Sn active site structure or coordination or in

the surrounding environments that influence free energy differences between glucose-

fructose isomerization transition states and two water molecules bound at Sn centers

(Eq. 2.3). Total water uptakes measured from H2O adsorption isotherms (293 K) at

a reduced pressure of 0.2, which corresponds to complete micropore filling with cyclo-

hexane and has been used elsewhere as a descriptor of the hydrophobic properties of

zeolites [83], differed by 3.5× among these Sn-Beta-F samples (Table 2.1). Although

this water uptake reflects an integrated adsorption measurement on multiple binding
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Figure 2.11: First-order glucose-fructose isomerization rate constant (per open Sn
site, 373 K) in water for hydrophobic Sn-Beta-F (closed circle) and hydrophilic Sn-
Beta-OH (open circle) samples as a function of Sn/Si ratio. Dashed lines indicate the
averaged turnover rate within each series.

sites, including framework Sn centers and defect silanol groups at intracrystalline and

extracrystalline locations, the residual water uptake after accounting for binding on

Sn (2 H2O/Sn) was directly proportional to the number of silanol groups titrated

by CD3CN on the Sn-Beta-F samples studied here (Fig. 2.49, Section 2.7.10). Val-

ues of kisom (per open Sn, 373 K) on Sn-Beta-F samples generally decreased with

increasing silanol content (Fig. 2.50, Section 2.7.10), albeit with residual scatter in

the correlation that seems reasonable because kisom values may only sense differences

in the strength of water binding in the vicinity of active Sn sites. These findings

and interpretations suggest that methods to insert Sn atoms into vacancy defects of

Beta zeolites may benefit from further treatments to remove residual silanol defects to

increase their hydrophobicity and, in turn, turnover rates for aqueous-phase glucose

isomerization.
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2.5 Conclusions

Titration and quantification procedures were developed for four different Lewis

bases, two involving concurrent collection of infrared spectra (pyridine, deuterated

acetonitrile) and two involving subsequent temperature programmed desorption (am-

monia, n-propylamine), to quantify the number of Lewis acid sites in Sn-Beta zeolites

prepared by hydrothermal and post-synthetic routes. On crystalline zeolites, inte-

grated molar extinction coefficients (E) for IR peaks reflecting pyridine bound to

Lewis acidic Sn sites (1450 cm−1) and CD3CN bound to open (2316 cm−1) and closed

(2308 cm−1) Sn sites were different from E values for Lewis acidic Al sites. E values

for Al sites are available in the literature, but quantify Sn sites imprecisely from IR

spectra of Sn-Beta samples at saturation pyridine or CD3CN coverages, while the

E values on Sn sites reported here estimate similar numbers of Lewis acid sites on

the eight Sn-Beta samples in this study. Two additional TPD methods were also

developed to selectively titrate and quantify Lewis acid sites in Sn-Beta zeolites with

ammonia or n-propylamine, which are titrants used often to quantify Brønsted acid

sites but seldom to quantify Lewis acid sites in solid acids.

Open Sn sites, which are partially hydrolyzed framework Sn centers with an OH

ligand (Sn-OH) proximal to a silanol group (Si-OH), have been implicated as the

dominant active site in Sn-Beta for glucose-fructose isomerization via intramolecular

1,2-hydride shift [32]. On two Sn-Beta samples, initial aqueous-phase glucose-fructose

isomerization turnover rates (per total Sn, 373 K) decreased linearly with the number

of pyridine titrants adsorbed prior to reaction, and become suppressed at pyridine

uptakes similar to the number of open Sn sites counted ex situ by CD3CN (303 K).

These findings provide further evidence that open Sn sites are the dominant active site

for glucose-fructose isomerization in Sn-Beta, and suggest that initial isomerization

turnover rates should be normalized by the number of open Sn sites counted via

CD3CN titration, prior to interpretation of turnover rate differences among Sn-Beta

zeolites of different preparation or treatment history.
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Apparent first-order aqueous-phase isomerization rate constants (per open Sn site,

373 K) are ∼50x higher, on average, on hydrophobic Sn-Beta zeolites crystallized

in fluoride media (Sn-Beta-F) than on hydrophilic Sn-Beta zeolites (Sn-Beta-OH)

prepared by post-synthetic insertion of Sn atoms into framework vacancy defects.

These data are consistent with the stronger kinetic inhibition of Lewis acidic Sn

sites confined within hydrophilic than within hydrophobic voids by coordinated wa-

ter molecules, which are most abundant surface intermediates during isomerization

in liquid water [35]. We expect that the titration methods developed here can be

adapted to quantify Lewis sites on silicates containing other tetravalent Lewis acidic

heteroatoms (e.g., Ti4+, Zr4+, Hf4+). The approach described herein, which quanti-

fies active Lewis acid sites ex situ to normalize initial glucose-fructose isomerization

turnover rates, provides the conceptual basis to rigorously assess how different syn-

thetic and post-synthetic treatments of Sn-zeolites influence their density of open

and closed Sn sites and, in turn, their catalytic behavior at initial reaction times.

We expect that these methods can also be adapted to probe structural changes to

framework Sn sites that occur during reaction or treatment in liquid media to cause

different transient and steady-state catalytic behavior [58].
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2.7 Supporting Information

2.7.1 X-ray Diffractograms of Stannosilicate Samples.

See Figure 2.12.

Figure 2.12: Powder XRD patterns of the stannosilicate samples in this study. Pat-
terns for Sn-Beta-OH-170 and Sn-Beta-OH-200 multiplied by 10×, and Sn-xerogel
multiplied by 5×, for clarity.
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2.7.2 N2 and H2O Adsorption Isotherms of Zeolite Samples.

N2 adsorption isotherms (77 K) are shown for all Sn-Beta samples, SnO2/Si-Beta,

and Sn-xerogel in Figure S.2. On each sample, the micropore volume was deter-

mined from a semi-log derivative analysis of the N2 isotherms, by plotting δ(Vads/g)/

δ(log(P/P0) vs. log (P/P0) to identify the micropore filling transition (first maxi-

mum) and then the end of micropore filling (subsequent minimum) [108, 109]. The

volume of adsorbed N2 (at STP) at the end of micropore filling was converted to the

volume of adsorbed liquid using the liquid N2 molar density (0.029 mol cm−3). This

method gave the micropore volumes listed in Table 2.1.

H2O adsorption isotherms (293 K) are shown for Sn-Beta-F samples (Fig. 2.14)

and for Sn-Beta-OH, SnO2/Si-Beta, and Sn-xerogel samples (Fig. 2.15). On each

sample, the amount of water adsorbed at a relative pressure (P/P0) of 0.2 was used

to assess hydrophobicity, as chosen originally by Chen [83] because cyclohexane (298

K) fills the pores of hydrophobic zeolites at P/P0 = 0.2. The volume of adsorbed

H2O (at STP) at P/P0 = 0.2 was converted to the volume of adsorbed liquid using

the liquid H2O molar density (0.055 mol cm−3). This method gave the H2O uptake

values listed in Table 2.1.
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Figure 2.13: N2 adsorption isotherms (77 K) for all samples used in this study.
Isotherms offset by 200 cm3 g−1 for clarity.
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Figure 2.14: H2O adsorption isotherms (293 K) for Sn-Beta-F samples used in this
study. Isotherms offset by 100 cm3 g−1 for clarity.
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Figure 2.15: H2O adsorption isotherms (293 K) for Sn-Beta-OH samples, SnO2/Si-
Beta-F, and Sn-xerogel used in this study. Isotherms offset by 300 cm3 g−1 for clarity.
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2.7.3 Diffuse-Reflectance UV-Visible Spectra of Zeolite Samples.

DRUV spectra under ambient conditions, dehydrated conditions and rehydrated

conditions (see Section 2.3.2) are shown for SnO2/Si-Beta, Sn-Beta-OH-200, and Sn-

Beta-F-170 in Fig. 2.16. All samples contain DRUV bands with maxima at ∼240

nm under ambient conditions, characteristic of Sn in octahedral coordination [50,78].

After dehydration treatments, DRUV bands for Sn-Beta-OH-200 and Sn-Beta-F-170

shift to ∼210 nm characteristic of tetrahedral Sn [37,86], while DRUV bands for the

SnO2/Si-Beta do not change because octahedrally-coordinated Sn atoms in SnO2 do

not change coordination upon heating. Although under-coordinated Sn atoms near

SnO2 surfaces may lose coordinated water upon dehydration, the fraction of such Sn

atoms appears small and noticeable changes to DRUV spectra after dehydration of

SnO2/Si-Beta are not observed.

DRUV spectra of all Sn-Beta-F samples, and for Sn-Beta-OH, SnO2/Si-Beta, and

Sn-xerogel after dehydration treatments at 523 K are shown in Figures 2.17 and 2.18,

respectively. DRUV bands for Sn-Beta-F-100, Sn-Beta-F-105, and Sn-xerogel were

centered at ∼240 nm upon dehydration. DRUV bands for Sn-Beta-F-110, Sn-Beta-

F-140, and Sn-Beta-F-170 were centered at ∼210 nm, with a noticeable shoulder

at ∼255 nm. For each of these samples, the lack of a complete shift or remaining

shoulder in DRUV spectra upon dehydration likely reflects some non-framework Sn

species on these samples. DRUV bands for Sn-Beta-OH-170 at ∼210 nm (ambient)

may shift below 190 nm upon dehydration, while the shoulder present at ∼250 nm

remains after the thermal treatment, likely reflecting SnO2 nanoparticles larger than

those that give rise to bands at ∼230 nm due to quantum confinement effects [87–90].

Tauc plots are shown for all Sn-Beta-F samples, and for Sn-Beta-OH, SnO2/Si-

Beta, and Sn-xerogel in Figures 2.19 and 2.20, respectively. Linear regions in the low

energy regime (<∼5 eV) of Tauc plots were extrapolated to determine the x-intercept

values, which correspond to the band gap energies for the Sn species [110–112], which
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can be correlated to SnO2 particle size [87–90]. These values are summarized in Table

2.4.

Table 2.4: Edge energies for all samples determined from x-intercepts of linear por-
tions of Tauc plots (Figs. 2.19 and 2.20) DRUV band centers at maximum F(R)
intensity are reported for spectra collected after dehydration treatments (Figs. 2.17
and 2.18), and parenthetical values are for second band observed in some DRUV
spectra.

Sample Ambient
(eV)

Dehydrated
(eV)

Rehydrated
(eV)

Band
Maximum

(nm)
Sn-Beta-F-100 4.20 4.09 4.19 244
Sn-Beta-F-110 4.34 4.26 4.34 223
Sn-Beta-F-170 4.27 4.20 4.20 207
Sn-Beta-F-220 4.09 4.29 4.25 197 (260)
Sn-Beta-F-105 4.17 4.17 4.24 216
Sn-Beta-F-140 4.29 4.19 4.25 238

Sn-Beta-OH-170 4.02 4.25 4.10 267
Sn-Beta-OH-200 4.59 4.69 5.13 195

SnO2/Si-Beta 4.06 4.09 4.16 250
Sn-xerogel 4.45 4.37 4.46 245
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Figure 2.16: Diffuse reflectance UV-Vis spectra in Kubelka-Munk units (normalized
to the maximum F(R) intensity within each series) for (a) Sn-Beta-F-170, (b) Sn-
Beta-OH-200, and (c) SnO2/Si-Beta collected under ambient conditions (thin solid
line), after dehydration at 523 K (thick solid line), and after rehydration at 303 K
(dashed line).



58

Figure 2.17: DRUV spectra for Sn-zeolite samples collected after dehydration treat-
ments (523 K). Spectra normalized to F(R) at the peak maximum and artificially
offset for clarity.
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Figure 2.18: DRUV spectra for Sn-zeolite samples collected after dehydration treat-
ments (523 K). Spectra normalized to F(R) at the peak maximum and artificially
offset for clarity.
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Figure 2.19: Tauc plots for Sn-zeolite samples from DRUV spectra collected after
dehydration treatments (523 K).
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Figure 2.20: Tauc plots for Sn-zeolite samples from DRUV spectra collected after
dehydration treatments (523 K). Inset shows low-energy region for Sn-Beta-OH-200
that gives rise to the edge energy reported in Table 2.1.
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2.7.4 1H NMR Spectra of Sugars after Reaction of Glucose-D2 with Zeolite Samples
in Water.

1H NMR spectra of glucose fractions recovered after reaction show no change when

compared to that of the labeled glucose-D2 reactant, which do not contain a resonance

at δ = 3.1 ppm (Fig. 2.21. The absence of this resonance corresponds to a deuterium

atom bound to the α-carbonyl carbon (C2 position) of glucose and indicates negligible

H/D scrambling of glucose-D2 under the reaction conditions studied here [50]. 1H

NMR spectra of fructose fractions collected after reaction do not show a resonance

at δ = 3.45 ppm, which indicates that deuterium rather than hydrogen is present

at the fructose C1 position (Fig. 2.22). This reflects fructose formation only via

the Lewis acid-mediated intramolecular 1,2-hydride shift mechanism instead of the

enolate-mediated mechanism catalyzed by bases [51]. Fructose formation was not

observed with aqueous glucose solutions adjusted to pH=5 (with HCl) on SnO2/Si-

Beta or in reactors without catalyst present, further demonstrating that the fructose

products formed with Sn-Beta samples solely reflect catalytic contributions of Lewis

acidic Sn sites.

Figure 2.21: 1H NMR spectra for glucose recovered after glucose isomerization catal-
ysis with the Sn-Beta samples tested in this study. The resonating multiplet centered
around δ = 4.7 ppm corresponds to residual water present after freeze drying the
monosaccharide products



63

Figure 2.22: 1H NMR spectra for the fructose recovered after glucose isomerization
catalysis with the Sn-Beta samples tested in this study. A small resonance at δ=3.47
ppm (denoted with an asterisk) is present in fructose products on Sn-Beta-OH-170
and Sn-Beta-OH-200, indicating a small contribution of the enolate mechanism by
hydroxyl ions that becomes detectable at the longer reaction times (>4 h) used to
attain higher glucose conversion on these samples.
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2.7.5 Determination of Integrated Molar Extinction Coefficients for Pyridine on H-Y
Zeolite.

NH4-Y (Zeolyst CBV300, Si/Al = 2.6) was treated at 823 K in flowing dry air

(6.66 cm3 s−1 (g zeolite)−1) for 4 h to convert to the H-Y form. H-Y was pressed into

a self-supporting wafer and treated under vacuum at 823 K in the IR cell for 1 h,

before cooling to 423 K to perform pyridine titration experiments. As pyridine was

successively dosed onto the wafer, IR spectra (Fig. 2.23) showed bands for protonated

pyridine (1630 cm−1, 1545 cm−1) and for either protonated pyridine or pyridine bound

to Lewis acidic Al sites (1490 cm−1). Yet, no bands for pyridine bound to Lewis

acidic Al sites (1610 cm−1, 1455 cm−1) were observed (Fig. 2.23). Deconvolution

of IR spectra using the procedure described in Section S.9 was used to determine

areas of individual IR peaks after each pyridine dose of known quantity. The E value

for the IR band at 1540 cm−1 (protonated pyridine), which was determined from

the linear relationship between [integrated IR band area (cm−1)*wafer cross sectional

area (cm2)] and the total moles dosed (µmol, Fig. 2.24), was 1.95 ± 0.13 cm µmol−1.

This value is similar, within error, to the value reported by Emeis (1.67 ± 0.25 cm

µmol−1) for pyridine adsorbed on Brønsted acid sites in Al-zeolites [84]. The error in

the E value was estimated by propagation of error in the moles of titrant adsorbed

within each dose (±0.05 Torr).

The H-Y wafer was then treated in flowing air at 953 K for 4 h, in dynamic

vacuum (0.1 Torr) at 953 K for 1 h, and then cooled to 423 K for pyridine titration

experiments. As pyridine was successively dosed onto the wafer, new IR bands at

1610 cm−1 and 1455 cm−1 characteristic of pyridine bound to Lewis acidic Al sites

appeared (Fig 2.23) [68]. Deconvolution of IR spectra using the same procedure as

above was used to determine IR peak areas for each dose of known quantity. The

E value for the IR band at 1455 cm−1 (pyridine bound to Lewis acidic Al sites) was

determined by first calculating the squared error between the number of moles dosed

to the wafer and the estimated number of moles adsorbed for each dose, using the E

value of 1.95 cm ±mol−1 for protonated pyridine at 1540 cm−1 and an initial guess
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for the E value for pyridine bound to Lewis acidic Al. The sum of squared errors

was minimized in order to determine the best fit of E values for pyridine bound to

Lewis acidic Al sites, which was 1.45 ± 0.10 cm µmol−1. This value is outside of the

error of the E value for pyridine bound to Lewis acidic Al determined by Emeis on

H-MOR, H-Y, and H-ZSM-5 zeolites and amorphous silica-alumina (2.20 ± 0.33 cm

µmol−1 [84]), but falls within the range reported in the literature for pyridine bound

to Lewis acidic Al sites in aluminosilicates (0.89-3.9 cm µmol−1 [93, 113,114]).

Figure 2.23: IR spectra after progressive titration of pyridine on H-Y (Si/Al=2.6,
Zeolyst) at 423 K (pyridine/Al = 0.005-0.040). Dashed lines at 1630 cm−1 (protonated
pyridine), 1545 cm−1 (protonated pyridine), and 1490 cm−1 (protonated pyridine or
pyridine bound to Lewis acidic Al sites).
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Figure 2.24: Integrated area of 1545 cm−1 IR peak multiplied by wafer cross-sectional
area plotted against the amount of pyridine adsorbed on H-Y (Si/Al=2.6, Zeolyst)
at 423 K.
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Figure 2.25: IR spectra after progressive titration of pyridine on high temperature-
treated H-Y (Si/Al=2.6, Zeolyst) at 423 K (pyridine/Al = 0.012-0.13). Dashed lines
shown at 1630 cm−1 (protonated pyridine), 1615 cm−1 (pyridine bound to Lewis
acidic Al sites), 1545 cm−1 (protonated pyridine), 1490 cm−1 (protonated pyridine or
pyridine bound to Lewis acidic Al sites), and 1455 cm−1 (pyridine bound to Lewis
acidic Al sites).
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2.7.6 Pyridine Titration and Infrared Spectroscopy of Zeolite Samples.

IR spectra for each Sn-Beta sample after pyridine saturation and evacuation for

900 seconds under vacuum (0.1 Torr) at 423 K are shown in Figure 2.26. This

evacuation procedure was sufficient to remove gaseous pyridine and the majority

of the weakly-bound physisorbed pyridine that convolutes the peak at 1450 cm−1

(Fig 2.27). IR spectra were baseline-corrected between 1400 cm−1 to 1650 cm−1

and deconvoluted in CasaXPS to determine the areas of IR peaks at 1610 cm−1

and 1450 cm−1, which reflects pyridine bound to Lewis acidic Sn sites [68], using a

combined Gauss-Lorentzian (SGL) lineshape with an 80% Lorentzian contribution.

Additional bands at 1439 cm−1, 1445 cm−1, and 1490 cm−1 were included in the

deconvolution and are representative of gas phase pyridine, physisorbed pyridine,

and pyridine bound to Lewis acidic Sn sites or protonated pyridine [68]. Peak centers

were allowed to vary within ±3 cm−1 and full widths at half maximum peak height

were constrained between 5 cm−1 and 20 cm−1. The peak at 1450 cm−1 was virtually

unchanged after exposure to dynamic vacuum at 423 K for 900 seconds (Fig 2.28), and

these IR spectra (Fig 2.26) were used to determine the number of moles of Lewis acidic

Sn sites present on each sample using Eq. 2.1. The error in the E value for pyridine

bound to Lewis acidic Sn sites was estimated using the same procedure described

in Section 2.7.5 . For Sn-Beta-OH-200, the peak area at 1445 cm−1 was ∼4× that

of the peak at 1450 cm−1 after saturation and exposure to dynamic vacuum for 900

s (while this was ≤ ∼1x on all other samples), leading to inaccurate deconvolution

of the 1450 and 1445 cm−1 peaks. In order to determine the saturation coverage of

pyridine on Lewis acid sites in Sn-Beta-OH-200, the integrated absorbance at 1450

cm∼ was estimated from the spectrum of a dose after the saturation of the peak for

pyridine to Sn Lewis acid sites, but before complete saturation of the surface defect

sites.
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Figure 2.26: IR difference spectra for pyridine saturated Sn-Beta samples after evacu-
ation at 423 K for 900 s for (a) Sn-Beta-F-100, (b) Sn-Beta-F-105, (c) Sn-Beta-F-110,
(d) Sn-Beta-F-140, (e) Sn-Beta-F-170, (f) Sn-Beta-F-220, (g) Sn-Beta-OH-170, (h)
Sn-Beta-OH-200, (i) SnO2/Si-Beta, and (j) Sn-xerogel. All spectra normalized to
the overtone and combination modes of Si-O-Si stretches (1750-2100 cm−1) and to
the maximum peak intensity for clarity. Dashed lines shown at 1610 cm−1 (pyridine
bound to Lewis acidic Sn sites), 1540 cm−1 (protonated pyridine), 1490 cm−1 (proto-
nated pyridine or pyridine bound to Lewis acidic Sn sites), and 1450 cm−1 (pyridine
bound to Lewis acidic Sn sites).
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Figure 2.27: IR spectra for pyridine-saturated Sn-Beta-F-100 during exposure to
dynamic vacuum at 423 K for 0 s, 300 s, and 900 s (thin to thick traces) after
saturation with pyridine. Dashed lines shown at 1610 cm−1 (pyridine bound to Lewis
acidic Sn sites), 1545 cm−1 (protonated pyridine), 1490 cm−1 (protonated pyridine or
pyridine bound to Lewis acidic Sn sites), and 1450 cm−1 (pyridine bound to Lewis
acidic Sn sites).
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Figure 2.28: Integrated area of the IR peak at 1450 cm−1 as a function of time exposed
to dynamic vacuum at 423 K for pyridine-saturated Sn-Beta-F-100. Dashed line at
900 seconds added for reference.
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2.7.7 n-Propylamine Temperature Programmed Desorption (TPD) Experiments on
Zeolites.

A response factor for n-propylamine (NPA, m/z = 59) was developed by filling a

sample loop (1 or 5 cm3) with a mixture of 1000 ppm NPA and 1% Ar in balance

He (certified gas mixture, Airgas), and then injecting the loop contents into flowing

He (1.66 cm3 s−1). This stream was transferred via heated gas lines (383 K) to

an expansion volume (150 cm3) and then into a mass selective detector (MSD). An

additional data point was collected by flowing 20 cm3 min−1 of 1000 ppm NPA to the

MSD for 20 s. Afterwards, a 0.5 cm3 sample loop was filled with Ar (99.999%, Indiana

Oxygen) and injected into flowing He (1.66 cm3 s−1) and sent to the MSD. Integrated

area ratios for NPA and Ar MSD traces and the molar ratios of each component are

plotted in Figure 2.29 to obtain the response factor of NPA (relative to Ar), enabling

quantification of NPA MSD traces when using an Ar standard to account for signal

drift.

NPA TPD profiles are shown for all Sn-Beta samples in Figure S.14. Each sample

was saturated with NPA for 4 h at 323 K (75 cm3 s−1 g−1), purged in flowing dry He

for 4 or 8 h at 338 K (25 cm3 s−1 g−1), and then held in flowing He (25 cm3 s−1 g−1)

from 338 to 773 K (0.167 K s−1). After each TPD experiment, a 0.5 cm3 sample loop

was filled with Ar and pulsed into flowing He and sent to the MSD to quantify the

NPA evolved in the TPD (Tables 2.5 and 2.6).

The appropriate saturation and purge length were determined by varying the

purge duration (4 h, 8 h, 12 h, 16 h) at a given saturation condition (4 h at 323

K in 25 cm3 s−1 g−1, Figs. 2.31 and 2.32). A purge performed at 323 K after the

same saturation conditions was taken as the 0 h purge length reference for the higher

temperature (338 K) purge treatments. The low temperature purge (323 K) resulted

in an NPA signal that is a convolution of two separate features, but purging at 338

K removed the low temperature feature and resulted in a symmetric and single TPD

feature. For purges 4 h or longer, the number of NPA molecules evolved during TPD

was constant, within experimental error, at 1.03 NPA/Sn for Sn-Beta-F-140 and 1.30
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Figure 2.29: NPA (m/z = 59) response factor calibration curve of the mass spectrom-
eter area ratio of NPA/Ar as a function of the molar ratio of NPA/Ar.

Table 2.5: Molecules of NPA desorbed per Sn after saturation with 1000 ppm NPA
for 4 h at 323 K followed by purging for 4 h and 8 h.

Sample NPA/Sn
(4 hr

purge)

NPA/Sn
(4 hr

purge)
Sn-Beta-F-100 0.48±0.07 0.44 ±0.06
Sn-Beta-F-105 0.59± 0.09 0.62 ±0.09
Sn-Beta-F-110 1.07± 0.15 0.99 ±0.13
Sn-Beta-F-140 1.18± 0.16 1.04 ±0.1
Sn-Beta-F-170 1.30± 0.17 1.24 ±0.17
Sn-Beta-F-220 2.02± 0.27 2.07 ±0.28

Sn-Beta-OH-170 1.37± 0.16 1.14 ±0.14
Sn-Beta-OH-200 n.d.* 1.71 ±0.21
*n.d.: data not collected
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Figure 2.30: NPA TPD profiles after saturation with 1000 ppm NPA for 4 h at 323
K followed by purging for 4 h (grey trace) and 8 h (black trace) at 338 K in 25 cm3

s−1 g−1 UHP He on (a) Sn-Beta-F-100, (b) Sn-Beta-F-105, (c) Sn-Beta-F-110, (d)
Sn-Beta-F-140, (e) Sn-Beta-F-170, (f) Sn-Beta-F-220, and (g) Sn-Beta-OH-170 and
(h) Sn-Beta-OH-200.

NPA/Sn for Sn-Beta-F-170 (Fig. 2.32). In order to verify that increased saturation

time did not influence the quantification, the saturation time was varied as the purge

conditions were kept constant (8 h, 338 K, He flow = 0.83 cm3 g zeolite−1 s−1). The

number of NPA molecules evolved during the TPD was constant, within experimental

error, at 1.02 NPA/Sn for Sn-Beta-F-140 (Fig. 2.33).
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Table 2.6: Moles of NPA desorbed per g zeolite after saturation with 1000 ppm NPA
for 4 h at 323 K followed by purging for 8 h.

Sample NPA/g
(x104)

Sn-Beta-F-100 .719
Sn-Beta-F-105 .971
Sn-Beta-F-110 1.48
Sn-Beta-F-140 1.26
Sn-Beta-F-170 1.18
Sn-Beta-F-220 1.52

Sn-Beta-OH-170 1.09
Sn-Beta-OH-200 1.39

Si-Beta-F 0.031
Dealuminated Beta 1.59

The number of NPA molecules (per Sn) evolved on Sn-Beta-F samples with low Sn

content (Sn-Beta-F-170, Sn-Beta-F-220) and on highly-defective Sn-Beta-OH samples

(Sn-Beta-OH-170, Sn-Beta-OH-200) were much larger than unity (Table 2.5). These

findings suggest that the saturation and purge treatments used here may not be suf-

ficient to remove NPA at other binding sites on zeolite samples. Control experiments

performed on purely-siliceous Beta zeolites (Si-Beta-F) did not evolve a significant

amount of NPA in TPD experiments (Table2.6), but those performed on dealumi-

nated Beta zeolites (parent Si/Al = 15) evolved as much or more NPA (per g) as the

low Sn content Sn-Beta-F and the highly-defective Sn-Beta-OH samples (Table 2.6).

These findings suggest that the saturation and purge conditions used in this study

causes NPA retention on residual defect sites in zeolite samples, which may lead to

inaccurate quantification of Lewis acidic Sn sites by NPA TPD for samples with low

Sn content and high defect densities.
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Figure 2.31: NPA TPD profiles on (a) Sn-Beta-F-140 and (b) Sn-Beta-F-170 after
saturation in 1000 ppm NPA for 4 h followed by purging at 338 K in 25 cm3 s−1 g−1

He for 4 h (dark grey trace), 8 h (grey trace), 12 h (light grey trace), and 16 h (faint
grey trace). A purge performed at 323 K for 8 h in 25 cm3 s−1 g−1 He is used to
represent a 0 h purge at 338 K (black trace).
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Figure 2.32: Molecules of NPA desorbed per molecule of Sn as a function of the purge
length on (a) Sn-Beta-F-140 and (b) Sn-Beta-F-170 after saturation in 1000 ppm NPA
for 4 h followed by purging at 338 K in 25 cm3 s−1 g−1 He. A purge performed at 323
K for 8 h in 25 cm3 s−1 g−1 He is used as a representation for a 0 h purge at 338 K.
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Figure 2.33: NPA desorption rate on (a) Sn-Beta-F-140 and( b) Sn-Beta-OH-170 after
saturation in 1000 ppm NPA for 4 h (grey trace) and 16 h (black trace) followed by
an 8 h purge at 338 K in 25 cm3 s−1 g−1 He.
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2.7.8 Ammonia Temperature Programmed Desorption Experiments on Zeolite Sam-
ples.

A response factor for ammonia (NH3, m/z = 17) was developed by performing NH3

TPD experiments on four NH4-ZSM-5 zeolites (Si/Al = 17–89, Zeolyst). The moles

of NH3 desorbed from each material was measured in independent TPD experiments

performed in a gas-phase plug-flow reactor connected to a MKS Multigas 2030 gas-

phase FTIR spectrometer with an on-board NH3 calibration as described elsewhere

[100]. After each NH3 TPD experiment, a 0.5 cm3 loop was filled with Ar and injected

into flowing He (0.83 cm3 s−1). The total NH3 desorbed was quantified from the m/z

= 17 MSD trace after subtracting the contributing fractionation products of water

(m/z = 17), which appears in constant proportion to the m/z = 18 signal for its

parent ion. The ratio of integrated areas for NH3 and Ar are plotted as a function

of their molar ratio (Figure 2.34) to give a response factor of NH3 (relative to Ar)

in the MSD, which enables the quantification of NH3 MSD traces when using an Ar

standard to account for signal drift.

NH3 TPD profiles are shown for all Sn-Beta samples in Fig. 2.35. Each sample

was saturated with NH3 for 5 h at 323 K (75 cm3 s−1 g−1), purged in flowing dry

He for 8 h at 331 K (25 cm3 s−1 g−1) to remove any physisorbed NH3, then kept in

flowing He (25 cm3 s−1 g−1) as the temperature increased to 773 K (0.167 K s−1).

After each TPD experiment, a 0.5 cm3 loop (383 K) was filled with Ar and pulsed into

flowing He sent to the MSD to correct for instrument drift. The number of molecules

of NH3 desorbed (per Sn) are given in Tables 2.7 and 2.8.

Appropriate saturation and purge durations were determined by varying the purge

length (0, 4, 8, 12 h) at a fixed saturation conditions (5 h, 323 K, flowing 500 ppm NH3

at 75 cm3 s−1 g−1). For purges of 4 h and longer, the number of NH3 molecules evolved

per Sn during the TPD was constant, within experimental error, at 0.43 NH3/Sn for

Sn-Beta-F-100 (Fig. 2.36). In order to verify that saturation times did not influence

the quantification, the saturation time was varied at fixed purge conditions (8 h, 331
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Figure 2.34: NH3 (m/z = 17) calibration curve of the mass spectrometer area ratio
of NH3/Ar as a function of the molar ratio of NH3/Ar.

Table 2.7: Molecules of NH3 desorbed (per Sn) after saturation with 500 ppm NH3

for 5 h at 323 K, followed by purging for 8 h.

Sample NH3/Sn
(8 hr

purge)
Sn-Beta-F-100 0.42±0.02
Sn-Beta-F-105 0.61± 0.04
Sn-Beta-F-110 0.73± 0.04
Sn-Beta-F-140 1.06± 0.05
Sn-Beta-F-170 0.69± 0.03
Sn-Beta-F-220 0.89± 0.04

Sn-Beta-OH-170 1.12± 0.06
Sn-Beta-OH-200 0.93±0.05
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Figure 2.35: NH3 TPD profiles after saturation in 75 cm3 s−1 g−1 500 ppm NH3/He
at 323 K for 5 h followed by purging in dry He (25 cm3 s−1 g−1) at 331 K for 8 h
on (a) Sn-Beta-F-100, (b) Sn-Beta-F-105, (c) Sn-Beta-F-110 (d) Sn-Beta-F-140, (e)
Sn-Beta-F-170, (f) Sn-Beta-F-200, (g) Sn-BEA-OH-170, (h) Sn-Beta-OH-200.

K, flowing He at 25 cm3 s−1 g−1) and the moles of NH3 evolved during TPD was

constant, within experimental error, at 0.44 NH3/Sn for Sn-Beta-F-100 (Fig. 2.37).
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Table 2.8: Moles of NH3 desorbed (per g) after saturation with 500 ppm NH3 for 5 h
at 323 K followed by purging for 8 h.

Sample NH3/g
(x104)

Sn-Beta-F-100 0.686
Sn-Beta-F-105 0.956
Sn-Beta-F-110 1.09
Sn-Beta-F-140 1.29
Sn-Beta-F-170 0.657
Sn-Beta-F-220 0.652

Sn-Beta-OH-170 1.08
Sn-Beta-OH-200 0.754

Si-Beta-F 0.003
Dealuminated Beta 0.157

Figure 2.36: NH3 TPD profiles after saturation of Sn-Beta-F-100 for 5 h in 75 cm3

s−1 g−1 500 ppm NH3/He at 323 K followed by purging in dry He (25 cm3 s−1 g−1)
at 331 K for 0 h (black trace), 4 h (dark grey trace), 8 h (grey trace), and 12 h (light
grey trace).
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Figure 2.37: NH3 TPD profiles after saturation of Sn-Beta-F-100 for 5 h (black trace)
or 16 h (grey trace) in 75 cm3 s−1 g−1 500 ppm NH3/He at 323 K followed by purging
in dry He (25 cm3 s−1 g−1) at 331 K for 8 h.
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2.7.9 Deuterated Acetonitrile Titration and Infrared Spectroscopy of Zeolites.

Sn-Beta samples were saturated with CD3CN by exposure to a gaseous pressure

sufficient to give rise to an IR peak at 2265 cm−1 for gaseous CD3CN. IR spectra corre-

sponding to samples saturated with CD3CN were collected after subsequent exposure

to ∼30 seconds of dynamic vacuum (∼0.1 Torr) at 303 K, which did not noticeably

decrease the IR peaks for closed Sn sites at 2308 cm−1 but did remove gaseous CD3CN

present in the cell (Fig. 2.38). The IR peak areas for CD3CN-saturated samples after

evacuation at 303 K were not a function of the initial saturation pressure (and number

of moles) of CD3CN used (Fig. 2.39)
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Figure 2.38: IR peak areas for Sn-BEA-F-100 after saturation and exposure to dy-
namic vacuum for open Sn sites (squares) and closed Sn sites (diamonds) as a function
of time exposed to dynamic vacuum.

Figure 2.39: IR peak areas for Sn-BEA-F-140 after saturation for open Sn sites
(squares) and closed Sn sites (diamonds) as a function of moles adsorbed at satu-
ration

Deconvolution of IR spectral features, after subtraction of IR spectra for CD3CN-

free wafers, was performed in CasaXPS. Individual components for IR peaks at 2316
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cm−1, 2308 cm−1, 2287 cm−1, 2275 cm−1, and 2265 cm−1 were used to determine

areas within each CD3CN dose that correspond to open Sn sites, closed Sn sites,

(SiO)2Sn(SiOH)2 sites (speculative assignment), SiOH sites, and gas phase CD3CN,

respectively (Table 2.9). IR peak centers were fixed within ±5 cm−1, and the full

widths at half maxima were constrained to be between 5 cm−1 and 20 cm−1. The

sum of Gauss-Lorentzian (SGL) line shapes were used for each component, with a 50%

Lorentzian correction to a normally distributed Gaussian line shape (SGL(50)), as was

used previously for deconvolution of IR spectra obtained after CD3CN adsorption to

Zn exchanged Al-Beta [80].

The relationship between the number of moles of CD3CN dosed, the number of

moles adsorbed to each type of site (resulting in a band area, BA, for each site), and

the value of the integrated molar extinction coefficient (IMEC, or E for short) is given

by:

CumulativeMolesAdsorbed =
2316 cm−1BA

2316 cm−1 IMEC
+

2308 cm−1BA

2308 cm−1 IMEC
+

2287 cm−1BA

2287 cm−1 IMEC
+

(2275 cm−1BA

2275 cm−1 IMEC
(2.4)

E values were determined for CD3CN bound to Lewis acidic Sn sites in Sn-Beta by

minimizing the squared error between the moles of pyridine bound to Lewis acidic Sn

sites (using the E value measured for Sn-Beta: 1.42 ± 0.30 cm µmol−1, Section 2.7.6).

This was achieved by varying the E values for CD3CN bound to open and closed Sn

sites using the Excel Solver function with multistart, in order to avoid finding initial

guess-dependent local minima. This procedure led to values of E(2316 cm−1) and

E(2308 cm−1) of 1.04 ± 0.22 cm µmol−1 and 2.04 ± 0.43 cm µmol−1, and agreement

with the total number of moles of Lewis acidic Sn sites counted by pyridine (Fig.

2.4). Then, E values for the 2287 cm−1 and 2275 cm−1 peaks were determined from

a series of spectra collected with increasing CD3CN coverage on Sn-Beta-OH-170,
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which showed an intense 2275 cm−1 peak for all CD3CN doses and an IR peak at

2287 cm−1 of similar intensity to the rest of the samples in this study. The E values

for 2316 cm−1 and 2308 cm−1 were fixed from the previous fitting, and only the initial

doses were used for which there was no detectable IR peak at 2265 cm−1 for gas phase

or physisorbed CD3CN. The E values that minimized the sum of squared errors for all

CD3CN doses on Sn-Beta-OH-170 were 2.13 ± 0.45 cm µmol−1 and 0.74 ± 0.16 cm

µmol−1 for the IR peaks at 2287 cm−1 and 2275 cm−1, respectively. The four E values

can be used to quantify the numbers of each type of site using integrated peak areas

determined after saturation of Sn-Beta samples using Eq. 2.1. The error in the E value

for CD3CN bound to each of the sites (open Sn sites, closed Sn sites, (SiO)2Sn(SiOH)2

sites, and SiOH sites) was estimated using the same procedure described in Section

2.7.5. The assignment of the 2275 cm−1 peak to CD3CN bound to SiOH groups is

supported by the correlation between the integrated areas for perturbed SiOH groups

(Fig. 2.40), which give rise to a broad absorption between 3000-3600 cm−1, that

increased linearly with 2275 cm−1 peak areas. Furthermore, the integrated areas

for terminal SiOH groups (Fig. 2.41), which give rise to IR peaks at 3740 cm−1,

decreased linearly with an increase in 2275 cm−1 peak areas. CD3CN adsorption

experiments performed on a dealuminated Beta sample gave rise to IR spectra that

showed a small peak at 2300 cm−1 that saturated quickly, while the IR 2275 cm−1

peak grew continuously with increasing CD3CN coverage (Fig. 2.42). These IR data

were used to independently estimate the E value for the 2275 cm−1 peak to be 0.89

± 0.09 cm µmol−1 (Fig. 2.43). A sample prepared to have framework Sn in an

amorphous silica network (Sn-xerogel), gave rise primarily to a peak at 2287 cm−1

at low CD3CN coverages (Fig. 2.44, CD3CN/Sn <0.2), prior to the appearance of

the peak at 2275 cm−1 for CD3CN hydrogen bound to SiOH groups (Fig. 2.45). The

peak at 2287 cm−1 was also observed at low CD3CN coverages for all Sn-Beta samples.

This peak was not observed to a significant degree for SnO2/Si-Beta, a sample with

small extraframework octahedral SnO2 domains (Fig. 2.46), nor on bulk SnO2 or a

metal-free silica sample (Si-xerogel). Thus, we speculate this peak may be a highly
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defective framework Sn site, such as an (SiO2)Sn(OH)2 site. No clear correlation with

any band in the ν(OH) region is observed for this 2287 cm−1 peak, as in the case of

the 2275 cm−1 peak. The peak at 2287 cm−1 was included in deconvolution of the

spectra for the Sn-Beta samples, which may contain these defective framework Sn

sites.
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Figure 2.40: 2275 cm−1 peak area versus perturbed OH peak area (3000-3600 cm−1.
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Figure 2.41: 2275 cm−1 band area versus negative SiOH band area (∼3740 cm−1).
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Figure 2.42: FTIR spectra of a dealuminated Beta zeolite after sequential doses of
CD3CN. Dashed lines shown at 2316 cm−1, 2308 cm−1, 2287 cm−1, 2275 cm−1, and
2265 cm−1.
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Figure 2.43: IR band area for the 2275 cm−1 peak on dealuminated Beta as a function
of moles CD3CN adsorbed. The slope of this line is the E value estimated for the
2275 cm−1 site.
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Figure 2.44: IR spectra of CD3CN three sequential doses (0.05 mol CD3CN/Sn per
dose) on Sn-xerogel. Dashed lines shown at 2316 cm−1, 2308 cm−1, 2287 cm−1, and
2275 cm−1.

Figure 2.45: IR spectra of CD3CN dosed on Sn-xerogel to saturation. Dashed lines
shown at 2316 cm−1, 2308 cm−1, 2287 cm−1, and 2275 cm−1.
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Figure 2.46: IR difference spectra at CD3CN saturation coverages (relative to the
CD3CN-free wafers and normalized to the maximum intensity of each spectra for
clarity). (a) Spectra for (i) Sn-Beta-F-100, (ii) Sn-Beta-F-105, (iii) Sn-Beta-F-110,
(iv) Sn-Beta-F-140, (v) Sn-Beta-F-170, (vi) Sn-Beta-F-220. (b) Spectra for (i) Sn-
Beta-OH-170, (ii) Sn-Beta-OH-200, (iii) SnO2/Si-Beta, (iv) Sn-xerogel. Dashed lines
shown at 2316 cm−1, 2308 cm−1, 2287 cm−1, 2275 cm−1 and 2265 cm−1.
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2.7.10 Kinetic Measurements of Glucose Isomerization on Zeolite Samples.

A more detailed kinetic and mechanistic study of glucose-fructose isomerization on

Lewis acids has been previously reported [35]; here, we include an abridged discussion

to supplement the data and analysis in this manuscript. Aqueous-phase glucose (G)

adsorbs onto vacant Sn sites (*) and forms ring-opened intermediates on Sn sites

(G*) in a quasi-equilibrated step (Step 1, Fig. 2.9), followed by kinetically-relevant

intramolecular 1,2-hydride shift to form ring-opened fructose intermediates (F*) (Step

2, Fig. 2.9) that undergo quasi-equilibrated ring-closing and desorption into the

aqueous phase (Step 3, Fig. 2.9). Two water molecules sequentially adsorb onto Sn

sites (W*, 2W*) in quasi-equilibrated steps (Steps 4-5, Fig. 2.9), and 2W* is assumed

to be the most abundant surface intermediate (MASI) during catalysis in liquid water

[35]. These mechanistic assumptions lead to glucose-fructose isomerization turnover

rates ( η <<1) per total number of active Sn sites ([L]) given by [35]:

risom
[L]

=
γ2W∗γGγ∗
γ2
W c

2
Wγ∗

k2K1

K4K5

cG = kisomcG (2.5)

In this equation, γj are activity coefficients for species j, cW is the water concen-

tration, cG is the glucose concentration, Kj is the equilibrium coefficient for a given

step, and k2 is the isomerization rate constant for the kinetically-relevant hydride

shift step. This turnover rate equation gives a first-order dependence in aqueous glu-

cose concentration, and an effective first order isomerization rate constant that can

be decomposed to give the following dependence on Gibbs free energies of reactive

intermediates and transition states in the mechanism, where α is a constant that

contains the product of the activity coefficients for reactants and intermediates as

shown in equation 2.5 [35]:

kisom = α
K1k2

K4K5

= α
kBT

h
e−((∆Go‡,2∗+ 2∆GoW )−(∆GoG + ∆Go2W∗)/RT ) (2.6)

Initial glucose isomerization turnover rates (per mol Sn, 373 K) were measured on

Sn-Beta samples in batch reactors under autogenous pressure according to methods
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reported previously and described in the main text [35]. Initial rates were measured by

fitting a reversible, first-order rate expression integrated in a batch reactor model to

the temporal evolution of measured monosaccharide concentrations, and extrapolated

to initial times using the model derived previously [35]. Initial rates calculated from

data collected under differential conditions (<5% conversion) and a differential reactor

model (with corrections for approach-to-equilibrium) give the same value, within

experimental error, as the initial rates calculated by extrapolating batch reactor data

to initial time using the batch reactor model.

Here, we focus on measurements of initial rates of glucose-fructose isomerization.

At initial times, high fructose to mannose (F/M) selectivities are expected for Sn-Beta

samples containing predominantly framework Sn sites, as mannose is formed only as a

series product via reverse hydride shift from fructose, instead of via direct 1,2-carbon

shift from glucose in parallel [32]. After 600 s of reaction time, mannose formation was

undetectable on all samples in this study, indicating that initial mannose formation

rates are negligible and can be neglected from initial rate calculations. Therefore,

initial rates of fructose formation are indistinguishable (within 10%) from initial rates

of glucose consumption for all samples in this study.

The H/D kinetic isotope effect (KIE) was measured with glucose-D2 reactants, and

is predicted to be 2.1 (at 373 K) if the intramolecular 1,2-hydride shift is kinetically-

relevant (C-H scissoring frequency of 1500 cm-1) [34]. In the presence of strong

internal reactant mass transfer limitations, the observed H/D KIE value would be

equivalent to the square root of the kinetically-relevant value (∼1.4 at 373 K) [35].

Measured H/D KIE values were between 2.0-2.4 for all Sn-Beta samples tested in this

study, consistent with the absence of internal mass transfer limitations [35].

The H/D KIE value was also measured on a Sn-Beta-F-170 pre-poisoned with

pyridine to be 2.3 ± 0.2, as expected for kinetically-limited isomerization rates, sug-

gesting the decrease in observed isomerization rates with increasing amounts of pyri-

dine pre-titration (Fig. 2.10) does not reflect the introduction of diffusion limitations

for glucose reactants. Initial isomerization turnover rates (373 K, normalized to rates
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on untitrated samples) are plotted in Figure 2.47 against the moles of pyridine ad-

sorbed per gram, per micropore volume, and per surface area of Sn-Beta-F-110 and

Sn-Beta-F-170. If occlusion of micropore volume were the mechanism by which pyri-

dine titration suppressed catalytic reactivity, then the amount of pyridine titrants

adsorbed onto Sn-Beta-F-110 and Sn-Beta-F-170 (nearly identical N2 micropore vol-

umes of 0.22 and 0.21 cm3 g−1, respectively) should be similar on a per gram or per

micropore volume basis. Analogously, if occlusion of pore mouths at external crystal-

lite surfaces by adsorbed pyridine were responsible for the decrease in isomerization

rates, then the amount of pyridine required to fully suppress rates would be similar on

an external surface area basis, which can be estimated from crystallite sizes (approx-

imating the Beta crystallites as spheres) derived from SEM images (Fig. 2.48). The

amount of pyridine required to fully suppress rates on both Sn-Beta samples does not

agree with any of these properties, suggesting that occlusion of external pore mouths

or internal void spaces cannot account for the decrease in reactivity with increasing

pyridine coverage.
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Figure 2.47: Initial glucose isomerization rates (373 K, normalized to untitrated sam-
ples) as a function of pre-adsorbed pyridine (a) per gram, (b) per micropore volume,
and (c) per external surface area for Sn-Beta-F-110 (closed circles) and Sn-Beta-F-170
(open circles).
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Figure 2.48: Scanning electron microscope images of Sn-Beta-F-110 and Sn-Beta-F-
170.

Measurements of water adsorption isotherms on Sn-Beta zeolites and subsequent

calculations of the volume of water adsorbed at a relative pressure of 0.2, a reference

pressure reflecting complete micropore filling of hydrophobic zeolites with cyclohex-

ane, were used to estimate the hydrophobicity of the zeolites in this study. The

volume of water adsorbed within low-defect, Sn-Beta-F samples was ∼6x smaller, on

average, than that adsorbed within post-synthetically prepared Sn-Beta-OH samples.

The volume of water adsorbed among Sn-Beta-F samples, however, varied by 3.4×

(0.005-0.017 cm3 g−1). Glucose isomerization rate constants (per open Sn site, 373 K)

generally decreased with increasing silanol content among Sn-Beta-F samples (Fig.

2.50), although significant scatter is observed in the correlations shown in Fig. 2.50

suggesting other structural heterogeneities among the Sn-Beta-F samples may influ-

ence isomerization rates. The silanol densities (mol g−1) measured from IR peaks

at 2275 cm−1 in spectra of CD3CN-saturated samples and their E value (0.74 cm

µmol−1, Section 2.7.9) was directly proportional to the molar water uptake at P/P0

= 0.2 after accounting for water bound to all Sn sites (Fig. 2.49(a)) or to Lewis
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acidic Sn sites (Fig. 2.49(b)), assuming 2:1 H2O:Sn binding stoichiometry (119Sn

NMR evidence [34]).

Figure 2.49: Molar water uptake measured at P/P0=0.2, after subtracting the con-
tribution from (a) total Sn (estimated by AAS) or (b) Lewis acidic Sn assuming 2:1
H2O:Sn binding stoichiometry, plotted as a function of the silanol content.
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Figure 2.50: Rate constants per open Sn sites for all Sn-Beta-F samples as a function
of the silanol content measured using the E value for the peak for CD3CN bound to
silanol sites centered at 2275 cm−1. Trendlines show correlation of rate constant with
1/(mol SiOH g−1) (dashed line) and 1/(mol SiOH g−1)2 (solid line) determined by
linear regression.

Table 2.10: Site and structural characterization data for the samples in this study.

Sample Vads at
P/P0 =

0.2a

Rate Constant Per
Open Sn Sites

103 mol fructose (mol
open Sn−1

(mol glucose m−3)−1

s−1b

Sn-Beta-F-100 0.0069 0.94
Sn-Beta-F-105 0.015 0.31
Sn-Beta-F-110 0.0095 0.38
Sn-Beta-F-140 0.017 0.44
Sn-Beta-F-170 0.0073 0.77
Sn-Beta-F-220 0.0048 0.50

Sn-Beta-OH-170 0.036 0.0083
Sn-Beta-OH-200 0.092 0.015
aErrors are ± 5%.
bErrors are ± 15%.
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3. CONTROLLED INSERTION OF TIN ATOMS INTO ZEOLITE

FRAMEWORK VACANCIES AND CONSEQUENCES FOR GLUCOSE

ISOMERIZATION CATALYSIS

3.1 Abstract

The incorporation of tin heteroatoms within framework vacancy defects of dea-

luminated Beta zeolites via stannic chloride reflux in dichloromethane solvent (333

K) enables preparing Sn-Beta zeolites comprising a wide range of Sn content (Si/Sn

= 30–144; 1.4–6.1 wt.% Sn) and >4x higher framework Sn densities than reported

(Si/Sn > 120) for reflux in isopropanol solvent (383 K). Silanol defects form hydrogen

bonds with isopropanol but not with dichloromethane under reflux conditions, evident

in the evolution of adsorbed isopropanol (∼5x per vacancy) but not dichloromethane

during temperature programmed desorption of dealuminated zeolites saturated with

either solvent at ambient, and in IR features for perturbed hydroxyl stretches (∼3350

cm−1) and C-H stretches (∼2700–3000 cm−1) that were retained after dealuminated

zeolites were saturated with isopropanol and evacuated at 383 K. Dichloromethane-

assisted tin grafting provides a route to precisely control the density of framework Sn

sites and residual vacancy defects in Sn-Beta, up to the point of grafting virtually ev-

ery framework vacancy with Sn. Open Sn sites ((OSi)3-Sn-(OH), ν(CD3C≡N): 2316

cm−1), quantified from IR spectra collected after CD3CN titration (303 K), are prefer-

entially incorporated over closed Sn sites (Sn(OSi)4, ν(CD3C≡N): 2308 cm−1) at low

Sn densities via grafting in dichloromethane solvent, suggesting that this preparation

method can tune the open-to-closed framework Sn site ratio more systematically than

hydrothermal synthesis methods. Open Sn sites are dominant active sites for aqueous-

phase glucose-fructose isomerization; consequently, isomerization turnover rates (per

total Sn) decrease systematically with increasing Sn content. Initial isomerization
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rates (per open Sn) are invariant (within ∼2x, 373 K) among twelve Sn-Beta samples

of varying Sn content (Si/Sn = 30–144), the behavior expected of a single-site cata-

lyst in which open framework Sn sites are the loci of catalytic reactivity. First-order

isomerization rate constants are 15–50x lower (373 K) when open Sn sites are confined

within high-defect than within low-defect Beta micropores, consistent with previous

reports that aqueous-phase sugar isomerization cycles turn over at faster rates within

hydrophobic, low-defect micropores. These findings clarify the consequences of liquid-

phase reflux procedures on the coordination of tin heteroatoms incorporated within

zeolite framework vacancies, and underscore the requirement to quantify putative

active site structures in order to rigorously normalize measured rate data prior to

kinetic or mechanistic interpretation.
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3.2 Introduction

Large-pore molecular sieves (>0.7 nm diameter) containing Lewis acidic het-

eroatoms, such as pure-silica Beta zeolites with framework Sn4+ centers (Sn-Beta),

catalyze stereoselective isomerization reactions of monosaccharides [37] and disac-

charides [35], among other reactions of oxygenated molecules containing carbonyl

moieties [5, 7, 55, 115]. Sn-Beta zeolites crystallize hydrothermally in fluoride me-

dia containing tetraethylammonium cations (TEA+) over the course of 20 days or

longer (413 K) [5, 11], or in less than 2 days upon judicious addition of seed mate-

rial [12], and typically contain framework Sn atoms that are present in low densities

(Si/Sn > 100; <2 wt.% Sn) and that concentrate toward external crystallite surfaces

when crystallized in the absence of seeds [29]. Sn-Beta zeolites (Si/Sn > 100; <2

wt.% Sn) also crystallize via steam-assisted conversion of stannosilicate gels contain-

ing TEA+ cations using either fluoride (413 K, 5 days) [13, 14] or hydroxide (453

K, 6 hours) [15] anions as mineralizers. During hydrothermal crystallization, fluo-

ride anions are occluded together with TEA+ cations to form low-defect frameworks

with predominantly siloxane (Si-O-Si) connectivities that are non-polar and preclude

the formation of extended water structures within micropores under conditions typi-

cally used for aqueous-phase catalysis [16]. In contrast, hydroxide mineralizers form

framework siloxy defects (SiO−) to compensate TEA+ cations that, after treatments

to remove occluded organic compounds, become silanol defect (SiOH) sites that sta-

bilize intrapore networks of hydrogen-bonded water [16,116,117].

Alternative procedures to hydrothermal crystallization of Sn-Beta have focused

on post-synthetic insertion of Sn atoms into framework vacancy defects via vapor-

phase deposition [17], liquid-phase grafting [22–24], or solid-state exchange [18–21],

each with different consequences for the coordination and density of framework Sn

atoms and of residual silanol defects. Sn-Beta containing tetrahedral Sn sites, which

give rise to an absorption band centered at ∼200 nm in UV-Visible spectra of dehy-

drated samples, can be prepared at low Sn densities (Si/Sn > 120, <1.6 wt.% Sn)
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via reflux of stannic chloride in isopropanol solvent with dealuminated Beta zeolites

(initial Si/Al = 12.5) [22, 23]. The incorporation of higher densities of Sn within

dealuminated Beta zeolites via liquid-phase reflux procedures, either by increasing

the Sn precursor concentration in isopropanol or by addition of water to the reflux

solution, have been reported to form extraframework octahedral SnO2 domains that

give rise to a band centered at ∼255 nm in UV-Visible spectra [22]. The prefer-

ential incorporation of Sn precursors within only a fraction of available framework

vacancy defects (Sn/vacancy = 0.11), beyond which non-specific Sn deposition led

to the formation of extraframework SnO2, was proposed to reflect Sn grafting within

specific framework tetrahedral site (T-site) locations by Dijkmans et al. [22]. Sn-

Beta with higher framework Sn content (Si/Sn = 35, 5 wt.% Sn) can be prepared

from dealuminated Beta zeolites of the same composition (initial Si/Al = 12.5), how-

ever, by grafting anhydrous SnCl4 in inert atmosphere and subsequently removing

(by methanol washing) extraneous Sn species that form SnO2 [24], or by solid-state

exchange of Sn(CH3CO2)2 precursors [18,20]. Collectively, these findings suggest that

reported liquid-phase reflux methods to incorporate Sn precursors within framework

vacancy defects provide limited control over the framework Sn density in Sn-Beta

zeolites.

Framework Sn sites within Sn-Beta zeolites catalyze the isomerization of glucose to

fructose via intramolecular 1,2-hydride shift [51]: yet, ammonia [32] and pyridine [26]

pre-poisoning experiments of hydrothermally-crystallized samples have shown that

catalytic reactivity becomes suppressed after only a fraction of framework Sn sites

are titrated. Characterization of Sn-Beta samples with suppressed isomerization re-

activity (353 K) upon ammonia pre-poisoning indicates that ammonia selectively

titrates tetrahedral Sn sites that perturb infrared C≡N stretches in adsorbed CD3CN

to 2316 cm−1 and that appear as 119Sn NMR resonances at -424 ppm, which have been

assigned to Sn sites in open coordination ((SiO)3-Sn-(OH)) [32]. Pyridine titration

suppressed aqueous-phase glucose isomerization rates (373 K), measured at initial

reaction times and in the absence of intrazeolite transport artifacts, when present at
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coverages equivalent to the number of open Sn sites quantified ex situ from CD3CN

IR spectra (2316 cm−1) on two different Sn-Beta zeolites [26]. These titration experi-

ments provide evidence that open framework Sn sites are the dominant active site for

glucose-fructose isomerization in Sn-Beta, consistent with theory predictions of 20-40

kJ mol−1 lower activation enthalpies for intramolecular 1,2-hydride shift steps on open

than on closed framework Sn sites (Sn-(OSi)4) [34, 64, 65]. Moreover, homogeneous

analogs of open framework Sn sites with a proximal silanol group isomerize glucose

selectively via intramolecular 1,2-hydride shift to form fructose, in contrast to ho-

mogeneous methyl-ligated tin silsesquioxane complexes that mimic closed framework

Sn structures and instead isomerize glucose selectively via intramolecular 1,2-carbon

shift routes to form mannose [118,119].

Among post-synthetically prepared Sn-Beta zeolites, aqueous-phase glucose-fructose

isomerization rates (per total Sn) measured under differential (373 K, 5% (w/w) glu-

cose, initial time) [120] and integral (383 K, 10% (w/w) glucose, 15 minutes) [22]

reaction conditions, have been reported to decrease systematically with increasing

framework Sn content. This behavior has been rationalized by invoking intrazeolite

mass transfer limitations [22, 23] or heterogeneities in framework Sn site reactivity

conferred by different T-site locations [22,52,120], as studied recently using 119Sn dy-

namic nuclear polarization (DNP) NMR to identify probable Sn substitution among

different T-sites of Beta zeolites [28]. An analogous decrease in turnover rates (per

total Sn) for 1,3-dihydroxyacetone isomerization to methyl lactate with increasing Sn

content, among Sn-Beta samples prepared via reflux with anhydrous SnCl4, was spec-

ulated to reflect differences in open and closed Sn site densities [24]. The incomplete

incorporation of Sn atoms within vacancy defects of zeolite Beta using isopropanol-

assisted grafting (Sn/vacancy = 0.11) [22], together with structural models fitted to

Sn extended X-ray absorption fine structure (EXAFS) spectra, has been taken as evi-

dence to support alternate proposals that Sn incorporation occurs at specific vacancy

locations that form frustrated Lewis pairs between Sn centers with three framework

bonds and a distant siloxy (-OSi-) group [52]. Precise knowledge about the densities
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and coordination of Sn sites formed by liquid-phase grafting procedures, together with

glucose isomerization turnover rate measurements uncorrupted by transport artifacts

and normalized rigorously by the number of reactive Sn sites, are thus required to

clarify the structural and catalytic differences prevalent among Sn-Beta zeolites pre-

pared hydrothermally and via post-synthetic routes.

Here, we report methods to prepare Sn-Beta zeolites post-synthetically via graft-

ing of Sn precursors under dichloromethane reflux (333 K), which enables incorpo-

rating Sn heteroatoms within virtually all framework vacancies in a given dealumi-

nated Beta zeolite. We provide evidence that the incorporation of framework Sn via

grafting under isopropanol reflux is inhibited because of competitive adsorption be-

tween Sn precursors and isopropanol at framework vacancy defects. Such inhibition

does not occur with dichloromethane reflux, which enables precisely controlling the

framework Sn content and the residual vacancy defect density in post-synthetically

prepared Sn-Beta zeolites, and provides a facile route to prepare Sn-Beta zeolites

with high framework Sn densities (Si/Sn = 30, 6.1 wt.% Sn). IR spectra of samples

titrated with CD3CN are used to quantify open (2316 cm−1) and closed (2308 cm−1)

Sn sites [26], providing evidence that liquid-phase grafting procedures preferentially

form open Sn sites at low framework Sn densities, with the consequence that in-

creasing framework Sn content leads to systematic decreases in glucose isomerization

turnover rates (373 K) when normalized by total Sn content. We show that glucose

isomerization turnover rates (per open Sn, 373 K) are essentially invariant (within

∼2x) among twelve Sn-Beta zeolites prepared post-synthetically via dichloromethane

reflux, and are consistently lower by 15-50× (373 K) than turnover rates among

hydrothermally-synthesized Sn-Beta zeolites for the 21 samples studied here, provid-

ing further evidence for the dominant effects of open Sn sites and intrazeolite silanol

defect density on aqueous-phase sugar isomerization catalysis [26].
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3.3 Experimental Methods

3.3.1 Catalyst synthesis

Al-Beta zeolites were synthesized in hydroxide media (Al-Beta-OH) with different

Si/Al ratios by adapting the procedure reported by Chang et al. [12]. In a typical

synthesis, tetraethylammonium hydroxide (TEAOH, Sigma Aldrich, 35%) and Ludox

HS-30 colloidal silica (Sigma Aldrich, 30%) were added to a perfluoroalkoxy alkane

(PFA) container (Savillex Corp.) that was covered and stirred for 1 h at ambient

conditions. Then, sodium hydroxide (NaOH, Avantor, 98%) was added to deionized

water (18.2 MΩ and stirred until completely dissolved, followed by the addition of

aluminum isopropoxide (Sigma Aldrich, 98%) to the synthesis gel. The resulting

gel solution was covered and stirred for 24 h at ambient conditions and the target

H2O/SiO2 ratio was obtained by complete evaporation of ethanol and partial evap-

oration of water. The final gel composition was 1 SiO2: x Al2O3: 13.24 H2O: 0.18

TEAOH: 0.014 Na2O (where x was 0.00165, 0.01, and 0.005 for target solid Si/Al ra-

tios of 30, 50, and 100, respectively). The gel was placed into a Teflon-lined stainless

steel autoclave and heated to 413 K for 7 days under static conditions. The recovered

solids were washed thoroughly with water and acetone, isolated by centrifugation,

and dried overnight at 373 K. Afterward, the solids were treated at 853 K (0.0167 K

s−1) for 10 h in air (Ultra Zero Grade, Indiana Oxygen, 1.67 cm3 s−1 (g zeolite)−1) in

a muffle furnace (Nabertherm P300).

Al-Beta zeolites were also synthesized in fluoride media (Al-Beta-F) with a target

Si/Al = 50. Using a similar procedure, tetraethylammonium hydroxide was mixed

with tetraorthosilicate (TEOS, Sigma Aldrich, >98 wt.%) and stirred for 1 h in a

covered PFA container, followed by addition of deionized water and aluminum iso-

propoxide. The synthesis gel was stirred for 24 h in the covered PFA container. After

reaching the desired H2O/SiO2 by evaporation of ethanol and water, hydrofluoric acid

(HF, Sigma Aldrich, 48 wt.%) was added to the synthesis gel and stirred manually

with a Teflon spatula for ∼300 s. Dealuminated Beta zeolites (initial Si/Al = 54)
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were used as seeds for this synthesis (4 wt.% of SiO2). The final gel molar ratio was

1 SiO2: 0.02 Al2O3: 7.52 H2O: 0.54 TEAOH: 0.54 HF. As in the case of Al-Beta-OH

syntheses, the gel was placed into a Teflon-lined stainless steel autoclave and heated

to 413 K for 7 days under static conditions. The recovered solids were washed thor-

oughly with water and acetone, isolated by centrifugation, and dried overnight at 373

K. Afterward, the solids were treated at 853 K (0.0167 K s−1) for 10 h in air (1.67

cm3 s−1 (g zeolite)−1) in a muffle furnace.

Dealumination treatments of Al-Beta zeolites were performed using nitric acid.

25 cm3 of concentrated nitric acid (HNO3, Avantor, 69%) were added to 1 g of Al-

Beta and stirred in a covered PFA jar for 16 h at 353 K. The recovered solids were

washed thoroughly with water until the pH of the supernatant was constant, isolated

by centrifugation, and dried overnight at 373 K.

Dealuminated Beta zeolites were used for post-synthetic grafting of tin precursors

via isopropanol reflux. In a typical procedure, a dealuminated zeolite sample was

placed into a three-neck round-bottom flask (500 cm3) with a septum stopper (white

rubber, Ace Glass) on one of the openings, connected to a Schlenk line, and dried

overnight at 423 K under vacuum conditions (∼0.005 kPa, Oerlikon Trivac 140002E2).

Separately, isopropanol (Sigma Aldrich, 99.5%) was dried using molecular sieves (W.

R. Grace, Type 3A, Grade 562, 4-8 mesh) for 72 h in inert atmosphere (Argon, Indiana

Oxygen, 99.999%). Solutions of tin (IV) chloride (0.027–0.081 mol Sn (g zeolite)−1)

were prepared by adding tin (IV) chloride pentahydrate (SnCl4·5H2O, Sigma Aldrich,

98%) in a pear-shaped vial, sealed with a septum, and subsequent addition of dry

isopropanol via cannula transfer (76 cm, 15 gauge, Ace Glass). Then, dry isopropanol

(100 cm3 (g zeolite)−1) and the tin (IV) chloride solution were added to the round-

bottom flask through a moisture-free cannula transfer and heated to 383 K for 7 h

under reflux conditions in argon.

Dealuminated Beta was also used to perform post-synthetic grafting procedures

using dichloromethane (Sigma Aldrich, 99.8%) and tin (IV) chloride (SnCl4, Sigma

Aldrich, 1 M in dichloromethane). As in the case of isopropanol, the dichloromethane
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solvent was dried using molecular sieves in argon for 72 h prior to grafting procedures.

The addition of dichloromethane to the round-bottom flask was performed through

moisture-free cannula transfer, followed by Sn precursor addition (0.001–0.040 mol

Sn (g zeolite)−1) with 1 or 10 cm3 syringes (Becton, Dickinson, and Company) with

attached precision needles (Becton, Dickinson, and Company). Then, the solution

was heated to 333 K for 7 h under reflux conditions in argon.

After reflux procedures were completed, solids were recovered by centrifugation,

washed thoroughly with ∼120 cm3 (g zeolite)−1 of methanol (Sigma Aldrich, 99.9%)

or isopropanol, and dried overnight at 373 K. The recovered solids were treated at

473 K (0.05 K s−1) for 6 h and 823 K (0.05 K s−1) for 6 h in air (1.67 cm3 s−1 (g

zeolite)−1) in a muffle furnace.

3.3.2 Catalyst Characterization

Powder X-ray diffraction (XRD) patterns were collected in the range 4–40◦ of

2θ (scan rate of 0.0044◦ s−1 and a step size of 0.02◦) using a Rigaku Smartlab X-

ray diffractometer with a Cu Kα X-ray source (1.76 kW) and an ASC-6 automated

sample changer.

Vapor-phase N2 (77 K), H2O (293 K), and CH3OH (293 K) adsorption isotherms

were collected with a Micromeritics ASAP2020 instrument. Typically, ∼0.04 g of

zeolite sample, pelleted and sieved to retain particles between 180–250 µm in diam-

eter, were degassed by heating under vacuum (<0.0007 kPa) to 393 K for 2 h and

623 K for 8 h prior to adsorption measurements. The micropore volume was deter-

mined from semi-log derivative analysis of the isotherm (δ(Vads/g)/δ(log(P/P0) vs.

log(P/P0)), where the first maximum represents the micropore filling transition and

the subsequent minimum represents the end of micropore filling.

Scanning electron microscopy (SEM) images were taken in a FEI Quanta 3D FEG

Dual-beam SEM with an Everhart-Thornlev attachment for high vacuum imaging.

Images were taken using the focused beam mode at 5 kV with a 4 µm spot size.
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Atomic absorption spectroscopy (AAS) was performed with a Perkin Elmer AAn-

alyst 300 to determine bulk elemental compositions. The instrument was calibrated

prior to measurements with standards for each metal (Alfa Aesar, TraceCERT,±4ppm).

Samples (∼0.02 g) were dissolved overnight in 2 g of HF (48 wt.%, Alfa Aesar) and

diluted with ∼50 g of deionized water. The measured values of absorbance were col-

lected at 284.0 nm and 396.2 nm in an acetylene/nitrous oxide flame for Al and Sn,

respectively. The Si/M ratios were calculated using the unit cell formula for the Beta

framework topology. The fraction of vacancies grafted (Sn/vacancy) were calculated

from the molar ratio of Sn to the Al present initially, assuming that every Al atom

was removed from the framework and formed a vacancy available for grafting.

Diffuse reflectance UV-Vis spectra were collected using a Varian Cary 5000 spec-

trometer with an in situ Harrick Praying Mantis cell. Spectra were collected at

ambient temperatures under dry helium flow (4.17 cm3 s−1 (g zeolite)−1), after dehy-

dration at 523 K (∼0.5 K s−1) under dry helium flow (4.17 cm3 s−1 (g zeolite)−1) for

0.5 h, and after rehydration by cooling (∼-0.4 K s−1) the system under wet (saturator

at ambient conditions) helium (4.17 cm3 s−1 (g zeolite)−1, 3% H2O) [26]. All spectra

were corrected with poly(tetrafluoroethylene) (PTFE, 1 µm, Sigma Aldrich) as the

100% reflectance standard at all conditions (ambient, dehydrated, rehydrated) and

converted to absorption spectra using the Kubelka-Munk function (F(R)).

Interactions between silanol groups and different solvents were studied by stirring

dealuminated Beta in isopropanol and dichloromethane for 7 h at ambient conditions,

recovering the solids by centrifugation, and then drying in air at ambient conditions.

Dried samples were used to perform temperature programmed desorption (TPD) ex-

periments with a Micromeritics Autochem II 2920 Analyzer equipped with an Agilent

5973N mass selective detector (MSD) to identify gaseous species desorbed from cata-

lyst samples. Solvent-treated dealuminated zeolites (∼0.03 g, sieved to 180–250 µm)

were placed in a U-tube reactor and supported between two quartz wool plugs. The

samples were held for 1 h in helium (0.83 cm3 s−1, Indiana Oxygen, 99.999%) at

ambient conditions to desorb weakly bound and physisorbed molecules prior to TPD
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(heated to 873 K, 0.167 K s−1) and data collection. The isopropanol that desorbed

from the dealuminated Beta was sent to the MSD through heated gas lines (>383

K) and quantified by integration of the TPD peak centered at ∼400 K. A response

factor for isopropanol was generated by bubbling helium through a saturator contain-

ing isopropanol at various temperatures (303 K, 308 K, or 313 K) to generate known

partial pressures, followed by dosing into a sample loop (0.5 cm3) and injection into

a helium (0.83 cm3 s−1) stream that was sent to the MSD for quantification of the

signal at m/z = 45. After every TPD or isopropanol pulse, the sample loop (0.5 cm3)

was filled with argon (Indiana Oxygen, 99.999%) and injected into a helium stream

(0.83 cm3 s−1) for correction of any drift in the instrument.

Infrared (IR) spectra were collected using a Nicolet 4700 spectrometer with a Hg-

Cd-Te (MCT, maintained at 77 K by liquid N2) detector by averaging 64 scans at 2

cm−1 resolution from 4000 to 400 cm−1 and were taken relative to an empty cell back-

ground reference collected under dynamic vacuum (rotary vane rough pump, Alcatel

2008A, <0.01 kPa) at 303 K. Self-supporting wafers of zeolite samples (0.02–0.04 g

cm−2) were sealed within a custom-built quartz IR cell with CaF2 windows, which was

inserted into a mineral-insulated resistive heating coil (ARi Industries) encased in an

alumina silicate ceramic chamber (Purdue Research Machining Services). The quartz

IR cell was connected to a custom glass vacuum manifold that was used for sample

pretreatment and exposure to controlled amounts of CD3CN (Sigma-Aldrich, 99.96%

D-atom). Prior to measurement of spectra at 303 K, wafers were treated in flowing

dry air (6.66 cm3 s−1 (g zeolite)−1) purified by an FTIR purge gas generator (Parker

Balston, <1 ppm CO2, 200 K H2O dew point) to 723 K (0.083 K s−1) for 1 h, and then

held under dynamic vacuum (rotary vane rough pump, Alcatel 2008A, <0.01 kPa) at

723 K for 1 h before cooling under dynamic vacuum to 303 K. Spectra for the ν(OH)

region were collected prior to CD3CN adsorption under static vacuum (∼0.01 kPa) at

303 K. After sufficient dosing to saturate the samples until equilibrium with a residual

gas phase pressure of CD3CN (0.07–0.67 kPa), samples were exposed to dynamic vac-

uum (at 303 K for CD3CN) in order to remove gas-phase and weakly-bound species,
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which occurred when the pressure was recorded as 0.0 kPa. IR spectra reported here

were baseline-corrected and normalized to combination and overtone modes of zeolite

Si-O-Si stretches (1750–2100 cm−1). IR peaks for CD3CN bound to open (2316 cm−1)

and closed (2308 cm−1) Sn sites, bound to Sn sites in highly-defective oxide surfaces

(2287 cm−1), hydrogen-bound to Si-OH sites (2275 cm−1), and physisorbed or gas

phase CD3CN (2265 cm−1) overlapped with each other and required deconvolution

into individual components (Fig. 3.42). Integrated molar extinction coefficients (E)

for CD3CN bound to open Lewis acid sites (E = 1.04 cm µmol−1, 2316 cm−1) and

to closed Lewis acid sites (E = 2.04 cm µmol−1, 2308 cm−1) on Sn-Beta determined

in Harris et al. [26] were used to quantify the number of Lewis acid sites titrated by

CD3CN using integrated IR peak areas and the following equation:

Sitedensity(µmolg−1) =
IntegratedPeakArea(cm−1)

E(cmµmol−1)
∗ aCS(cm2)

m(g)
(3.1)

where aCS and m are the cross-sectional area (2.54 cm2) and mass of the wafer,

respectively.

3.3.3 Kinetic studies of glucose isomerization

Glucose isomerization (373 K) studies were performed in batch reactors with 1%

(w/w) glucose (Sigma Aldrich, ≥99.5%) solutions in water (18.2 MΩ), controlled

to a pH of 4 (Mettler Toledo Seven Compact pH Ion S220 probe) by addition of

hydrochloric acid (Macron, 37%) and then filtered with 0.2 µm PTFE filters (VWR).

In a typical experiment, ∼0.01 g of catalyst were added to 10 cm3 glass batch reactors

(VWR) and sealed with crimp tops (PTFE/silicone septum, Agilent). The reactor

containing the catalyst was heated to 373 K for 600 s. In a separate 2 cm3 vial, the

reactant solution was heated to 373 K for 600 s. The reaction was started by injecting

the preheated reactant solution through the septum into the reactor containing the

preheated catalyst. The reactor remained at 373 K with stirring at 750 RPM in an oil
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bath for reaction times chosen to maintain differential conditions (<6% conversion).

The reactors were quenched after the specified reaction time in an ice bath and

the product solutions were filtered through 0.2 µm PTFE filters. Products were

analyzed using high-performance liquid chromatography (HPLC, Agilent 1260 with

a Hi-Plex Ca column) with an evaporative light scattering detector (Agilent 1260

Infinity ELSD). An aqueous mannitol (1% (w/w), Sigma Aldrich, ≥99.8%) solution

was used as an internal standard for product quantification. Isotopic tracer studies

were performed with 1% (w/w) glucose-D2 (Cambridge Isotope Laboratories, 2-D,

98%) solutions in pH-controlled water (pH = 4) to obtain the kinetic isotope effects

(details in Section 3.7.9).
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3.4 Results and Discussion

3.4.1 Sn-Beta prepared post-synthetically by grafting in isopropanol

The synthetic protocols used to prepare all Sn-Beta samples, together with their

elemental composition and fraction of vacancies grafted by Sn, are listed in Table 3.1.

Each sample is denoted as M-Beta-X-Y, where M represents the heteroatom in the

framework, X represents the mineralizing agent used to synthesize the parent Al-Beta

zeolite (OH− or F−), and Y reflects the Si/M ratio measured by atomic absorption

spectroscopy (AAS) in the final Beta zeolites. Sn-Beta-OH-170, Sn-Beta-OH-200, and

Sn-Beta-OH-457 were prepared by dealumination of Al-Beta-OH zeolites via treat-

ment in nitric acid (residual Si/Al > 1500) and subsequent grafting of Sn atoms via

reflux of SnCl4-5H2O in isopropanol according to reported methods [22, 23]. The

solids recovered after isopropanol reflux treatments to prepare Sn-Beta-OH-200 were

first washed in methanol, a procedure reported to remove extraneous Sn species that

are precursors to SnO2 formation [24], prior to high temperature oxidative treat-

ment. Similarly, the solids recovered after isopropanol reflux treatments to prepare

Sn-Beta-OH-170 and Sn-Beta-OH-457 were washed with isopropanol prior to high

temperature oxidative treatment. XRD patterns of the parent Al-Beta-OH, dealu-

minated Beta, and Sn-Beta-OH zeolites (Fig. 3.10) were consistent with the Beta

topology, with broad diffraction peaks that reflect small primary crystallites. N2 ad-

sorption isotherms (77 K) were used to determine micropore volumes of 0.19–0.22

cm3 g−1 (Table 3.6), also consistent with the Beta topology. These characterization

data indicate that zeolitic framework structural integrity was maintained through-

out the reflux and high temperature oxidative treatment procedures used to prepare

Sn-Beta-OH samples via isopropanol-assisted grafting.

Diffuse reflectance UV-Visible (DRUV) spectra of Sn-Beta-OH-170, Sn-Beta-OH-

200, and Sn-Beta-OH-457 were collected at ambient conditions, after dehydration

treatments (523 K), and after rehydration treatments in flowing “wet” helium (303

K, ∼3% H2O). These samples showed DRUV bands centered at ∼220–230 nm under
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ambient conditions, bands centered at ∼190–200 nm after dehydration treatments

with corresponding adsorption edge energies (>4.2 eV) characteristic of tetrahedral

Sn sites isolated in silica [50], and bands that reverted to their initial positions (∼220–

230 nm) and edge energies after rehydration (Figs. 3.19-3.21, Table 3.7). Such spec-

tral changes are consistent with ligand-to-metal charge transfer bands for tetrahedral

framework Sn centers (∼205 nm) that shift to those for octahedral Sn (∼260 nm)

upon coordination with Lewis bases (e.g, H2O, CH3OH) [86]. A feature centered at

∼260 nm for SnO2 [87–90] remains after dehydration of Sn-Beta-OH-170 and Sn-Beta-

OH-457, but not of the Sn-Beta-OH-200 sample that was washed with methanol prior

to high temperature oxidative treatment, consistent with reports that such methanol

washing treatments mitigate the formation of extraframework SnO2 [24].

These characterization data indicate that Sn-Beta-OH samples were successfully

synthesized by isopropanol-assisted grafting of Sn within framework vacancies of dea-

luminated Beta at different Sn contents (Si/Sn = 170–457, 0.4–1.2 wt.% Sn) and frac-

tions of vacancies grafted (Sn/vacancy = 0.03–0.27). Previous studies of isopropanol-

assisted Sn grafting have concluded that Sn can incorporate within only a subset

of available framework vacancies (Sn/vacancy = 0.11, Si/Sn = 121), beyond which

additional Sn incorporation forms extraframework SnO2 domains that lead to in-

creases in the intensity of DRUV bands centered at ∼255 nm [22]. At first glance,

the higher fraction of framework vacancies grafted here (Sn/vacancy = 0.27) than

reported by Dijkmans et al. (Sn/vacancy = 0.11) [22] via isopropanol-assisted reflux,

together with higher fractions of vacancies grafted via reflux with anhydrous SnCl4

(Sn/vacancy = 0.34) [24] and via solid-state ion exchange (Sn/vacancy = 0.74) [19],

suggest that limitations to Sn incorporation are not inherently conferred by the struc-

ture or coordination of framework vacancy defects. Yet, even the Sn-Beta-OH-200

sample (Sn/vacancy = 0.27) contains nearly three times more vacant than grafted

defects, suggesting that using isopropanol as the reflux solvent may inhibit reactions

between Sn precursors and vacancy defects during reflux procedures (383 K).
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The interactions of isopropanol with dealuminated Beta surfaces and microporous

voids were probed with temperature programmed desorption (TPD) and infrared (IR)

spectroscopy. TPD performed on dealuminated Beta saturated with isopropanol at

ambient conditions (7 h) resulted in a desorption profile centered at ∼400 K (Fig.

3.39) and evolved ∼5× more isopropanol than the number of vacancies present, an

amount equivalent to a volume of ∼0.30 cm3 g−1. These findings suggest that iso-

propanol adsorbs within available micropore volume (∼0.22 cm3 g−1) and also at hy-

droxyl groups at external crystallite surfaces at ambient conditions, and that it will

saturate such voids and surfaces when present in excess (relative to Sn precursors)

at reflux temperatures (383 K). IR spectra collected after saturation of dealuminated

Beta with isopropanol at 383 K were dominated by broad features for perturbed OH

stretches (∼3000–3600 cm−1) and contained a feature centered at 3350 cm−1, which

has been assigned to silanol groups perturbed by hydrogen bonding (Fig. 3.40) [121].

The incomplete disappearance of perturbed hydroxyl groups (3350 cm−1) in IR spec-

tra after evacuation at 383 K (Fig. 3.40), together with isopropanol C-H stretches at

2700–3000 cm−1 (Fig. 3.41) [122], reflects isopropanol that remains hydrogen bound

to a fraction of silanol groups. Taken together, these TPD and IR experiments suggest

that isopropanol can competitively adsorb with Sn precursors at framework vacancy

defects (383 K) and limit the incorporation of framework Sn centers. In contrast, TPD

experiments performed on dealuminated Beta after saturation with dichloromethane

at ambient conditions did not evolve any detectable amount of dichloromethane (Fig.

3.39), suggesting that the reactions of Sn precursors with framework vacancy defects

should not be inhibited during dichloromethane-assisted reflux procedures (333 K).

3.4.2 Sn-Beta prepared post-synthetically by grafting in dichloromethane

Sn grafting via dichloromethane reflux was performed onto the same dealuminated

Beta sample used to prepare Sn-Beta-OH-200, which was grafted in isopropanol, but

using an ∼8× lower Sn concentration (0.010 mol Sn (g zeolite)−1) than was present

during isopropanol reflux (0.081 mol Sn (g zeolite)−1)). The resulting Sn-Beta-OH-47
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sample retained structural properties of the Beta topology, assessed by XRD (Fig.

3.11) and N2 micropore volume (Table 3.6), and contained predominantly framework

Sn centers, reflected in DRUV spectra collected after dehydration treatments that

showed only an absorption band (∼214 nm, Fig. 3.22) and an edge energy (>4.2

eV, Table 3.7) characteristic of isolated, tetrahedral Sn [26, 50]. The amount of Sn

grafted in Sn-Beta-OH-47 was >4× larger than in Sn-Beta-OH-200, in spite of the

∼8× lower Sn concentration present in the reflux solution with the same dealuminated

Beta zeolite (initial Si/Al = 54). Furthermore, the number of Sn atoms grafted into

Sn-Beta-OH-47 (0.00034 mol Sn (g zeolite)−1)) was equivalent, within experimental

accuracy, to the number of Al vacancies present in the dealuminated Beta support

(0.0003 mol (g zeolite)−1)). These findings indicate that dichloromethane does not

inhibit the reaction of Sn precursors with framework vacancy defects, as occurs in the

case of isopropanol, and that Sn grafting can occur within all framework vacancies

present in a given dealuminated Beta zeolite.

The incorporation of Sn centers within the framework of Sn-Beta-OH-47 was

assessed using IR spectroscopy to monitor the ν(OH) and ν(C≡N) stretching re-

gions before and after saturation with CD3CN (303 K). IR spectra of the parent

Al-Beta-OH-54, the dealuminated Beta formed via nitric acid treatment, and the

final Sn-Beta-OH-47 prepared via dichloromethane-assisted reflux are shown in Fig.

3.1 and 3.2. The spectrum of Al-Beta-OH-54 shows peaks at 3610 cm−1) for Brønsted

acidic Si-OH-Al groups [123] and at 3660 cm−1) for perturbed Al-OH groups [124].

These peaks disappear upon dealumination, with the concomitant appearance of

peaks at 3500–3600 cm−1) for silanol nests [24] and at 3740 cm−1 for isolated silanol

groups [103]. The incorporation of Sn in Sn-Beta-OH-47 causes disappearance of fea-

tures in the 3500–3600 cm−1) range and restoration of the peak at 3740 cm−1), also

observed with post-synthetic treatments of dealuminated Beta through solid-state

ion exchange [18] and grafting with anhydrous SnCl4 [24], reflecting the preferen-

tial consumption of silanol nests during Sn grafting (Fig. 3.1). The spectrum of

Al-Beta-OH-54 at saturation coverages with CD3CN (Fig. 3.1) shows peaks at 2265
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cm−1) for physisorbed CD3CN, at 2275 cm−1) for CD3CN hydrogen bound to silanol

groups, at 2290 cm−1) for CD3CN bound to Brønsted acidic Si-OH-Al groups, and

at 2325 cm−1) for CD3CN bound to Lewis acidic Al sites [79]. The spectrum of

dealuminated Beta (Fig. 3.2) only contains peaks for CD3CN hydrogen bound to

silanol groups (2275 cm−1)) and in the gas-phase or physisorbed within microporous

voids (2265 cm−1)), but not for any CD3CN at Brønsted or Lewis acid sites. The

spectrum for Sn-Beta-OH-47 contains peaks at 2287 cm−1), 2308 cm−1), and 2316

cm−1) that have been assigned to CD3CN bound to highly-defective Sn sites (e.g.,

(SiO)2Sn(OH)2), closed Sn sites, and open Sn sites in Sn-Beta [26], respectively (Fig.

3.2). Taken together, these IR spectra provide evidence for complete dealumination

to form silanol nest defects, which are preferentially grafted with Sn precursors via

dicholoromethane-assisted reflux to form predominantly open and closed Lewis acidic

Sn sites in the framework.

The numbers of open and closed Lewis acidic Sn sites in Sn-Beta-OH-47 were

quantified from integrated molar extinction coefficients for their respective IR peaks

centered at 2316 cm−1) and 2308 cm−1), which were deconvoluted from IR spec-

tra after CD3CN saturation at 303 K (Fig. 3.42) according to procedures we have

reported elsewhere [26]. The numbers of open and closed Sn sites present in each

sample in this study are summarized in Table 3.2, while the number of sites quanti-

fied by the IR peak at 2287 cm−1) is summarized in Table 3.8. On Sn-Beta-OH-47,

the number of Lewis acidic Sn sites (per mol Sn) was 0.80, within unity consider-

ing the error of the deconvolution procedure (±20%). The number of Lewis acidic

Sn sites (per mol Sn) in Sn-Beta-OH-47 was also quantified from IR spectra col-

lected after saturation with pyridine at 423 K (Fig. 3.43), which shows a peak at

1450 cm−1) for Lewis acidic-bound pyridine [69], and from integrated molar extinc-

tion coefficients reported in Harris et al. [26]. Pyridine titrated 1.15 Lewis acidic

Sn sites (per mol Sn) on Sn-Beta-OH-47, also within experimental accuracy of unity

(±20%), suggesting that Sn atoms are preferentially incorporated within tetrahedral

framework positions and consistent with DRUV spectra collected after dehydration
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Figure 3.1: IR spectra (303 K) collected for (a) Al-Beta-OH-54, (b) dealuminated
Beta, and (c) Sn-Beta-OH-47 grafted in dichloromethane as the reflux solvent. The
spectrum of dealuminated Beta (dashed line) is superimposed on (c) for comparison.

(Fig. 3.22). These data provide quantitative evidence that Sn can be grafted in-

discriminately within all framework vacancies in a given dealuminated Beta zeolite

via dichloromethane-assisted reflux, while avoiding the formation of extraframework

SnO2, providing access to routes that enable precisely controlling the framework Sn

content and residual silanol defect density, as we explore next.
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Figure 3.2: IR spectra of (a) Al-Beta-OH-54, (b) dealuminated Beta, and (c) Sn-
Beta-OH-47 after saturation with CD3CN (303 K).
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Table 3.2: Number of open (2316 cm−1) and closed (2308 cm−1) Sn sites titrated by
CD3CN and quantified by IR spectral band deconvolution.

Catalyst Lewis Acidic Sn
(per total Sn)a

Open Sn Sites
(per total Sn)a

Closed Sn Sites
(per total Sn)a

Sn-Beta-OH-95 1.22 0.49 0.73
Sn-Beta-OH-46 0.92 0.22 0.70
Sn-Beta-OH-41 1.32 0.50 0.82
Sn-Beta-OH-30 0.72 0.18 0.54
Sn-Beta-OH-80 1.01 0.42 0.59
Sn-Beta-OH-40 1.21 0.36 0.85
Sn-Beta-OH-32 0.81 0.29 0.53
Sn-Beta-OH-84 1.21 0.24 0.96
Sn-Beta-OH-47 0.80 0.19 0.61
Sn-Beta-OH-144 1.17 0.43 0.73
Sn-Beta-OH-457 0.52 0.26 0.26
Sn-Beta-OH-200b 0.69 0.15 0.54
Sn-Beta-OH-170b 0.73 0.46 0.28
aErrors are ±20%.
bgOriginally reported in Harris et al. [26].
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3.4.3 Controlling framework Sn content and speciation in post-synthetic Sn-Beta

The ability to graft Sn atoms within virtually every silanol nest defect present

in a dealuminated zeolite suggests that dichloromethane-assisted reflux procedures

can be adjusted precisely to prepare Sn-Beta zeolites with a desired Si/Sn ratio,

by varying the Al content in the parent zeolite or the fraction of vacancies grafted

within a given dealuminated zeolite support. Therefore, dichloromethane-assisted

grafting of SnCl4 was studied with dealuminated Al-Beta-OH zeolites of varying initial

Al content (Si/Al = 19, 29, 54) and with different Sn concentrations in the reflux

solution (0.0005–0.040 mol Sn (g zeolite)−1). DRUV spectra of each Sn-Beta-OH

sample grafted in dichloromethane, collected after dehydration treatments, showed

absorption bands centered at <220 nm without detectable absorbance at>250 nm for

SnO2 (Figs. 3.22 to 3.31). The fraction of Sn present as Lewis acidic Sn sites detected

by CD3CN titration varied about unity (0.72–1.32, Table 3.2) among the twelve Sn-

Beta samples prepared via dichloromethane reflux studied here, providing evidence

for the preferential incorporation of Sn within framework vacancies. The deviations

from unity, however, indicate that some structural heterogeneities persist among Sn

sites, underscoring the importance of quantifying framework Sn sites even for samples

prepared via similar protocols and without extraframework SnO2 domains detectable

by spectroscopic or diffraction measurements.

The number of Sn atoms (per vacancy) incorporated into the final Sn-Beta-OH

solids is plotted in Fig. 3.3 as a function of the Sn concentration in the reflux solution

for samples prepared via dichloromethane grafting, together with Sn-Beta samples

that contained predominantly framework Sn prepared by Dijkmans et al. [22] via

isopropanol grafting. Among Sn-Beta-OH samples grafted under dichloromethane

reflux, Sn atoms were incorporated into framework positions at more than twice the

densities than reported for samples prepared by grafting in isopropanol reflux [22], at

the same or even at lower Sn concentrations in the reflux solution (Fig. 3.3), reflecting

the inhibition of grafting caused by competitive adsorption of isopropanol at frame-
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Figure 3.3: Fraction of vacancies grafted as a function of the equilibrium Sn con-
centration in the reflux solution (per vacancy defects) for Sn-Beta-OH samples
grafted in dichloromethane reflux from parent Al-Beta-OH-54 (diamonds), Al-Beta-
OH-29 (squares), and Al-Beta-OH-19 (circles), and Sn-Beta samples grafted using
isopropanol reflux reported by Dijkmans et al. (open triangles) [22]. Dashed lines
represent the best-fit Langmuir isotherms (Eq. 3.2) for each Sn-Beta-OH series.

work vacancy defects. The amount of Sn incorporated within each of the starting

dealuminated Beta samples increased with Sn concentration in the dichloromethane

reflux solution according to Langmuirian behavior and the following expression (de-

tailed derivation in Section 3.7.8):

θSn =
([Sn∗])

[∗]0
= (θmax)

(K[Sn])

(1 +K[Sn])
(3.2)

In Eq. 3.2, [Sn*] is the concentration of vacancy defects incorporated with Sn

atoms, [*]0 is the concentration of vacancy defects present initially on the dealumi-

nated Beta support, K is the equilibrium constant relating Sn incorporated within a

vacancy defect to the Sn present in the reflux solution, [Sn] is the equilibrium Sn con-
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centration in the reflux solution (per vacancy), and θmax is the fraction of vacancies

that can be grafted in a given dealuminated Beta support. The fraction of vacancies

grafted (θSn) for each Sn-Beta-OH series as a function of the Sn concentration in the

reflux solution (per vacancy) were regressed to Eq. 3.2 and plotted as dashed lines

in Fig. 3.3, with corresponding numerical values for K and θmax given in Table 3.3.

Values of K were invariant among the three different Sn-Beta-OH series prepared via

grafting in dichloromethane (333 K), yet were lower by 2× for Sn-Beta-OH grafted in

isopropanol (383 K), reflecting both the different temperatures used and the different

Gibbs free energy differences between adsorption of Sn precursors and the solvent

at vacancy defect sites. Values of θmax (Table 3.3) were >5× higher for Sn-Beta-

OH samples grafted using dichloromethane than those grafted using isopropanol as

the reflux solvent [22], approaching values of ∼1 for two different dealuminated Beta

supports (Table 3.3). Using dichloromethane-assisted reflux procedures, framework

vacancies present in dealuminated Al-Beta-OH-29 and Al-Beta-OH-54 zeolites were

nearly completely grafted (θSn > 0.90, Fig. 3.3) at sufficiently high Sn concentrations

in the reflux solution, while only a fraction of those present (θmax = 0.58, Table 3.3) in

dealuminated Al-Beta-OH-19 zeolites were apparently able to be grafted with Sn (Fig.

3.4), perhaps reflecting the higher density of vacancy defects present initially, some

fraction of which may change structure after high temperature oxidative treatments

so as to be incompatible hosts for Sn heteroatoms.

Table 3.3: Number of open (2316 cm−1) and closed (2308 cm−1) Sn sites titrated by
CD3CN and quantified by IR spectral band deconvolution.

Parent sample Solvent K θmax
Al-Beta-OH-19 Dichloromethane 0.40 0.57
Al-Beta-OH-29 Dichloromethane 0.43 0.89
Al-Beta-OH-54 Dichloromethane 0.40 1.24
Al-Beta-OH-13a Isopropanol 0.18 0.14

aData reported by Dijkmans et al. [22].
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Figure 3.4: Sn content and Al content (in the parent Al-Beta) with starting Al-Beta-
OH-54 (diamonds), Al-Beta-OH-29 (squares), and Al-Beta-OH-19 (circles). Dashed
line denotes the parity line.

The fraction of open Sn sites quantified by CD3CN IR (Table 3.2) is plotted as

a function of total Sn content in Fig. 3.5 for Sn-Beta-OH samples prepared via

dichloromethane-assisted reflux starting from dealuminated versions of Al-Beta-OH-

19, Al-Beta-OH-29, and Al-Beta-OH-54. Within each Sn-Beta-OH series, the fraction

of open Sn sites decreased systematically with increasing Sn content (Fig. 3.5), except

for Sn-Beta-OH-41, which appears to be the sole outlier among these nine samples.

These site quantification data indicate that dichloromethane-assisted grafting pro-

cedures preferentially incorporates open Sn sites at low framework Sn densities. Al-

though the underlying origin for this phenomenon remains a topic of ongoing research,

the data in Fig. 3.5 describe one of the rare instances in which the open-to-closed Sn

site ratio can be systematically varied using a given synthesis or treatment procedure.

Systematic changes in open and closed Sn site fractions with Sn content will, in turn,

cause systematic turnover rate dependences for catalytic reactions that preferentially
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turnover on one of the two sites, as we explore next in the context of glucose-fructose

isomerization cycles that turn over predominantly on framework open Sn sites [26,32].

Figure 3.5: Fraction of open Sn sites as a function of bulk Sn content in Sn-Beta-
OH samples grafted under dichloromethane reflux starting from Al-Beta-OH-54 (di-
amonds), Al-Beta-OH-29 (squares), and Al-Beta-OH-19 (circles).

3.4.4 Catalytic consequences for aqueous-phase glucose isomerization to fructose

Glucose-to-fructose isomerization proceeds via quasi-equilibrated adsorption and

ring opening of glucose onto an open Sn site, kinetically-relevant intramolecular 1,2-

hydride shift, and quasi-equilibrated ring closing and desorption of fructose [34, 51].

Aqueous-phase isomerization turnover rates (per open Sn, 373 K) on Sn-Beta-OH

samples are first-order in glucose concentration under dilute conditions (1–10% (w/w)

glucose, Fig. 3.44), in which two water molecules coordinated at Sn sites are most
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abundant surface intermediates (MASI) [34]. These mechanistic assumptions result

in a glucose-to-fructose isomerization rate expression given by:

risom = α
K1k2

K4K5

CG = kisomCG (3.3)

where α represents a product of activity coefficients of reactants and intermedi-

ate species, k2 is the intrinsic rate constant for intramolecular 1,2-hydride shift, K1

is the equilibrium constant for glucose adsorption from the aqueous phase to ring-

opened glucose intermediates at Sn sites, K4 and K5 are equilibrium constants for the

sequential adsorption of two water molecules at Sn sites, CG is the glucose concentra-

tion in water, and kisom is the measured first-order isomerization rate constant (full

derivation of this rate expression in Section 3.7.9).

The glucose conversions, turnover numbers, and monosaccharide yields in the

batch reactor experiments used to measure kinetic data on each Sn-Beta sample are

shown in Table 3.4, confirming both their differential and catalytic nature. Measured

first-order isomerization rate constants (373 K), normalized by the total number of Sn

sites, are shown in Fig. 3.6 for Sn-Beta-OH samples grafted using dichloromethane

as the reflux solvent. Rate constants (per total Sn, 373 K) varied by ∼2.5× among

samples of widely varying Sn content (Si/Sn = 30–95), and decreased systematically

with increasing Sn content within each Sn-Beta-OH series, as observed previously

for Sn-Beta samples prepared via post-synthetic grafting using isopropanol [22] and

via solid-state ion exchange [19]. Decreases in isomerization rates (per total Sn, 383

K) with increasing Sn content have been ascribed to intracrystalline mass transfer

limitations [22, 23], yet the isomerization rates reported in Fig. 3.6 are uncorrupted

by transport limitations, reflected in the kinetic isotope effect value of ∼2.1 (at 373

K) measured when using glucose reactants deuterated at their α-carbonyl position

(details in Section 3.7.9) [26, 34, 35]]. Decreases in glucose isomerization rates (per

total Sn, 383 K) with increasing Sn content have also been speculated to reflect

differences in Sn siting at different T-site locations [22, 52]. The CD3CN titration
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data shown in Fig. 3.5, however, indicate that the fraction of open Sn sites decreases

systematically with increasing Sn content within each series of Sn-Beta-OH samples.

Figure 3.6: Glucose isomerization rate constant (per total Sn, 373 K) and the Sn
content in samples grafted using dichloromethane as the reflux solvent starting from
Al-Beta-OH-54 (diamonds), Al-Beta-OH-29 (squares), and Al-Beta-OH-19 (circles).
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First-order isomerization rate constants (373 K), normalized by the number of

open Sn sites (Table 3.2), for all post-synthetically prepared Sn-Beta samples are

given in Table 3.4 and are plotted in Fig. 3.7 as a function of Sn content, together

with rate constants on hydrothermally-synthesized Sn-Beta samples reported in Har-

ris et al. [26] (data in Table 3.10). Among the different Sn-Beta-OH samples prepared

by dichloromethane-assisted reflux, isomerization rate constants (per open Sn, 373 K)

are similar (within ∼2×) and do not depend systematically on Sn content, which is

the single-site kinetic behavior expected upon accurate normalization of turnover

rates by the number of reactive Sn sites. Interestingly, values of kisom (per open

Sn, 373 K, Fig. 3.7) were consistently ∼3× higher among Sn-Beta-OH samples pre-

pared via grafting in dichloromethane reflux than those in isopropanol reflux. The

underlying reasons for the rate constant differences among these two sample sets re-

main unclear, although unlikely to reflect differences in framework Sn site distribution

considering that Sn-Beta-OH-170 and Sn-Beta-OH-144 samples respectively grafted

in isopropanol and dichloromethane contain similar framework Sn and residual va-

cancy content (Table 3.1). The small variations in kisom values (within ∼2×, 373

K) among the ten post-synthetic Sn-Beta-OH samples prepared via dichloromethane

reflux (Fig. 3.7) can be accounted for by differences of only 2.5 kJ mol−1 in ap-

parent Gibbs free energies of activation, and resemble the similar variation (within

∼3×, 373 K) reported previously among six hydrothermally-synthesized Sn-Beta-F

samples (Fig. 3.7) [26]. We conclude that isomerization rates (per total Sn) among

post-synthetically prepared Sn-Beta zeolites decrease systematically with increasing

Sn content (Fig. 3.6) [22,120] because open Sn sites are the dominant active site for

glucose-fructose isomerization [26, 32, 34] and are incorporated preferentially at low

Sn content when Sn-Beta samples are prepared via grafting procedures (Fig. 3.5).
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Figure 3.7: Isomerization rate constant (per open Sn, 373 K) and Sn content for sam-
ples grafted in isopropanol reflux (open triangles), in dichloromethane reflux starting
from Al-Beta-OH-54 (open diamonds), Al-Beta-F-45 (square with plus), Al-Beta-OH-
29 (open squares), Al-Beta-OH-22 (square with cross) , Al-Beta-OH-19 (open circles),
and hydrothermally-synthesized Sn-Beta-F (triangles) [26]. Dashed lines represent
the average rate constant (per open Sn, 373 K) for Sn-Beta-F samples prepared hy-
drothermally and Sn-Beta-OH samples.
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In contrast to the small variations (∼3–5×) in kisom values among post-synthetically

prepared, high-defect Sn-Beta-OH zeolites, higher kisom values (by ∼15–50×) were

measured on hydrothermally-synthesized, low-defect Sn-Beta-F samples (Fig. 3.7),

as reported previously [26]. Such kinetic behavior suggests that Gibbs free energy

differences between intramolecular 1,2-hydride shift transition states and two coordi-

nated water ligands, which are the most abundant surface intermediates on open Sn

sites under these reaction conditions [26,35], are larger in the presence of co-adsorbed

hydrogen-bonded water networks that exist within high-defect Sn-Beta-OH zeolite

pores, but not within low-defect Sn-Beta-F pores, during conditions of aqueous-phase

catalysis (373 K). The similar kisom values (per open Sn, 373 K) among the ten Sn-

Beta-OH samples grafted in dichloromethane, which contain a wide range of residual

vacancy defect densities (Sn/vacancy = 0.15–1.15), indicate that glucose isomeriza-

tion turnover rates in this kinetic regime are insensitive to the residual silanol density.

We speculate that this insensitivity reflects a critical density of hydrophilic binding

sites, including both Sn heteroatoms and silanol defects (of at most 3*10−4 mol (g

zeolite)−1) required to stabilize hydrogen-bonded water networks throughout zeolitic

micropores during conditions of aqueous-phase catalysis (373 K).

Therefore, we hypothesized that preparing an Al-Beta zeolite in fluoride me-

dia, which should form low-defect frameworks containing predominantly hydrophobic

siloxane (Si-O-Si) connectivities, could be subject to dealumination treatments and

subsequent dichloromethane-assisted grafting of tin precursors in order to prepare a

post-synthetic Sn-Beta-F sample with low residual defect density. Sn-Beta-F-93 and

Sn-Beta-F-50 samples were prepared in this manner (characterization data in Table

3.6, Fig. 3.15, 3.32, and 3.33) and indeed showed H2O uptakes (P/P0 = 0.2 at 293 K,

used elsewhere as a descriptor of hydrophobicity [16,26]) that were ∼3.5× lower than

the H2O uptakes averaged among the Sn-Beta-OH sample series (Table 3.10, Figs.

3.45–3.48). When normalized on a total Sn basis, the first-order glucose isomeriza-

tion rate constant (373 K) on Sn-Beta-F-93 was ∼3× larger than for the Sn-Beta-OH

samples and only ∼3.5× lower than for the hydrothermally-synthesized Sn-Beta-F
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samples, similar to previous observations reported for Sn-Beta-F samples prepared

via solid-state ion exchange of Sn onto dealuminated Beta-F supports [28]. Surpris-

ingly, CD3CN IR spectra of Sn-Beta-F-93 at saturation coverages showed the highest

fraction of Lewis acidic Sn present in open configuration (0.62, Table 3.5) that we

have observed among >20 samples prepared hydrothermally [26] or by post-synthetic

grafting under isopropanol and dichloromethane reflux (Table 3.2). The underlying

reasons why this sample showed an unprecedentedly high open-to-closed Sn site ratio

(∼1.2) remains under investigation, but another Sn-Beta-F sample prepared from the

same support with higher Sn content (Sn-Beta-F-50) also showed a high open-to-

closed Sn site ratio (∼1; Table 3.5). The Sn-Beta-F-50 sample also showed a smaller

fraction of open sites than on Sn-Beta-F-93, consistent with the dependence of open-

to-closed Sn ratio on bulk Sn content observed for the Sn-Beta-OH series (Fig. 3.5).

First-order glucose isomerization rate constants (373 K), when normalized to the

number of open Sn sites, were identical on the post-synthetically prepared Sn-Beta-F

samples and on the post-synthetically prepared Sn-Beta-OH samples (Fig. 3.7), in

spite of the H2O uptake (P/P0 = 0.2, 293 K) on Sn-Beta-F-93 that more closely re-

sembled that on hydrothermally-synthesized Sn-Beta-F samples (Table 3.10). These

catalytic data suggest that the intrapore environments in post-synthetically prepared

Sn-Beta-F samples, within which framework Sn sites are sequestered and glucose

isomerization reaction coordinates are confined, resemble structurally those in post-

synthetically prepared Sn-Beta-OH samples rather than hydrothermally-synthesized

Sn-Beta-F samples.
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Water uptakes (P/P0 = 0.2, 293 K) have been used previously as a proxy to de-

scribe the hydrophobic character of zeolites, given the ability of organic molecules

to fill hydrophobic micropores at equivalent reduced pressures [83], yet such up-

takes represent an integral measurement of adsorption at heteroatom sites, silanol

defects within pores and at external crystal surfaces, and any other hydrophilic bind-

ing sites that may be present [26]. In contrast, alcohols adsorb preferentially within

low-defect, organophilic micropores until condensation occurs and before adsorption

begins within mesopores or at external crystallite surfaces [16, 125–128], providing

a means to distinguish hydrophilic sites located within micropores and at external

surfaces. H2O and CH3OH adsorption isotherms (293 K) measured on Sn-Beta-F-93,

Sn-Beta-OH-80 (chosen as a representative Sn-Beta-OH sample), and a Sn-Beta-F

sample prepared hydrothermally [26] are shown in Fig. 3.8 and 3.9. For the Sn-

Beta-F-93 sample, the H2O adsorption isotherm (Fig. 3.8) more closely resembled

that of the hydrothermally-synthesized Sn-Beta-F sample, as reported by Wolf et al.

for Sn-Beta-F samples prepared post-synthetically by solid-state ion exchange [28].

In contrast, the CH3OH adsorption isotherm (293 K) on Sn-Beta-F-93 resembled a

type I isotherm (Fig. 3.9), reflecting micropore condensation driven by adsorbate-

adsorbent interactions as observed on high-defect micropores such as those present in

Sn-Beta-OH-80. These CH3OH adsorption isotherms (293 K) were distinctly differ-

ent than the type V adsorption isotherm measured on the low-defect hydrothermally-

synthesized Sn-Beta-F sample (Fig. 3.9), reflecting micropore condensation driven by

strong adsorbate-adsorbate interactions [16]. As a result, the similar kisom values (per

open Sn, 373 K) for the two post-synthetically grafted Sn-Beta-F samples (Sn-Beta-

F-93, Sn-Beta-F-50) and the ten post-synthetically grafted Sn-Beta-OH samples via

dichloromethane-assisted reflux appear to reflect similarities in the residual silanol

defect density within their microporous voids and the kinetic consequences of such

defect groups and the hydrogen-bonded water networks they stabilize during catalysis

in liquid water. This interpretation suggests that subsequent treatments to further
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decrease the density of internal defects may increase glucose-fructose isomerization

rate constants for Sn-Beta samples prepared via post-synthetic routes.

Figure 3.8: Vapor-phase H2O adsorption isotherms (293 K) of Sn-Beta-OH-80 (cir-
cles), Sn-Beta-F-93 (squares), and Sn-Beta-F-220 prepared hydrothermally (trian-
gles) [26].
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Figure 3.9: Vapor-phase CH3OH adsorption isotherms (293 K) of Sn-Beta-OH-80
(circles), Sn-Beta-F-93 (squares), and Sn-Beta-F-220 prepared hydrothermally (tri-
angles).
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3.5 Conclusions

Protocols for the selective grafting of stannic precursors within virtually every

framework vacancy defect present in dealuminated Beta zeolites were developed us-

ing dichloromethane reflux (333 K), which avoids the competitive adsorption of iso-

propanol, a commonly used reflux solvent (383 K), at vacancy defects that inhibits the

incorporation of Sn precursors. Dichloromethane-assisted reflux allows preferential

grafting of Lewis acidic Sn sites in framework locations at Sn densities higher (Si/Sn

= 30, 6.1 wt.% Sn) than accessible via isopropanol-assisted reflux (Si/Sn >120, <1.6

wt.% Sn) [22]. Additionally, the fraction of open Sn sites decreased systematically

with increasing Sn content among Sn-Beta samples prepared via dichloromethane-

assisted reflux, indicating that open Sn sites are preferentially grafted at low frame-

work Sn densities. The ability to incorporate Sn atoms within virtually all vacancies

(Sn/vacancy >0.9) present in different dealuminated Beta supports demonstrates that

Sn grafting can occur indiscriminately within all silanol nests and not only at a subset

of vacancies with special coordination or geometry conferred by T-site location. By

extension, methods to graft Sn precursors within each available framework vacancy

open routes to prepare stannosilicates with tailored framework Sn site distribution

among different intrazeolite locations and T-sites by controlling the placement of Al

atoms in the parent zeolite framework before dealumination. The dichloromethane-

assisted reflux methods to prepare Sn-Beta reported herein enable tailoring the ratio

of open-to-closed framework Sn sites more systematically than hydrothermal syn-

thesis methods, and controlling the densities of framework Sn and residual vacancy

defects, by varying the initial Si/Al ratio of the parent zeolite and the Sn concentra-

tions present in the reflux solutions. We expect that these synthesis protocols can be

easily adapted to incorporate other heteroatoms into framework vacancy defects, and

for those located in zeolite topologies other than Beta.

Aqueous-phase glucose-fructose isomerization rates (per total Sn, 373 K), mea-

sured in a kinetic regime that is first-order in extrazeolite glucose concentration,
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were consistently lower (∼15–50×) among post-synthetically prepared Sn-Beta sam-

ples than among hydrothermally-synthesized Sn-Beta samples. The former contain

high-defect micropore environments while the latter contain low-defect micropore en-

vironments, assessed from vapor-phase CH3OH adsorption behavior, providing guid-

ance that removing residual intrapore hydrophilic defect sites in post-synthetically

prepared Sn-Beta samples should increase glucose isomerization turnover rates. Mea-

sured first-order isomerization rate constants (per total Sn, 373 K) decreased system-

atically with increasing Sn content for Sn-Beta-OH samples prepared post-synthetically

via dichloromethane-assisted grafting. Similar observations have previously been in-

terpreted as resistance to intrazeolite mass transfer [22,23] or reactive heterogeneities

among Sn sites at crystallographically unique framework locations [22, 52, 120] , yet

here reflect differences in the fraction of framework Sn sites present in “open” coordi-

nation ((SiO)3Sn(OH)), which give rise to peaks at 2316 cm−1 in CD3CN IR spectra

and are the dominant active sites for glucose isomerization. First-order isomerization

rate constants (373 K), when normalized to the number of open Sn sites, were similar

(within ∼2×) and did not vary systematically with Sn content among twelve Sn-Beta

samples prepared via dichloromethane reflux. The invariance in rate constant (per

open Sn site, 373 K) for samples with widely varying Sn content (Si/Sn = 30–457;

0.4–6.1 wt.% Sn) and residual silanol density reflect the single-site behavior of open Sn

sites confined in a high-defect microporous environment, as expected when turnover

rates are normalized accurately by the number of reactive centers. These findings

underscore the importance of quantifying active sites in order to rigorously normalize

measured rate data prior to kinetic or mechanistic interpretation.
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3.7 Supporting Information

3.7.1 X-ray diffractograms of zeolite samples.

XRD patterns collected for Sn-Beta-(OH, F) samples as well as their parent Al-

Beta-(OH, F) and their dealuminated Beta samples show prominent diffraction peaks

at 6-8◦ and 22.5◦, consistent with the Beta topology. Broad diffraction peaks were

detected for all Al-Beta-OH samples that are consistent with small primary crystal-

lite sizes as observed in Section 3.7.2. Samples are denoted as M-Beta-X-Y, where

M represents the heteroatom in the framework (e.g., Al or Sn), X represents the

mineralizing agent used to synthesize the starting Al-Beta zeolite (OH- or F-), and

Y reflects the Si/M ratio measured by atomic absorption spectroscopy (AAS) in the

recovered solids.

Figure 3.10: Powder XRD patterns of (a) Al-Beta-OH-54, (b) dealuminated Beta, (c)
Sn-Beta-OH-170, (d) Sn-Beta-OH-200, and (e) Sn-Beta-OH-457.
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Figure 3.11: XRD patterns of (a) Sn-Beta-OH-47 and (b) Sn-Beta-OH-84. The XRD
patterns for the parent Al-Beta-OH-54 and its dealuminated Beta are given in Fig.
3.11. *Denotes a feature that is an artifact from the sample holder used.
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Figure 3.12: XRD patterns of (a) Al-Beta-OH-19, (b) dealuminated Beta, and (c) Sn-
Beta-OH-95, (d) Sn-Beta-OH-46, (e) Sn-Beta-OH-41, and (f) Sn-Beta-OH-30. *De-
notes a feature that is an artifact from the sample holder used.



147

Figure 3.13: XRD patterns of (a) Al-Beta-OH-29, (b) Sn-Beta-OH-32, (c) Sn-Beta-
OH-40, and (d) Sn-Beta-OH-80. *Denotes a feature that is an artifact from the
sample holder used.
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Figure 3.14: XRD patterns of (a) Al-Beta-OH-22, (b) dealuminated Beta, and (c)
Sn-Beta-OH-144. *Denotes a feature that is an artifact from the sample holder used.



149

Figure 3.15: XRD patterns of (a) Al-Beta-F-45, (b) dealuminated Beta, (c) Sn-Beta-
F-93, and (d) Sn-Beta-F-50.
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3.7.2 Scanning electron microscope images of stannosilicate samples.

Figure 3.16: SEM image of Al-Beta-OH-54.

Figure 3.17: SEM image of dealuminated Beta (starting Al-Beta-OH-54).
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Figure 3.18: SEM image of Sn-Beta-OH-47.

3.7.3 Physicochemical properties of stannosilicates and synthesis specification.

Table 3.6 contains the elemental compositions and reflux concentration used to

synthesize each Sn-Beta sample described in the main text. Also, micropore volumes

were regularly between 0.19-0.22 cm3 (per g), consistent with the Beta topology.

Decreases in the Vpore (cm3 g−1) were observed for each Sn-Beta series that may

reflect partial occlusion of micropore volume from incomplete Sn incorporation, or

some framework degradation, that becomes more pronounced with higher amounts

of Sn incorporated into the final material.
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Table 3.6: Synthesis conditions, elemental compositions,

and pore volume for Sn-Beta samples.

Catalyst Solventa Initial

Si/Alb,c

Si/Snb,c Vpore

cm3 g−1

Al-Beta-OH-19 - 19 - 0.22

Dealuminated Beta - >1500 - -

Sn-Beta-OH-95 DCM 19 95 0.22

Sn-Beta-OH-46 DCM 19 46 0.19

Sn-Beta-OH-41 DCM 19 41 0.19

Sn-Beta-OH-30 DCM 19 30 0.16

Al-Beta-OH-29 - 29 - 0.24

Dealuminated Beta - >1500 - -

Sn-Beta-OH-80 DCM 29 80 0.22

Sn-Beta-OH-40 DCM 29 40 0.19

Sn-Beta-OH-32 DCM 29 32 0.19

Al-Beta-OH-54 - 54 - 0.22

Dealuminated Beta - >1500 - -

Sn-Beta-OH-84 DCM 54 84 0.20

Sn-Beta-OH-47 DCM 54 47 0.21

Al-Beta-OH-22 - 22 - 0.22

Dealuminated Beta - >1500 - -

Sn-Beta-OH-144 DCM 22 144 0.23

Al-Beta-F-45 - 45 - 0.22

Dealuminated Beta - >1500 - 0.23

Sn-Beta-F-93 DCM 45 93 0.22

Sn-Beta-F-50 DCM 45 50 0.22

Sn-Beta-OH-170d IPA 25 170 0.22

Sn-Beta-OH-457 IPA 15 457 0.22
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Table 3.6: Synthesis conditions, elemental compositions,

and pore volume for Sn-Beta samples.

Catalyst Solventa Initial

Si/Alb,c

Si/Snb,c Vpore

cm3 g−1

Sn-Beta-OH-200d IPA 54 200 0.19

aDCM = dichloromethane; IPA = isopropanol.

bMeasured by AAS.

cErrors are ±15%.

dOriginally reported in Harris et al. [26].
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3.7.4 Diffuse reflectance UV-Vis spectra of stannosilicate samples.

Diffuse reflectance UV-Visible (DRUV) spectra were collected for all the Sn-Beta

samples grafted using isopropanol and dichloromethane as reflux solvents, and are

shown in Figs. 3.19-3.33. Spectra were collected at ambient conditions with a dry

Helium flow (thin line), after a heat treatment at 523 K for 0.5 h under inert flow

(thick line), and after rehydration under “wet” He flow to 303 K (dashed line). Spectra

and edge energies for Sn-Beta-OH-170 and Sn-Beta-200 were first published in Harris

et al. [26]. The edge energies (Table 3.7) were calculated from the linear regime

x-intercept of the low energy from Tauc plots (Figs. 3.34-3.38).

Figure 3.19: DRUV spectra of Sn-Beta-OH-200 at ambient conditions (thin solid
line), after dehydration at 523 K for 900 s (thick solid line) and after rehydration in
flowing water vapor (thin dotted line).
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Figure 3.20: DRUV spectra of Sn-Beta-OH-170 at ambient conditions (thin solid
line), after dehydration at 523 K for 900 s (thick solid line) and after rehydration in
flowing water vapor (thin dotted line).
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Figure 3.21: DRUV spectra of Sn-Beta-OH-457 at ambient conditions (thin solid
line), after dehydration at 523 K for 900 s (thick solid line) and after rehydration in
flowing water vapor (thin dotted line).
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Figure 3.22: DRUV spectra of Sn-Beta-OH-47 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.23: DRUV spectra of Sn-Beta-OH-32 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.24: DRUV spectra of Sn-Beta-OH-84 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.25: DRUV spectra of Sn-Beta-OH-40 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.26: DRUV spectra of Sn-Beta-OH-80 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.27: DRUV spectra of Sn-Beta-OH-95 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.28: DRUV spectra of Sn-Beta-OH-46 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.29: DRUV spectra of Sn-Beta-OH-41 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.30: DRUV spectra of Sn-Beta-OH-30 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.31: DRUV spectra of Sn-Beta-OH-144 at ambient conditions (thin solid
line), after dehydration at 523 K for 900 s (thick solid line) and after rehydration in
flowing water vapor (thin dotted line).
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Figure 3.32: DRUV spectra of Sn-Beta-F-93 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.33: DRUV spectra of Sn-Beta-F-50 at ambient conditions (thin solid line),
after dehydration at 523 K for 900 s (thick solid line) and after rehydration in flowing
water vapor (thin dotted line).
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Figure 3.34: Tauc plots of (a) Sn-Beta-OH-95, (b) Sn-Beta-OH-46, (c) Sn-Beta-OH-
41, and (d) Sn-Beta-OH-30. Data collected at 523 K.
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Figure 3.35: Tauc plots of (a) Sn-Beta-OH-80, (b) Sn-Beta-OH-41, and (c) Sn-Beta-
OH-32. Data collected at 523 K.
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Figure 3.36: Tauc plots of (a) Sn-Beta-OH-84 and (b) Sn-Beta-OH-47. Data collected
at 523 K.
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Figure 3.37: Tauc plots of (a) Sn-Beta-OH-200 and (b) Sn-Beta-OH-170. Data orig-
inally reported in Harris et al. [26].
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Figure 3.38: Tauc plots of (a) Sn-Beta-OH-144, (b) Sn-Beta-F-93, and (c) Sn-Beta-
F-50. Data collected at 523 K.
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Table 3.7: DRUV peak maximum and edge energy after

thermal treatment at 523 K.

Sample Solvent Peak

Maximum

(nm)

Edge

Energy

(eV)

Sn-Beta-OH-95 Dichloromethane 208 5.60

Sn-Beta-OH-46 Dichloromethane 212 5.42

Sn-Beta-OH-41 Dichloromethane 211 5.40

Sn-Beta-OH-30 Dichloromethane 222 5.06

Sn-Beta-OH-32 Dichloromethane 211 5.32

Sn-Beta-OH-40 Dichloromethane 219 5.15

Sn-Beta-OH-80 Dichloromethane 192 5.61

Sn-Beta-OH-47 Dichloromethane 214 5.32

Sn-Beta-OH-84 Dichloromethane 200 5.54

Sn-Beta-OH-144 Dichloromethane 193 5.60

Sn-Beta-F-93 Dichloromethane 213 4.35 (5.45)a

Sn-Beta-F-50 Dichloromethane 216 4.47 (5.37)a

Sn-Beta-OH-457 Isopropanol 204 4.16 (5.85)a

Sn-Beta-OH-200b Isopropanol 195 4.69

Sn-Beta-OH-170b Isopropanol 193 4.25

aEdge energy in parenthesis represents an x-intercept of a distinctive linear

regime at a higher energy.

bOriginally reported in Harris et al. [26].
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3.7.5 Temperature programmed desorption with adsorbed isopropanol and dichloromethane.

TPD profiles (Fig. 3.39) were obtained for dealuminated Beta (starting Si/Al

= 54) after saturation with isopropanol and dichloromethane at ambient conditions

discussed in details in Section 3.4.2. The total moles of isopropanol evolved (4.1 x

10−3 mol isopropanol (g zeolite)−1) from the TPD, calculated by integration of the

area under the obtained profile, were ∼5× the amount of vacancies (8.3 x 10−4 mol

Al (g zeolite)−1 in the starting Al-Beta-OH-54), suggesting adsorption to different

binding sites (e.g., silanol nests and silanol defects in the external crystal surface).

Figure 3.39: Temperature programmed desorption profiles of dealuminated Beta after
saturation at ambient temperature with isopropanol (solid line) and dichloromethane
(dashed line).
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3.7.6 Studies with Infrared spectroscopy: OH stretching region during isopropanol
dosing.

IR spectra collected after titration of dealuminated Beta with isopropanol (383 K)

before dosing (solid, thin line), after saturation (solid, thick line), and after steady-

state (2 h) was reached under static vacuum (dashed line).

Figure 3.40: IR spectra of dealuminated Beta before dosing isopropanol (thin line),
after saturation (thick line), and at steady-state under vacuum (dashed line) at 383
K.
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Figure 3.41: IR spectra (383 K) of dealuminated Beta after dosing isopropanol until
saturation and subsequent evacuation.
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3.7.7 Studies with Infrared spectroscopy after titration with CD3CN and pyridine.

Figure 3.42: IR spectrum of Sn-Beta-OH-47 (solid line) after CD3CN saturation and
its deconvolution components (dashed lines) at 2265 cm−1, 2275 cm−1, 2285 cm−1,
2308 cm−1, and 2316 cm−1 for CD3CN in the gas-phase or physisorbed, bound to
silanol groups, bound to a defective Sn site (e.g., Sn(OSi)2(OH)2), closed Sn sites,
and open Sn sites, respectively [26].
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Figure 3.43: IR spectrum of Sn-Beta-OH-47 (solid line) after saturation with pyridine.
The spectrum was convoluted with contributions for Lewis acid sites at 1450 cm−1

and 1615 cm−1, Brønsted or Lewis acid sites at 1490 cm−1 and 1575 cm−1, Brønsted
acid sites at 1550 cm−1, and gas-phase pyridine at 1595 cm−1. The moles of Lewis
acidic Sn were obtained by deconvolution of the band at 1450 cm−1 and integrated
molar extinction coefficients reported in Harris et al. [26].



180

Table 3.8: Moles of 2287 cm−1 (g zeolite)−1 for stan-

nosilicates prepared through post-synthetic grafting un-

der dichloromethane reflux (333 K).

Catalyst Mol 2287 cm−1 (g)−1 (/10−5)a

Sn-Beta-OH-95 8.2

Sn-Beta-OH-46 17.0

Sn-Beta-OH-41 13.1

Sn-Beta-OH-30 18.6

Sn-Beta-OH-80 8.3

Sn-Beta-OH-40 21.6

Sn-Beta-OH-32 22.3

Sn-Beta-OH-84 13.6

Sn-Beta-OH-47 10.5

Sn-Beta-OH-144 11.4

Sn-Beta-F-93 5.6

Sn-Beta-F-50 8.3

aMolar extinction coefficient used to calculate the moles of 2287 cm−1 sites

was obtained from Harris et al. [26].
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3.7.8 Derivation of Langmuir isotherm expression describing Sn grafting into frame-
work vacancy defects.

The grafting of Sn atoms into framework vacancy defects follows a Langmuir

isotherm that can be described by Eq. 3.2. To form these vacancies, Al-Beta (initial

aluminum content = total vacancy defects = [*]0) samples were dealuminated to form

graftable vacancies (Σ Vacgraft) and non-graftable vacancies (Vacnon−graft):

[∗]0 = [∗]non−graft + [∗]graft (3.4)

Furthermore, the number of graftable vacancies can be expressed as the summation

of the available graftable vacancies (*) and the vacancies that have been grafted with

Sn atoms (Sn*) as follows:

[∗]graft = [∗] + [Sn∗] (3.5)

Substitution of Eq. 3.5 into 3.4 then provides the total amount of starting alu-

minum as a function of the non-graftable vacancies, available vacancies for grafting,

and vacancies grafted with Sn:

[∗]0 = [∗]non−graft + [∗] + [Sn∗] (3.6)

Eq. 3.6 can be normalized to the total concentration of vacancy defects to provide:

1 =
[∗]non−graft

[∗]0
+

[∗]
[∗]0

+
[Sn∗]
[∗]0

(3.7)

Which can also be expressed in terms of fractional coverages (θi) of each species

(i):

1 = θnon−graft + θ∗ + θSn (3.8)

This expression can be rearranged to obtained the fractional coverage of available

defects for grafting:
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θ∗ = (1− θnon−graft) + θSn ,=
[∗]graft

[∗]0
+ θSn (3.9)

The grafting of Sn into available vacancy defects, which takes place in solvent

reflux (e.g., dichloromethane or isopropanol), is described by the following equilibrium

reaction:

Sneq. + ∗K0 Sn∗ (3.10)

where K’, the equilibrium constant, can be expressed as:

K0 =
[Sn∗]
C0

=
θSnC

0

[Snreflux][θ∗]
(3.11)

where C0 is the standard state reference concentration (1 M). Now, multiplying

Eq. 3.11 by the total concentration of vacancies:

K =
θSn

[Sneq.][θ∗]
[∗]0 =

θSn
[Sn][θ∗]

(3.12)

where K is defined as the multiplication of the equilibrium constant and the total

concentration of vacancies in a given dealuminated Beta (K0[*]0) and [Sn] represents

the equilibrium concentration of Sn in the reflux solution (per vacancy). Eq. 3.12 can

be combined with Eq. 3.9 and rearranged to obtain an expression for the Langmuir

isotherms described in Section 3.4.3:

θSn =
[Sn∗]
[∗]0

= (
[∗]graft

[∗]0
)

K[Sn]

1 +K[Sn]
= (θmax)

K[Sn]

1 +K[Sn]
(3.13)

3.7.9 Kinetic studies of glucose isomerization to fructose with stannosilicates and
assessment of intraparticle mass transfer limitations.

Though a detailed mechanistic study of glucose-to-fructose has been reported [2],

we provide a supplementary derivation for the rate expression used in Section 3.4.4.

Glucose-to-fructose isomerization reactions take place through quasi-equilibrated des-
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orption of two water molecules (W*, 2W*) from Sn sites (*), followed by quasi-

equilibrated glucose (G) adsorption and ring opening intermediates (G*), kinetically-

limited hydride shift to produce fructose (F*), and quasi-equilibrated ring closing

and desorption of fructose. At dilute concentrations of aqueous glucose concentration

(1% (w/w)), the most likely most abundant surface intermediate is the two water

molecules (2W*) [1,2]. Thus, turnover rates normalized per total number of active

sites ([L]), under differential conditions (η <<1), can be written as [2]:

risom
[L]

=
γ2W∗γGγ∗
γ2
WC

2
Wγ∗

k2K1

K4K5

CG = kisomCG (3.14)

where γi represents the activity coefficients of reactants and intermediate species

(i), k2 is the rate constant of the intramolecular 1,2-hydride shift to form fructose,

K1 is the equilibrium constant for glucose adsorption and ring-opened glucose in-

termediates at Sn sites, K4 and K5 are equilibrium constants for adsorption of two

water molecules at Sn sites, CW is the water concentration, CG is the extrazeolite

glucose concentration in water, and kisom is the measured first-order isomerization

rate constant.

Turnover rates (373 K) written in Eq. 3.14 reflect first-order dependence on the

glucose concentration for kinetically-limited hydride shift steps, but also for reactions

limited by glucose transport to intrazeolitic voids. First-order rate constants (373

K) measured with glucose-D2 will provide a kinetic isotope effect equal to ∼2.1 if

the rates were kinetically-limited by C1-C2 hydride shift (C-H scissoring vibrational

frequency of ∼1500 cm−1) [3] and equal to ∼1.5 if rates were limited by intraparti-

cle mass transfer [2]. Here, a KIE experiment on the Sn-Beta-OH with the highest

isomerization rate constant (per total Sn, 373 K), most likely to present mass trans-

fer limitations, provided a kH/kD of ∼2.1. By extension, the initial rates reported

in the main text represent kinetically-limited processes, a requirement for rigorous

interpretation of measured kinetic data.
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Figure 3.44: First-order dependence of initial rate of fructose (per g) formation on
the initial glucose concentration for Sn-Beta-OH-47.
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Table 3.9: First-order rate constants (per open Sn) for

hydrothermally-synthesized Sn-Beta samples [26] in Fig.

3.7.

Catalyst kisom (/10−3 mol

fructose (mol open

Sn)−1 (mol glucose

m−3)−1 s−1)

Sn-Beta-F-100 0.94

Sn-Beta-F-105 0.31

Sn-Beta-F-110 0.38

Sn-Beta-F-140 0.44

Sn-Beta-F-170 0.77

Sn-Beta-F-220 0.50

3.7.10 Assessment of the hydrophobicity of Sn-Beta with vapor-phase adsorption of
H2O and CH3OH.

H2O adsorption isotherms (293 K) were collected for the Sn-Beta samples grafted

under dichloromethane (Figs.3.45-3.48) and isopropanol (Fig. 3.49) reflux, and one

representative sample prepared hydrothermally (Fig. 3.49) [26] to evaluate the hy-

drophobic character of these zeolites. The H2O uptake at P/P0=0.2 (Table 3.10) is

consistently higher (>4x) for all Sn-Beta-(OH,F) samples than for the hydrothermal

Sn-Beta-F, and within 2× of their parent Al-Beta-(OH,F) for the twelve samples

studied here. The similar H2O uptakes for Sn-Beta samples grafted from the same

dealuminated Beta results from the binding of vapor-phase H2O to a variety of binding

sites such as Sn centers and silanol defects located in the external crystallite surface

and in internal voids.
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Figure 3.45: H2O isotherms (293 K) of (a) Sn-Beta-OH-84 and (b) Sn-Beta-OH-47.
Sn-Beta-OH samples were synthesized from Al-Beta-OH-54.
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Figure 3.46: H2O isotherms (293 K) of (a) Sn-Beta-OH-41, (b) Sn-Beta-OH-95, (c)
Sn-Beta-OH-30, and (d) Sn-Beta-OH-46. All the Sn-Beta-OH samples were synthe-
sized from Al-Beta-OH-19.

Figure 3.47: H2O isotherms (293 K) of (a) Sn-Beta-OH-80 and (b) Al-Beta-OH (Si/Al
= 29). Sn-Beta-OH samples synthesized from parent Al-Beta-OH-29.
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Figure 3.48: H2O isotherms (293 K) of (a) Sn-Beta-F-93 and (b) Al-Beta-F-45. Sn-
Beta-F was synthesized with parent Al-Beta-F-45.



189

Figure 3.49: H2O isotherms (293 K) of (a) Sn-Beta-F-220 prepared hydrothermally,
(b) Sn-Beta-OH-170, and (c) Sn-Beta-OH-200. Isotherms originally reported in Harris
et al. [26].
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Table 3.10: H2O uptake of Sn-Beta samples measured at

a relative pressure (P/P0) of 0.2.

Catalyst H2O uptake (cm3 g−1)

Sn-Beta-OH-84 0.085

Al-Beta-OH-29 0.103

Sn-Beta-OH-47 0.090

Sn-Beta-OH-80 0.076

Sn-Beta-OH-95 0.066

Sn-Beta-OH-46 0.083

Sn-Beta-OH-41 0.065

Sn-Beta-OH-30 0.078

Al-Beta-F-45 0.030

Sn-Beta-F-93 0.021

Sn-Beta-OH-170a 0.036

Sn-Beta-OH-200a 0.092

Sn-Beta-F-220a,b 0.005

aReported in Harris et al. [26].

bHydrothermally-synthesized Sn-Beta-F.
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4. THE DOMINANT ROLE OF ENTROPY IN STABILIZING SUGAR

ISOMERIZATION TRANSITION STATES WITHIN HYDROPHOBIC ZEOLITE

PORES

4.1 Abstract

Lewis acid sites in zeolites catalyze aqueous-phase sugar isomerization at higher

turnover rates when confined within hydrophobic than within hydrophilic microp-

ores; however, relative contributions of competitive water adsorption at active sites

and preferential stabilization of isomerization transition states have remained un-

clear. Here, we employ a suite of experimental and theoretical techniques to elu-

cidate the effects of co-adsorbed water on glucose isomerization reaction coordinate

free energy landscapes. Transmission IR spectra provide evidence that water forms

extended hydrogen-bonding networks within hydrophilic but not hydrophobic micro-

pores of Beta zeolites. Aqueous-phase glucose isomerization turnover rates measured

on Ti-Beta zeolites transition from a first-order to zero-order dependence on glucose

thermodynamic activity, as Lewis acidic Ti sites transition from water-covered to

glucose-covered, consistent with intermediates identified from modulation excitation

spectroscopy during in situ attenuated total reflectance IR experiments. First-order

and zero-order isomerization rate constants are systematically higher (by 3–12x, 368–

383 K) when Ti sites are confined within hydrophobic micropores. Apparent activa-

tion enthalpies and entropies reveal that glucose and water competitive adsorption

at Ti sites depends weakly on confining environment polarity, while Gibbs free en-

ergies of hydride-shift isomerization transition states are lower when confined within

hydrophobic micropores. DFT calculations suggest that interactions between intra-

porous water and isomerization transition states increase effective transition state

sizes through second-shell solvation spheres, reducing primary solvation sphere flex-
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ibility. These findings clarify the effects of hydrophobic pockets on the stability of

co-adsorbed water and isomerization transition states and suggest design strategies

that modify micropore polarity to influence turnover rates in liquid water.
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4.2 Introduction

Hydrophobic surfaces are characterized by weak hydrogen bonding interactions

with water molecules, which cause structural changes to molecular ensembles and

extended water networks near surfaces [129] that are referred to collectively as “hy-

drophobic effects” [130]. At least three distinct hydrophobic effects have been rec-

ognized during aqueous-phase reactions catalyzed within metalloenzymes, including

hydrophobic side chains that provide contacts that increase free energies to drive wa-

ter diffusion from binding pockets during protein folding [131], hydrophilic side chains

that hydrogen bond with water molecules to preferentially position them within spe-

cific locations in binding pockets [132], and hydrophobic and hydrophilic groups that

regulate water movement along reaction coordinates to facilitate enthalpy-entropy

compromises that moderate reaction free energy landscapes [133–135]. Hydrophobic

effects on water adsorption have also been observed at silica surfaces [136], as well as

within defect-free carbon nanotubes of sub-nanometer pore diameter [137] and defect-

free silica surfaces positioned less than one nanometer apart [138], which lack surface

groups capable of hydrogen bonding and lead to the confinement of gas-like water

rather than the “ice-like” structures confined within highly-defective and hydrophilic

microporous voids. The influence of surrounding environment hydrophobicity on the

structure and behavior of confined water has been noted generally in biomolecular

recognition [130] and in reports of enhanced water transport in carbon nanotubes for

separation and molecular sensing applications [139–142], in addition to applications

in catalysis [143,144].

Within the context of liquid-phase catalysis, hydrophobic pockets within inor-

ganic microporous materials influence the free energies of reactive intermediates and

transition states that result in differences in adsorption equilibrium constants and

reaction rate constants. Several studies have focused on zeolites, which are crys-

talline silica-based materials whose microporous surfaces are composed of non-polar

and hydrophobic siloxane bonds, but become increasingly hydrophilic with increas-
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ing densities of framework heteroatom substituents or of silanol and other hydroxyl

groups that donate and accept hydrogen bonds. Silanol groups originate from frame-

work siloxy (i.e., SiO−) defects that form during hydrothermal synthesis when cationic

structure directing agents are not charge balanced either by aliovalent heteroatoms

substituted in framework positions (e.g., Al3+) [145, 146] or by counter-anions oc-

cluded within extraframework locations (i.e., F-) [116, 147, 148]. Silanol groups can

also form after synthesis upon hydrolysis of framework siloxane linkages in neutral

or basic aqueous media [60, 149], or upon removal of framework heteroatoms (e.g.,

Al, B) in acidic media [150, 151]. The adsorption of gaseous water on zeolites mea-

sured by gravimetry increases with silanol density [16, 106], consistent with higher

intraporous water densities that are stabilized with increasing silanol density when

zeolites are contacted or equilibrated with liquid water [26]. Higher intraporous wa-

ter densities have been shown to influence the kinetics of catalytic reactions, such as

to cause preferential stabilization of protonated water and propanol clusters during

gas-phase propanol dehydration on Brønsted acidic Al-MFI zeolites that enhances

rates of bimolecular or trimolecular dehydration pathways over those of monomolec-

ular routes [152]. Hydrophobic channels in Lewis acidic Ti-MFI zeolites increase

1-hexene epoxidation rates relative to hydrophilic TiO2-SiO2 surfaces by mitigating

the formation of bulk water structures near Ti sites [153], while silanol groups near

Ti sites in UCB-4 zeotypes lead to increases cyclohexene epoxidation rates [154]. Hy-

drophobic channels also increase rates for a variety of monomolecular and bimolecular

reactions, such as aqueous-phase and biphasic m-cresol alkylation with 2-propanol in

Al-FAU zeolites [155, 156], aqueous-phase 1-hexene epoxidation on Ti-MWW zeo-

lites [157], hydrogenation and etherification of hydroxymethylfurfural in alcohol sol-

vents on metal-substituted Beta zeolites [58], gas-phase bimolecular ethanol dehydra-

tion at high water partial pressures on Sn-Beta zeolites [158,159], and aqueous-phase

Meerwein-Ponndorf-Verley reduction and Oppenauer oxidation (MPVO) reactions in

Ti-Beta [35] and Sn-Beta zeolites [26].
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Here, we study aqueous-phase glucose isomerization catalysis that proceeds via

Lewis acid-mediated intramolecular hydride shift steps on a suite of materials syn-

thesized with site-isolated framework Ti centers (Si/Ti = 30-300) and residual silanol

defect densities that vary by two orders of magnitude (10−5-10−3 mol g−1) to isolate

the kinetic effects of hydrophobic confining pockets around Ti centers. In prior re-

ports, first-order aqueous-phase glucose isomerization rate constants were higher on

hydrophobic Ti-Beta (∼7-10x, 373 K) [35] and Sn-Beta (∼50x, 373 K) [26] zeolites

than their hydrophilic analogs, but rate data measured in first-order kinetic regimes

are unable to resolve the kinetic contributions of glucose and water competitive ad-

sorption from those of isomerization transition state stabilization. Co-adsorbed water

within Sn-Beta micropores has been reported to decrease experimentally measured

glucose and 1,3-dihydroxyacetone isomerization rates, which was attributed to the

competitive adsorption of water and substrate molecules at Sn sites [160]. In con-

trast, density functional theory (DFT) studies report that silanol defects in Sn-Beta

lower activation barriers to form 1,2-hydride shift transition states during glucose-

fructose isomerization [64] and enthalpically stabilize adsorbed deprotonated glucose

intermediates [161] via hydrogen bonding interactions, while ab initio molecular dy-

namics (AIMD) simulations indicate that explicit co-adsorbed water molecules lower

activation free energies via solvent reorganization and charge redistribution through-

out the reaction coordinate [162]. These studies emphasize that understanding the

specific structure and density of co-adsorbed water molecules under reaction condi-

tions, and their separate influence on the free energies of reactive intermediates and

transition states involved in sugar isomerization, remains a relevant and active area

of research.

The incomplete understanding of water density and structure within microporous

environments of different polarity precludes more precise definitions of the kinetic and

mechanistic effects of hydrophobic reaction pockets on sugar isomerization catalysts.

Here, we report a detailed kinetic analysis of initial glucose isomerization turnover

rates (normalized per Lewis acid site) on hydrophobic Ti-Beta-F and hydrophilic
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Ti-Beta-OH zeolites in first-order and zero-order kinetic regimes as a function of tem-

perature (368-383 K), which enables measuring rate constants, activation enthalpies

and activation entropies that separate the effects of confining environment polarity

on transition state stabilization and water competitive adsorption. The kinetic effects

of co-adsorbed solvent molecules on relevant intermediates and transition states are

determined from a suite of ex situ and in situ experimental characterizations and

insights from DFT calculations. These combined experimental and computational

results highlight the dominant role of hydrophobic pockets to prevent the formation

of extended water structures. Such co-adsorbed water structures confer modest en-

thalpic stabilization, but more severe entropic destabilization, of isomerization tran-

sition states that ultimately lead to lower turnover rates.
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4.3 Materials and Methods

4.3.1 Catalyst Synthesis

Ti-Beta-F zeolites were synthesized in fluoride media following a previously re-

ported hydrothermal synthesis method [106]. A gel was prepared by first mixing

4.89 g of tetraethylammonium fluoride (TEAF, Alfa Aesar, 97 wt.%) with 7.25 g

of deionized water (18.2 MΩ) in a perfluoroalkoxy alkane (PFA) container (Savillex

Corp.) followed by the addition of 10.0 g of tetraethylorthosilicate (TEOS, Sigma

Aldrich, >98 wt.%). The resulting gel was stirred for 1 h prior to adding 0.221 g of

titanium(IV) isopropoxide (TIPO, Sigma Aldrich, 99.999%). The PFA container was

sealed and the contents stirred for 16 h prior to removing the cover to allow ethanol,

isopropanol, and excess water to evaporate. The final gel molar composition was 1

SiO2 / x TIPO / 0.55 TEAF / 7.15 H2O where x ranged between 0.005 and 0.0087.

The gel was then loaded and sealed into a Teflon-lined stainless steel autoclave (45

cm3, Parr Instruments) with 0.14 g of Si-Beta-F (∼5% of Si in the gel) and heated

to 413 K while rotating (60 rpm) in an isothermal oven (Yamato DKN-402C) for 25

days. The products were removed from the liner and washed with water and acetone

(Sigma Aldrich, >99.5 wt.%, 6 washes each, ∼20 cm3 (g zeolite) −1 per wash), cen-

trifuged to recover the solid portion, and dried for 16 h at 373 K. The resulting solids

were then heated in a muffle furnace (Nabertherm LE 6-11 with P300 controller) in

flowing dry air (Indiana Oxygen, Ultra Zero Grade, 1.67 cm3 s−1 (g solids) −1) to 853

K (0.0167 K s−1) for 10 h.

Ti-Beta-OH zeolites were prepared using a previously reported post-synthetic re-

flux technique [25]. Briefly, Al-Beta zeolites (Si/Al = 20-50) were synthesized using

a method similar to that reported previously [12] without the aluminosilicate gel fil-

tration step. The recovered solids were washed, centrifuged, dried, and treated in air,

as described above for Ti-Beta-F preparation. The resulting Al-Beta samples were

dealuminated by stirring with nitric acid (69 wt.% HNO3, Avantor, 25 cm3 of solution

per 1 g H-form zeolite) in a covered PFA container for 16 h at 353 K. The solids were
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then washed thoroughly with water until a constant supernatant pH was observed,

isolated via centrifugation, and dried for 16 h at 373 K. Dealuminated Beta samples

were then treated in flowing dry air (Indiana Oxygen, Ultra Zero Grade, 1.67 cm3 s−1

(g solids) −1) to 853 K (0.0167 K s−1) for 10 h. On each dealuminated Beta sample,

the resulting Si/Al ratio was greater than 1500 as measured by atomic absorption

spectroscopy (AAS). Afterward, 2 g of dealuminated Beta were loaded into a 500

cm3 round bottom flask and dried for 12 h on a Schlenk line under rough vacuum

(Oerlikon Trivac 140002E2, ∼0.04 Torr). Dichloromethane (CH2Cl2, Sigma Aldrich,

¿99.8%) was dried over 3A molecular sieves (W. R. Grace, 4-8 mesh, Grade 562) prior

to being transferred via moisture-free and air-free cannula to the flask containing the

dealuminated Beta zeolites. A solution of titanium (IV) tetrachloride pre-dissolved in

CH2Cl2 (Sigma Aldrich, 1.0 M TiCl4 in CH2Cl2) was further diluted in dry CH2Cl2

to achieve a concentration of 1 mmol TiCl4 per gram of dealuminated Beta prior

to cannula transfer to the round-bottom flask containing the dealuminated zeolite

sample. This mixture was heated for 7 h under reflux at 333 K. The solids were

then collected via centrifugation, washed 6 times (∼60 cm3 per wash) with methanol

(Sigma Aldrich, >99.9%), dried for 16 h at 373 K, and then thermally treated in air

(Indiana Oxygen, Ultra Zero Grade, 1.67 cm3 s−1 (g solids) −1) to 473 K (0.05 K s−1)

for 6 h and then at 823 K (0.05 K s−1) for 6 h in a muffle furnace.

4.3.2 Characterization of Bulk Catalyst Properties

Bulk elemental compositions were determined using atomic absorption spectroscopy

(AAS) on a Perkin Elmer AAnalyst 300 Atomic Absorption Spectrometer after cali-

bration using standard solutions for each element generated by dilution of 1000 ppm

AAS standards (Alfa Aesar, TraceCERT, ± 4 ppm). Typically, 0.02 g of zeolite

samples were dissolved in 2.6 g of HF (48 wt.%, Alfa Aesar) and 50 g of deion-

ized water prior to characterization. Extreme caution should be taken when working

with hydrofluoric acid, and appropriate personal protective equipment, ventilation,

and other engineering controls should be used. Absorbance values were measured in
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an acetylene/nitrous oxide flame at 396.2, 399.9, and 251.6 nm for Al, Ti, and Si

respectively. Samples are denoted as Ti-Beta-X-Y, where X refers to the synthetic

history (F = fluoride-mediated hydrothermal synthesis; OH = post-synthetic grafting

of dealuminated Al-Beta) and Y reflects the bulk Si/Ti ratio (by AAS).

Powder X-ray diffraction (XRD) patterns were collected using a Rigaku Smartlab

X-ray diffractometer with a Cu Kα source (1.76 kW) and an ASC-6 automated sample

changer. Zero background, low dead volume sample holders (Rigaku) were loaded

with approximately 0.01 g of sample prior to collecting diffraction patterns from 4-

40o at a scan rate of 0.00417o s−1 with a step size of 0.01o. The presence of TiOx

domains larger than 3 nm (25.4o and 37.9o for anatase, 27.4o and 35.2o for rutile) was

not observable in the XRD pattern of any sample studied here.

Nitrogen (77 K), water (293 or 298 K), and methanol (293 K) adsorption isotherms

were collected using a Micromeritics ASAP2020 Surface Area and Porosity Analyzer.

Typically, ∼0.03 g of sample were pelleted and sieved to obtain particle diameters

between 180 and 250 µm. Samples were degassed prior to analysis by heating to 393

K (0.0167 K s−1) under vacuum (<0.005 Torr) for 2 h then heating to 623 K (0.0167 K

s−1) under vacuum for 8 h. A semi-log derivative analysis of N2 isotherms (δ(Vads/g)/

δ(log(P/P0) vs. log (P/ P0)) was used to identify the end of the micropore filling

regime, in order to quantify the micropore volume of each sample. Water uptakes

are reported at a reduced pressure of 0.2, which has been used previously [83] as a

reference pressure corresponding to micropore filling of cyclohexane (298 K) within

hydrophobic zeolites.

Scanning electron microscopy (SEM) was performed on a FEI Quanta 3D FEG

Dual-beam SEM equipped with an Everhart-Thornlev detector for high vacuum imag-

ing. The focused beam operating mode was used to collect SEM micrographs with a

spot size of 4 µm and a voltage of 5 kV.

Diffuse reflectance UV-Vis (DRUV) spectra were collected on a Varian Cary 5000

UV-VIS-NIR equipped with a Harrick Praying Mantis in situ diffuse reflectance cell.

UV-Vis spectra were collected at ambient conditions prior to thermally treating sam-
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ples to 523 K (1800 s, ∼0.5 K s−1) in dry flowing He (4.17 cm3 s−1 (g solids) −1),

at which point spectra of dehydrated samples were collected at 523 K. Spectra were

collected at a resolution of 10 nm s−1 using poly(tetraflouroethylene) (PTFE, Sigma

Aldrich, 1 Ωm powder) as the 100% reflectance standard. Diffuse reflectance spectra

were converted into absorbance spectra using the Kubelka-Munk (F(R)) function.

Band centers are reported as that corresponding to the highest F(R) intensity on

dehydrated samples.

4.3.3 Transmission Infrared Spectroscopy

A Nicolet 4700 spectrometer with an Hg-Cd-Te detector (MCT, cooled to 77 K

by liquid N2) was used to collect IR spectra by averaging 64 scans at a resolution

of 2 cm−1 in the 4000 to 400 cm−1 range. Spectra were taken relative to an empty

cell background reference collected under dynamic vacuum (<0.1 Torr, rotary vane

rough pump, Alcatel 2008A) at either 303 K for deuterated acetonitrile (CD3CN)

adsorption studies or 423 K for pyridine adsorption studies. Self-supporting wafers

of 0.01-0.03 g cm−2 were sealed in a custom-built quartz IR cell [163] with CaF2

windows positioned within an alumina silicate ceramic chamber (Purdue Research

Machining Services) with a mineral-insulated resistive heating coil (ARi Industries).

K-type thermocouples (Omega) were positioned within 2 mm of each side of the wafer.

A custom glass vacuum manifold was used for sample pretreatment and for dosing

controlled amounts of gaseous titrants into the cell. Wafers were first thermally

treated to 823 K (0.083 K s−1) for 1 h in flowing dry air (6.66 cm3 s−1 (g solids)

−1), which was further purified by an FTIR purge gas generator (<1 ppm CO2, 200

K water dew point, Parker Balston) prior to each experiment. Wafers were then

exposed to dynamic vacuum for 1 h at 823 K (¡0.1 Torr, rotary vane rough pump,

Alcatel 2008A).

For CD3CN titration experiments, wafers were then cooled under dynamic vacuum

to 303 K. CD3CN (Sigma Aldrich, >99.9%, 99.96 atom% D) was purified through

three freeze-pump-thaw cycles prior to dosing ∼1.5 x 10−7 mol into the cell (similar
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procedures for pyridine titration given in Section 4.7.1.2, Supp. Info.). The cell was

allowed to equilibrate for 180 s at a constant final pressure for each dose prior to col-

lecting each IR spectrum. Subsequent doses were introduced until wafer saturation

was achieved, which was determined when final pressures >0.4 Torr were observed

due to residual gaseous titrant within the cell. Wafers were then exposed to dy-

namic vacuum at the dosing temperature to remove gas phase and weakly-adsorbed

species until a final pressure of 0.0 Torr was measured in the cell. IR spectra were

baseline-corrected and normalized to combination and overtone modes of zeolite Si-

O-Si stretches (1750-2100 cm−1) followed by subtraction of the parent spectrum and

deconvolution of the CD3CN IR peaks into their individual components (2308, 2275,

and 2265 cm−1) as reported elsewhere [26]. Peak areas were used in conjunction with

integrated molar extinction coefficients (E) to determine site concentrations per gram

of zeolite:

Site density (µmol g−1) =

(
Integrated Peak Area (cm−1)

E (cmµmol−1)

)(
aCS(cm2)

m(g)

)
(4.1)

In the case of CD3CN adsorbed onto silanol groups (2275 cm-1), an integrated

molar extinction coefficient value (E (2275 cm-1) = 0.74 cm µmol-1) measured on

dealuminated Beta was used [26]. In the case of Lewis acidic Ti sites that give rise

to the CD3CN IR peak at 2308 cm-1, an integrated molar extinction coefficient was

measured following previously reported methods [26]. Briefly, Ti-Beta wafers were

pretreated as mentioned above and sequentially dosed with small amounts of CD3CN

in vacuum (0.1–0.3 µmol CD3CN per dose) prior to equilibration for 180 s. For

these initial doses, the final recorded pressure in the cell was measured to be 0.0

Torr, and all of the CD3CN dosed into the cell was assumed to be adsorbed onto

the sample wafer. IR spectra were collected after each dose, baseline-corrected and

normalized, and then deconvoluted into constituent peaks associated with v(C≡N)

stretching vibrations for CD3CN adsorbed onto Lewis acidic Ti sites (2308 cm-1) and
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silanols (2275 cm-1) and for gas-phase or physisorbed CD3CN (2265 cm-1) at higher

doses. The number of CD3CN adsorbed onto Lewis acidic Ti sites was determined by

quantifying the total amount of adsorbed CD3CN via equilibrated pressure differences

before and after dosing and subtracting contributions from silanol-bound CD3CN.

For water adsorption experiments, the cell was first assembled without a sample

wafer to quantify the contributions of water in the gas phase and adsorbed on cell

windows. The cell was treated in flowing He (UHP, Indiana Oxygen, 0.96 cm3 s-1) at

823 K (0.0833 K s-1) for 1 h, then cooled to 298 K. The temperature was controlled at

298 K (±2 K, the gradient observed between the two thermocouples on either side of

the wafer was <1.5 K) by flowing air free of carbon dioxide and moisture through the

cooling channels of the insulated brass block and by resistive heating. A spectrum

was collected at 298 K in flowing He (0.96 cm3 s-1) and used as the background for

all subsequent spectra. Liquid water (18.2 MΩ cm) was vaporized into the flowing He

stream (0.96 cm3 s-1) from a syringe pump (KD Scientific Legato 100) equipped with

a 1 cm3 syringe (Hamilton) and delivered to the cell in heated lines (>363 K). The

liquid water flow rate was varied to achieve partial pressures of 0.32, 0.63, 1.58, and

2.37 kPa, corresponding to P/P0=0.10, 0.20, 0.50, and 0.75, respectively, at 298 K.

Spectra were averaged over 64 scans at 2 cm-1 resolution in the 4000–650 cm-1 range

and were monitored over time at each condition until invariant (>30 min), indicating

that equilibrium was reached. After equilibrium was verified, a 640-scan spectrum

at 2 cm-1 resolution was collected to average out temporal variations in gas-phase

pressures and temperature.

Next, self-supporting wafers (0.015–0.040 g) of Ti-Beta-F-155 and Ti-Beta-OH-

46 were pressed and loaded into the cell, and subjected to treatments identical to

those described above for the empty cell. Spectra were processed first to remove the

contributions of water adsorbed in the cell and gas-phase water by subtracting the

respective spectrum of the empty cell measured at the same P/P0 value. Then, spectra

were normalized by the combination and overtone modes of zeolite Si-O-Si stretches

(1750–2100 cm-1) of the wafer prior to water exposure followed by subtraction of the
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normalized spectrum for the sample before water adsorption. The resulting difference

spectra represent the vibrations of adsorbed water and any differences on the sample

induced by this adsorption (e.g., perturbation of silanol groups). These spectra were

further baseline-corrected with pivot points at 4000, 2400, and 1350 cm-1, where no

absorbance was detected.

4.3.4 Glucose Isomerization Kinetic Studies

Kinetic studies were performed in 10 cm3 thick-walled glass batch reactors (VWR)

with 1–50 wt% aqueous D-glucose (Sigma-Aldrich, ≥99.5%) solutions. The reactant

solutions were first prepared by adjusting the pH of deionized water (18.2 MΩ cm)

with hydrochloric acid (HCl, Macron, 37 wt%) to 4 for kinetic studies performed

at ≤373 K, or 3 for kinetic studies performed at >373 K, in order to suppress con-

tributions from background isomerization reactivity catalyzed by hydroxide anions.

The pH-adjusted water was then mixed with D-glucose to the desired concentration,

filtered (0.2 µm PTFE filters, VWR), and loaded into 2 mL glass vials capped with

a PTFE/silicone septum (Waters) for pre-heating. Catalytic solids (∼0.01–0.06 g)

were added to a batch reactor and sealed with a crimp top (PTFE/silicone septum,

Agilent). The vials containing the reactant solution and the catalyst were heated

separately for 600 s to the reaction temperature atop a digital stirred hotplate (IKA

RCT basic) prior to injecting ∼1–4 cm3 of the pre-heated reactant solution into the

capped reactors.

Reactors were maintained at temperature (368–383 K, 750 rpm, autogenous pres-

sure) for various time intervals (300–14400 s) before quenching in an ice bath. Product

solutions were filtered (0.2 µm, PTFE), diluted to 1 wt% sugar concentration with

deionized water, and then mixed with a 1 wt% aqueous D-mannitol (Sigma Aldrich,

≥98 wt%) solution as an internal quantification standard. Product separation was

performed using an Agilent 1260 high performance liquid chromatograph (HPLC)

with an aqueous mobile phase (0.01 cm3 s-1, 353 K) through a Hi-Plex Ca column

(7.7 × 300 mm, 8 µm particle size, Agilent). Quantification was performed using
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an Agilent 1260 Infinity evaporative light scattering detector (ELSD) using separate

calibration curves for each sugar compound. Initial rates were determined by extrap-

olating transient product formation rates to zero reaction time, a procedure that gave

values identical to rate measurements from batch reactors operated at differential con-

versions (<5%) upon correcting for approach to equilibrium. Reaction enthalpies and

entropies were obtained from Bayesian nonlinear regression in Athena Visual Studio

(Athena Visual Software, Inc., v 14.2) and reported errors represent 95% marginal

highest posterior density intervals.

Isotopic labeling studies were performed using 1 cm3 of a 5 wt% aqueous D-glucose-

D2 (Cambridge Isotope Laboratories, 98% 2-D) solution (pH = 4) and 0.01–0.04 g

of catalytic solids for variable times (300–3600 s) at 373 K. Reactor contents were

then quenched and products were filtered and separated as described above. Liquid

samples containing products and unreacted glucose were collected using an Agilent

1260 Infinity series fraction collector, frozen in liquid N2 to 77 K, and freeze-dried to

remove water using a Labconco FreeZone lyophilizer (<0.01 Torr, 36 h). Afterward,

0.06 cm3 D2O (Cambridge Isotope Laboratories, 99.9%) was added to dissolve dried

sugar products prior to loading into NMR tubes (Wilmad LabGlass, 5 mm thin

wall, 7 in., 500MHz) for liquid NMR analysis. 13C NMR spectra were collected on

a Bruker ARX500 spectrometer equipped with a 5 mm BBFO Z-gradient probe at

ambient temperature and represent the average of 1500 scans acquired at ∼0.3 scans

per second.

Glucose adsorption experiments were performed using 10 cm3 of 50 wt% aqueous

D-glucose solution (pH = 4) and 0.1 g of catalytic solids for 1800 s at 373 K. Reactor

contents were then quenched and centrifuged prior to decanting off the aqueous so-

lution. Solids were dried in ambient flowing air overnight prior to removal from the

reactor for XAS analysis.
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4.3.5 Computational Methods

Periodic planewave-based DFT calculations were carried out using the Vienna

ab initio simulation package (VASP) [164–166]. Planewaves were constructed using

the projector augmented wave method (PAW) with an energy cutoff of 400 eV [167,

168]. Exchange and correlation energies were computed using the revised Perdew-

Burke-Ernzerhof (RPBE) form of the generalized gradient approximation [169–171].

Dispersive interactions were accounted for using the DFT-D3 method with Becke-

Johnson damping (D3BJ) [172, 173]. The Brillouin zone was sampled using the Γ-

point [174].

Wavefunctions were converged to electronic energies within 10–6 eV; forces were

determined using a fast Fourier transform (FFT) grid with a cutoff equal to twice

the planewave cutoff and structures were optimized to forces less than 0.05 eV Å–1.

Transition state structures were obtained using a two-step method. First, the nudged

elastic band (NEB) method [175,176] was used to approximate the minimum energy

pathway using 16 images along the reaction coordinate and converging forces normal

to the pathway to less than 0.5 eV Å–1, while calculating forces using an FFT grid with

a cutoff of 1.5 times the planewave cutoff and converging wavefunctions to energies

within 10–4 eV. The approximate pathway generated by this method was used to

generate input transition state geometries and reaction trajectories for the dimer

method [177], which was then used to determine transition state structures using the

same electronic and structural convergence criteria described for optimizations above.

The Beta zeolite was modeled using a fully periodic structure obtained from the

IZA-SC database of zeolite structures [178] (tetragonal, a = b = 12.632 Å, c =

26.186 Å) and is structurally similar to the polymorph A structure of Beta reported

elsewhere [179]. Closed Lewis acid sites were created by replacing a framework Si

atom (T6 site) with a Ti heteroatom, which are similar to models used in previous

studies [161]. The amount of additional intraporous water (0–10 molecules) was varied
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to determine the effects of intraporous water content on the reaction energetics for

glucose isomerization to fructose.

Desorbed glucose was modeled in vacuum and within a crystalline water structure

(hexagonal ice, Ih phase). Neither of these desorbed states accurately captures the

enthalpy and entropy of glucose within liquid water, but they represent extremes of

enthalpic stabilization (ice), entropic stabilization (vapor), and the upper bounds for

the glucose free energy, which will be lower in the aqueous phase than in gaseous or

ice-like phases at reaction conditions. Inaccuracies in modeling the thermodynamics

of the desorbed glucose state may introduce systematic error into the free energy

values calculated in this study but will not affect the conclusions regarding the effects

of intraporous water, because all reactions modeled at various water contents involve

the same number of glucose adsorption events.

Frequency calculations were performed on all states (including transition states) to

determine zero-point vibrational energies (ZPVE), vibrational enthalpies (Hvib), and

free energies (Gvib). The finite difference method was used with two displacements

per unconstrained atom to calculate the Hessian matrix and vibrational frequencies

of guest species (e.g., glucose, water) within the Beta zeolite in addition to the het-

eroatom and framework O bound to that heteroatom. Vibrational frequency values

<60 cm–1 are inaccurate from fixed displacement DFT methods but are commonly

observed weakly-bound species adsorbed within zeolite pores. In this work, low vi-

brational frequency modes (<60 cm-1) were replaced with a value of 60 cm-1, such

that frustrated translations and rotations of weakly bound molecules contribute to

entropy, while preventing exact values from being inaccurately used. These vibra-

tional frequencies were used, together with VASP-derived electronic energies (E0), to

obtain enthalpies:

H = E0 + Ed + ZPV E +Hvib +Htrans +Hrot (4.2)

and free energies:
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G = E0 + Ed + ZPV E +Gvib +Gtrans +Grot (4.3)

for all reactant, product, and transition state structures, where Ed is the dis-

persive energy estimated by DFT-D3BJ methods [172, 173]. For gaseous molecules,

translational and rotational enthalpies and free energies were computed from statis-

tical mechanics.

4.3.6 ATR-IR Spectroscopy with MES-PSD MCR-ALS

In situ attenuated total reflectance infrared (ATR-IR) spectroscopy was used to

verify the identities of the most abundant reactive intermediates (MARI) and the

structures of reactive intermediates that form on Ti-Beta surfaces during reactions

with glucose. Untreated samples were ground to a fine powder (¡200 mesh), and

0.03 g were suspended in 5 cm3 of methanol (Macron Chemicals, anhydrous). A

ZnSe cylindrical internal reflection element (IRE, International Crystal Labs) was

dipped into the methanol suspension and then dried at ambient temperature. The

dip coating procedure was repeated through 10 cycles to evenly coat the IRE with a

thin layer of catalyst material. The coated IRE was then loaded into a customized

ATR flow cell (Axiom TNL-120) equipped with two liquid inlets and one outlet with

a cell volume of 40 µL. The ATR cell was mounted within the sample compartment

of a FTIR spectrometer (Bruker, Vertex 70 RapidScan) equipped with a liquid N2

cooled HgCdTe detector. Liquid streams of pure water and 50 wt.% glucose in water

were introduced at controlled flow rates using two high-pressure piston pumps (SSI

Series 1), which were controlled using LabVIEW. The cell was heated by a resistive

heating cartridge placed within the wall of the cell. A K-type thermocouple (Omega)

placed adjacent to the IRE at the center of the z-axis measured the temperature,

which was controlled by an electronic temperature controller (Watlow, EZ-Zone).

Background scans were obtained under steady-state conditions flowing 1 cm3 min−1

of pure deionized water at 373 K after loading the ATR cell. Spectra obtained during
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transient cutoff experiments were collected at a resolution of 4 cm−1 and averaged

over 4 scans. Spectra obtained during modulation experiments were collected at a

resolution of 1 cm−1 and averaged over 64 scans. All spectra acquisition was performed

using Bruker Corporation’s OPUS Spectroscopy Software 7.0.129.

Modulation excitation spectroscopy (MES) is a powerful technique in which a

periodic stimulation is applied to the system while acquiring spectra as a function

of time. The time domain response is then converted to a phase domain response,

and only spectral features that change in synchrony with the applied stimulation are

extracted using a phase sensitive detection (PSD) method described by the following

equation:

Ak(ϕ
PSD
k ) =

2

T

∫ T

0

Aaverage(ϑ, t)sin(kωt+ ϕPSDk )dt (4.4)

Here, A(t) and Ak(ϕ
PSD
k ) are time-domain and phase-domain responses of the

measured species, respectively, T is the period of the applied stimulus in seconds, ω

is the demodulation index and ϕPSDk is the user defined phase demodulation angle.

The application of the MES-PSD technique to FTIR spectra of intermediates on cat-

alytic surfaces reveals spectra that only contain contributions from intermediates that

change as a result of the applied stimulus (e.g., changing reactant concentrations) un-

der relevant conditions and, in doing so, simultaneously reduces contributions from

random sources of spectral noise [180]. Here, concentrations of glucose and water were

modulated sinusoidally by controlling the flow rate of liquid through the two piston

pumps and set specifically such that the set points of the pumps were changed in a

step-wise manner every 0.5 s to approximate a sine wave with the desired frequency.

Recorded time domain spectra were resampled to a single period, and subsequently

the spectra of the active species were extracted by PSD using Eq. 4.4. The resultant

phase domain spectra reflect contributions from multiple species that oscillate at the

same frequency as the applied stimulus, and these chemically distinct species may

be separated using principle component analyses that recognize the different phase

delays of kinetically distinct groups of species. Multicurve resolution-alternating least
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squares (MCR-ALS) analysis was performed to extract the spectra and concentration

profiles (or surface coverages) of independent species from the phase domain spec-

tra (additional details in Section 4.7.4.1, Supp. Info.) using a recently published

MATLAB code [181].

4.3.7 X-Ray Absorption Spectroscopy (XAS) Measurements

Ti K-edge (4.966 keV) XAS measurements were performed on the bending mag-

net beamline of the Materials Research Collaborative Access Team (MRCAT) at the

Advanced Photon Source at Argonne National Laboratory. Measurements were taken

in step-scan transmission mode with a Ti foil reference spectrum collected simultane-

ously using a third ion chamber in series for energy calibration. Samples were pressed

into a stainless-steel sample holder containing six wells and placed in a quartz reac-

tor tube with Kapton windows. The reactor was purged with He prior to collecting

measurements on the hydrated samples to minimize photon absorption by the gas

phase. Spectra were collected under ambient conditions prior to heating the samples

in flowing He to 523 K for 30 min. Samples were then cooled to room temperature

prior to collection of dehydrated spectra.

XAS data were analyzed using WinXAS 3.2 software [182] for spectra normal-

ization and background subtraction. Coordination parameters were obtained via

simultaneous R-space least-squares fits of the magnitude and imaginary component

of the k2-weighted EXAFS Fourier transform (∆k = 2.90-10.0 Å−1). Experimental

phase shift and back scattering amplitude fitting functions for Ti-O scattering paths

were obtained from the TiO2 anatase phase (6 Ti-O bonds at 1.96 Å).
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4.4 Results and Discussion

4.4.1 Bulk Structural and Lewis Acid Site Characterization of Ti-Beta Zeolites

Ti-Beta zeolites were crystallized via direct hydrothermal synthesis in fluoride

media (Ti-Beta-F) and via post-synthetic grafting of TiCl4 into framework defect va-

cancies of dealuminated Beta supports (Ti-Beta-OH; residual Si/Al >1500). Relevant

structural characterization data on these samples are summarized in Table 4.1. X-ray

diffraction patterns and micropore volumes measured from N2 adsorption isotherms

(77 K) of all samples were consistent with the Beta topology (Figures 4.9 and 4.10,

Supp. Info.). The higher signal-to-noise XRD patterns measured for Ti-Beta-F sam-

ples reflect crystallites that are larger (∼3-12 µm) than Ti-Beta-OH samples (∼0.6-1.2

µm), consistent with average crystallite sizes determined from SEM images (Figures

4.11 and 4.12, Supp. Info.) and as expected from prior reports [16, 183]. Crystallite

sizes of all Ti-Beta-OH samples prepared post-synthetically resemble those of their

dealuminated and parent Al-Beta samples, which vary with Al content and crystal-

lization time (Figure 4.13, Supp. Info.) [183]. UV-Visible spectra on Ti-Beta-F and

Ti-Beta-OH samples (Figure 4.14 and 4.15, Supp. Info.) collected after dehydration

treatments (523 K) were used to estimate edge energies (4.2-5.3 eV, Table 4.1) from

Tauc plots (Figures 4.16 and 4.17 and Table 4.5, Supp. Info.) that are characteristic

of isolated Ti4+ centers within zeolite frameworks (≥4.1 eV) [184]. These bulk char-

acterization data indicate that this suite of Ti-Beta samples contains framework Ti

centers of widely varying content (Si/Ti = 34-297; 0.09-1.36 Ti per unit cell).

The fraction of Ti4+ sites that behave as Lewis acid centers was quantified from

IR spectra collected after titration by CD3CN at 303 K. Figure 4.1 shows IR spectra

for ν(C≡N) stretching vibrations on Ti-Beta-F-155 with increasing CD3CN coverage

(spectra of Ti-Beta-OH-46 in Figure 4.18, Supp. Info.). At low CD3CN coverages

(CD3CN /Ti = 0.2–0.6), a peak centered at 2308 cm−1 for CD3CN adsorbed at Lewis

acidic Ti sites appears first, followed by peaks for CD3CN bound to silanol groups

(2275 cm−1) and for gas-phase or physisorbed CD3CN (2265 cm−1) [185], indicating
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that CD3CN preferentially adsorbs onto framework Lewis acidic Ti sites over silanol

defects. The 2308 cm−1 peak increases in area with subsequent CD3CN exposure

until saturation coverages are reached. Integrated areas for the 2308 cm−1 peak were

quantified from deconvoluting IR spectra into their 2308 cm−1, 2275 cm−1 and 2265

cm−1 components (Figure 4.19, Supp. Info.), using a previously reported procedure

to isolate component peaks for CD3CN bound to hydrolyzed-open (Sn(OH)(OSi) 3,

2316 cm−1) and closed (Sn(OSi) 4, 2308 cm−1) Sn sites within Sn-zeolites [26].

Figure 4.1: CD3CN IR spectra of the ν(C≡N) stretching region with increasing cov-
erage of CD3CN on Ti-Beta-F-155 (0.013, 0.026, 0.065, 0.170, and 0.235 CD3CN/Ti,
light to dark). Dashed vertical lines correspond to 2308 and 2275 cm−1 for ν(C≡N)
stretching vibrations of CD3CN bound to Lewis acidic Ti sites and silanol groups,
respectively. The inset shows the integrated area of the 2308 cm−1 peak multiplied
by the cross-sectional area of the IR wafer, plotted against the moles of CD3CN ad-
sorbed at Lewis acidic Ti sites for Ti-Beta-F-155 (circles), Ti-Beta-F-135 (squares),
and Ti-Beta-OH-38 (triangles). The dashed line in the inset is the best fit line through
all data, with the slope representing the integrated molar extinction coefficient for
CD3CN adsorbed onto Lewis acidic Ti sites.
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The inset of Figure 4.1 shows the integrated area for the 2308 cm−1 peak as a

function of the number of CD3CN molecules bound to Lewis acidic Ti sites (TiLA),

determined in coverage ranges (CD3CN /Ti = 0.2-0.6) that correspond to equimo-

lar titrant-to-site binding stoichiometry. Integrated 2308 cm−1 peak areas increase

linearly with the amount of CD3CN adsorbed onto Lewis acidic Ti sites, and in an

equivalent proportion for three Ti-Beta samples of different Ti content and synthetic

origin (Ti-Beta-F-155, Ti-Beta-F-135, and Ti-Beta-OH-38). This proportion reflects

the integrated molar extinction coefficient for this IR peak (E(2308 cm−1) = 3.01 ±

0.60 cm µmol−1) via Eq. 4.1. This E(2308 cm−1) value was then used to quantify

Lewis acidic Ti sites on each Ti-Beta sample after saturation with CD3CN and de-

convolution of IR spectra (Figure 4.20, Supp. Info.). Site quantification values are

reported in Table 4.1 as the fraction of Lewis acidic Ti sites titrated by CD3CN (per

total Ti). Dichloromethane-assisted grafting of TiCl4 within framework vacancies

of dealuminated Beta zeolites formed Ti-Beta-OH samples that generally contained

higher fractions of Lewis acidic Ti sites (0.40-1.00, Table 4.1) than fluoride-assisted,

hydrothermally synthesized Ti-Beta-F samples (0.24–0.62, Table 4.1). The numbers

of Lewis acid sites quantified by CD3CN on these Ti-Beta samples are consistent

with the numbers quantified by pyridine titration (0.38-1.03 Lewis acid sites per Ti,

E(1605 cm−1) = 1.16 ± 0.23 cm µmol−1, details in Section 4.7.1.2, Supp. Info.). The

fraction of Lewis acidic Ti species are below unity for most samples, necessitating

such site quantification techniques to normalize catalytic rate measurements, since

residual Ti species reflect small TiO2 domains that do not contribute to measured

glucose-fructose isomerization rates [35].

Exposure to higher CD3CN pressures gives rise to IR peaks centered at 2275

cm−1 that reflect CD3CN bound to silanol defects (Figure 4.18, Supp. Info.). Using

an integrated molar extinction coefficient (E(2275 cm−1) = 0.74 ± 0.16 cm µmol−1)

determined previously from CD3CN IR spectra of a dealuminated Beta sample [26],

the total number of silanol defects was estimated for each Ti-Beta sample and listed

in Table 4.2. Silanol groups are present in significantly higher densities (∼4-100x) on
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Ti-Beta-OH than on Ti-Beta-F samples, as expected for Ti-Beta-OH samples that

contain silanol groups formed during the hydrothermal synthesis of the parent Al-Beta

zeolite in hydroxide media and silanol nest defects that remain after partial grafting

with Ti precursors. CD3CN does not discriminate between silanol groups located

within microporous voids from those located at extracrystalline surfaces, which may

be present in higher concentrations on smaller Ti-Beta-OH crystallites than on larger

Ti-Beta-F crystallites (∼0.9 µm vs. 7.5 µm, Figures 4.11-4.13, Supp. Info.). These

total silanol concentrations, however, do not correlate with external crystallite surface

areas among the Ti-Beta-F and Ti-Beta-OH samples studied here (details in Section

4.7.1.3, Supp. Info.), implying that higher defect densities are present within the

microporous channels of Ti-Beta-OH.

From these characterization data, we conclude that the synthesized Ti-Beta-F

and Ti-Beta-OH samples are crystalline Beta zeolites that contain varying quantities

of Ti atoms located within framework positions and that behave as Lewis acid cen-

ters. Furthermore, CD3CN titration experiments indicate that Ti-Beta-OH samples

contain significantly higher bulk silanol densities than Ti-Beta-F samples. We next

use a suite of adsorption and spectroscopic probes that are sensitive to the location

of silanol groups within microporous voids, to provide evidence that the density of

silanol defects is higher within the microporous voids of Ti-Beta-OH than Ti-Beta-F.
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4.4.2 Characterization of Hydrophobic Properties of Ti-Beta Zeolites

In this section, we compare the polarity of microporous voids in Ti-Beta-F and

Ti-Beta-OH samples by combining semi-quantitative assessments of vapor-phase wa-

ter and methanol adsorption isotherms with structural assessments of adsorbed water

phases from IR spectra collected in the presence of water vapor. Taken together, these

data reveal differences in the intraporous density of polar silanol groups within micro-

porous voids of Ti-Beta-F and Ti-Beta-OH and in the structures of water stabilized

within these voids.

4.4.2.1 Semi-Quantitative Assessments of Hydrophobicity using Vapor-Phase Ad-
sorption Isotherms

Water adsorption isotherms provide an assessment of the hydrophobic properties

of zeolitic surfaces, as bulk water uptakes increase with the density of polar defect

sites (e.g., framework heteroatoms, hydroxyl groups) located in otherwise non-polar

siloxane frameworks [25, 26]. Vapor-phase water adsorption isotherms of Ti-Beta-F

samples (Figure 4.24, Supp. Info.) show water uptakes similar to Si-Beta-F (within

2.5x, 293 K, P/ P0 = 0-0.6), suggesting that surfaces with low defect densities are

also present within Ti-Beta-F micropores [16]. Table 4.2 summarizes the total wa-

ter uptake per gram at P/ P0 = 0.2, a parameter that allows for semi-quantitative

comparison of hydrophobicity among samples and which corresponds to the reduced

pressure required for micropore filling of cyclohexane within hydrophobic MOR ze-

olites [83]. Table 4.2 also summarizes the residual water uptakes after subtraction

of two water molecules adsorbed per Lewis acid site, a stoichiometry that has been

observed experimentally from gravimetric and microcalorimetric studies on Ti-Beta

zeolites for water adsorption on isolated framework Ti sites [106]. Water uptakes (per

g) at a given reduced pressure are systematically higher on Ti-Beta-F than on Si-

Beta-F samples but are similar (within 1.5x) after accounting for two water molecules

adsorbed onto Lewis acidic Ti site. These low water uptakes (Vads(H2O)/Vads(N2)



217

= 0.001-0.011, Table 4.2) reflect the hydrophobic nature of intraporous void environ-

ments, consistent with water intrusion studies in defect-free siliceous Beta zeolites

that require significantly higher water pressures (57 MPa) for pore filling [186]. Hy-

drophobic channels in Beta zeolites (∼0.7 nm diameter) mitigate the formation of bulk

water structures under ambient conditions because polar surface groups capable of

hydrogen bonding are absent [16], consistent with findings from experimental studies

of defect-free carbon nanotubes (¡1 nm diam.) [137] and from computational studies

identifying the presence of only vapor-phase water between hydrophobic pure-silica

surfaces positioned 0.7 nm apart [138].

Among the Ti-Beta-OH samples studied here, vapor-phase water adsorption isotherms

(Figure 4.25, Supp. Info.) showed water uptakes that were 10-40x higher than on

Ti-Beta-F samples (293 K, P/ P0 = 0-0.6) after accounting for two water molecules

adsorbed onto each Lewis acid site (Table 4.2). These order of magnitude higher

water uptakes indicate the presence of additional water adsorption sites on Ti-Beta-

OH samples, which have ∼4-100x higher silanol defect densities than Ti-Beta-F as

measured by CD3CN IR (Table 4.2). Indeed, a linear correlation between total silanol

concentration (per g) and water uptake (per g, P/ P0 = 0.2) is observed among all

Ti-Beta-F and Ti-Beta-OH samples studied (Figure 4.26, Supp. Info.), which has

previously been noted among Sn-Beta samples [26] and among H-form FAU, MFI

and Beta samples [149]. These findings are qualitatively consistent with computa-

tional studies indicating that extended water structures (up to 27 molecules) can be

stabilized when two adjacent silanol defects are present between hydrophobic SiO2

plates positioned 0.7 nm apart [138]. These water adsorption uptakes and silanol

density measurements reflect bulk properties of zeolite samples, however, and do not

provide direct information about the density of silanol defects within microporous

environments.

In contrast to water, methanol fills microporous voids in both low-defect and high-

defect samples, but with distinct adsorption behavior. Methanol adsorption isotherms

(293 K) on low-defect Ti-Beta-F samples show Type V isotherm behavior (Figure 4.27,
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Supp. Info.), reflecting micropore condensation driven by adsorbate-adsorbate inter-

actions that are stronger than adsorbate-adsorbent interactions of methanol with non-

polar framework siloxane linkages [16,25,127,159], as observed previously for ethanol

within hydrophobic Ti-Beta-F [35] and Si-MFI [187]. In contrast, methanol adsorp-

tion isotherms on Ti-Beta-OH materials show Type I isotherm behavior (Figure 4.28,

Supp. Info.), reflecting micropore condensation driven by strong adsorbate-adsorbent

interactions through methanol hydrogen bonding interactions with specific binding

sites located on micropore walls. These adsorption sites are not Lewis acidic Ti sites,

evident from the direct comparison of Ti-Beta-F-155 and Ti-Beta-OH-71, which con-

tain similar Lewis acid site densities (0.26 and 0.50 per unit cell, respectively, Table

4.1) but show significant differences in adsorption behavior. The Type I isotherms

on Ti-Beta-OH therefore reflect the presence of silanol defects located within micro-

porous channels that hydrogen bond with methanol, while the Type V isotherms on

Ti-Beta-F reflect essentially undetectable amounts of silanol groups or other hydrogen

bonding moieties located within the microporous channels of Ti-Beta-F [116].

4.4.2.2 Spectroscopic Characterization of Co-adsorbed Water Structures using Trans-
mission IR

Transmission IR spectroscopy was used to probe differences in the vibrational

signatures and extended structures of adsorbed water on Ti-Beta-F-155 and Ti-Beta-

OH-46, which are representative Ti-Beta-F and Ti-Beta-OH samples from bulk char-

acterization data, Lewis acid site densities, and glucose-fructose isomerization rate

measurements (see Tables 4.1 and 4.2 and Section 4.4.3). Figures 4.2A and 4.2B

show IR spectra collected on Ti-Beta-F-155 and Ti-Beta-OH-46 after removing back-

ground contributions for water vapor present in the cell and subtracting the spectrum

of dehydrated zeolite samples (full spectra in Figure 4.29, Supp. Info.). Upon equi-

libration in flowing water, two prominent features appear as positive broad peaks

in the 1500–1750 cm−1 range and the 2600–3700 cm−1 range, while a third negative

peak appears centered around 3735–3745 cm−1.
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(a) (b)

Figure 4.2: Baseline-corrected difference IR spectra of adsorbed water on Ti-Beta-
F-155 (top, magnified for clarity) and Ti-Beta-OH-46 (bottom) at 298 K for (a)
δ(HOH) scissoring modes in the water bending region and (b) the ν(O-H) water
stretching region. Difference spectra reflect the subtraction of spectrum measured
on the sample under vacuum prior to water flow and corrected for background water
adsorption onto the IR cell. Spectra for each sample displayed from bottom-to-top
correspond to P/P0=0.1, 0.2, 0.5, and 0.75. The insets display the change in (a) the
water bending peak area and (b) the water stretching peak maximum with increasing
water concentration for Ti-Beta-F-155 (circles) and Ti-Beta-OH-46 (triangles).

Figure 4.2A shows the IR peak centered between 1615–1630 cm−1, which reflects

the δ(H-O-H) scissoring mode of adsorbed water [188]. This peak does not signifi-

cantly change shape or center with increasing water uptake. The integrated area of

this peak is proportional to the total water uptake (at equivalent reduced pressures)

estimated from vapor-phase adsorption experiments (298 K, Figure 4.30, Supp. Info.),

as shown in the inset of Figure 4.2A. The linear relation in the inset of Figure 4.2A

establishes a direct connection between the total water uptake and each IR spectrum

as quantified through the integrated area of the 1615–1630 cm−1 peak.

Figure 4.2B shows a negative peak (3735-3745 cm−1) on both samples reflecting

a convolution of two peaks centered at 3745 cm−1 and 3735 cm−1 for OH stretch-
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ing modes of external and internal silanol groups, respectively [189]. These features

appear as negative peaks because hydrogen bonding interactions between adsorbed

water and hydroxyl groups perturb silanol O-H stretches, giving rise to the broad

positive peak centered around 3400 cm−1. Difference spectra on Ti-Beta-OH-46 do

not show further changes to the negative peak areas at 3745 cm−1 and 3735 cm−1

at relative water pressures of P/ P0 ≥ 0.2, indicating that the hydroxyl groups are

fully perturbed by hydrogen-bonded water by P/ P0 = 0.1 (Figure 4.31, Supp. Info.).

Therefore, subsequent adsorption of water above this relative pressure occurs via

hydrogen-bonding with other water molecules already present within the channels,

rather than through additional adsorption at silanol defects. In contrast, the silanol

groups on Ti-Beta-F-155 continue to be perturbed gradually across a wider range of

water pressures (P/ P0 = 0.1–0.75, Figure 4.31, Supp. Info.), indicating that wa-

ter adsorption continues to occur at silanol defects. These observations are consistent

with lower water uptakes from vapor-phase adsorption isotherm experiments, suggest-

ing that water does not fill the micropores of Ti-Beta-F-155 under these conditions.

Hence, water adsorbs within Ti-Beta-F at low intraporous densities (0.01-0.16 mol

H2O g−1, Table 4.2) because it predominantly adsorbs at framework Ti sites, but

within Ti-Beta-OH with higher intraporous water densities (1.4-4.9 mol H2O g−1,

Table 4.2) because it adsorbs at both framework Ti atoms and silanol defects.

The OH stretching vibrations from adsorbed water molecules are convoluted with

the perturbed silanol peak in the 2600–3700 cm−1 range, yet differences regarding the

structure of adsorbed water in Ti-Beta-OH-46 and Ti-Beta-F-155 are readily appar-

ent. With increasing water partial pressure (P/ P0 = 0.1–0.75), the peak maximum

in the OH stretching region monotonically shifts from 3375 cm−1 to 3190 cm−1 on Ti-

Beta-OH-46 (Figure 4.2B inset). Shifts in OH stretching frequency to lower wavenum-

bers reflect greater extents of hydrogen bonding between water molecules [142, 190]

suggesting that adsorbed water molecules within Ti-Beta-OH-46 become arranged in

extended hydrogen bonding networks that grow with increasing water partial pres-

sure. In addition, this broad peak for adsorbed water can be deconvoluted into two
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major components centered in either the ∼3000–3100 cm−1 range or the 3630–3665

cm−1 range. The latter peak (3630–3665 cm−1) has been assigned to loosely-bound

water in one-dimensional chains which are similar in their extent of hydrogen bonding

to vapor-phase water located within non-polar carbon nanotubes (¡0.8 nm in diame-

ter) [142] similar in size to Beta micropores. Thus, the continued presence of this peak

at higher water partial pressures (P/ P0 ≥ 0.2) indicates that some water molecules

are occluded within microporous voids and can plausibly be considered vapor-like.

The peak ranging from ∼3000–3100 cm−1 is shifted to lower wavenumbers than that

of OH stretches in bulk ice (3220–3250 cm−1) [191], reflecting contributions of water

molecules in extended hydrogen bonding networks. As the water partial pressure

increases, this peak becomes more prominent and eventually reflects the hydrogen-

bonded structure of the majority of occluded water molecules within the channels of

Ti-Beta-OH-46.

The structure of water adsorbed within Ti-Beta-F-155 sharply contrasts that of

Ti-Beta-OH-46. First, the water OH stretching peak center remains constant at

∼3400 cm−1 in Ti-Beta-F-155 with increasing water partial pressure (Figure 4.2B

inset), reflecting weaker contributions from strongly hydrogen bound water stretches

in the ∼3000-3100 cm−1 range. This provides evidence that adsorbed water molecules

in Ti-Beta-F-155 do not significantly increase their extent of hydrogen bonding with

increasing water pressure, nor do they form the extended water structures observed in

Ti-Beta-OH-46. Indeed, further adsorption of water perturbs additional silanol groups

throughout this partial pressure range, evident in increasingly negative peak area for

the peak centered at 3735-3745 cm−1 and in increasingly positive peak area for the

peak centered at ∼3400 cm−1 (Figure 4.31, Supp. Info.). A small shoulder present at

∼3100 cm−1 in the difference spectra of Ti-Beta-F-155 (Figure 4.2B) increases in area

with increasing water partial pressure, however, indicating that some water molecules

adsorb via hydrogen bonding in locations with proximal water molecules, but to a

much lesser extent than in Ti-Beta-OH-46. The significantly lower water uptakes

(Figure 4.30, Supp. Info.) suggest that the lower silanol defect density in Ti-Beta-
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F-155 (1.9×10−4 mol SiOH g−1, Table 4.2) is insufficient to nucleate the formation

of extended hydrogen-bonded water structures within the pores, in contrast to the

behavior of water adsorption on Ti-Beta-OH-46 (7.0×10−4 mol SiOH g−1, Table 4.2).

From these characterization data in Sections 4.4.1 and 4.4.2, we conclude that the

series of samples investigated here contain Ti centers isolated within Beta molecu-

lar sieve frameworks over a wide range of Ti content (Si/Ti = 38-297) and residual

silanol defect densities (SiOH/TiLA = 2.0-10, Table 4.2). Water adsorbs preferen-

tially within zeolite Beta micropores at framework Ti atoms, and at surface silanol

groups via hydrogen bonding. Methanol adsorption isotherms indicate that Ti-Beta-

OH has a significantly higher intrapore silanol defect density than Ti-Beta-F, leading

to increased water uptakes and the stabilization of extended hydrogen bonding water

structures within their microporous voids. In order to determine the kinetic conse-

quences of these intraporous silanol defects and the extended solvent structures they

stabilize, we next interrogate Ti-Beta-F and Ti-Beta-OH samples using aqueous-phase

glucose isomerization as a catalytic probe reaction.
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4.4.3 Aqueous-Phase Glucose Isomerization Mechanisms and Kinetic Measurements

In this section, we combine insights from experiment and theory to elucidate

the underlying phenomena that lead to differences in measured reaction kinetics for

Lewis acid-catalyzed glucose isomerization in low-defect and high-defect Ti-Beta zeo-

lites. We use a mechanistic model to identify key differences in glucose isomerization

reaction coordinates in terms of free energies of reactive intermediates and transi-

tion states that are influenced by intrapore silanol defects and the extended solvent

structures they stabilize.

4.4.3.1 Mechanistic Details of Lewis Acid-Catalyzed Glucose Isomerization

Figure 4.3: Free energy (373 K, 1 bar) reaction coordinate diagram for the formation
of fructose from glucose on closed-form Ti Lewis acid sites. Reaction arrows with
overlaid circles indicate quasi-equilibrated events or the formation of transition states
from relevant precursors. Relative enthalpies are given near inset images.
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Figure 4.3 shows the free energy reaction coordinate diagram for glucose-fructose

isomerization calculated over a framework coordinated, closed Lewis acidic Ti site at

the T6 position in Beta through a mechanism similar to those reported in previous

experimental and theoretical studies [34, 161]. Lewis acid-catalyzed glucose isomer-

ization to fructose occurs through quasi-equilibrated adsorption of glucose onto Lewis

acid sites through the hemiacetal oxygen (O5), quasi-equilibrated deprotonation of

O1 (States B-D, Figure 4.3), followed by protonation of the ring ether oxygen (O5) to

facilitate ring opening to form the acyclic, or open-chain, glucose intermediate bound

through the carbonyl moiety (States D-F, Figure 4.3) [34]. Subsequent deprotonation

of the C2 alcohol to a proximal proton acceptor, such as a nearby framework oxygen,

generates a glucose intermediate that can bind to the Lewis acid site in a bidentate

fashion (States F-H, Figure 4.3). Glucose deprotonation and ring-opening steps have

kinetically-irrelevant barriers, consistent with previous findings [34]. The open-chain

glucose intermediate then undergoes a kinetically-relevant 1,2-hydride shift to form

a bound acyclic fructose intermediate, an elementary step that has the largest com-

puted free energy barrier in the reaction coordinate (States H-J, Figure 4.3) [34, 65].

Protonation of the fructose C1 alcohol, ring closure, and desorption of fructose from

the Lewis acid site closes the catalytic cycle via kinetically-irrelevant steps. The over-

all free energy barrier to form fructose from desorbed glucose is 160 kJ mol−1 (373

K) when using ring-closed glucose in crystalline ice as the reference state for des-

orbed glucose. The overall free energy barrier from the adsorbed glucose state is 183

kJ mol−1 (373 K). This Lewis acid-catalyzed intramolecular 1,2-hydride shift mech-

anism is dominant over the base-catalyzed enolate mechanism under the conditions

studied here, as reported in previously published isotopic tracer studies (see Figure

4.32, Supp. Info., for 13C NMR spectra of monosaccharide products) [51].

Glucose isomerization over Ti-Beta zeolites also forms sorbose, which is a second

monosaccharide product formed through a parallel pathway and reaction mechanism

analogous to that of fructose formation (free energy reaction coordinate diagram in

Figure 4.33, Supp. Info.) [192]. Isomerization to sorbose involves quasi-equilibrated
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glucose adsorption, deprotonation of the O1 alcohol moiety, and ring opening to form

a bidentate-bound glucose-derived intermediate through O1 and O5 (States B-D,

Figure 4.33, Supp. Info.). This is followed by a kinetically-relevant 1,5-hydride shift

step (States D-F, Figure 4.33, Supp. Info.), as previously observed by isotopic tracer

studies on 2H- and 13C-labeled glucose [192] and confirmed in this work (see Figure

4.32, Supp. Info., for 13C NMR of monosaccharide products). The 1,5-hydride shift

transition state that forms sorbose is analogous to the 1,2-hydride shift that forms

fructose, in that both involve six-membered ring structures and a C-H bond scissoring

mode along the reaction coordinate. The catalytic cycle for sorbose formation is closed

via protonation, ring closure, and desorption (States F-H, H-J, and J-A, respectively,

Figure 4.33, Supp. Info.). The overall free energy barrier relative to the desorbed

glucose state is 154 kJ mol−1 (373 K) and suggests that the 1,5-hydride shift is the sole

kinetically relevant step, as expected [192]; all other barriers are at least 25 kJ mol−1

lower. Free energy barriers for fructose and sorbose formation are similar within the

error of DFT, as expected for two parallel reactions with reported initial rates within

one order of magnitude [35,192].

While the exact binding coordination [107], adsorption configurations [161], and

site requirements [28, 187] associated with glucose isomerization to fructose and sor-

bose continue to be studied computationally and experimentally, the kinetic rele-

vance of their respective hydride shift transition states can be experimentally detected

through measurement of the H/D kinetic isotope effect (KIE) [34, 35]. KIE values

reflect differences in the vibrational frequency and zero-point energy upon isotopic

substitution of atoms in bonds that are broken along the reaction coordinate (deriva-

tion in Section 4.7.3.2, Supp. Info.). Deuteration of the alpha-carbon in glucose re-

actants results in measured glucose-fructose isomerization H/D KIE values of 2.1-2.3

(± 0.2, 373 K) on both Ti-Beta-F and Ti-Beta-OH samples throughout the range of

glucose concentrations studied here (0-50 wt.% glucose). These values are consistent

with theoretical H/D KIE values expected for transition state reaction coordinates

involving C-H bond scissoring (∼1500 cm−1), consistent with the 1,2-hydride shift
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steps confirmed from isotopic tracer studies [50,51]. Measured KIE values of 2.1 also

indicate that intrazeolitic transport artifacts do not corrupt measured rates, which

would otherwise result in measurement of the square root of the theoretical KIE value

(details in Section 4.7.3.2, Supp. Info.). Therefore, we conclude that the measured

glucose-fructose isomerization rates reported here are uncorrupted by transport arti-

facts and reflect free energy differences between the kinetically-relevant hydride shift

transition state and the relevant adsorbed reactive intermediates. Next, we mea-

sure glucose isomerization turnover rates on a variety of Ti-Beta-F and Ti-Beta-OH

samples and across a wide range of initial glucose concentrations, revealing the pres-

ence of different kinetic regimes that correspond to changes in reactive intermediate

coverages.

4.4.3.2 Experimental Measurements of Glucose Isomerization Rate Constants on
Hydrophobic and Hydrophilic Ti-Beta Zeolites

Initial glucose isomerization rates were collected on all Ti-Beta-F and Ti-Beta-

OH samples at low glucose concentrations (1 wt.%, 373 K), which correspond to a

first-order kinetic regime in glucose concentration [35]. Apparent first-order glucose

isomerization rate constants for fructose and sorbose formation are shown in Figures

4.4A and 4.4B, respectively, as a function of total Ti content for all Ti-Beta samples

studied here, and compared to data for Ti-Beta samples reported previously [35]

(rate constants plotted as a function of TiLA per gram in Figure 4.34, Supp. Info.).

On average, first-order rate constants are systematically higher (∼6x) on Ti-Beta-F

zeolites than on Ti-Beta-OH zeolites across a wide range of Ti content. First-order

rate constants vary within ∼3x among all Ti-Beta-F zeolites, and within ∼2x among

all Ti-Beta-OH zeolites, which are variations similar to those observed previously

among Sn-Beta-F and Sn-Beta-OH zeolites of varying Sn content [26]. Furthermore,

rate constants (per Ti) do not depend systematically on Ti content among Ti-Beta-

F or Ti-Beta-OH zeolites, consistent with the absence of intracrystalline transport

artifacts as expected from measured H/D KIE values of 2.1-2.3 (Section 4.4.3.1).
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Next, more detailed kinetic studies are performed on Ti-Beta-F-155 and Ti-Beta-

OH-46, which are samples with kinetic behavior representative of the Ti-Beta-F and

Ti-Beta-OH series, respectively.

(a) (b)

Figure 4.4: Initial first-order (a) fructose and (b) sorbose formation rates (373 K,
pH 4) normalized per total Ti content as a function of Ti/Si ratio, for Ti-Beta-F
(circles) and Ti-Beta-OH samples (triangles). Data on Ti-Beta-F (X) and Ti-Beta-
OH (squares) samples reported previously in Ref. [35] are plotted for comparison.
Dashed lines correspond to average values within the series of Ti-Beta-F and Ti-
Beta-OH samples.

Initial glucose isomerization rates were collected across a wide range of glucose

concentrations (1-50 wt.%) on both Ti-Beta-F-155 and Ti-Beta-OH-46. Thermody-

namic activities for glucose and water are used here to describe rate data at high glu-

cose concentrations due to expected non-ideal solution behavior that affects reaction

rates [193]. Non-ideality was accounted for using solution-phase activity coefficients

(γi) which are unity under ideal conditions and diverge from unity at non-dilute glu-

cose concentrations. Activity coefficients for aqueous glucose solutions (1-52 wt.%)

reported at 298 K [194] were adjusted to reaction temperatures using the following

equation (details in Section 4.7.3.3, Supp. Info.) [195]:
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−HE

i

RT 2
=

δ

δT
lnγi (4.5)

Here, H
E

i is the excess partial molar enthalpy of species i in solution and is as-

sumed to be constant with temperature, R is the universal gas constant, and T is

the absolute temperature in K. Activity coefficients approach unity (γi → 1) as tem-

perature increases or glucose concentrations decrease and solutions approach ideal

behavior. Thermodynamic activities (ai) for glucose (aG) and water (aW ) were calcu-

lated using temperature-dependent and concentration-dependent activity coefficients

according to the following equation:

ai = γi
ci

co
(4.6)

where co is the standard concentration (1 mol m−3).

The dependence of initial fructose and sorbose formation rates (373 K, per TiLA)

on the initial aqueous-phase glucose activity is shown in Figure 4.5 for Ti-Beta-F-155

and Ti-Beta-OH-46. Initial isomerization rates are 3-6x lower on Ti-Beta-OH-46 than

on Ti-Beta-F-155 across the full range of aG values studied, consistent with previously

reported rates measured in dilute aqueous glucose solutions (0-1.5 wt.%) [16]. Initial

glucose-fructose and glucose-sorbose isomerization rates on both Ti-Beta-F and Ti-

Beta-OH zeolites show a first-order kinetic dependence on glucose activity at low

aG values (50-300 mol m−3, ∼1-5 wt.%, Figure 4.5 inset), consistent with previously

reported glucose isomerization rates on Ti-Beta [35] and Sn-Beta [26] (isomerization

rates shown as a function of glucose concentration in Figure 4.35, Supp. Info.).

Glucose-fructose and glucose-sorbose isomerization rates become zero-order in aG

at high aG values (>2700 mol m−3), which is a kinetic regime that has not been

previously reported to our knowledge for sugar isomerization on Lewis acidic zeolites.

The onset of the zero-order kinetic regime in formation rates of both fructose and

sorbose products, which are formed in parallel reaction pathways, are consistent with
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changes in the identities of the most abundant reactive intermediates at Lewis acid

active sites and that both products are formed at the same catalytic site.

Figure 4.5: Dependence of initial glucose isomerization rates (373 K, pH 4) for fructose
(filled) and sorbose (open) formation on Ti-Beta-F-155 (closed circles,open circles)
and Ti-Beta-OH-46 (closed triangles, open triangles) as a function of initial glucose
thermodynamic activity (corresponding to 1-50 wt% initial glucose concentration).
Solid lines represent fits of the experimental data to the rate equation (Eq. 4.9)
using activation enthalpies and entropies given in Table 4.4. The inset shows initial
glucose isomerization rates at low glucose thermodynamic activities, highlighting the
first-order kinetic regime.

Modeling multiple kinetic regimes requires consideration of at least two distinct

coverage terms, only one of which is first-order in glucose thermodynamic activity,
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and suggests the presence of two distinct MARI species that are dependent on glucose

activities. The general form of such a rate equation is:

risom =
kfirstaG

1 +
kfirst
kzero

aG
(4.7)

In Eq. 4.7, risom is the initial glucose isomerization rate, kfirst and kzero are

apparent first-order and zero-order rate constants, and aG is the initial glucose ther-

modynamic activity. This rate equation simplifies to first-order and zero-order rate

expressions at low and high aG values, respectively. We next use spectroscopic tech-

niques to characterize the nature of the bound intermediates as a function of glucose

concentration in order to assign chemical significance to the first-order and zero-order

kinetic regimes that are predicted by the generalized rate expression (Eq. 4.7).
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4.4.4 Characterization of Active Site Complexes in First-Order and Zero-Order Ki-
netic Regimes

4.4.4.1 Characterization of Bound Reactive Intermediates using ATR-IR and Mod-
ulation Excitation Spectroscopy (MES)

The competitive adsorption of water solvent, glucose reactants, and glucose iso-

merization products within microporous voids and at Lewis acidic Ti sites in Ti-

Beta-F-155 and Ti-Beta-OH-46 was probed in situ with ATR-IR and MES. Figure

4.6A shows spectra corresponding to two independent intermediates extracted by

phase sensitive detection (PSD) and multicurve resolution-alternating least squares

analysis (MCR-ALS) from experiments with modulated glucose activities within the

first-order kinetic regime (0-700 mol m−3, 373 K) (time resolved and phase resolved

spectra on Ti-Beta-F-155 shown in Figure 4.36, Supp. Info.). These spectra collected

on both Ti-Beta-F-155 and Ti-Beta-OH-46 reflect the two independent reactive inter-

mediates observed from interactions between solid surfaces and fluid phases comprised

of modulated glucose and water activities. One intermediate (Figure 4.6A, top) is

characterized by water bending (δ(O-H) at 1630 cm−1) and stretching (ν(O-H) around

3400 cm−1) [196] vibrations, and lacks vibrational modes representative of glucose (ν

(C-H) at 2900 cm−1 [197–199]; concerted vibrations at 900-1500 cm−1 [197–200], in-

dicating that this intermediate is not derived from glucose. This species is the MARI

and, because it is not glucose-derived, spectra were normalized by the water bending

resonance at 1630 cm−1 to facilitate comparison between samples in Figure 4.6A.

The minor intermediate (Figure 4.6A, bottom) contains spectral features similar to

vibrational modes of glucose, and thus was normalized by the most intense glucose

resonance (∼1030 cm−1). These features do not show significant differences from

those of aqueous-phase glucose flowing over the ZnSe crystal (Figure 4.6A, bottom,

dashed line), which suggests that such species are not coordinated to Lewis acidic Ti

centers on Ti-Beta-F-155 and Ti-Beta-OH-46 and are likely solution-phase glucose.

Together, the two species isolated from MES and sequential PSD and MCR-ALS dur-

ing glucose concentration modulations at low activities (∼0-700 mol m−3) indicate
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that Ti-Beta zeolite surfaces bind a water-derived MARI species and a minor glu-

cose species that is not coordinated to Lewis acid sites, supporting the mechanistic

interpretations of first-order rate measurements at low aG values.

(a) (b)

Figure 4.6: (a) ATR-IR spectra of MARI (top, water derived) and minor (bottom,
glucose derived) intermediates on Ti-Beta-F-155 (black) and Ti-Beta-OH-46 (gray)
that oscillate with aqueous-phase glucose activity (0-700 mol m−3) at 373 K. Glucose
spectra are normalized by the peak at ∼1030 cm−1 and water spectra are normalized
by the peak at ∼1630 cm−1. Spectra reflecting aqueous-phase glucose (330 mol m−3)
flowing over the ZnSe crystal is overlaid on the glucose spectra (dashed). Dashed
vertical lines at 1630 and 3400 cm−1 indicate water bending and stretching vibra-
tional modes, respectively. (b) ATR-IR spectra of the MARI (bottom four) and
minor (top four) species that oscillate with aqueous-phase glucose activity (∼3000-
3750 mol glucose m−3, 373 K, normalized by the maximum feature at ∼1030 cm−1)
over Ti-Beta-F-155, Ti-Beta-OH-46, Si-Beta-F, and blank ZnSe crystal from top to
bottom, respectively. The inset depicts difference spectra between aqueous-phase
glucose flowing over the ZnSe crystal and the MARI (black) or minor species (gray)
species observed on Ti-Beta-OH-46 (top) and Ti-Beta-F-155 (bottom) spectra from
modulating aqueous-phase glucose activity (∼3000-3750 mol glucose m−3) at 373 K
after normalization by the peak centered at ∼1030 cm−1; dashed lines (- - -) indi-
cate the baseline. All spectra are obtained during MES experiments and isolated by
processing through PSD and MCR-ALS.
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Figure 4.6B shows spectra of the MARI species (bottom) and the minor interme-

diates (top) observed by MES at high glucose activities corresponding to zero-order

kinetic regimes (∼3000-3750 mol glucose m−3) on Ti-Beta-F-155, Ti-Beta-OH-46, Si-

Beta-F, and the ZnSe crystal. Spectral features between 900 to 1500 cm−1 in spectra

of both the MARI and minor species reflect concerted ν(C-O), ν(C-C), δ(C-H), and

δ(C-O-H) [197–201] vibrations of glucose-derived intermediates. Therefore, MARI

and minor intermediates are assumed to be related oxygenate structures with identi-

cal molar extinction coefficients, such that their integrated areas correlate with their

relative surface coverages with MARI species existing in higher abundances in MES

experiments. Relative coverages between MARI and minor species are given in Table

4.3, indicating that MARI species are present at coverages that are 1.7-5.3x greater

than the minority species.

Table 4.3: Relative concentrationsa of MARI and minor species during modulation of
liquid-phase glucose concentration (42-50 wt%) at 373 K followed by processing by
PSD and MCR-ALS.

Sample Relative Concentrationa (θMARI / θMinor species)
Ti-Beta-F-155 2.4
Ti-Beta-OH-46 4.3

Si-Beta-F 5.3
ZnSe Crystal 1.7
aRelative concentrations assume the equivalent extinction coefficients for glucose
vibrations at approximately 1030 cm-1 are between MARI and minor species.

Spectra of isolated species at high glucose activity modulations show relative

changes in the quantities of water and glucose present on Ti-Beta-F-155 and Ti-Beta-

OH-46 (Figure 4.6B), based on the relative intensities of vibrations from glucose-

derived intermediates (ν(C-H) at 2900 cm−1 [197–199] and concerted vibrations be-

tween 900-1500 cm−1) [197–201] and of the δ(O-H) water vibrations (1630 cm−1) [196].

In hydrophobic Ti-Beta-F-155, the intensity of spectral features attributed to glucose

or glucose-derived intermediates (2900 cm−1 [197–200]; 900-1500 cm−1 [197–201]) and
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the intensity of features attributed to water (1630 cm−1) increase concomitantly, indi-

cating that glucose adsorption into hydrophobic Beta pores facilitates co-adsorption

of water from its solvation sphere in bulk solution. This observation corroborates

previous reports of co-adsorption of water with glucose in both experimental measure-

ments of adsorbed water and glucose content (using TGA-DSC) on Sn-Beta zeolites

contacted with aqueous glucose solutions [16] and theoretical Gibbs ensemble Monte

Carlo simulations of glucose adsorption from aqueous solutions within hydrophobic

Si-Beta zeolites [202]. In contrast, spectra collected on Ti-Beta-OH-46 at identical

glucose activities and temperature show that water vibrational modes decrease as

glucose vibrational modes increase, suggesting that glucose displaces water molecules

previously adsorbed within hydrophilic Beta pores, consistent with the higher gas-

phase water uptakes in hydrophilic than hydrophobic materials (Section 4.4.2.2). The

differences in relative water and glucose activities present within the hydrophilic and

hydrophobic pores indicate that the hydrophobic nature of microporous voids in Beta

affect the uptakes of both water and glucose molecules.

At high glucose activities, spectra observed on Ti-Beta-F-155 and Ti-Beta-OH-46

differ from those of the blank ZnSe crystal and Si-Beta-F, indicating that the MARI

species on Ti-Beta materials do not reflect solution-phase glucose or physisorbed glu-

cose and instead are glucose-derived intermediates coordinated to Lewis acidic Ti

sites within Beta pores. The vibrational features of the MARI observed on Ti-Beta-

F-155 at high glucose activities differs significantly from those on Ti-Beta-OH-46

(Figure 4.6B), particularly for ν(C-O), ν(C-C), δ(C-H), and δ(C-O-H) glucose vi-

brations (900-1200 cm−1) [197–201], suggesting that glucose-derived reactive inter-

mediates are structurally distinct on hydrophobic and hydrophilic Ti-Beta zeolites

(additional discussion and DFT evidence on the likely and distinct adsorbate config-

urations is provided in Section 4.7.4.2, Supp. Info.). The inset of Figure 4.6B shows

difference spectra for the two intermediates on each Ti-Beta sample relative to those

for aqueous glucose on the ZnSe crystal, which show negative features at ∼1030 cm−1

that may reflect ring-opened intermediates adsorbed at Ti sites in both Ti-Beta sam-



235

ples. DFT-calculated intermediates that form fructose and sorbose show the loss of

the ∼1030 cm−1 vibrational mode upon glucose ring opening (1029 and 1027 cm−1,

respectively); however, the ring-opened intermediate that forms sorbose contains a

carbonyl group with a resonance at 1737 cm−1 (Movie S.2, Supp. Info.) that is not

present in any spectra measured on Ti-Beta-F-155 or Ti-Beta-OH-46 (Figure 4.6B).

Thus, both the MARI and the minor species on Ti-Beta-F-155 and Ti-Beta-OH-46

likely react to form fructose, which may be expected given the higher selectivity to-

wards fructose over sorbose on both Ti-Beta-F-155 and Ti-Beta-OH-46 at high glucose

activities (Figures 4.5 and 4.37, Supp. Info.), yet hydrophobic and hydrophilic pore

environments may stabilize different reactive intermediates.

The change in MARI and minor species on both hydrophobic and hydrophilic

Ti-Beta samples detected during MES and isolated by PSD and MCR-ALS between

low and high glucose activities indicates that the MARI transitions from a water-

derived to a glucose-derived intermediate bound to framework Ti atoms, consistent

with measured glucose isomerization rates that transition from a first-order to a zero-

order kinetic regime with increasing glucose thermodynamic activity (Figure 4.5).

Further, the MARI species identified at high aG values have distinct binding configu-

rations on Ti-Beta-F and Ti-Beta-OH, which depend on the different solvating envi-

ronments provided by silanol groups and co-adsorbed water structures in hydrophobic

and hydrophilic environments. Next, we use ex situ XAS to further characterize the

structure of the adsorbed species on Ti-Beta observed after exposure to low and high

glucose activities.

4.4.4.2 Ti Structural Characterization using XAS

In order to provide corroborating evidence for the predominant reactive interme-

diates proposed to exist at low and high glucose thermodynamic activity, we use XAS

to determine Ti coordination numbers and Ti-O bond lengths in the presence and

absence of adsorbed glucose intermediates. Apparent first-order isomerization rates

measured at low glucose activities are consistent with dilute glucose coverages. EX-



236

AFS spectra collected on Ti-Beta-OH-46 (a sample with predominantly Lewis acidic

Ti sites (TiLA/Ti ∼1)) show that Ti sites are octahedrally coordinated at ambient

temperature (CN = 6 ± 0.6, Table 4.8 and Figures 4.38-4.40, Supp. Info.) and be-

come tetrahedrally coordinated upon heating to 523 K in flowing helium (CN = 4 ±

0.4), consistent with previous reports on Ti-Beta [106] and the reversible adsorption

of water to framework Ti sites upon exposure to ambient conditions. Ti-O bond

lengths derived from EXAFS are similar to framework bond distances for dehydrated

Lewis acid sites. The loss of two ligands upon heating reflects desorption of two water

molecules from each Lewis acidic Ti site. UV-Visible edge energies derived from Tauc

plots also increase upon dehydration (523 K) by 0.22 eV on average (Table 4.6 and

Figure 4.15, Supp. Info.), indicative of octahedral to tetrahedral coordination changes

of Ti sites. Similar findings from EXAFS spectra [52, 71] and UV-Visible edge ener-

gies [26] have been reported on Sn-Beta catalysts, in which the shift from octahedral

to tetrahedral coordination upon dehydration is corroborated by 119Sn NMR spec-

tra that show the shift from octahedrally coordinated Sn resonances (685-700 ppm)

to tetrahedral Sn resonances (425–445 ppm) upon dehydration at 423 K [34, 120].

Thus, we conclude that apparent first-order kinetic regimes measured at low glucose

activity correspond to glucose isomerization rates measured on Ti sites covered with

two water molecules [34, 120], the most abundant reactive intermediate under these

reaction conditions [35].

Ex situ XANES spectra (Figures 4.41 and 4.42, Supp. Info.) at ambient conditions

most closely resemble octahedrally coordinated Ti sites (CN = 6, Table 4.8, Supp.

Info.) on glucose-adsorbed Ti-Beta-OH-46. After dehydration treatments in flowing

helium (523 K, 30 min), Ti sites became pentahedrally coordinated (CN = 5, Table

4.8, Supp. Info.), indicating the loss of one ligand per Ti site. This may reflect

a change from bidentate to monodentate binding modes of glucose or desorption

of one water molecule if glucose were originally bound in a monodentate fashion.

The presence of pentahedrally coordinated Ti sites that persist after dehydration

treatments would be consistent either with complete coverage of all Ti sites with a
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strongly bound intermediate (e.g., monodentate glucose) or with a mixture of sites

in which some remain six-coordinate and populated by a strongly bound bidentate

glucose intermediate and others revert to four-coordinate upon desorption of water

ligands at 523 K. Although XAS cannot distinguish between these possibilities, the

ATR-IR experiments show that Lewis acidic Ti sites in both Ti-Beta-OH-46 and Ti-

Beta-F-155 are saturated with bound glucose intermediates at high glucose activities

(>3000 mol m−3) that are characteristic of the zero-order kinetic regime observed in

Figure 4.5. Therefore, we propose that the octahedrally coordinated Ti sites observed

after glucose adsorption reflect monodentate-bound glucose and one water ligand, and

that the pentahedrally coordinated Ti sites observed after dehydration results from

desorption of the water ligand.

Combining insights from in situ ATR-IR, ex situ XAS and DFT calculations,

we conclude that two different reactive species are dominant at low (∼0-500 mol

m−3) and high glucose activities (>3000 mol m−3). The most abundant reactive

intermediates are two water molecules bound to Lewis acid centers at low glucose

activities and bound glucose intermediates (in two different binding configurations)

at high glucose activities. The bound glucose intermediates are distinct for Ti-Beta-

F and Ti-Beta-OH, evidenced by shifts in IR peak centers and relative peak areas

that are likely caused by the presence of extended solvent structures surrounding the

adsorbed glucose.



238

4.4.5 Enthalpic and Entropic Consequences of Hydrophobic Reaction Pockets for
Aqueous-Phase Glucose Isomerization

In this section, experimentally measured activation enthalpies and entropies on

Ti-Beta-F and Ti-Beta-OH are compared with DFT-derived free energies to probe

the consequences of intrapore silanol defects, and the co-adsorbed water structures

they stabilize, on aqueous-phase glucose isomerization catalysis.

4.4.5.1 Experimentally-Determined Activation Enthalpies and Entropies

Figure 4.7: Plausible glucose isomerization mechanism for fructose and sorbose for-
mation on Lewis acidic Ti sites

A reaction mechanism is shown in Scheme 1 depicting glucose isomerization path-

ways to fructose and to sorbose via quasi-equilibrated water adsorption and desorp-

tion, glucose adsorption, ring opening, deprotonation, and the kinetically-relevant

hydride shift steps, and is adapted from previously published work [35]. Having

identified the dominant reactive intermediates at both low and high glucose thermo-

dynamic activities in Section 4.4.4, the following rate equation can be derived from

the mechanism in Scheme 4.7 to recover both first-order and zero-order dependences

on glucose activity (complete derivation in Section 4.7.5.1, Supp. Info.):
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risom =
K1KR,ik2,i

aG
γ‡,i

(1ηi)

K4K5

γ2W∗
a2
W + K1

γG∗
aG

(4.8)

In Eq. 4.8, i stands for fructose or sorbose, K1 is the lumped equilibrium constant

for adsorbing glucose and forming the glucose-derived MARI at the tetrahedral Ti

site, KR,i is the lumped equilibrium constant describing the formation of the struc-

turally distinct intermediates that immediately precede fructose or sorbose formation

from the glucose-derived MARI, k2,i is the rate constant for the kinetically-relevant

step that forms the hydride shift transition state from the relevant reactive interme-

diate, and K4 and K5 are equilibrium constants relating the sequential adsorption of

two water molecules from the liquid phase to the Lewis acid site; all lumped rate

and equilibrium constants in Eq. 4.8 are identified in Figure 4.7. Additionally, ηi is

the approach to equilibrium term, which is rigorously zero for initial isomerization

rates extrapolated to zero conversion. Finally, γi is the activity coefficient of species

j, where j denotes two bound water molecules (2W*), the bound glucose intermedi-

ate identified as MARI at high aG values (G*), or the hydride shift transition states

that form fructose and sorbose (‡,i). This rate equation is the simplest kinetic model

that satisfies the requirement of two relevant adsorbed intermediates and accounts

for the non-ideality of adsorbed or solution-phase species, which can be reduced to

recover first-order and zero-order kinetic regimes at low and high glucose thermody-

namic activities. These γi values approach unity for ideal solutions and ideal reactive

intermediates, in which the ideality of adsorbed intermediates are typically defined

as low-coverage and non-interacting species [203]; here, no such co-adsorbate interac-

tions are expected among glucose-derived species and thus γi is assumed to be unity

for adsorbed species.

Equation 4.8 can be recast in the following form, which was used to regress to

initial fructose and sorbose rate data measured on Ti-Beta-F-155 and Ti-Beta-OH-46

as aG/a2
W was varied:
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risom =

K1

K4K5
KR,ik2,i

aG
a2
W

1 + K1

K4K5

aG
a2
W

(4.9)

In Eq. 4.9, the apparent zero-order rate constant is defined as:

kzero,i = KR,ik2,i (4.10)

which describes the formation of the kinetically-relevant hydride shift transition

states from the glucose-derived MARI species. Additionally, the competitive ad-

sorption terms for glucose and water can be lumped together into a single apparent

equilibrium constant:

Kcomp =
K1

K4K5

(4.11)

which describes the adsorption of glucose and concomitant displacement of two

water molecules from the Ti site. These two values can be combined to define an

apparent first-order rate constant:

kfirst,i = kzero,iKcomp =
K1KR,ik2,i

K4K5

(4.12)

which describes the formation of the kinetically-relevant hydride shift transition

state from aqueous-phase glucose and a pair of co-adsorbed waters on the Ti site.

Substituting Eqs. 4.10-4.12 into Eq. 4.9 yields the following equation, which follows

a Langmuir-Hinshelwood formalism:

risom =
Kcompkzero,i

aG
a2
W

1 +Kcomp
aG
a2
W

(4.13)

Figure 4.8 shows initial fructose formation rates on Ti-Beta-F-155 as a function

of glucose activity (aG ∼50-4000 mol m−3), water activity (aW ∼40,000-50,000 mol

m−3), and temperature (368-383 K), with similar plots of fructose formation rates

on Ti-Beta-OH-46 and sorbose formation rates on both Ti-Beta-F-155 and Ti-Beta-
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OH-46 available in Figures 4.44-4.46 (Supp. Info.). We note that while water solvent

is typically considered to be in excess concentration, water activities vary by ∼20%

across the conditions studied here (aW ∼40,000-50,000 mol m−3) and are accounted for

using temperature-dependent activity coefficients and water concentrations following

the same procedure used to calculate glucose activities (Section 4.4.3.2). Fructose and

sorbose formation rates are plotted as a function of the relevant ratio of glucose and

water activities (aG/a2
W ) in Figures 4.47 and 4.48 (Supp. Info.) at each temperature

studied. Formation rates of both products on both Ti-Beta-F-155 and Ti-Beta-OH-46

show the kinetic behavior predicted by Langmuir-Hinshelwood formalisms (Eq. 4.13)

with a first-order dependence at low aG values (¡500 mol m−3) and an approximately

zero-order dependence at high aG values (>2700 mol m−3).

Equations 4.10 and 4.11 can be rewritten in terms of apparent entropic and en-

thalpic contributions using the Eyring equation:

kzero,i =
kBT

h
e∆S‡zero,i/Re∆H‡zero,i/RT (4.14)

Kcomp = e∆Scomp/Re∆Hcomp/RT (4.15)

Here, kB is the Boltzmann constant, h is Planck’s constant, ∆S‡zero,i and ∆H‡zero,i

are the apparent activation entropy and enthalpy of the hydride shift transition state

referenced to the bound glucose MARI, and ∆Scomp and ∆Scomp are the apparent re-

action entropy and enthalpy changes describing the competitive adsorption of glucose

relative to water at the Lewis acid sites. We note that the temperature dependence

of any non-unity activity coefficients for adsorbed species and transition state would

be convoluted with the temperature dependences of enthalpy terms Eqs. 4.14 and

4.15. Substitution of Eqs. 4.14 and 4.15 into Eq. 4.13 yields:

risom =
kBT

h

e
∆S
‡
zero,i

+∆Scomp

R e
−(∆H

‡
zero,i

+∆Hcomp)

RT
aG
a2
W

1 + e
∆Scomp

R e
∆Hcomp
RT

aG
a2
W

(4.16)
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Figure 4.8: Dependence of initial fructose formation rates (pH 3) on Ti-Beta-F-155
on initial glucose thermodynamic activity (corresponding to 1-50 wt% glucose con-
centration) at 368 (squares), 373 (X), 378 (triangles), and 383 K (circles). Solid
lines represent regression of the data to the rate equation (Eq. 4.9) using activation
enthalpies and entropies given in Table 4.4. The inset shows initial glucose isomeriza-
tion rates at low glucose thermodynamic activities, highlighting the first-order kinetic
regime.

Table 4.4 lists the apparent activation enthalpies and entropies obtained by re-

gressing Eq. 4.16 to the experimental data for fructose and sorbose formation rates on

Ti-Beta-F-155 and Ti-Beta-OH-46 (368-383 K, aG = 50-4000, aW = 40,000-50,000 mol

m−3, parity plots available in Figures 4.49-4.52, Supp. Info.). Apparent activation

enthalpies for glucose-fructose isomerization on Ti-Beta-F-155 are identical (108 kJ

mol−1) for both first-order and zero-order rate constants, which measure differences
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in enthalpy between the same 1,2-hydride shift transition state and either two bound

water molecules or a bound glucose intermediate on the Lewis acid site, respectively.

Similarly, apparent activation enthalpies for the parallel glucose-sorbose isomeriza-

tion reaction on Ti-Beta-F-155 are also identical (121 kJ mol−1) for both first-order

and zero-order rate constants. Together, these findings indicate that the competi-

tive adsorption of glucose and two water molecules at Ti sites within low-defect Beta

frameworks is isenthalpic and depends weakly on temperature in the range stud-

ied. This is consistent with glucose heats of adsorption calculated by theory (108 kJ

mol−1) [202] that are approximately twice that of water heats of adsorption (∼50 kJ

mol−1) measured by experiment from gravimetric and microcalorimetric studies on

Ti-Beta-F [106].

In contrast, apparent activation entropies for both glucose-fructose and glucose-

sorbose isomerization on Ti-Beta-F-155 are∼120 J mol−1 K−1 larger for the first-order

rate constant than for the zero-order rate constant. Zero-order activation entropies

reflect differences between the relevant hydride shift transition state and the adsorbed

glucose state, while first-order activation entropies reflect differences between the

same transition state and a precursor state involving two adsorbed water molecules

at the Lewis acid site and glucose in aqueous solution. As a result, differences in

zero-order and first-order activation entropies reflect differences in the entropy of the

precursor states describing adsorbed glucose (with two associated water molecules)

or two adsorbed water molecules and aqueous-phase glucose. Therefore, the smaller

apparent activation entropies measured in zero-order regimes reflect the losses in

entropy upon exchange of two bound water molecules with bound glucose, likely

dominated by the entropy losses upon glucose adsorption to active sites from aqueous

phases. We note that similar apparent enthalpies and entropies are obtained from

the first-order and zero-order rate constants modeled by Eq. 4.16 and from the

Eyring equation from single rate measurements in the first-order (aG = 275 mol

m−3) and zero-order (aG ∼ 3500 mol m−3) kinetic regimes, indicating that the data

fitting method used here does not significantly change the measured thermodynamic
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properties (Table 4.9 and Figures 4.53 and 4.54, Supp. Info.) or the conclusions

derived from them.

Apparent activation enthalpies on Ti-Beta-OH-46 are also similar for the first-

order and zero-order rate constants for glucose-fructose isomerization (75-86 kJ mol−1,

Table 4.4) and for glucose-sorbose isomerization (82-93 kJ mol−1, Table 4.4). These

data indicate that competitive adsorption of glucose and water onto Lewis acid sites

within hydrophilic void environments also depends weakly on temperature in the

range studied. Water adsorption has been reported to be ∼7 kJ mol−1 more exother-

mic within Ti-Beta-OH than Ti-Beta-F from microcalorimetric studies [106], pre-

sumably reflecting favorable hydrogen bonding interactions with silanol defects, and

similar effects of hydrogen bonding interactions on the adsorption enthalpy of glucose

seem reasonable. Indeed, the more exothermic water adsorption enthalpies within

hydrophilic channels of Ti-Beta-OH (by ∼7 kJ mol−1) resemble the lower appar-

ent activation energies (by 22-39 kJ mol−1) for glucose-fructose isomerization on Ti-

Beta-OH-46 than Ti-Beta-F-155. As in the case for Ti-Beta-F, apparent activation

entropies on Ti-Beta-OH-46 are ∼100 J mol−1 K−1 higher for the apparent first-order

rate constant than for the zero-order rate constant for both glucose-fructose and

glucose-sorbose isomerization. These findings suggest that the polarity of the chan-

nel environment, and the associated co-adsorbed water structures they may stabilize,

affect the free energy changes associated with water and glucose competitive adsorp-

tion to similar extents. Further, DFT calculations with varying intrapore water (2–10

molecules) show scattered glucose adsorption enthalpies with increasing intraporous

water content, but do not show a strong increase or decrease in these values (Figure

4.55A, Supp. Info.), indicating that intraporous water has no systematic impact on

glucose adsorption and water displacement (Kcomp).

The kinetic effects of surrounding hydrophobic reaction pockets can be quantified

from the difference in apparent activation enthalpies (∆∆H), entropies (∆∆S), and

Gibbs free energies (∆∆G, 373 K) between Ti-Beta-F-155 and Ti-Beta-OH-46 for

each parallel reaction (Table 4.4). For both glucose-fructose and glucose-sorbose iso-
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merization, both first-order and zero-order apparent activation enthalpies are higher

(22-39 kJ mol−1) on Ti-Beta-F-155 than on Ti-Beta-OH-46, which seems reasonable

for enthalpic stabilization of isomerization transition states by an additional hydro-

gen bonding interaction with silanol groups (or co-adsorbed water) present in more

defective pore environments. Despite higher apparent activation enthalpies, initial

isomerization rates are higher on Ti-Beta-F-155, reflecting greater apparent activa-

tion entropy gains (∼85 J mol−1 K−1 for fructose, ∼103 J mol−1 K−1 for sorbose)

in both first-order and zero-order regimes. Similar findings have been observed for

first-order glucose isomerization rates on Sn-Beta (373 K, 5 wt.% glucose, per Sn), for

which similar apparent activation energies but higher pre-exponential factors are mea-

sured on hydrophobic Sn-Beta-F than hydrophilic Sn-Beta-OH [28], although kinetic

parameters measured in the first-order regime cannot be separated into individual

contributions that affect competitive adsorption and hydride shift transition state

formation from the bound glucose MARI species.

For both parallel reactions on Ti-Beta, ∆∆H and ∆∆S values are similar for

both the first-order and zero-order rate constants, indicating that the dominant ki-

netic effect of the hydrophobic reaction pocket is the entropic stabilization of the

hydride shift transition state relative to the bound glucose MARI, and not of the

bound water or glucose intermediates. For glucose isomerization reaction coordi-

nates, descriptions of the hydride shift transition state include both the transitory

glucose-derived complexes bound at Ti sites and the surrounding solvation environ-

ment provided by co-adsorbed water molecules and confining lattice atoms. Solvent

reorganization to form cavities near hydrophobic surfaces change the hydrogen bond-

ing structure of water and can result in large entropy losses (∼80 J mol−1 K−1) [204],

and similar entropy losses (>70 J mol−1 K−1) have been observed as hydrophobic

intermediates became more hydrophilic in nature at transition states for the catalytic

formation of H2O2 on silica-supported Pd clusters [205]. We surmise that the similar

(∼85-103 J mol−1 K−1) entropy differences measured here for glucose isomerization in

Ti-Beta-F and Ti-Beta-OH suggest reorganization of solvating water shells between



246

the kinetically-relevant precursor and transition states, given that both water and

glucose-derived moieties are hydrophilic and able to hydrogen bond with the solvat-

ing environment. Further, since the stability of the transition state relative to the

bound glucose MARI species affects both first-order and zero-order rate constants,

comparison between first-order and zero-order rate constants (Table 4.4) indicates

that hydrophobic surrounding environments have a weaker effect on water and glu-

cose competitive adsorption equilibrium constants, and a predominant effect on the

stability of kinetically-relevant hydride shift transition states relative to the bound

glucose MARI species.

In summary, experimental kinetic measurements indicate that the dominant effect

of hydrophobic voids in Ti-Beta-F is the entropic stabilization of the hydride shift

transition state relative to bound glucose MARI species (∆∆H and ∆∆S values for

kzero, Table 4.4) and not the competitive adsorption of water and glucose (∆∆H and

∆∆S values for Kcomp near zero, Table 4.4). As a result, isomerization turnover rates

measured in both first-order and zero-order kinetic regimes (per TiLA) are higher (by

similar factors) when active Ti sites are confined within hydrophobic than hydrophilic

voids. Small enthalpic penalties for confining transition states within hydrophobic

voids of Ti-Beta-F are compensated by significantly more favorable entropic gains,

resulting in higher rate constants than on hydrophilic Ti-Beta-OH. This entropic sta-

bilization of the transition state relative to the adsorbed glucose intermediate is the

dominant kinetic effect of confining glucose isomerization reaction coordinates within

hydrophobic reaction pockets. In what follows, we assess the effects of hydrophobic

and hydrophilic reaction environments on glucose isomerization using DFT calcu-

lations that consider the effects of additional water molecules present in reaction

environments on glucose isomerization free energy landscapes. These calculations fo-

cus primarily on the effects of co-adsorbed water on the stability of the hydride shift

transition state, relative to the adsorbed glucose intermediate observed from ATR-IR

spectra at high aG values.
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4.4.5.2 DFT-Derived Activation Enthalpies and Entropies

The kinetic effects of co-adsorbed water on glucose-fructose isomerization were

examined by changing the number of intrapore water molecules (2-10) that interact

with the transition state for the 1,2-hydride shift step, the adsorbed glucose state, and

the desorbed glucose state (the closed Ti site without any organic species present)

individually. Additional kinetic effects from proximal silanol groups that may exist

in Ti-Beta-OH materials are possible, but cannot be quantified appropriately with-

out more precise definitions of active Ti site structures (e.g., closed, open), which is

the subject of ongoing work. Alterations in the nature (e.g., closed, open) of Lewis

acidic Sn sites may significantly affect glucose-fructose isomerization activation en-

thalpies [161], however, the similar activation enthalpies measured experimentally on

Ti-Beta-F and Ti-Beta-OH (Table 4.4) do not suggest that such dramatic differences

prevail among active Ti site structures in hydrophobic and hydrophilic Ti-Beta ze-

olites. Therefore, to isolate the kinetic roles of co-adsorbed water molecules on the

stability of hydride shift transition states, the active site model was restricted to a

closed Ti site without proximal silanol defects.

The positions of water molecules in these studies were determined by first fully

solvating three cases: the 1,2-hydride shift transition state, the adsorbed ring-closed

glucose state, and the closed Ti site with a proximal, partially-bound water cluster.

Water was systematically removed from each position in these clusters to determine

the most weakly bound water molecule, which was then used as the basis for each

subsequent water removal. For example, starting with 10 water molecules solvating

the 1,2-hydride shift transition state, each individual water molecule was removed to

create 10 distinct 9-water arrangements, each of which was optimized into its lowest

free energy configuration. The 9-water configuration with the lowest free energy was

used to generate 9 distinct 8-water arrangements prior to energy minimization, a

process that was repeated until no water molecules remained. The arrangement of

water molecules at each discrete water density on the 1,2-hydride shift transition
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state, the adsorbed glucose state, and the closed Ti site corresponding to the lowest

free energy was then used to calculate enthalpy and entropy barriers for the apparent

first-order and zero-order rate constants.

The aqueous nature of these reactions prohibits direct assessment of how many

water molecules adsorb or desorb over the course of the reaction within hydropho-

bic and hydrophilic environments. ATR-IR experiments confirm prior reports that

glucose adsorption entrains some number of water molecules into hydrophobic chan-

nels [16, 202] and indicates that glucose displaces some number of water molecules

upon adsorption within hydrophilic channels. Despite these apparent shifts in in-

trapore water content upon glucose adsorption, Kcomp values are nearly identical in

Ti-Beta-F and Ti-Beta-OH materials, which correspond to the adsorption of glucose

and concomitant desorption of two water molecules. Therefore, the difference in re-

activity between Ti-Beta-F and Ti-Beta-OH is directly attributable to changes in the

zero-order apparent rate constants, which reflect differences in free energy between

hydride shift transition states and the adsorbed glucose MARI state. This reaction

event likely causes net-zero changes in the amount of co-adsorbed water within either

material.

DFT-predicted apparent zero-order activation enthalpies systematically increase

from 165 to 276 kJ mol−1 and apparent zero-order activation entropies systematically

increase from -12 to 49 J mol−1 K−1 as the co-adsorbed water density increases from

2–10 molecules (Fig. 4.55C, Supp. Info.). Similar increases in apparent activation

enthalpies and entropies with increasing intrapore water content were observed for

the first-order regime (Fig. S.46B, Supp. Info.). These DFT-predicted trends, how-

ever, directly contradict the decrease in experimentally measured activation enthalpies

(∆∆Hzero,fructose of 22 kJ mol−1) and large decrease in entropies (∆∆Szero,fructose of

73 J mol−1 K−1) on Ti-Beta-OH-46 compared to Ti-Beta-F-155 (Table 4.4) in the

zero-order regime.

The inability to directly quantify the water content within the pores prohibits

quantitative comparisons between DFT and experiments. Despite overall trends that
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suggest an increase in activation enthalpy with increasing intraporous water density,

certain changes in water content produce statistically insignificant changes in activa-

tion enthalpies, such as the shift from 2 to 4 intrapore water molecules that results

in a slight decrease in the zero-order activation enthalpy from 165 to 155 kJ mol−1,

or the shift from 5 to 7 intrapore water molecules that results in a slight increase in

the activation enthalpy from 209 to 214 kJ mol−1. The overall results from DFT,

however, indicate that large increases in the amount of water that directly solvates

glucose-derived species cause an increase in activation enthalpies and entropies, sug-

gesting that such large changes are unlikely between hydrophobic and hydrophilic

materials. Further, this suggests that adsorbed glucose species may be sufficiently

solvated within Ti-Beta-F because of water molecules entrained upon glucose ad-

sorption and the desorbed waters from the Lewis acid site, and that the increase in

intrapore water content at other regions within zeolitic voids has little impact on

activation enthalpies.

The significant decrease in activation entropy between Ti-Beta-F and Ti-Beta-OH

(∆∆Szero,fructose of 73 J mol−1 K−1) demonstrates that intrapore water must have an

impact on these reactions without a concomitant impact on activation enthalpy, which

perhaps indicates that these effects are caused by alterations in the second-layer sol-

vation shell around glucose-derived intermediates. In other words, glucose adsorption

into hydrophobic materials entrains sufficient water molecules to directly solvate itself

and the 1,2-hydride shift transition state that forms fructose, yet these materials lack

extended water structures otherwise present in defect-laden hydrophilic materials that

restrict the mobility of the first solvation shell of glucose. The net result is a decrease

in the entropy of the 1,2-hydride shift transition state, reflected in a decrease in both

first-order and zero-order activation entropies on Ti-Beta-OH. Although the DFT re-

sults and entropy treatments used here do not provide straightforward explanations

of the experimental findings, they do appear to capture broader effects of intrapore

water that can be used to eliminate some possible hypotheses that would otherwise

be difficult to assess without DFT. We note that more accurate modeling of this
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solvated reaction coordinate, using ab initio molecular dynamics simulations, may

be warranted in future efforts that intend to more closely connect with experimental

findings.
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4.5 Conclusions

The confinement of binding sites within hydrophobic or hydrophilic micropore

environments influences turnover rates of aqueous-phase reactions through effects on

the competitive adsorption of solvent and reactant molecules at binding sites, and on

the structures of solvent clusters and networks within void spaces that influence Gibbs

free energies of transition states and kinetically relevant reactive intermediates. These

effects were studied here using aqueous-phase glucose isomerization to fructose and

sorbose on Ti-Beta samples comprising varying contents (by 10×) of isolated, active

Lewis acidic Ti sites that were synthesized directly or modified post-synthetically

in order to obtain suites of materials that confined such sites within hydrophobic

(Ti-Beta-F) and hydrophilic (Ti-Beta-OH) samples of widely varying residual silanol

defect density (by 100×). Hydrophilic Ti-Beta-OH samples adsorbed 20–25× higher

amounts of water (P/P0 = 0–0.2, 293 K) than hydrophobic Ti-Beta-F samples and

stabilized water in structures characterized by increased extents of hydrogen-bonded

networks than the gas-like molecular structures present within hydrophobic microp-

ores. Initial glucose-fructose and glucose-sorbose isomerization turnover rates (368–

383 K, per TiLA) are first-order at dilute glucose thermodynamic activities (aG =

50–300 mol m-3) and become zero-order at high glucose thermodynamic activities

(aG = 2700–4000 mol m-3), reflecting a change in the MARI at Ti sites from two

bound water ligands to adsorbed glucose-derived intermediates. These changes in the

identity of the MARI with increasing glucose thermodynamic activity are consistent

with shifts in Ti coordination from XANES spectra and are confirmed by spectral

identification of intermediate structures using modulation excitation spectroscopy

during ATR-IR experiments.

The measurement of first-order and zero-order kinetic behavior enables decou-

pling the kinetic effects of glucose and water competitive adsorption at active Ti sites

from those of kinetically-relevant isomerization transition state stabilization to assess

the effects of hydrophilic and hydrophobic reaction environments on adsorption and
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catalytic phenomena independently. Glucose isomerization rates were ∼6× higher

(368–383 K, per TiLA) on Ti-Beta-F than on Ti-Beta-OH in both first-order and

zero-order kinetic regimes, reflecting both competitive adsorption constants between

two waters and one glucose at Ti sites that are essentially insensitive to the polarity

of confining reaction environments, and Gibbs free energy differences of kinetically

relevant hydride shift transition states relative to their bound glucose precursors that

are significantly lower within hydrophobic environments. Lower zero-order activa-

tion enthalpies and entropies measured on Ti-Beta-OH than on Ti-Beta-F reflect the

effects of higher co-adsorbed water and silanol defect densities that cause modest

enthalpic stabilization by hydrogen bonding, but more severe entropic destabiliza-

tion, of isomerization transition states. Insights from DFT suggest that glucose is

solvated within the hydrophobic micropores characteristic of Ti-Beta-F from water

molecules entrained upon sugar adsorption and those desorbed from active Ti sites

upon formation of ring-opened sugar intermediates; however, the higher water den-

sities present within hydrophilic environments characteristic of Ti-Beta-OH interact

with the hydride shift transition state leading to entropic destabilization.

The experimental and theoretical data presented herein provide evidence that

silanol defects and associated co-adsorbed water within the microporous reaction

pockets of zeolites mediate entropy-enthalpy compromises that influence Gibbs free

energies of kinetically-relevant glucose isomerization transition states. Similar entropy-

enthalpy compromises have also been observed within metalloenzyme reaction pock-

ets [132,206]. For example, freeze-trapping X-ray crystallography studies of D-xylose

isomerase have shown the migration of water molecules during protein folding and

throughout the glucose-fructose isomerization pathway to assist proton shuttling

events involved in glucose ring opening and hydride shift steps [132]. Co-adsorbed

water is not expelled from the reaction pocket in D-xylose isomerase and continues to

interact with bound intermediates, reminiscent of the entrainment of water molecules

with glucose upon adsorption within hydrophobic zeolite pores and the influence of
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such co-adsorbed water to mediate entropy-enthalpy compromises in determining in-

termediate and transition state stability.

These findings indicate that aqueous-phase sugar isomerization turnover rates on

hydrophobic and hydrophilic zeolites are sensitive to the presence of co-adsorbed

solvent molecules within the reaction environment. As a result, the density and lo-

cation of intrapore silanol defects in zeolites, which depend on their synthetic and

post-synthetic treatment history, are structural features that influence catalytic rates

because they determine the amount and structure of co-adsorbed solvent molecules,

clusters, and extended networks within reaction environments. The in situ and ex

situ IR characterization techniques described here are particularly useful for quan-

tifying active site and hydrophilic defect densities, and for probing water structures

within hydrophobic and hydrophilic confining environments under both gas-phase

and liquid-phase conditions. More accurate modeling of co-adsorbed solvent den-

sities within low-defect and high-defect porous structures promise to help establish

stronger connections between computational and experimental studies. While the

polarity of confining environments around binding sites in zeolites have been recog-

nized to influence turnover rates in aqueous-phase catalysis, including several cases for

which rate acceleration within hydrophobic confining environments reflect adsorption

phenomena, the findings presented herein document an example of rate acceleration

that predominantly reflects the influence of hydrophobic confining environments on

transition state stability.
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4.7 Supporting Information

4.7.1 Bulk Structural and Lewis Acid Site Characterization of Ti-Beta Zeolites

(a) (b)

Figure 4.9: Powder XRD patterns of (a) Ti-Beta-F and (b) Ti-Beta-OH samples
studied in this work. Weak signals around 9-10o reflect an artifact from the sample
holders used to collect XRD patterns.
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(a) (b)

Figure 4.10: N2 adsorption isotherms (77 K) of (a) Ti-Beta-F and (b) Ti-Beta-OH
samples studied in this work. Isotherms are offset by 200 cm3 g−1 for clarity.

Figure 4.11: SEM images of selected Ti-Beta-F samples: (a) Ti-Beta-F-135, (b) Ti-
Beta-F-155, and (c) Ti-Beta-F-180. Bulk sample uniformity is assumed based on
images for (d) Ti-Beta-F-135, (e) Ti-Beta-F-155, and (f) Ti-Beta-F-180. Larger crys-
tal aggregates reflect Si-Beta-F seeds used to nucleate the formation of Ti-Beta-F.
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Figure 4.12: SEM images of selected Ti-Beta-OH samples: (a) Ti-Beta-OH-46, (b)
Ti-Beta-OH-34, and (c) Ti-Beta-OH-71. Bulk sample uniformity is assumed based
on images for (d) Ti-Beta-OH-46, (e) Ti-Beta-OH-34, and (f) Ti-Beta-OH-71 which
show larger agglomerates of small crystals.

Figure 4.13: SEM images of Ti-Beta-OH-34 at various steps of the synthesis proce-
dure: (a) Al-Beta parent material, (b) after nitric acid treatment for dealumination,
and (c) after TiCl4 grafting to form Ti-Beta-OH-34. Bulk sample uniformity is as-
sumed based on images for (d) Al-Beta parent material, (e) after nitric acid treatment
for dealumination, and (f) after TiCl4 grafting to form Ti-Beta-OH-34. All show
larger agglomerates of small crystals.



259

(a) (b)

Figure 4.14: Hydrated UV-Vis spectra of (A) Ti-Beta-F and (B) Ti-Beta-OH samples
studied in this work collected prior to dehydration at 523 K.

(a) (b)

Figure 4.15: Dehydrated UV-Vis spectra (523 K, 1800 s) of (A) Ti-Beta-F and (B)
Ti-Beta-OH samples studied in this work.
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(a) (b)

Figure 4.16: Tauc plots of (A) Ti-Beta-F and (B) Ti-Beta-OH samples studied in this
work prior to heating and sample dehydration (“hydrated” samples). Edge energies
are summarized in Table 4.5

(a) (b)

Figure 4.17: Tauc plots of (A) Ti-Beta-F and (B) Ti-Beta-OH samples studied in this
work after treatment in flowing He at 523 K for 1800 s. Edge energies are summarized
in Table 4.5
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Figures 4.14 and 4.15 above show UV-Vis spectra collected before and after the

exposure of Ti-Beta samples to heat treatments (523 K, 1800 s). Band maxima do

not shift significantly upon dehydration treatments. Tauc plots corresponding to

these spectra are shown in Figures 4.16 and 4.17 and edge energies are x-intercept

values measured from extrapolating the first linear regions at low energies of Tauc

plots. Dehydration of each sample leads to an increase in the edge energy as shown

in Table 4.5. These shifts in edge energy upon dehydration corroborate the changes

in Ti coordination number observed in XAS measurements detailed below (Section

4.7.4.3).

Table 4.5: Edge energies of Ti-Beta samples after exposure to ambient conditions,
dehydrated, and rehydrated in wet Ar flow. Band maxima correspond to the primary
UV-Vis F(R) peaks after dehydration shown in Figure 4.14 above.

Sample Edge Energies
Ambient (eV) Dehydrated

(eV)
Rehydrated

(eV)
Band

Maximum
(nm)

Ti-Beta-F-180 4.4 4.4 4.3 230
Ti-Beta-F-155 5.1 5.3 5.1 216
Ti-Beta-F-135 4.3 4.5 4.3 231
Ti-Beta-F-170 5.1 5.3 5.1 216
Ti-Beta-F-142 4.2 4.3 4.3 246
Ti-Beta-F-143 4.2 4.2 4.2 253
Ti-Beta-F-282 5.0 5.1 5.0 218
Ti-Beta-F-133 5.1 5.3 5.0 219
Ti-Beta-OH-38 4.3 4.7 4.4 234
Ti-Beta-OH-46 4.1 4.4 4.1 253
Ti-Beta-OH-34 4.2 4.5 4.3 246
Ti-Beta-OH-71 4.3 4.7 4.4 235
Ti-Beta-OH-18 4.2 4.5 4.2 235
aDehydration performed in dry flowing He to 523 K and held for 30 min.
bRehydration performed in wet flowing He at ambient temperature.
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4.7.1.1 IR Characterization of Titanosilicate Samples using Adsorbed CD3CN

Figure 4.18: IR spectra on Ti-Beta-OH-46 after progressive titration of CD3CN at 303
K (CD3CN/Ti = 0.002-2.34). Dashed lines are drawn at 2308 cm−1 (CD3CN bound
to Lewis acidic Ti) and 2275 cm−1 (CD3CN hydrogen bound to silanols). Note that
the peak center shifts slightly to lower wavenumbers with increasing adsorbed CD3CN
concentrations.
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Figure 4.19: CD3CN-saturated IR spectra for Ti-Beta-F-155. The thickest solid
line reflects the measured spectra upon saturation with CD3CN while thinner lines
indicate constitute peaks associated with CD3CN bound to Lewis acidic Ti sites
(2308 cm−1), CD3CN bound to silanols (2275 cm−1), and gas phase physisorbed
CD3CN (2265 cm−1). The dashed line represents the modeled spectra from combining
deconvoluted peaks.
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(a) (b)

Figure 4.20: IR spectra collected on (A) CD3CN-saturated Ti-Beta-F and (B)
CD3CN-saturated Ti-Beta-OH samples studied in this work. Dashed lines are drawn
at 2308 cm−1 (CD3CN bound to Lewis acidic Ti) and 2275 cm−1 (CD3CN bound to
silanols).
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4.7.1.2 IR Characterization of Titanosilicate Samples using Adsorbed Pyridine

Pyridine (Alfa Aesar, >99%) adsorption on self-supporting Ti-Beta wafers was

performed following similar procedures to those reported for CD3CN titration at 423

K under static vacuum conditions including freeze-pump-thaw cycles, pyridine dosing

and equilibration, dynamic vacuum exposure to remove residual gaseous titrant upon

saturation, and baseline correction, normalization, and subtraction of parent spectra,

resulting in IR spectra similar to those shown in Figure 4.21A. Figure 4.21A shows

pyridine adsorption spectra with incremental pyridine doses on Ti-Beta-F-135. IR

spectra on pyridine saturated Ti-Beta-F-155 is shown in Figure 4.21B which can be

deconvoluted to isolate the peak centered at 1605 cm−1.

(a) (b)

Figure 4.21: IR spectra measured (a) after the first four doses of pyridine on Ti-Beta-
F-135 (0.015-0.058 mol pyridine (mol Ti)−1 and (b) after saturation of Ti-Beta-F-
135 with pyridine (1.05 mol pyridine (mol Ti)−1). The components included in the
deconvolution are shown (thin solid lines) with the resulting fit envelope (dotted line)
and the measured spectra (thick solid line).

Marginal increases in integrated area of the feature centered at 1605 cm−1 corre-

late linearly with marginal increases in adsorbed pyridine. The linear increase can
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be quantified on four distinct Ti-Beta samples which show similar molar extinction

coefficients for pyridine adsorption from identical analyses to those of CD3CN molar

extinction coefficient determination in the main text, as seen in Figure 4.22A and

Table 4.6. Averaging the linear increases in 1605 cm−1 peak area at low pyridine

doses (Figure 4.20B) yields a single E(1605 cm−1) value of 1.16 ± 0.23 cm µ mol−1

which can then be used to quantify total Lewis acid density from IR spectra after

pyridine saturation on each sample (Table 4.1, Main Text).

(a) (b)

Figure 4.22: (A) Integrated peak area normalized by wafer cross-sectional areas for
the IR feature centered at 1605 cm−1 as a function of moles pyridine adsorbed onto
Ti-Beta-F-155 (diamonds), Ti-Beta-F-135 (circles), Ti-Beta-F-170 (triangles), and
Ti-Beta-OH-46 (squares). Dashed lines indicate best fit lines through the origin for
each sample with slopes equal to integrated molar extinction coefficients as listed in
Table 4.7 (B) Integrated peak area normalized by wafer cross-sectional areas for the
IR feature centered at 1605 cm−1 as a function of moles pyridine adsorbed onto Ti-
Beta-F-155, Ti-Beta-F-135, Ti-Beta-F-170, and Ti-Beta-OH-46 as a single data set.
The dashed line indicates the best fit line through the origin for the combined data
set with the slope equal to the average integrated molar extinction coefficient.

Figure 4.23 shows Lewis acid site densities determined from pyridine-saturation in-

frared experiments plotted against Lewis acid site densities determined from CD3CN-
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Table 4.6: E (1605 cm−1) values determined for four separate Ti-Beta samples by
sequentially dosing pyridine at 423 K.

Sample E (1605 cm−1 (cm µmol−1)
Ti-Beta-F-135 1.84
Ti-Beta-F-170 0.97
Ti-Beta-OH-46 0.93
Ti-Beta-F-155 1.02

saturation infrared experiments from Table 4.2. The two sets of Lewis acid site con-

centrations linearly correlate with one another, suggesting that they reflect similar

site densities.

(a) (b)

Figure 4.23: Lewis acid site densities determined from pyridine-saturation IR exper-
iments plotted against Lewis acid site densities determined from CD3CN-saturation
IR experiments. The dashed line is a parity line drawn to guide the eye.
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4.7.1.3 Assessing Extracrystalline Surface Areas and Normalized Silanol Densities
on Titanosilicate Samples

Ti-Beta-F crystals exhibit square bipyramidal crystal morphology (Figure 4.11).

Characteristic lengths were measured along the plane corresponding to the symmet-

ric crystal center and along the terminal planes and the characteristic height was

measured as the distance between those two planes. Characteristic length and height

measurements were obtained from SEM images of more than 25 individual crystals

selected randomly from multiple locations. Surface area and volume measurements

were obtained by treating crystals as square frustums sharing a common base along

a symmetrical middle plane.

For Ti-Beta-OH samples, the size of the final material is dependent on the size of

the Al-Beta parent material which is maintained after dealumination and grafting as

shown in Figure 4.13. Ti-Beta-OH crystals are prolate spheres agglomerated together

into large clusters (Figure 4.12). Characteristic lengths were determined in both the r

and z directions from over 25 individual crystals and averaged to quantify the average

surface area and volume per particle.

For materials of consistent zeolite topology, the surface-area-to-volume ratio is an

adequate proxy for external surface areas. Surface-area-to-volume ratios per particle

were normalized to Ti-Beta-F-155, a representative primary Ti-Beta-F sample studied

in this work, assuming a consistent particle density between samples. Table 4.7

lists normalized surface-area-to-volume ratios along with normalized silanol densities

quantified using IR spectra from CD3CN titration experiments. A direct correlation

between silanol density and external crystal surface area would be expected if all

silanols are located only on external crystal surface areas. Silanol densities do not

directly scale with surface-area-to-volume ratios, suggesting increased silanol densities

present within the microporous environments of Ti-Beta-OH samples.
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Table 4.7: Surface-area-to-volume (SA/V) ratios and silanol defect densities for se-
lected Ti-Beta-F and Ti-Beta-OH samples normalized to Ti-Beta-F-155.

Sample Normalized SA/V Normalized Silanol Density
Ti-Beta-F-135 0.5 0.45
Ti-Beta-F-155 1.0 1.0
Ti-Beta-F-180 0.5 0.86
Ti-Beta-OH-46 18 3.6
Ti-Beta-OH-34 10 3.5
Ti-Beta-OH-71 10 4.1
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4.7.2 Characterization of the Hydrophobic Properties of Ti-Beta Zeolites

4.7.2.1 Vapor-Phase Adsorption Isotherms on Titanosilicate Samples

Figure 4.24: Vapor-phase water adsorption isotherms at 293 K on Ti-Beta-F samples
studied in this work. Isotherms are offset by 100 cm3 g−1 for clarity.



271

Figure 4.25: Vapor-phase water adsorption isotherms at 293 K on Ti-Beta-OH sam-
ples studied in this work. Isotherms are offset by 100 cm3 g−1 for clarity.
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Figure 4.26: Water uptakes at P/P0 = 0.2 (373 K) after subtracting two moles of
water molecules per mol Ti Lewis acid site (quantified by CD3CN IR) as a function
of the bulk silanol defect density (quantified by CD3CN IR). The solid line is a best
fit line drawn through the origin to guide the eye.
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Figure 4.27: Vapor-phase methanol adsorption isotherms at 293 K on Ti-Beta-F
samples studied in this work. Isotherms are offset by 100 cm3 g−1 for clarity.



274

Figure 4.28: Vapor-phase methanol adsorption isotherms at 293 K on Ti-Beta-OH
samples studied in this work. Isotherms are offset by 100 cm3 g−1 for clarity.
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4.7.2.2 Spectroscopic Characterization of Intraporous Water Structures using Trans-
mission IR

IR spectra of Ti-Beta-F-155 and Ti-Beta-OH-46 with increasing amounts of gas-

phase water exposure are shown in Figures 4.29 and 4.31 that correspond to Figures

4.2A and 4.2B in the main text. Peaks centered between 2700-3800 cm−1 and 1550-

1750 cm−1 increase systematically with increasing water partial pressure which can be

equated to an adsorbed water density using the adsorption isotherms given in Figure

4.30.

(a) (b)

Figure 4.29: Differential, subtracted, normalized, cell-corrected IR spectra of ad-
sorbed H2O at P/P0=0.1, 0.2, 0.5, and 0.75 (lightest to darkest, 298 K) on (A)
Ti-Beta-F-155 and (B) Ti-Beta-OH-46. Differential spectra are spectral changes be-
tween a given P/P0 value and the previous relative pressure spectra, isolating changes
in spectral features due only to increasing water partial pressure.

Figure 4.31 show IR subtraction spectra focusing on the OH stretching region

where peaks corresponding to perturbed silanols are observed at 3735 and 3745 cm−1.

Spectra collected on Ti-Beta-F-155 observes a continuous increase in perturbed silanol
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Figure 4.30: Vapor-phase water adsorption isotherms at 298 K on Ti-Beta-F-155
(closed circles) and Ti-Beta-OH-46 (open squares)

peak area while perturbed silanol peaks observed on Ti-Beta-OH-46 are saturated at

lower water partial pressures.
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(a) (b)

Figure 4.31: Subtracted IR spectra of the OH stretching region as a function of
increased relative pressure of water on (A) Ti-Beta-F-155 and (B) Ti-Beta-OH-46.



278

4.7.3 Glucose Isomerization Mechanisms and Kinetic Measurements

4.7.3.1 Identification of Fructose and Sorbose Formed via Glucose Isomerization on
Ti-Beta Zeolites

Isomerization product identification was performed using solution phase 13C NMR

as seen in Figure 4.30 on representative Ti-Beta-F and Ti-Beta-OH samples. Glucose,

fructose, and sorbose standards are shown for comparison. The resonances at δ =

61.6 and 67.3 ppm are peaks indicative of sorbose and fructose respectively and used

to confirm isomerization products formed on all samples.

Figure 4.32: Solution phase 13C NMR of monosaccharide solutions after contacting 5
wt% glucose solutions with Ti-Beta-F-133, Ti-Beta-F-155, and Ti-Beta-OH-46. Glu-
cose, fructose and sorbose standards are given for direct comparison.
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Figure 4.33: Free energy (373 K, 1 bar) reaction coordinate diagram for the formation
of sorbose from glucose on closed-form Ti Lewis acid sites. Reaction arrows with
overlaid circles indicate quasi-equilibrated events or the formation of transition states
from relevant precursors. Relative enthalpies are given near inset images.
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4.7.3.2 H/D KIE Derivation as a Function of Temperature for a General Vibrational
Frequency using Zero Point Energies

The H/D KIE measures the apparent rate constant ratio resulting from isotopi-

cally labeling an atom located in a kinetically relevant bond which is the alpha C-H

bond in the case of Lewis acid mediated glucose-to-fructose isomerization. The ap-

parent isomerization rate constant in the first-order regime can be written as a series

of coupled rate constants which reflects free energy differences between the hydride

shift transition state with two free water molecules and the water dimer surface in-

termediate with a single free glucose molecule in solution as follows:

kfirsti =
K1k2

K4K5

=
kBT

h
e−((∆Go‡+2∆GoW )−(∆GoG,i+∆Go2W∗))/RT (4.17)

Taking the ratio of rate constants, defined as the KIE, for glucose-H2 and glucose-

D2 and canceling constants yields the following equation, which relates free energy

differences between reaction rates with and without isotopic labeling:

KIE =
kfirstH2

kfirstD2

=
e−((∆Go‡+2∆GoW )−(∆GoG,H2+2∆Go2W∗))/RT

e−((∆Go‡+2∆GoW )−(∆GoG,D2+2∆Go2W∗))/RT
(4.18)

Relevant free energy terms can then be separated between water-dependent and

water-independent terms, where water-dependent terms are not affected by isotopi-

cally labeling the glucose reactant molecule and thus are irrelevant for observed KIEs:

KIE =
e−(2∆GoW+∆Go2W∗)/RT e−(2∆Go‡,H2−∆GoG,H2)/RT

e−(2∆GoW+∆Go2W∗)/RT e−(2∆Go‡,D2−∆GoG,D2)/RT
=
e−(2∆Go‡,H2−∆GoG,H2)/RT

e−(2∆Go‡,D2−∆GoG,D2)/RT
(4.19)

Similarly, the transition state free energy is not affected by the isotopic label and

the associated shift in reduced mass. Therefore, the KIE reflects the free energy

difference between the two ground state energies of glucose-D2 and glucose-H2, re-

spectively, which result from differences in zero point energies between C-H and C-D

bonds:
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KIE = e(∆GoG,H2−∆GoG,D2)/RT = e(ZPEH2−ZPED2)/kBT (4.20)

Here, ZPEi is the zero point energy for C-H and C-D bonds and kB is the Boltz-

mann constant (1.3806*10−23 m2 kg s−2 K−1). Substituting in the definition of

the ZPE and accounting for the vibrational frequency shift upon isotopic labeling

(νD=0.74νH), the following is derived to define the following generalized KIE equa-

tion:

KIE = e( 1
2
chνH− 1

2
chνD = e(0.13chνH)/kBT (4.21)

where c is the speed of light in a vacuum (2.998*108 m s−1) and h is the Planck

constant (6.626*10−34 m2 kg s−1). This equation yields a KIE value of 2.1 at 373

K for a C-H bond scissoring vibration (νH=1500 cm−1) and 4.5 at 373 K for a C-H

stretching vibration ( 3000 cm−1) corresponding to the kinetically relevant vibrational

mode for the Lewis acid and Lewis base catalyzed transition state, respectively. In

the case of severe internal mass transfer limitations, the apparent rate constant ratio

is equal to the square root of the intrinsic ratio, yielding lower observed KIE values.

In this case, the apparent KIE value for a C-H bond scissoring vibration (intrinsic

KIE of 2.1) at 373 K would equal a value of 1.4.

(
kfirstH2

kfirstD2

)app =

√
kfirstH2

kfirstD2

(4.22)

The effect of severe internal mass transfer limitations on observed KIEs is inde-

pendent of the kinetic regime and holds with measured KIE values (2.1-2.3) in both

first-order and zero-order regimes.

The apparent lack of mass transfer reflected by experimentally measured KIE

values of 2.1 is supported by consistent glucose isomerization rates for fructose and

sorbose formation normalized per total Ti content (Figure 4.4, main text) and as a

function of Lewis acidic Ti content (Figure 4.34).
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(a) (b)

Figure 4.34: First-order fructose (closed circles, closed triangles) and sorbose (open
circles, open triangles) formation rate constants (373 K, pH 4) normalized per total
Lewis acidic Ti content (measured from CD3CN IR) as a function of Lewis acidic Ti
density for (A) Ti-Beta-F and (B) Ti-Beta-OH samples.
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4.7.3.3 Bulk Solution Glucose and Osmotic Activity Coefficient Quantification

Standard state glucose activity coefficients (298 K), osmotic coefficients, and ex-

cess partial molar enthalpies were linearly interpolated from literature values as a

function of glucose mole fraction where activity coefficients vary from unity to 1.329

(298 K) at high glucose concentrations approaching the aqueous room temperature

solubility of glucose [194]. Interpolated activity coefficients were then adjusted to

reaction temperature using the following thermodynamic relationship [195]:

−HE

i

RT 2
=

δ

δT
lnγi (4.23)

Here, H
E

i is the excess partial molar enthalpy of species i in solution, R is the

universal gas constant, T is absolute temperature in K, and gammai is the activity

coefficient of species i in solution which is a function of temperature and the concen-

tration of species i. Excess partial molar enthalpies are assumed to be independent of

temperature across the studied temperature range. Eq. 4.23 can be integrated into:

γi = γoi e
H
E
i
R

( 1
T
− 1
To (4.24)

Here, γi and γoi are the activity coefficients of species i at the reaction temperature

and standard temperature (298 K) respectively, and T and T o are the reaction and

standard state absolute temperatures respectively. Glucose and osmotic activities at

reaction conditions were then calculated from the initial concentrations of glucose

and water multiplied by the temperature-adjusted osmotic or activity coefficient as

appropriate. We note that all kinetic trends hold constant independent of whether

concentrations or thermodynamic activities (using activity coefficients quantified at

either 298 K or reaction temperatures, see Figure 4.35 and Section 4.7.5.2 below) are

used for glucose and water species. In the main text, temperature-adjusted activities

are used as an accurate descriptor in the rate equation models.
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Figure 4.35: Dependence of initial glucose isomerization rates (373 K, pH 4) for
fructose (filled) and sorbose (open) formation on Ti-Beta-F-155 (closed circles, open
circles) and Ti-Beta-OH-46 (closed triangles, open triangles) as a function of initial
glucose concentration (1-50 wt.%). Solid lines represent fits of the experimental data
to the rate equation (Eq. 4.9 of the main text) using activation enthalpies and
entropies given in Table 4.4.
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4.7.4 Characterization and Kinetic Effects of Bound Surface Species in First-Order
and Zero-Order Regimes

4.7.4.1 ATR-IR and Modulation Excitation Spectroscopy Quantification for the
Identification of Bound Reactive Intermediates using MCR-ALS Data Anal-
ysis Techniques

The time-resolved FTIR spectra for each Beta material were collected and pro-

cessed mathematically prior to analyzing spectral features of individual species. The

time-domain raw spectra were first averaged into a single period using:

Aaverage(t) =
τ

τtotal
Σ
τtotal
τ

i=0 A(t+ iT ) (4.25)

Here A(t+iT) is the absorbance at each time point, Aaverage(t) is the absorbance

after averaging into a single period, T is the time period of stimulation, and Ttotal is

the total time for which the experiment was run; therefore, τtotal
τ

represents the total

number of periods measured during a MES experiment. The averaged spectra were

then subjected to phase sensitive detection (PSD) using:

Ak(ϕ
PSD
k ) =

2

T

∫ T

0

Aaverage(ϑ, t)sin(kωt+ ϕPSDk )dt (4.26)

Eq. 4.26 was transformed into a Fourier series by Fourier’s theorem for a periodic

function gives:

A(ϑ, t) = ΣN
i=1Ai,o + ΣN

i=1Σ∞k=1(A0o

i,k(ϑ)cos(kωt) + A90o

i,k (ϑ)sin(kωt)) (4.27)

where Ai,o is the dc component, and A0o

i,k and A90o

i,k are the orthogonal components

of the vector. Each of the above terms in the integral was converted into a single

equation using Simpson’s Rule:

∫ T

0

y(t)dt =
∆t

3
(y0 + y1 = 2y2 + 4y3 + ...+ 2yn−2 + 4yn−1 + yn) =

∆t

3
Σn
i=0siyi (4.28)
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where si is Simpson’s coefficient (where n must be an even number). A detailed

mathematical derivation and implications are discussed in detail elsewhere [207]. A

self-developed MATLAB code reported previously [181] was used to resample and

average the time resolved spectra and then perform the PSD calculations described

in Eqs. 4.27 and 4.28 to yield the phase domain spectra. Figures 4.36 show an

example of the time resolved and phase resolved spectra for Ti-Beta-F-155.

Phase resolved spectra were then subjected to MCR-ALS to extract independent

species, including the surface coverages and spectra. Spectra were truncated to con-

tain wavenumbers 3800-2600 and 1800-700 cm−1 and phase angles 1-181o to reduce

data set size into MATLAB. Singlular value decomposition suggests only two inde-

pendent species to fully describe the phase resolved spectra. Two sine wave functions

were input for the initial guess of the surface coverages and the spectra were con-

strained to solve for positive features. The MATLAB program iteratively solved for

spectra and surface coverages until the convergence criteria were met and the sum of

residuals was less than 10−16. The resulting spectra were smoothed with a Fourier

Transform filter, baseline corrected, and normalized to the most intense feature be-

tween 1000 and 1150 cm−1 using OriginLab’s OriginPro 9 software. Initial guesses of

three or more species yielded solutions of zero for spectra and surface coverages of all

species after two, further indicating that the phase resolved spectra can be completely

described by just two independent species.
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Figure 4.36: a) Time-resolved infrared spectra obtained in situ during reactions of
glucose and water over Ti-Beta-F-155 while modulating glucose concentrations (42-50
wt%) with a period length of 250 s at 373 K. b) Phase resolved spectra that result
from phase sensitive detection of the time resolved spectra in (a). Coloring indicates
absorbance intensity.
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Figure 4.37: Dependence of fructose-to-sorbose selectivity (373 K, pH 4) on Ti-Beta-
F-155 (circles) and Ti-Beta-OH-46 (triangles) as a function of initial glucose thermo-
dynamic activity. Relatively constant product selectivities support the identification
of the secondary bound glucose species being a bound intermediate which is not di-
rectly responsible for sorbose formation as relative coverages of MARI and secondary
bound species observed from ATR-IR are affected by changes in initial glucose activ-
ity.
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4.7.4.2 Comparison of Bound Glucose Intermediates from ATR-IR Spectra and DFT
Calculations

Spectra of glucose derived intermediates shown in Figure 4.6B (main text) differ

from previous reports of glucose-derived bound to framework Sn atoms in Sn-Beta

zeolites from IR spectra; however, the differences are unsurprising given the methods

of acquiring each spectra. Previous work characterized glucose derived intermediates

measured ex situ within dried zeolites. Such experiments revealed a carbonyl feature

at 1728 cm−1, a lack of δ(O-H) at 1630 cm−1 due to the absence of the solvent, and

a different series of features between 1200-1500 cm−1 [34]. Intuition and comparisons

of the previous results to those in Figure 4.6 show that samples studied ex situ (and

following dehydrations) do not result in similar charge transfer between intermedi-

ates and the Lewis acidic active site and do not reflect hydrogen bonding interactions

associated with aqueous solvent. Spectra obtained in situ using ATR-IR shown in

Figure 4.6B (main text) accurately reflect these consequential interactions and cor-

respond to reactive intermediates that may be catalytically relevant instead of fluid

phase reactants or inactive, persistent residues.

The structure of glucose-derived MARI species is characterized by complex vibra-

tional modes particularly between 900 and 1200 cm−1, which previous studies have

partially deciphered [200, 208, 209]. Measured spectra of aqueous-phase glucose over

the ZnSe crystal also contains a feature at 1024 cm-1 that is attributed to the same

C1−O5−C1 ring breathing mode and is absent in all of the spectra of glucose-derived

intermediates over Ti-Beta catalysts (Figure 4.6B, main text). DFT-calculated ring-

closed glucose structures bound to Ti sites show a vibrational frequency at 1033 cm−1

(Movie S.1, Supp. Info.) that includes C1−O5−C1 ring breathing modes, which are

absent in DFT-calculated ring-opened structures in the gas-phase and within zeolite

pores. Thus, glucose observed over the ZnSe crystal exists predominantly in a ring-

closed conformation yet the absence of these resonances upon adsorption onto Lewis

acidic Ti sites may reflect the presence of ring-opened intermediates.
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Further analysis of the bound glucose species can be performed by examining the

feature at 1005 cm−1 which is present in the spectra reflecting both the MARI and

the minor species on Ti-Beta-OH-46, but absent in spectra reflecting the MARI and

minor species on Ti-Beta-F-155. DFT-calculated vibrations of reactive intermediates

that form fructose show vibrations at 1002 or 1004 cm−1 (Movies S.3 and S.4, respec-

tively, Supp. Info.) when silanol groups are located near the Ti active site; however,

reactive intermediates that lead to fructose in a defect-free Ti-Beta pore do not show

vibrational modes near 1004 cm−1. The correlation between the vibrations near 1004

cm−1 in intermediates that lead to fructose and the existence of defect sites (or silanol

groups) near the Ti active site suggest the vibrations observed at 1004 cm−1, which re-

sult from coordinated ν(C-C) and δ(C-H) modes, must result from interactions with

the silanol groups within Beta pores. Differences in these interactions with proxi-

mal silanol groups are consistent with the different silanol densities present between

the hydrophilic Ti-Beta-OH-46 and hydrophobic Ti-Beta-F-155 samples (Table 4.2,

main text). Alternatively, these spectral differences may also reflect interactions with

nearby hydroxyl groups formed by in situ interconversion of closed (four framework

bonds) to open (three framework bonds and one hydroxyl ligand) Ti sites. These

hydroxyl groups may hydrogen bond with adsorbed species and cause vibrational

modes to appear at 1004 cm−1. These differences between the observed reactive

intermediates over Ti-Beta-OH-46 and Ti-Beta-F-155 indicate that hydrophilic and

hydrophobic pore environments may stabilize different reactive intermediates that

both form fructose, as spectra reflecting both MARI and minor intermediates lack

the carbonyl expected in sorbose precursors and may further lead to the measured

differences in rates (Figure 4.5, main text).

4.7.4.3 Ti Structural Characterization using XAS and DFT

The Ti-O coordination number of 4 obtained from fitting the EXAFS of the sample

after dehydration is consistent with the intense XANES pre-edge peak at 4.9700 keV

and the presence of tetrahedral Ti in the zeolite framework. The pre-edge peak in the
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Figure 4.38: Ti K edge XANES of water exchanged Ti-Beta-OH-46 zeolite after
dehydration at 523 K in He (solid) and under ambient conditions (dashed). The
increase in intensity of the pre-edge peak is consistent with a decrease in coordination
number from 6 to 4 upon dehydration.

hydrated sample is less intense and shifted to higher energy (4.9707 keV) than the

hydrated sample and is consistent with a Ti coordination number of 6 [209]. However,

the magnitude of the Fourier transform of the k2-weighted EXAFS of the hydrated

sample is lower than the dehydrated catalyst. Fitting the EXAFS of the hydrated

sample with a single Ti-O path gives a coordination number of 3.8, lower than the

value of 6 expected from the XANES, and a bond distance of 1.85 Å. Satisfactory

fits of the hydrated and dehydrated spectra were obtained with Debye-Waller factors

(∆ σ 2) of 1.0*10−3 and -2.0*10−3 Å2, respectively. The higher ∆σ2 indicates a larger
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Figure 4.39: Magnitude of the Fourier transform of the k2-weighted Ti K edge EXAFS
of water exchanged Ti-Beta-OH-46 zeolite under ambient conditions (solid) and after
dehydration at 523 K in He (dashed).

distributions of Ti-O bond distances under ambient conditions than after dehydration.

This suggests that the fitted coordination number of 3.8 is a result of destructive

interference between Ti-O scattering paths of different distances (i.e. Ti-Oframework

and Ti-Owater).

To determine the number and bond distance of the adsorbed water, a ∆EXAFS

spectrum was obtained by taking the difference of the k0-weighted EXAFS of the

ambient and dehydrated samples. In obtaining the ∆EXAFS spectrum it was as-

sumed that the four Ti-O framework bonds in the dehydrated sample are unaffected

by the adsorption of water. A Ti-O coordination number of 2 and bond distance of
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Figure 4.40: Magnitude of the Fourier transform of the k2-weighted Ti K edge EXAFS
of water exchanged Ti-Beta-OH-46 zeolite after dehydration at 523 K in He (solid)
and ∆ EXAFS of the hydrated and dehydrated water exchanged catalyst (dashed).
The ∆ EXAFS spectrum was obtained by subtracting the k0-weighted EXAFS of the
sample after dehydration from the k0-weighted EXAFS of the sample under ambient
conditions and is representative of the water adsorbed on Ti under ambient conditions.

1.94 Åwere obtained from fitting the difference spectrum. Therefore, the total Ti-O

coordination number of the hydrated sample is 6, consistent with XANES, at an av-

erage bond distance of 1.87 Å, consistent with the single scatter fit of the ambient

spectrum.
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Figure 4.41: Ti K edge XANES of water (dashed) and glucose (solid) exchanged
Ti-Beta-OH-46 zeolite under ambient conditions. The spectra are identical within
experimental error indicating Ti has equivalent coordination environments in the two
samples. The intensity of the pre-edge peak is consistent with a coordination number
of 6.
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Figure 4.42: Ti K edge XANES of Ti-Beta-OH-46 zeolite: solid – glucose exchanged
under ambient conditions, long dashes – glucose exchanged after treatment at 523
K in He, and short dashes – water exchanged after treatment at 523 K in He. The
intensity of the pre-edge peak in the glucose exchanged sample after treatment in He
at 523 K is consistent with a coordination number of 5 and suggests glucose adsorbed
through a single oxygen.
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4.7.5 Thermodynamic Contributions of Hydrophobic Reaction Pockets for Aqueous-
Phase Glucose Isomerization

4.7.5.1 Derivation of Mechanism-Based Rate Expressions for Glucose Isomerization
Catalyzed by Lewis Acid Sites

A reaction pathway for the parallel formation of fructose and sorbose from glucose

is given in Scheme S.1, identical to Scheme 1 from the main text. Here, G(l), F(l),

and S(l) stand for glucose, fructose, and sorbose respectively in the liquid phase, *

represents a bare Lewis acid site, G* represent the adsorbed glucose intermediate,

(R*)F and (R*)S represent the bound glucose precursors leading to fructose and

sorbose respectively, F* and S* represent bound fructose and sorbose respectively,

and Ki is the equilibrium coefficient for Step i. k2,i is the rate constant for product

formation from the kinetically relevant hydride shift transition state for each product.

Sequential water (W) adsorption onto a Lewis acid site forms one (W*) and two (2W*)

bound water intermediates (Figures 4.43). This scheme and the rate equation derived

from it are similar to that reported in Ref. [35].

In Scheme S.1, sequences F and S reflect glucose isomerization to fructose and to

sorbose. Net isomerization rates to fructose (risom,F ) and sorbose (risom,S) are given

by:

risom,F = r2,F − r−2,F (4.29)

risom,S = r2,S − r−2,S (4.30)

From the law of mass action, reaction rates of elementary steps are proportional

to rate constants (ki) and concentrations of kinetically relevant transition states (c‡,i).

Therefore, net reaction rates can be written as:

risom,F = k2,F c‡,F − k−2,F cF∗ (4.31)
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Figure 4.43: Plausible glucose isomerization mechanism for fructose and sorbose for-
mation on Lewis acidic Ti sites. Quasi-equilibrated glucose adsorption (Steps 1a, 1b)
forms bound glucose intermediates which form bound fructose (Step 2a) or sorbose
(Step 2b) isomers through kinetically relevant hydride shifts. Quasi-equilibrated fruc-
tose (Step 3a) and sorbose (Step 3b) desorption phenomena release the product into
the liquid phase. Quasi-equilibrated water adsorption onto Lewis acidic active sites
(Steps 4 and 5) inhibits isomerization rates at low glucose coverages.

risom,S = k2,Sc‡,S − k−2,ScS∗ (4.32)

Concentration terms can be related to the thermodynamic activities through the

following relationship which references a standard concentration of 1 mol m−3:

ai = γi
ci
co

(4.33)

Using the definition of activity in Eq. 4.33, Eqs. 4.31 and 4.32 can then be

rewritten as:

risom,F =
k2,F

γ‡,F
a‡,F −

k−2,F

γF∗
aF∗ (4.34)

risom,S =
k2,S

γ‡,S
a‡,S −

k−2,S

γS∗
aS∗ (4.35)
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We note that Eqs. 4.34 and 4.35 can rewritten as:

risom,F =
k2,F

γ‡,F
a‡,F (1− k−2,FaF∗γ‡,F

k2,Fa‡,FγF∗
) =

k2,F

γ‡,F
a‡,F (1− aF∗γ‡,F

K2,Fa‡,FγF∗
) (4.36)

risom,S =
k2,S

γ‡,S
a‡,S(1− k−2,SaS∗γ‡,S

k2,Sa‡,SγS∗
) =

k2,S

γ‡,S
a‡,S(1− aS∗γ‡,S

K2,Sa‡,SγS∗
) (4.37)

or:

risom,F =
k2,F

γ‡,F
a‡,F (1− ηF ) (4.38)

risom,S =
k2,S

γ‡,S
a‡,S(1− ηS) (4.39)

Here, ηF and ηS are the approach-to-equilibrium terms for Steps 2F and 2S re-

spectively (Scheme S.1).

The 1,2-hydride shift (or 1,5-hydride shift) step is kinetically relevant for fructose

(or sorbose) formation as determined from H/D kinetic isotope effect measurements

and isotopic tracer studies [51]. Steps 1F, 1S, 3F, 3S, 4 and 5 are then assumed to

be quasi-equilibrated and the following equilibrium expressions are derived to relate

thermodynamic activities of reactant and product species:

K1 =
aG∗
aGa∗

(4.40)

K3,F =
aFa∗
aF∗

(4.41)

K3,S =
aSa∗
aS∗

(4.42)
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K4 =
aW∗
aWa∗

(4.43)

K5 =
a2W∗

aWaW∗
(4.44)

In addition, the kinetically relevant bound glucose intermediates leading to fruc-

tose, (R*)F , or sorbose, (R*)S, formation are quasi-equilibrated with the respective

hydride shift transition state as follows:

KR,F =
a‡,F
aG∗

(4.45)

KR,S =
a‡,S
aG∗

(4.46)

Eqs. 4.45 and 4.46 couple together the formation of the kinetically relevant bound

glucose intermediate from the adsorbed glucose intermediate with the subsequent

formation of the hydride shift transition state into a single equilibrium coefficient,

KR,i. Solving Eqs. 4.45 and 4.46 for a‡,F and a‡,S, isomerization rates can then be

expressed as:

risom,F =
k2,F

γ‡,F
KR,FaG∗(1− ηF ) (4.47)

risom,S =
k2,S

γ‡,S
KR,SaG∗(1− ηS) (4.48)

And further expressed using Eq. 4.40 as:

risom,F =
k2,F

γ‡,F
KR,FK1aGa∗(1− ηF ) (4.49)

risom,S =
k2,S

γ‡,S
KR,SK1aGa∗(1− ηS) (4.50)
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Eqs. 4.49 and 4.50 can be rewritten in terms of activity coefficients (γi) and

concentrations (ci):

risom,F =
k2,F

γ‡,F
KR,FK1γGγ∗cGc∗(1− ηF ) (4.51)

risom,S =
k2,S

γ‡,S
KR,SK1γGγ∗cGc∗(1− ηS) (4.52)

Total Lewis acid site concentrations (c∗,tot) are related to the concentrations of

unoccupied sites (c∗) and sites with bound monosaccharide or solvent molecules from

Scheme S.1 through the following site balance:

c∗,tot = c∗ + cG∗ + cR,F + cR,S + cF∗ + cS∗ + cW∗ + c2W∗ (4.53)

Eq. 4.53 can be rewritten using Eqs. 4.40-4.46:

c∗,tot = c∗ +
K1aGγ∗c∗

γG∗
+
K1KR,FaGγ∗c∗

γR,F
+
K1KR,SaGγ∗c∗

γR,S
+

aFγ∗c∗
K3,FγF∗

+
aSγ∗c∗
K3,SγS∗

+
K4aWγ∗c∗

γW∗
+
K4K5a

2
Wγ∗c∗

γ2W∗
(4.54)

c∗ can be factored out of the right-hand side of Eq. 4.54 leading to the following

equation:

c∗,tot = c∗(1 +
K1aGγ∗
γG∗

+
K1KR,FaGγ∗

γR,F
+
K1KR,SaGγ∗

γR,S
+

aFγ∗
K3,FγF∗

+
aSγ∗

K3,SγS∗
+
K4aWγ∗
γW∗

+
K4K5a

2
Wγ∗

γ2W∗
(4.55)

Eq. 4.55 can then be rewritten in terms of fractional coverages (θi) of each bound

adsorbate:
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c∗,tot = c∗(θ∗ + θG∗ + θR∗,F + θR∗,S + θF∗ + θS∗ + θW∗ + θ2W∗) (4.56)

These fractional coverage terms are located in the isomerization rate expression

denominator prior to establishing the most abundant surface intermediates.

From spectroscopic evidence discussed in the main text and both first-order and

zero-order kinetic behavior in initial glucose activity, the most abundant surface in-

termediates are the Lewis acid site with two bound water molecules at dilute glucose

concentrations (<1200 mol m−3) and the Lewis acid site with adsorbed glucose at

high glucose concentrations (>2700 mol m−3). Eq. 4.55 can then be reduced to:

c∗,tot = c∗(
K1aGγ∗
γG∗

+
K4K5a

2
Wγ∗

γ2W∗
(4.57)

Substitution of Eq. 4.57 into Eqs. 4.51 and 4.52 and yields expressions for iso-

merization turnover rates per total Lewis acid site in terms of initial glucose thermo-

dynamic activity:

risom,F
c∗,tot

=

k2,F

γ‡,F
KR,FK1aG(1− ηF )

K4K5a2
W

γ2W∗
+ K1aG

γG∗

(4.58)

risom,S
c∗,tot

=

k2,S

γ‡,S
KR,SK1aG(1− ηS)

K4K5a2
W

γ2W∗
+ K1aG

γG∗

(4.59)

This expression matches the rate equation labeled Eq. 4.8 in the main text and

can be rearranged to follow a Langmuir Hinshelwood format which holds for either

product:

ri =
γG∗
γ‡,i

K1γ2W∗
K4K5γG∗

KR,ik2,i
aG
a2
W

(1− ηi)

1 + K1γ2W∗
K4K5γG∗

aG
a2
W

(4.60)

Apparent first-order and zero-order rate constants can then be defined as per the

main text:
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kapp,first,i =
K1KR,ik2,iγ2W∗

K4K5γ‡,i
(4.61)

kapp,zero,i = KR,ik2,i
γG∗
γ‡,i

(4.62)

The equilibrium coefficient corresponding to the competitive adsorption of glucose

and water is not dependent on the product formed and can be defined as:

Kapp,comp =
kapp,first,i
kapp,zero,i

=
K1γ2W∗

K4K5γG∗
(4.63)

Eq. 4.60 can then be rewritten using Eqs. 4.61-4.63 into:

ri =
kapp,zero,iKapp,comp

aG
a2
W

(1− ηi)
1 +Kapp,comp

aG
a2
W

(4.64)

Rate and equilibrium constants from Eqs. 4.40-4.46 reflect free energy differences

between transition states, reactants, and solvent molecules:

K1 = e−(∆GoG∗−∆GoG−∆Go∗)/RT (4.65)

KR,F = e−(∆GoR,F−∆GoG∗)/RT (4.66)

KR,S = e−(∆GoR,S−∆GoG∗)/RT (4.67)

k2,F =
kBT

h
e−(∆Go‡,F−∆GoR,F )/RT (4.68)

k2,S =
kBT

h
e−(∆Go‡,S−∆GoR,S)/RT (4.69)

K4 = e−(∆GoW∗−∆GoW−∆Go∗)/RT (4.70)
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K5 = e−(∆Go2W∗−∆GoW−∆GoW∗)/RT (4.71)

Rewriting apparent first-order rate constants, kapp,first,F and kapp,first,S, from Eqs.

4.61 and 4.62 in terms of free energies using Eqs. 4.65-4.71 gives the following ex-

pressions:

kapp,first,F =
K1KR,Fk2,Fγ2W∗

K4K5γ‡,F
=
kBT

h
e−((∆Go‡,F+2∆GoW )−(∆GoG+∆Go2W∗))/RT (4.72)

kapp,first,S =
K1KR,Sk2,Sγ2W∗

K4K5γ‡,S
=
kBT

h
e−((∆Go‡,S+2∆GoW )−(∆GoG+∆Go2W∗))/RT (4.73)

These apparent first-order rate constants depend on the free energy of the bound

glucose isomerization transition state with two liquid phase solvent molecules relative

to two bound water molecules with one liquid phase glucose molecule. Similarly,

measured zero-order rate constants depend on the free energy of the hydride shift

transition state relative to the adsorbed glucose intermediate:

kzero,F =
kBT

h
e−(∆Go‡,F−∆GoG∗)/RT (4.74)

kzero,S =
kBT

h
e−(∆Go‡,S−∆GoG∗)/RT (4.75)

Eqs. 4.72-4.75 therefore reflect the free energy differences reflected in first-order

and zero-order rate constants quantified from initial rate measurements at low and

high glucose activities.
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4.7.5.2 Initial Glucose Isomerization Rates and Enthalpy and Entropy Determina-
tion

Figures 4.44-4.46 show the raw data for sorbose formation rates on Ti-Beta-F-155

and both fructose and sorbose formation rates on Ti-Beta-OH-46 which forms the

complete set of measured rates on Ti-Beta-F-155 and Ti-Beta-OH-46 when combined

with the data presented in Figure 4.8 from the main text.

Figure 4.44: Dependence of initial sorbose formation rates (pH 3) on Ti-Beta-F-155
on initial glucose thermodynamic activity (corresponding to 1-50 wt.% initial glucose
concentration) at 368 (squares), 373 (cross), 378 (triangles), and 383 K (circles).
Solid lines for all data represent modeled regressions of the experimental data to the
overall rate equation given in Eq. 4.16 in the main text using activation enthalpies
and entropies given in Table 4.4.
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Figure 4.45: Dependence of initial fructose formation rates (pH 3) on Ti-Beta-OH-46
on initial glucose thermodynamic activity (corresponding to 1-50 wt.% initial glucose
concentration) at 368 (squares), 373 (cross), 378 (triangles), and 383 K (circles).
Solid lines for all data represent modeled regressions of the experimental data to the
overall rate equation given in Eq. 4.16 in the main text using activation enthalpies
and entropies given in Table 4.4.
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Figure 4.46: Dependence of initial sorbose formation rates (pH 3) on Ti-Beta-OH-46
on initial glucose thermodynamic activity (corresponding to 1-50 wt.% initial glucose
concentration) at 368 (squares), 373 (cross), 378 (triangles), and 383 K (circles).
Solid lines for all data represent modeled regressions of the experimental data to the
overall rate equation given in Eq. 4.16 in the main text using activation enthalpies
and entropies given in Table 4.4.
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Figure 4.47: Dependence of initial fructose formation rates (pH 3) on Ti-Beta-F-
155 on initial glucose and osmotic thermodynamic activity ratio (corresponding to
1-50 wt.% initial glucose concentration) at 368 (squares), 373 (cross), 378 (triangles),
and 383 K (circles). Solid lines for all data represent modeled regressions of the
experimental data to the overall rate equation given in Eq. 4.16 in the main text
using activation enthalpies and entropies given in Table 4.4.
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Figure 4.48: Dependence of initial sorbose formation rates (pH 3) on Ti-Beta-F-155 on
initial glucose and osmotic thermodynamic activity ratio (corresponding to 1-50 wt.%
initial glucose concentration) at 368 (squares), 373 (cross), 378 (triangles), and 383
K (circles). Solid lines for all data represent modeled regressions of the experimental
data to the overall rate equation given in Eq. 4.16 in the main text using activation
enthalpies and entropies given in Table 4.4.
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4.7.5.3 Comparison of Fitted Thermodynamic Properties with Activity Coefficient
Sets and for Multiple Fitting Strategies

The modeled behavior derived from the regression of Eq. 4.16 in the main text to

the experimental data set leads to the apparent enthalpy and entropy values reported

in Table 4.4 when the experimental data points are weighted by experimental rate val-

ues. This weighting scheme minimizes the natural tendency for higher measured rates

at increased glucose activities and temperature, and therefore higher absolute error

differences between the experimental data and the model, to dominate the regression

and instill systematic errors in the regressed parameters. Other weighting methods

were investigated and did affect regressed activation enthalpies and entropies but

led to systematic errors in model regression leading to exaggeration of rate measure-

ments at higher glucose activities and temperatures. The presence of systemic errors

derived from regressed parameters were studied by quantifying percent residuals using

the following equation:

PercentResidual =
(rexp − rmodel)

rexp
∗ 100 (4.76)

Figures 4.47-4.50 show percent residuals as a function of glucose activity and

temperature on both Ti-Beta-F-155 and Ti-Beta-OH-46 for both fructose and sorbose

formation from rates given in Figures 4.44-4.46 and Figure 4.8 in the main text.

Systematic trends are not observed as a function of initial glucose activity, indicating

that the model is not introducing systematic errors derived from the chosen fitting

method. We note that negligible differences in fitted apparent enthalpies and entropies

are observed when ideality is assumed for all solution-phase species (γi → 1) and

when activity coefficients are not adjusted for temperature changes. Glucose and

water activities are therefore used throughout the main text.

The regressed rates derived from the apparent enthalpies and entropies listed in

Table 4.4 of the main text predict zero-order rate constants that are higher than

the rates measured at high glucose activities where Lewis acidic Ti sites are covered
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Figure 4.49: Percent residual plot of fructose formation rates on Ti-Beta-F-155 as
a function of initial glucose thermodynamic activity (corresponding to 1-50 wt.%
initial glucose concentration) at 368 (squares), 373 (cross), 378 (triangles), and 383
K (circles) comparing experimental rate measurements with modeled rate behavior
from Eq. 4.16 from the main text. Percent residuals were obtained from Eq. 4.72.

with bound glucose MARIs as seen from ATR-IR spectra. These differences result

from measured isomerization rates that are not precisely zero-order at high glucose

activities at all temperatures as shown in Figures 4.52, but are less significant for

measured first-order rate constants (Figure 4.51). First-order and zero-order rate

constants can then be estimated from single rate measurements at low (aG = 275

mol m−3) and high (aG = 3500 mol m−3) glucose activities, respectively. Apparent
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Figure 4.50: Percent residual plot of sorbose formation rates on Ti-Beta-F-155 as
a function of initial glucose thermodynamic activity (corresponding to 1-50 wt.%
initial glucose concentration) at 368 (squares), 373 (cross), 378 (triangles), and 383
K (circles) comparing experimental rate measurements with modeled rate behavior
from Eq. 4.16 from the main text. Percent residuals were obtained from Eq. 4.72.

activation enthalpies and entropies listed in Table 4.9 were determined from these

measured rates at consistent glucose activities.
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Figure 4.51: Percent residual plot of fructose formation rates on Ti-Beta-OH-46 as
a function of initial glucose thermodynamic activity (corresponding to 1-50 wt.%
initial glucose concentration) at 368 (squares), 373 (cross), 378 (triangles), and 383
K (circles) comparing experimental rate measurements with modeled rate behavior
from Eq. 4.16 from the main text. Percent residuals were obtained from Eq. 4.72.
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Figure 4.52: Percent residual plot of sorbose formation rates on Ti-Beta-OH-46 as
a function of initial glucose thermodynamic activity (corresponding to 1-50 wt.%
initial glucose concentration) at 368 (squares), 373 (cross), 378 (triangles), and 383
K (circles) comparing experimental rate measurements with modeled rate behavior
from Eq. 4.16 from the main text. Percent residuals were obtained from Eq. 4.72.



315

(a) (b)

Figure 4.53: Arrhenius plot for apparent first-order fructose (A) and sorbose (B)
formation rate constants (368-383 K, 5 wt.%) on Ti-Beta-F-155 (closed circles) and
Ti-Beta-OH-46 (open circles). Solid lines represent the results of the regression of
Eq. 4.16 and dashed lines represent regressions using rate measurements at 5 wt.%
on Ti-Beta-F-155 (black) and Ti-Beta-OH-46 (gray). Both regression lines follow the
Eyring equation with activation enthalpies and entropies given in Table 4.4 of the
main text and Table 4.9, respectively.
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(a) (b)

Figure 4.54: Arrhenius plot for apparent zero-order fructose (A) and sorbose (B)
formation rate constants (368-383 K, 50 wt.%) on Ti-Beta-F-155 (closed circles) and
Ti-Beta-OH-46 (open circles). Solid lines represent the results of the regression of Eq.
4.16 and dashed lines represent regressions using rate measurements at 50 wt.% on
Ti-Beta-F-155 (black) and Ti-Beta-OH-46 (gray). Both regressions follow the Eyring
equation with activation enthalpies and entropies given in Table 4.4 of the main text
and Table 4.9, respectively.
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Figure 4.55: DFT-calculated glucose adsorption energies (a) and effective first-order
(b) and zero-order (c) energy barriers for glucose-fructose isomerization. Enthalpies
(squares) and free energies (circles) are shown in kJ mol1 and entropies (diamonds)
in J mol1 K1 (373 K). The intrapore water molecule density was assumed to remain
constant during glucose adsorption and reaction for first-order analyses yet water
molecules were allowed to reorient into lowest energy configurations in all cases.
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5. QUANTIFICATION OF INTRAPOROUS HYDROPHILIC BINDING SITES

IN LEWIS ACID ZEOLITES AND CONSEQUENCES FOR SUGAR

ISOMERIZATION CATALYSIS

5.1 Abstract

Lewis acid sites catalyze aqueous-phase glucose-fructose isomerization at different

turnover rates (per open Sn, 373 K) when located within zeolitic micropores con-

taining silanol defects present in high (hydrophilic) and low (hydrophobic) densities,

because hydrophilic binding sites stabilize extended networks of water molecules that

entropically destabilize isomerization transition states. Sn-Beta zeolites with vary-

ing density of hydrophilic binding sites were prepared by grafting stannic chloride to

different extents into different dealuminated Beta supports, which were synthesized

from parent Al-Beta to contain varying initial aluminum content (Si/Al = 19–180,

0.4–3.2 Al (unit cell)−1) and residual defect sites depending on the mineralizing agent

used (e.g., fluoride or hydroxide). Intrapore packing densities of methanol were as-

sessed from single-component adsorption isotherms (293 K) by comparing the total

methanol uptake at the point of micropore filling to that of nitrogen (77 K). Intra-

pore methanol packing densities decreased systematically from 0.98 to 0.07 among

Sn-Beta zeolites with increasing density of silanol (SiOH) groups, quantified by H/D

isotopic exchange with D2 in temperature-programmed surface reactions (500–873

K). The density of intraporous SiOH groups is quantifiable from IR spectra (2275

cm−1) of Sn-Beta samples saturated with deuterated acetonitrile (CD3CN, 303 K),

because van der Waals interactions with zeolitic walls leads to preferential CD3CN

adsorption at SiOH groups at intrapore locations over such groups located at ex-

tracrystalline surfaces. IR spectra collected at low partial pressures of methanol

(P/P0 < 0.2, 303 K) provide evidence that methanol molecules arrange in isolated
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clusters within microporous voids of Sn-Beta with low silanol densities (< 1 silanol

(unit cell)−1), but form extended hydrogen-bonded networks within those containing

high silanol densities (> 1 silanol (unit cell)−1). As a result, Sn-Beta zeolites prepared

post-synthetically from dealuminated Beta supports that initially contained a lower

density of framework vacancy defects (parent Si/Al > 100, < 0.6 Al (unit cell)−1)

showed aqueous-phase first-order glucose isomerization rate constants (per open Sn,

373 K) that were 4x higher than those measured on Sn-Beta prepared with higher

initial density of vacancy defects (parent Si/Al < 100, > 0.6 Al (unit cell)−1). These

findings enable developing strategies for post-synthetic preparations of hydrophobic

Lewis acid zeolites and methods to quantify their intraporous hydrophilic binding site

density, and provide links between their intraporous defect sites and turnover rates

of sugar isomerization catalysis in aqueous media.
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5.2 Introduction

Microporous zeolites and molecular sieves are crystalline oxide structures com-

prised of tetrahedrally-coordinated silicon atoms, which can be isomorphously sub-

stituted with tetravalent metal heteroatoms (e.g., Sn4+, Ti4+) to generate isolated

framework Lewis acid sites [5]. These Lewis acid centers can be located within hy-

drophobic micropores of zeolites as in the case of Sn-Beta, which can be prepared via

hydrothermal crystallization using cationic tetraethylammonium (TEA+) structure

directing agents and fluoride anions (413 K, >20 days) that selectively form non-

polar siloxane bridges and minimize formation of anionic siloxy defects as otherwise

occurs in hydroxide media [5,11,12]. Post-synthetic incorporation of Sn heteroatoms

through grafting of stannic chloride precursors into dealuminated Beta supports via

vapor-phase deposition [17], solid-state ion exchange [18–20], or liquid-phase graft-

ing [22–24], however, provide routes to locate framework Sn sites in microporous

cavities that also contain silanol groups, often present as residual framework vacancy

defects because of incomplete reactions with Sn precursors.

The structure and stability of extended networks of polar molecules around frame-

work Lewis acid sites depends on the density of silanol groups and their proximity

within zeolitic frameworks [16, 116, 117]. Differences in the density of silanol groups

within Lewis acid zeolites of varied treatment history are detected by differences in

water uptakes in single-component water adsorption isotherms (293 K) at a relative

pressure of 0.2 [16, 41], a value that represents the micropore filling of hydrophobic

micropores with cyclohexane [83]. This water uptake, however, represents an integral

measurement of adsorption onto silanol groups located within microporous voids,

at external crystallite surfaces, and onto metal heteroatoms and other hydrophilic

binding sites [26]. In contrast, methanol preferentially adsorbs (293 K) within micro-

porous voids until the point of pore condensation, followed by adsorption at external

crystallite surfaces [126–128, 210]. Terminal silanol groups and silanol nests are ob-

served in the OH stretching region of infrared (IR) spectra of dehydrated samples
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with peaks centered at 3740 cm−1 [103] and 3500-3600 cm−1 [24], respectively. IR

spectra of deuterated acetonitrile (CD3CN, 303 K) adsorbed onto solid acids show

a perturbed ν(C≡N) peak at 2275 cm−1 reflecting nitrile hydrogen bonding with

silanol groups [26, 80, 81]. Lastly, resonances at 1.8 and 2.0 ppm in 1H NMR of de-

hydrated zeolites have been attributed to the presence of external and intraporous

silanol groups, respectively [45]. The sensitivity of turnover rates in Lewis acid zeo-

lites to variations in their micropore polarity motivates the development of methods

to quantify intraporous hydrophilic binding sites.

Here, we evaluate the influence of the synthesis conditions on the micropore po-

larity of post-synthetically prepared Sn-Beta samples. Sn-Beta prepared via liquid-

phase grafting in dichloromethane reflux (333 K) using dealuminated Beta supports

of varied treatment history allowed preparing zeolites with varied densities of silanol

groups. The framework polarity of Sn-Beta zeolites was assessed by the ability of

methanol to pack at densities expected of liquid phases, evaluated by comparing its

volumetric adsorption at the point of micropore filling (293 K) compared to that of

nitrogen (77 K), which decreased systematically among samples with increasing de-

fect density. Differences in structures of polar molecules stabilized within the pores

of Sn-Beta zeolites were observed in the OH stretching region (∼3000-3800 cm−1) of

IR spectra after exposure to varying methanol pressures (P/P0 = 0.02–0.20, 303 K),

in which Sn-Beta-PS-F showed the presence of local clusters of methanol molecules

that increase in size with increasing methanol partial pressures, while Sn-Beta-PS-

OH showed evidence of forming extended networks of hydrogen-bonded methanol

molecules under these conditions. The total number of hydrophilic binding sites was

quantified through isotopic H/D exchange with D2, while the number of intraporous

silanol groups was quantified from IR spectra of Sn-Beta saturated with CD3CN (2275

cm−1, 303 K). The Sn-Beta-PS-F sample allowed incorporating Sn within micropores

containing dilute silanol defects (< 1 (unit cell)−1) insufficient to stabilize extended

water networks during aqueous-phase glucose-to-fructose isomerization catalysis (373

K), resulting in 4x higher first-order rate constants than those measured on Sn-Beta-
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PS-OH of higher silanol density (1.4–3.8 silanol (unit cell)−1). These results link the

post-synthetic preparation of solid Lewis acid zeolites to the density of hydrophilic

binding sites relevant to forming solvent structures around kinetically-relevant transi-

tion states, which dictate aqueous-phase glucose-fructose isomerization rate constants

(373 K).
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5.3 Experimental Methods

5.3.1 Catalyst synthesis

Al-Beta zeolites were synthesized in hydroxide media with different Si/Al ratios by

adapting the procedure reported by Chang et al. [12]. Tetraethylammonium hydrox-

ide (TEAOH, Sigma Aldrich, 35%) and Ludox HS-30 colloidal silica (Sigma Aldrich,

30%) were added to a perfluoroalkoxy alkane container (PFA, Savillex Corp.) that was

covered and stirred for 1 h at ambient conditions. Subsequently, sodium hydroxide

(NaOH, Avantor, 98%) and deionized water (18.2 MΩ) were stirred until completely

dissolved, followed by the addition of aluminum isopropoxide (Sigma Aldrich, 98%)

to the synthesis gel. The resulting gel was stirred for 24 h at ambient conditions

in the closed PFA container. The target H2O/SiO2 ratio was obtained by complete

evaporation of ethanol and partial evaporation of water. The final gel composition

was 1 SiO2: x Al2O3: 13.24 H2O: 0.18 TEAOH: 0.014 Na2O (where x was 0.0165,

0.01, and 0.005 for target solid Si/Al ratios of 30, 50, and 100, respectively). The

gel was placed into a 45 cm3 Teflon-lined stainless steel autoclave and heated to 413

K for 7 days under static conditions. The recovered solids were washed thoroughly

with water and acetone, isolated by centrifugation, and dried overnight at 373 K.

Afterward, the solids were treated at 853 K (0.0167 K s−1) for 10 h in air (Ultra Zero

Grade, Indiana Oxygen, 1.67 cm3 s−1 (g zeolite)−1) in a muffle furnace (Nabertherm

P300).

Al-Beta zeolites were also synthesized in fluoride media with different Si/Al ratios.

Following a similar procedure, TEAOH was mixed with tetraorthosilicate (TEOS,

Sigma Aldrich, >98 wt.%) and stirred for 1 h in a closed PFA container. Then,

deionized water and aluminum isopropoxide were added and the resulting synthesis

gel was stirred for 24 h in the covered PFA container. After reaching the desired

H2O/SiO2 ratio by evaporation of ethanol and water, hydrofluoric acid (HF, Sigma

Aldrich, 48 wt.%) was added to the synthesis gel and stirred manually with a Teflon

spatula for ∼300 s. Dealuminated Beta zeolites (initial Si/Al = 54) were used as
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seeds for this synthesis (4 wt.% of SiO2). The final gel molar ratio was 1 SiO2: 0.02

Al2O3: 7.52 H2O: 0.54 TEAOH: 0.54 HF. As in the case of Al-Beta-OH syntheses, the

gel was placed into a 45 cm3 Teflon-lined stainless steel autoclave and heated to 413

K for 7 days under static conditions. The recovered solids were washed thoroughly

with water and acetone, isolated by centrifugation, and dried overnight at 373 K.

Afterward, the solids were treated at 853 K (0.0167 K s−1) for 10 h in air (1.67 cm3

s−1 (g zeolite)−1) in a muffle furnace.

Dealumination treatments of Al-Beta zeolites were performed using nitric acid. In

a typical dealumination procedure, 25 cm3 of concentrated nitric acid (HNO3, Avan-

tor, 69%) were added to 1 g of Al-Beta and stirred in a covered PFA jar for 16 h at

353 K. The recovered solids were washed thoroughly with water until neutral pH was

observed in the supernatant, isolated by centrifugation, and dried overnight at 373

K. Dealuminated Beta zeolites were used for liquid-phase grafting of tin precursors

in dichloromethane reflux (333 K). In a typical post-synthetic procedure, dealumi-

nated Beta zeolites were placed into a three-neck round-bottom flask (500 cm3) with

a septum stopper (white rubber, Ace Glass) on one of the openings, connected to a

Schlenk line, and dried overnight at 423 K under vacuum conditions (∼0.005 kPa,

Oerlikon Trivac 140002E2). Separately, dichloromethane (Sigma Aldrich, 99.8%) was

dried using molecular sieves (W. R. Grace, Type 3A, Grade 562, 4-8 mesh) for 72 h

in inert atmosphere (Argon, Indiana Oxygen, 99.999%) prior to grafting procedures.

Dichloromethane was added to the round-bottom flask through moisture-free cannula

transfer, followed by tin (IV) chloride (SnCl4, Sigma Aldrich, 1 M in dichloromethane)

addition (0.001–0.040 mol Sn (g zeolite)−1) with 1 or 10 cm3 syringes (Becton, Dick-

inson, and Company) with attached precision needles (Becton, Dickinson, and Com-

pany). The resulting solution was heated to 333 K for 7 h under reflux conditions

in argon. After reflux procedures were completed, solids were recovered by centrifu-

gation, washed thoroughly with ∼120 cm3 (g zeolite)−1 of methanol (Sigma Aldrich,

99.9%), and dried overnight at 373 K. The recovered solids were treated at 473 K
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(0.05 K s−1) for 6 h and 823 K (0.05 K s−1) for 6 h in air (1.67 cm3 s−1 (g zeolite)−1)

in a muffle furnace.

Samples are represented as M-Beta-X-Y-Z, where M corresponds to the metal

heteroatom in the framework, X represents whether the samples were prepared hy-

drothermally (HT) or post-synthetically (PS), Y represents the mineralizing agent of

the parent Al-Beta (e.g., OH for hydroxide media and F for fluoride media), and Z

represents the Si/M molar ratio.

5.3.2 Catalyst Characterization

Powder X-ray diffraction (XRD) patterns were collected in the range 4–40◦ of

2θ (scan rate of 0.0044◦ s−1 and a step size of 0.02◦) using a Rigaku Smartlab X-

ray diffractometer with a Cu κ α X-ray source (1.76 kW) and an ASC-6 automated

sample changer (Section 5.7.1, Supporting Information).

Vapor-phase N2 (77 K) and CH3OH (293 K) adsorption isotherms were collected

with a Micromeritics ASAP2020 instrument. Typically, ∼0.04 g of zeolite sample,

sieved to retain particles between 180–250 µm in diameter, were degassed by heating

under vacuum (<0.0007 kPa) to 393 K for 2 h and 623 K for 8 h prior to adsorption

measurements. The micropore volume was determined from semi-log derivative anal-

ysis of the isotherm (δ(Vads/g)/δ(log(P/P0) vs. log(P/P0)), where the first maximum

represents the micropore filling transition and the subsequent minimum represents the

end of micropore filling (Section 5.7.2, Supporting Information).

Atomic absorption spectroscopy (AAS) was performed with a Perkin Elmer AAn-

alyst 300 to determine bulk elemental compositions. The instrument was calibrated

prior to measurements with standards for each metal (Alfa Aesar, TraceCERT,±4ppm).

Samples (∼0.02 g) were dissolved overnight in 2 g of HF (48 wt.%, Alfa Aesar) and

diluted with ∼50 g of deionized water. The measured values of absorbance were col-

lected at 284.0 nm and 396.2 nm in an acetylene/nitrous oxide flame for Al and Sn,

respectively. The Si/M ratios were calculated using the unit cell formula for the Beta

framework topology. The fraction of vacancies grafted (Sn/vacancy) were calculated
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from the molar ratio of Sn in the final material to the Al present initially in the

Al-Beta sample, which assumes that every Al atom was removed from the framework

and formed a vacancy available for grafting.

Diffuse reflectance UV-Vis spectra were collected using a Varian Cary 5000 spec-

trometer with an in situ Harrick Praying Mantis cell. Spectra were collected at

after dehydration treatments in flowing helium (4.17 cm3 s−1 (g zeolite)−1) at 523 K

(∼0.5 K s−1) for 0.5 h [26]. All spectra were corrected with poly(tetrafluoroethylene)

(PTFE, 1 µm, Sigma Aldrich) as the 100% reflectance standard at all conditions (am-

bient and dehydrated) and converted to absorption spectra using the Kubelka-Munk

function (F(R)) (Section 5.7.3, Supporting Information).

Quantification of the silanol groups in Sn-Beta samples was performed by H/D

isotopic exchange experiments carried out in an Autochem II 2920 Chemisorption

analyzer equipped with an SRS RGA 200. Typically, ∼0.050 g of Sn-Beta were treated

in air (0.83 cm3 s−1) at 823 K (0.083 K s−1) for 2 h, then cooled down to 303 K, and

maintained at 303 K in flowing argon (0.83 cm3 s−1) for 0.5 h. Afterward, samples

were exposed to gas-phase D2 (5% in argon, 99.999%, UHP, Matheson Tri-gas,, 0.83

cm3 s−1) and heated to 873 K (0.167 K s−1) for 0.5 h. The evolution of HD molecules,

monitored through the RGA m/z = 3 signal, was quantified to calculate the density of

silanol groups and is collected for Sn-Beta-PS samples in Figs. 5.17–5.19 (Supporting

Information). The response factor of HD will be estimated as the geometric average

of response factors of the H2 and D2 [211].

Infrared (IR) spectra were collected using a Nicolet 4700 spectrometer with a Hg-

Cd-Te (MCT, maintained at 77 K by liquid N2) detector by averaging 64 scans at 2

cm−1 resolution from 4000 to 400 cm−1 and were taken relative to an empty cell back-

ground reference collected under dynamic vacuum (rotary vane rough pump, Alcatel

2008A, <0.01 kPa) at 303 K. Self-supporting wafers of zeolite samples (0.02–0.04 g

cm−2) were sealed within a custom-built quartz IR cell with CaF2 windows [163],

which was inserted into a mineral-insulated resistive heating coil (ARi Industries) en-

cased in an alumina silicate ceramic chamber (Purdue Research Machining Services).



328

The quartz IR cell was connected to a custom glass vacuum manifold that was used for

sample pretreatment and exposure to controlled amounts of CD3CN (Sigma-Aldrich,

99.96% D-atom). Prior to measurement of spectra at 303 K, wafers were treated in

flowing dry air (6.66 cm3 s−1 (g zeolite)−1) purified by an FTIR purge gas generator

(Parker Balston, <1 ppm CO2, 200 K H2O dew point) to 723 K (0.083 K s−1) for 1 h,

and then held under dynamic vacuum (rotary vane rough pump, Alcatel 2008A, <0.01

kPa) at 723 K for 1 h before cooling under dynamic vacuum to 303 K. After sufficient

dosing to saturate the samples until equilibrium with a residual gas phase pressure

of CD3CN (0.07–0.67 kPa), samples were exposed to dynamic vacuum (at 303 K)

in order to remove gas-phase and weakly-bound species, which occurred when the

pressure was recorded as 0.0 kPa. IR spectra reported here were baseline-corrected

and normalized to combination and overtone modes of zeolite Si-O-Si stretches (1750–

2100 cm−1). Integrated molar extinction coefficients (E) for CD3CN bound to open

(2316 cm−1) and closed (2308 cm−1) Sn sites, small domains of tin oxide (2287 cm−1,

hydrogen-bound to Si-OH sites (2275 cm−1), and physisorbed or gas phase CD3CN

(2265 cm−1) on Sn-Beta determined in Harris et al. [26] were used to quantify the

density of each species.

5.3.3 Kinetic studies of glucose isomerization

Glucose isomerization (373 K) studies were performed in batch reactors with 1%

(w/w) glucose (Sigma Aldrich, ≥99.5%) solutions in water (18.2 MΩ), controlled

to a pH of 4 (Mettler Toledo Seven Compact pH Ion S220 probe) by addition of

hydrochloric acid (Macron, 37%) and then filtered with 0.2 µm PTFE filters (VWR).

In a typical experiment, ∼0.01 g of catalyst were added to 10 cm3 glass batch reactors

(VWR) and sealed with crimp tops (PTFE/silicone septum, Agilent). The reactor

containing the catalyst was heated to 373 K for 600 s. In a separate 2 cm3 vial, the

reactant solution was heated to 373 K for 600 s. The reaction was started by injecting

the preheated reactant solution through the silicone septum in the crimp top into

the reactor containing the preheated catalyst. The reactor remained at 373 K with
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stirring at 750 RPM in an oil bath for reaction times chosen to maintain differential

conditions (<5% conversion). Afterward, the reactors were quenched in an ice bath

and the product solutions were filtered through 0.2 µm PTFE filters. Products were

analyzed using high-performance liquid chromatography (HPLC, Agilent 1260 with

a Hi-Plex Ca column) with an evaporative light scattering detector (Agilent 1260

Infinity ELSD). An aqueous mannitol (1% (w/w), Sigma Aldrich, ≥99.8%) solution

was used as an internal standard for product quantification. Isotopic tracer studies

were performed with 1% (w/w) glucose-D2 (Cambridge Isotope Laboratories, 2-D,

98%) solutions in pH-controlled water (pH = 4) to obtain the kinetic isotope effects

(Section 5.7.6, Supporting Information).
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5.4 Results and Discussion

5.4.1 Preparation of solid Lewis acids with varying density of hydrophilic binding
sites

All samples are referred to as M-Beta-X-Y-Z, where M is the metal heteroatom in

the framework, X corresponds to the synthesis procedure (e.g., HT for hydrothermal

and PS for post-synthetic), Y is the mineralizing agent used to prepare the parent

aluminosilicate or stannosilicate (e.g., OH for hydroxide media and F for fluoride

media), and Z is the Si/M ratio in the crystalline solid as measured by AAS. Sn-

Beta-PS-Y-Z samples were prepared by liquid-phase grafting of stannic chloride into

dealuminated Beta supports in dichloromethane reflux (333 K) [25], which involves

the selective reaction between the chlorine ligands of SnCl4 and the OH groups in the

silanol nest defects formed after dealumination. XRD patterns of the parent Al-Beta

samples, dealuminated Beta supports, and Sn-Beta-PS-Y-Z samples after high tem-

perature oxidative treatment show diffraction peaks at 6–8◦ and 22.5◦ characteristic

of the Beta topology (Figs. 5.8–5.11, Supporting Information). Micropore volumes

were determined by analyzing the semi-log derivative of N2 adsorption isotherms (77

K) and were 0.20–0.23 cm3 g−1 for all samples studied, consistent with the Beta

topology (Table 5.2, Supporting Information). These diffraction patterns and micro-

pore volume measurements are consistent with the intended topological structure and

microporous cavities of Beta molecular sieves.

Solid Lewis acids with varied amounts of hydrophilic binding sites were prepared

via post-synthetic grafting of Sn precursors into dealuminated Beta supports of var-

ied treatment history. Within the same dealuminated Beta support, increasing the

starting concentration of tin tetrachloride in dichloromethane allows for higher in-

corporation of framework Sn heteroatoms under reflux conditions (333 K) [22, 25]

with concomitant decreases in the residual density of vacancy defects. The density of

residual silanol groups in Sn-Beta prepared by this route, however, is also influenced

by the mineralizing agent used to prepare the parent Al-Beta sample. Synthesis of

Al-Beta in hydroxide media promotes formation of anionic framework siloxy defects
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(OSi−) to compensate the cationic charge of the structure-directing agent (SDA) and

become silanol groups after high temperature oxidative treatment, but not in fluo-

ride media because occlusion of F− to compensate cationic SDAs results in selective

formation of framework siloxane connectivities [16,116,117]. Thus, Al-Beta was also

prepared in fluoride media to decrease the density of residual silanol groups. We next

develop methods to quantify the number of silanol groups and assess their location

within zeolitic environments.

5.4.2 Evaluation of micropore polarity using alcohol probe molecules

Methanol adsorption isotherms (303 K) are used to qualitatively and semi- quan-

titatively probe the micropore polarity of solid Lewis acids of varied synthetic and

treatment history. Single-component adsorption isotherms of water are more difficult

to interpret than those of alcohols [16, 83] because water adsorbs non-selectively at

binding sites within intracrystalline and extracrystalline locations. In contrast, alco-

hols adsorb selectively at binding sites within microporous voids until the point of

pore filling and before adsorption occurs at extracrystalline silanol groups [125–128].

Methanol adsorption isotherms (303 K) collected on a suite of Sn-Beta are compiled

in Fig. 5.1 (isotherms on all samples in Fig. 5.10, Supporting Information). Methanol

adsorption onto Sn-Beta-HT-F samples occurs by a type V isotherm, characteristic of

alcohol adsorption within hydrophobic micropores, where condensation within pores

is driven by strong adsorbate-adsorbate interactions. Methanol adsorption on Sn-

Beta-PS-OH samples, in contrast, occurs by a type I isotherm, wherein condensation

within pores is driven by strong adsorbate-adsorbent interactions reflecting methanol

hydrogen bonding with silanol groups. Sn-Beta-PS-F catalysts show type I adsorption

isotherms when the parent Al-Beta sample initially contained high Al densities (Si/Al

< 100, > 0.6 Al (unit cell)−1), yet show a type V isotherm when the parent Al-Beta

sample initially contained dilute Al content (Si/Al > 100, < 0.6 Al (unit cell)−1).

These results indicate that the initial density of vacancy defects, which depends on

the mineralizing agent used to synthesize the parent Al-Beta material and its Al den-
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sity, influences the density of hydrophilic binding sites in the final Sn-Beta sample.

These results also suggest that the post-synthetic preparation of Sn-Beta with hy-

drophobic micropores requires methods to minimize the total number of intraporous

hydrophilic binding sites, which includes silanol groups and Sn heteroatoms.

Figure 5.1: Methanol adsorption isotherms (293 K) of Sn-Beta-HT-F-220 (circles),
Sn-Beta-PS-OH-80 (squares), Sn-Beta-PS-F-50 (plus), and Sn-Beta-PS-F-284 (dia-
monds).

The ability of methanol molecules to survey intraporous zeolitic environments

before adsorption onto the external crystallite surface allows for the evaluation of

its packing capacity within microporous cavities of different polarity. The methanol

packing density (MPD) can be estimated using the following equation:

MPD =
Vads,cH3OHρliq,CH3OH

Vads,N2ρliq,N2

(5.1)
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where Vads terms reflect the volume of gas adsorbed at the point of micropore

filling, and ρ values are the liquid densities of methanol and nitrogen. The effec-

tive packing density of methanol within microporous voids represents the volume of

methanol adsorbed (in cm3 g−1) with respect to the volume of nitrogen adsorbed (in

cm3 g−1) after micropore filling, assuming that nitrogen can pack at its liquid density

within the micropores. This functional definition resembles that used to evaluate the

microporous packing density of n-hexane and toluene within CIT-1 to evaluate mi-

cropore accessibility [212], whereas here the microporous packing density probes the

capacity of methanol to pack within microporous cavities compared to the capacity

of nitrogen to do so as a bulk liquid (maximum value of 1).

Methanol packing densities of Sn-Beta-PS-OH grafted within the same dealumi-

nated Beta support increase with the fraction of vacancies grafted, as estimated from

the elemental composition of the parent Al-Beta and assuming that every Al removed

from the framework results in a vacancy defect (four silanol groups) that is available

for Sn grafting (Table 5.1). Sn-Beta-PS-F-284, prepared from a lower starting va-

cancy defect density (starting Si/Al > 100, < 0.6 Al (unit cell)−1), has a higher

methanol packing density (> 0.90) than Sn-Beta-PS-OH samples (< 0.65). Differ-

ences in methanol packing density suggest that methanol interactions with pore sur-

faces influence the structure of adsorbed methanol complexes within Sn-Beta-PS-OH,

but not Sn-Beta-PS-F, and decreases its density relative to liquid-phase methanol.

These differences in packing density suggest that methanol molecules arrange differ-

ently within the pores of Sn-Beta-PS-OH and Sn-Beta-PSF-284 molecular sieves, as

we explore next in the context of IR spectra collected in flowing methanol (303 K).
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5.4.3 IR spectra of Sn-Beta in flowing CH3OH

IR spectra in flowing methanol (303 K) were collected on a representative hy-

drophilic Sn-Beta sample (Sn-Beta-PS-OH-80, MPD = 0.07) in Figure 5.2a and on

a representative hydrophobic Sn-Beta sample (Sn-Beta-PS-F-284, MPD = 0.98) in

Figure 5.2b at various methanol partial pressures representing sections of methanol

adsorption isotherms prior to micropore filling (P/P0 = 0.018, 0.05, and 0.20). IR

spectra collected after high temperature dehydration treatments in flowing helium

(823 K, 2 h), show peaks for terminal silanol groups at 3740 cm−1 and perturbed

silanol groups within vacancy defects at ∼3500–3600 cm−1 (Fig. 5.2) [24, 213]. The

IR peak at 3740 cm−1 decreases with a concomitant increase in a broad peak at

∼3100–3500 cm−1 with increasing methanol partial pressures on both materials. The

rapid decrease of the silanol peak (3740 cm−1) in Sn-Beta-PS-OH-80 compared to that

in Sn-Beta-PS-F-284 (even at P/P0 = 0.02) reflects stronger interactions of methanol

with Sn-Beta-PS-OH-80 whose micropores contain higher densities of silanol groups

(Fig. 5.2), evident in their ∼14x difference in MPD values. Silanol groups (3740

cm−1) in Sn-Beta-PS-F-284, however, were not saturated with methanol until P/P0

= 0.05 (Fig. 5.2b), after which subsequent adsorption is driven by hydrogen bonding

interactions among methanol molecules. Altogether, terminal silanol groups (3740

cm−1) and vacancy defects (∼3500–3600 cm−1) within zeolitic walls participate in

hydrogen bonding networks with with methanol molecules (303 K) until they reach

saturation coverages at conditions that depend on the density and proximity of such

silanol groups.

Evaluation of the broad IR peak located at 3100–3500 cm−1 (Fig. 5.3) and the

position of this peak maximum (Fig. 5.4) for Sn-Beta-PS-OH-80 and Sn-Beta-PS-

F-284 after exposure to varying pressures of methanol (P/P0 = 0.02–0.20) provides

additional insights about the arrangement of methanol clusters within high-defect and

low-defect zeolitic frameworks. The peak maximum for Sn-Beta-PS-F-84 shifts from

3330 to 3180 cm−1 with increasing methanol partial pressures (P/P0 = 0.02–0.20 (Fig.
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(a) (b)

Figure 5.2: IR spectra of Sn-Beta-PS-OH-OH-80 (a) and Sn-Beta-PS-F-284 (b) col-
lected after high temperature oxidative treatments (823 K, black) and in flowing
methanol (303 K) at P/P0 = 0.02, 0.05, and 0.20 (increasing shade of gray).

5.4), reflecting the formation of methanol clusters that increase in size with increasing

partial pressures [214,215]. This IR peak shift also suggests a change in the proximity

of methanol molecules transitioning from liquid-like (3337 cm−1) clusters at P/P0 =

0.02–0.05 to a configuration that resembles that of an extended solid (3187 cm−1) at

P/P0 = 0.20 [216]. The peak maximum for Sn-Beta-PS-OH-80 (Fig. 5.4), however,

does not vary as a function of methanol partial pressure. A broad peak centered at

∼3290 cm−1 at all methanol partial pressures suggests methanol clusters are present in

extended networks formed through hydrogen bonding interactions [214–216], similar

to water networks formed within dealuminated Beta supports in flowing water (293

K) [31,38,217].

IR spectra of Sn-Beta-PS-OH-80 and Sn-Beta-PS-F-284 in flowing methanol (303

K) suggest that the size of methanol clusters increases around hydrophilic binding

sites present in both samples. In Sn-Beta-PS-F-284, the cluster size increases because

methanol molecules are nucleated locally around silanol groups without the formation

of extended networks through hydrogen bonding [214, 215], as previously predicted
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(a) (b)

Figure 5.3: Difference spectra of Sn-Beta-PS-OH-80 (a) and Sn-Beta-PS-F-284 (b)
after subtraction of the contributions from the dehydrated spectrum.

by ab-initio molecular dynamics simulations of isolated silanol groups in Sn-Beta in

the presence of water [217]. The high density of hydrophilic binding sites in Sn-

Beta-PS-OH-80, however, facilitates the formation of methanol clusters that are in

close proximity and can form extended hydrogen-bonded networks, as observed by the

broad OH stretching band at all the conditions studied here (Figs. 5.3-5.4). Develop-

ing quantitative relationships between the polar complexes formed within micropores

of Sn-Beta and their treatment history, however, requires the quantification of silanol

groups in Lewis acid zeolites. We next use H/D isotopic exchange and IR spectra of

samples after exposure to CD3CN (303 K) to quantify silanol groups.

5.4.4 Quantification of silanol groups in Lewis acid zeolites via H/D isotopic ex-
changes

Hydrogen atoms are located within terminal silanol groups, vacancy defects, and

Brønsted acid sites present in zeolitic surfaces. The number of each site type in zeolitic

materials can be probed through isotopic exchange with D2 [211]. Transfer of protium

species from Brønsted acid sites to bridging deuterated molecules results in the for-
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Figure 5.4: Band maxima of the OH stretching vibration of Sn-Beta-PS-OH-80
(squares) and Sn-Beta-PS-F-284 (diamonds) as a function of the methanol partial
pressure.

mation of HD molecules in processes that take place at elevated temperatures (> 750

K) [218, 219]. Silanol groups also interact with gas-phase D2 to exchange its hydro-

gen atom and produce HD molecules at lower temperatures (< 750 K) [220]. Prior

to grafting procedures, framework Al heteroatoms, and their associated Brønsted

acid sites, are removed from the framework during dealumination procedures (resid-

ual Si/Al > 1500, < 0.04 Al (unit cell)−1) and become undetectable by IR spec-

troscopy [25]. HD formation over Sn-Beta zeolite prepared post-synthetically would

thus only be associated with silanol groups (Section 5.7.5, Supporting Information).

The density of OH groups in Sn-Beta molecular sieves was quantified via H/D iso-

topic exchange with D2 and their values are compiled in Table 5.1. The number of OH

groups (per g) decreases (9.78x10−4 to 3.64x10−4 mol g−1) with increasing fractions

of vacancies grafted (0.20 to 0.64), estimated from the molar ratio of Sn incorporated

in Sn-Beta to the initial Al content in the parent Al-Beta material (Table 5.1). These
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findings are consistent with the incorporation of framework metal heteroatoms into

dealuminated supports upon consumption of silanol groups, as monitored previously

by Q3 site resonances in 29Si NMR spectra [24] and the IR peak at 3500–3600 cm−1

associated with OH stretching vibrations of silanol defects [24, 27].

Comparing Sn-Beta-PS-OH samples prepared from the same dealuminated Beta

support show that methanol packing densities (0.33 to 0.65) increase systematically

as the density of OH groups quantified through H/D isotopic exchanges decreases

(9.78x10−4 to 3.64x10−4 mol g−1, Fig. 5.5). Figure 5.5 shows the density of OH

groups for Sn-Beta samples as a function of the methanol packing density. The con-

sumption of silanol groups upon Sn grafting decreases the density of OH groups that

are available as binding sites for polar molecules, allowing methanol molecules to

pack in structures that more closely resemble those in bulk liquid phases. OH groups

quantified via HD exchanges correspond to silanol groups located both within mi-

croporous regions and at external crystallite surfaces, however, only those located

within micropores influence the stability of co-adsorbed water structures that deter-

mine turnover rates in sugar isomerization catalysis, motivating the development of

methods to selectively quantify OH groups within microporous voids.

5.4.5 Quantification of silanol groups via IR spectroscopy in Lewis acid zeolites with
CD3CN

Sn heteroatoms and silanol groups in Sn-zeolites are often detected via adsorption

of probe molecules during acquisition of vibrational spectra, because perturbation of

vibrational modes in probe molecules are sensitive to the properties of the binding

site. CD3CN, for instance, adsorbs within Sn-Beta to discern among Sn heteroatoms

with an open (2316 cm−1) and closed (2308 cm−1) configuration, small tin oxide

domains (2287 cm−1), and silanol groups (2275 cm−1) [26, 30, 50, 221]. At saturation

coverages (303 K), IR spectra collected on Sn-Beta can be deconvoluted into its

component peaks, which can be quantified using molar extinction coefficients reported
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Figure 5.5: Methanol packing density (293 K) with respect to the density of hy-
drophilic binding sites quantified through H/D isotopic exchanges of Sn-Beta-PS-OH
(squares) and Sn-Beta-PS-F-284 (diamonds). Dashed line represents the value asso-
ciated with Sn-Beta-HT-F.

elsewhere16 to determine the density of Lewis acidic Sn heteroatoms and silanol

groups.

The density of silanol groups (2275 cm−1) was probed by quantification of IR

spectra at saturation coverages of Sn-Beta with CD3CN (303 K), and their values

are compiled with respect to those obtained from H/D exchange in Figure 5.6 [26].

Comparisons of the OH groups quantified via H/D exchange and deconvolution of

IR spectra after saturation of Sn-Beta with CD3CN (303 K) shows a deviation from

parity (Fig. 5.6), wherein OH groups quantified via H/D are systematically higher

than expected if both methods surveyed the same pool of OH groups. CD3CN titrates

open Sn sites (2316 cm−1), closed Sn sites (2308 cm−1), and tin oxide in small do-

mains (2287 cm−1) concomitantly until saturation occurs, followed by adsorption



341

onto silanol groups (2275 cm−1) [26]. IR peaks associated to adsorption onto silanol

groups (2275 cm−1), however, continue to increase in intensity after gas-phase CD3CN

species (2265 cm−1) are detected and at conditions of higher dosing coverages than

used to quantified spectra (0.0 kPa of gas-phase). These IR experiments performed

at substoichiometric coverages of CD3CN (303 K) suggest that CD3CN interacts with

multiple types of silanol groups (i.e., terminal silanol groups and silanol nests), some

of which are preferentially titrated at 303 K [26]. Van der Waals interactions between

adsorbates and the zeolitic walls causes preferential adsorption at silanol groups con-

fined within microporous voids than those at extracrystalline locations. As a result,

we surmise that CD3CN preferentially titrates only a subset of silanol groups, which

reside within the micropores of Sn-Beta, at conditions corresponding to saturation

coverages. This hypothesis in in agreement with the overestimation of the silanol

groups quantified via H/D isotopic exchange, as this technique quantifies the total

number of silanol groups present within pores and at external surfaces.

Taken together, we have developed methods to quantify the density of hydrophilic

binding sites, resulting in differences in the framework polarity (quantified via methanol

packing density) among Sn-Beta samples of varied treatment history. Preparation of

Sn-Beta-PS with high starting vacancy defects (starting Si/Al < 100, > 0.6 Al (unit

cell)−1) results in micropores that pack methanol (< 0.65) in extended, hydrogen-

bonded networks because of their high density of intraporous silanol groups (> 1.41

silanol (unit cell)−1). The micropore voids of Sn-Beta-PS with lower starting density

of vacancy defects (starting Si/Al > 100, < 0.6 Al (unit cell)−1), on the other hand,

allows methanol to pack in structures similar to those of liquid methanol (> 0.90) be-

cause of its decreased density in internal silanol groups (< 1.41 silanol (unit cell)−1).

The ability of the microporous environments of Sn-Beta-PS-OH and Sn-Beta-PS-F

to form different structures of polar molecules results in reaction environments in-

fluence turnover rates in aqueous-phase catalysis, as we probe next using glucose

isomerization.
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Figure 5.6: Density of hydrophilic binding sites quantified through H/D isotopic
exchanges (y-axis) and by deconvolution of the 2275 cm−1 contribution in IR spectra
after saturation with CD3CN (303 K, x-axis) of Sn-Beta-PS-OH samples (squares)
and Sn-Beta-PS-F-284 (diamonds). Dashed line represents parity.

5.4.6 Influence of intrapore silanol density on sugar isomerization catalysis

The influence of framework polarity on liquid-phase sugar isomerization cataly-

sis was investigated using aqueous-phase glucose-fructose isomerization as a probe

reaction. Glucose isomerization takes place via quasi-equilibrated desorption of two

water molecules from open Sn sites, adsorption and ring-opening of glucose molecules,

kinetically-relevant 1,2-hydride shift transition state, and quasi-equilibrated ring-

closing and desorption of fructose molecules to regenerate open Sn sites [32, 34, 51].

In a kinetic regime characterized by a first-order dependence of turnover rates on

the initial glucose thermodynamic activity, first-order rate constants reflect Gibbs

free energy differences between two water molecules adsorbed onto open Sn sites,
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which is the most abundant surface intermediate at dilute glucose concentrations

(<10% (w/w) glucose in water), and the kinetically-relevant 1,2-hydride shift tran-

sition state [26, 35, 38, 51]. Figure 5.7 shows first-order isomerization rate constants

(373 K) normalized rigorously by the number of active sites (open Sn sites, quantified

by CD3CN IR) [26, 32, 50] and uncorrupted by intracrystalline transport phenomena

assessed from glucose-H2/glucose-D2 kinetic isotope effect values of 2.1 (Section 5.7.6,

Supporting Information).

The polarity of the environment that confines open Sn sites within Sn-Beta was

systematically modified through the incorporation of varied amounts of Sn heteroatoms

within the same dealuminated Beta support (mol Sn (mol vacancy)−1 = 0.15–1.15)

[25]. Sn-Beta-PS-OH samples, however, show first-order isomerization rate constants

(per open Sn, 373 K) that are invariant (within 2x) with increasing Sn density (Fig.

5.7) [22, 25, 120]. In addition, hydrothermally-synthesized Sn-Beta (Sn-Beta-HT-F)

show isomerization rate constants (per open Sn, 373 K) that are 15x higher than

Sn-Beta-PS-OH catalysts (Fig. 5.7). These first-order isomerization rate constants

(per open Sn, 373 K) suggest that the post-synthetic preparation of Sn-Beta samples

with glucose isomerization turnover rates comparable to Sn-Beta-HT-F would require

further decreases in the density of intraporous silanol groups.

Reducing the density of silanol groups in Sn-Beta-HT-F samples, however, does

not necessarily lead to differences in isomerization rate constants (per open Sn, 373 K)

among Sn-Beta-PS-OH and Sn-Beta-HT-F samples, as shown by measured first-order

rate constants of Sn-Beta-PS-F-50 that were similar to those measured on Sn-Beta-

PS-OH (Fig. 5.7). The density of intrapore silanol groups (per unit cell, Table 5.1) in

Sn-Beta-PS-F-50 suggests that there is at least one (∼1.40) silanol group available for

the formation of clusters of polar molecules within each unit cell. Previously reported

ab-initio molecular dynamics simulations of water structure and phase behavior at

vacancy defects and Sn heteroatoms in Beta zeolites indicate that water molecules

arrange in isolated clusters around Sn heteroatoms, but form delocalized networks of

hydrogen bonded water when around silanol nests [217]. The lower isomerization rate
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Figure 5.7: Isomerization rate constants (per open Sn, 373 K) of Sn-Beta-HT-F
(circles) [26], Sn-Beta-PS-OH (squares) [25], Sn-Beta-PS-F with starting Si/Al = 50
(plus), Sn-Beta-PS-F with starting Si/Al = 180 (diamond), and Sn-Beta-PS-F with
a starting Si/Al = 110 (triangle). Dashed lines represent the average isomerization
rate constants (per open Sn, 373 K) of Sn-Beta-HT-F and Sn-Beta-PS-OH.

constants (per open Sn, 373 K) measured on Sn-Beta-PS-F-50 than on Sn-Beta-HT-F

(0.3 Sn (unit cell)−1, 0.3 silanol (unit cell)−1) likely reflects interactions between water

complexes formed around Sn heteroatoms (1.3 Sn (unit cell)−1) and silanol groups

(1.4 silanol (unit cell)−1) to stabilize extended networks of water molecules within the

pores of Sn-Beta-PS-F-50 during aqueous-phase catalysis.

The influence of silanol groups and Sn heteroatoms when present in high Sn densi-

ties (> 0.6 Sn (unit cell)−1) on the ability of micropores to stabilize extended networks

of polar molecules was evaluated by post-synthetically grafting dealuminated Beta

supports with a lower starting density of vacancy defects (starting Si/Al = 180, 0.35

Al (unit cell)−1). In contrast to other post-synthetically prepared Sn-Beta samples,
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Sn-Beta-PS-F-284 has an isomerization rate constant (per open Sn, 373 K) that is

∼4x higher than those measured on Sn-Beta-PS-OH (Fig. 5.7). The preparation of

Sn-Beta-PS-F-294, a second sample from a different starting Al-Beta-HT-F (starting

Si/Al = 110, 0.6 Al (unit cell)−1), also resulted in isomerization rate constants that

were 4x higher than other Sn-Beta-PS-OH samples (Fig. 5.7). These kinetic data

suggest that the density of hydrophilic binding sites in Sn-Beta-PS-F-284 (Table 5.1)

is lower than the threshold limit to form extended networks of water molecules within

the micropores during catalysis, which would have resulted in a lower isomerization

rate constant (per open Sn, 373 K).

The density of intrapore hydrophilic binding sites dictates the arrangement and

proximity of polar molecules within the micropores of Sn-Beta molecular sieves. The

high density of intraporous silanol groups (> 1 silanol (unit cell)−1) and Sn het-

eroatoms (> 0.6 Sn (unit cell)−1) within Sn-Beta-PS-OH facilitates the formation of

extended networks of polar molecules (at P/P0 < 0.2, section 3.4) that lead to low

packing densities (<0.65, Table 5.1). Lower hydrophilic binding sites within Sn-Beta-

PS-F-284 (< 1 silanol (unit cell)−1, 0.2 Sn (unit cell)−1), however, leads to nucleation

of local clusters of polar molecules (section 3.4) and higher methanol packing densities

(0.98, Table 5.1). Isomerization rate constants (per open Sn, 373 K), as a result, are

4x higher on Sn-Beta-PS-F-284 than on Sn-Beta-PS-OH. As in the case of glucose-

fructose isomerization (per Ti, 373 K) over Ti-Beta zeolites [38], these differences

in first-order rate constants (per open Sn, 373 K) can be attributed to an entropic

penalty in forming hydride shift transition states caused by reorganization of the ex-

tended, hydrogen-bonded networks of water molecules present in microporous voids

of Sn-Beta-PS-OH, but not Sn-Beta-PS-F-284. Altogether, these spectral and kinetic

differences indicate that the density of hydrophilic binding sites around open Sn sites

influences the structures of polar molecules and in turn sugar isomerization catalysis

in polar solvents.
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5.5 Conclusions

Synthetic protocols were developed in this study to interrogate and quantify hy-

drophilic binding sites within microporous environments of solid Lewis acids that

catalyze glucose isomerization in aqueous media. Sn-Beta molecular sieves of varied

framework polarity were prepared by variations in the synthesis conditions of the

parent Al-Beta zeolite that underwent subsequent dealumination, and the grafting

procedures used to insert Sn heteroatoms within framework vacancy defects. Within

the same dealuminated Beta support, varied amounts of Sn heteroatoms were grafted

to systematically decrease the amount of residual vacancy defects and silanol groups.

The density of silanol groups was also modified by changes in the mineralizing agent

and starting Al content of the parent Al-Beta sample.

The framework polarity of Sn-Beta samples was quantified from methanol packing

densities, H/D isotopic exchange during temperature-programmed surface reaction

(500–873 K), and IR spectra after saturation with CD3CN (303 K). Low methanol

packing densities (< 0.65) on Sn-Beta-PS-OH samples reflected the formation of ex-

tended networks of hydrogen-bonded methanol within highly-defective pore environ-

ments, while high methanol packing densities (> 0.90) observed for Sn-Beta-PS-F-284

reflected the ability of its micropores to allow methanol to pack in densities similar

to that of its bulk liquid phase. These differences in micropore polarity were corrobo-

rated with the number of silanol groups quantified via H/D exchange that were higher

for Sn-Beta-PS-OH (> 2.9 silanol (unit cell)−1-1) than for Sn-Beta-PS-F-284 (< 2.9

(unit cell)−1). Van der Waals interactions between the zeolitic walls and CD3CN (303

K) allowed for selective quantification of silanol groups located within microporous

voids rather than at extracrystalline surfaces, and lower numbers of silanol groups

compared to those quantified by H/D exchange.

First-order glucose-fructose isomerization rate constants (per open Sn, 373 K)

of Sn-Beta-PS-OH are invariant with Sn content (Si/Sn = 30–95, 0.7–2.1 Sn (unit

cell)−1) and residual silanol groups (3.57–10.56x10−4 mol g−1, 1.4–4.2 silanol (unit
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cell)−1), and are 15x lower than those measured on Sn-Beta-HT-F (0.3 Sn (unit

cell)−1, 0.3 silanol (unit cell)−1). The preparation of Sn-Beta-PS-F-284 from a lower

starting density of vacancy defects (starting Si/Al > 100, < 0.6 Al (unit cell)−1)

showed isomerization rate constants (per open Sn, 373 K) that were ∼4x higher than

those measured on Sn-Beta-PS-OH. The low density of intraporous silanol groups (<

3x10−4 mol g−1, 0.4 silanol (unit cell)−1) suggest that more than one silanol per unit

cell is required to stabilize extended networks of water molecules that, in turn, lead

to entropic penalties in forming hydride shift transition states that decrease isomer-

ization rate constants (373 K) [38]. The density of intrapore hydrophilic binding sites

affects the structure and packing density of polar molecules within confined voids

that contain active sites, and thus influence turnover rates in liquid media.



348

5.6 Acknowledgements

We acknowledge the financial support provided by the Purdue Process Safety and

Assurance Center (P2SAC).



349

5.7 Supporting Information

5.7.1 X-ray diffractograms patters of Sn-Beta zeolites and parent Al-Beta

Samples are referred to as M-Beta-X-Y-Z, where M is the metal heteroatom in

the framework, X corresponds to the synthesis procedure performed (e.g., HT for

hydrothermal crystallization and PS for post-synthetic modification), Y represents

the mineralizing agent of the starting aluminosilicate or stannosilicate (e.g., OH for

hydroxide media and F for fluoride media), and Z is the Si/M ratio in the crystalline

solid as measured by atomic absorption spectroscopy (AAS). XRD patterns in Figs.

5.8-5.10 were reported originally in Vega-Vila et al. [25] and are compiled here for

reference, and for other Sn-Beta zeolites in Fig. 5.11. XRD patterns collected on Sn-

Beta samples of varied treatment history, together with their parent Al-Beta and their

dealuminated Beta supports, show distinctive diffraction peaks at 6-8◦ and 22.5◦, as

expected for the Beta topology. Broad diffraction peaks observed on zeolites prepared

from starting Al-Beta-HT-OH samples, but not Al-Beta-HT-F samples, are consis-

tent with small primary crystallite sizes (∼500 nm), observed by scanning electron

microscopy (SEM) images reported elsewhere [25], and the presence of highly defec-

tive zeolitic frameworks when parent Al-Beta were synthesized in hydroxide media

compared to those prepared in fluoride media (Fig. 5.11).
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Figure 5.8: Powder XRD patterns of (a) Al-Beta-HT-OH-19, (b) dealuminated Beta
from Al-Beta-HT-OH-19, (c) Sn-Beta-PS-OH-95, (d) Sn-Beta-PS-OH-46, (e) Sn-
Beta-PS-OH-41, and (f) Sn-Beta-PS-OH-30.
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Figure 5.9: Powder XRD patterns of (a) Al-Beta-HT-OH-29, (b) Sn-Beta-PS-OH-32,
(c) Sn-Beta-PS-OH-40, and (d) Sn-Beta-PS-OH-80.
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Figure 5.10: Powder XRD patterns of (a) Al-Beta-HT-OH-54, (b) dealuminated Beta
from Al-Beta-HT-OH-54, (c) Sn-Beta-PS-OH-47, and (d) Sn-Beta-PS-OH-84.
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Figure 5.11: Powder XRD patterns of (a) Al-Beta-HT-F-45, (b) dealuminated Beta
from Al-Beta-HT-F-45, (c) Sn-Beta-PS-F-93, and (d) Sn-Beta-PS-F-50.
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5.7.2 Micropore volumes and physicochemical properties of zeolite samples

Elemental compositions and micropore volumes of zeolite samples are summarized

in Table 5.2. Micropore volumes were determined by analyzing the semi-log derivative

of the isotherm (δ(Vads/g)/δ(log(P/P0) vs. log(P/P0)), where the first maximum of

the function represents the micropore filling transition and the subsequent minimum

corresponds to the end of micropore filling. Vpore values ranged from 0.19-0.22 cm3

(per g) on all samples, consistent with the Beta topology.

5.7.3 Diffuse reflectance UV-Vis spectra of stannosilicate samples

Diffuse reflectance UV-Visible (DRUV) spectra were measured on Sn-Beta-PS-F

samples, and Sn-Beta-PS-OH samples previously reported in Vega-Vila et al. [25], and

compiled in Figure 5.9. Spectra were collected at after treatment at 523 K for 0.5

h in flowing He (4.17 cm3 s−1 (g zeolite)−1) to discern tetrahedrally-coordinated Sn

heteroatoms (band center < 220 nm) from small tin oxide domains (band center > 230

nm).2 Spectra and edge energies for Sn-Beta-HT-F-220 were first published in Harris

et al. [26] Edge energies of Sn-Beta-PS (Table 5.3) were calculated by extrapolating

linear regressions from the low energy absorbance in Tauc plots.
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Table 5.2: Density of hydrophilic binding sites quantified via H/D isotopic exchange
and IR spectra of samples saturated with CD3CN (303 K), along with the methanol
packing densities within solid Lewis acid zeolites.

Sample Initial Si/Ala, b Si/Sna, b Vpore [cm3 g−1]c

Al-Beta-OH-19 19 – 0.22
Dealuminated Beta >1500 – –

Sn-Beta-OH-95 19 95 0.22
Sn-Beta-OH-46 19 46 0.19
Sn-Beta-OH-41 19 41 0.19
Sn-Beta-OH-30 19 30 0.16
Al-Beta-OH-29 29 – 0.24

Dealuminated Beta >1500 – –
Sn-Beta-OH-80 29 80 0.22
Sn-Beta-OH-40 29 40 0.19
Sn-Beta-OH-32 29 32 0.19
Al-Beta-OH-54 54 – 0.22

Dealuminated Beta >1500 – –
Sn-Beta-OH-84 54 84 0.20
Sn-Beta-OH-47 54 47 0.21
Al-Beta-OH-22 22 – 0.22

Dealuminated Beta >1500 – –
Sn-Beta-OH-144 22 144 0.23

Al-Beta-F-45 45 – 0.22
Dealuminated Beta >1500 – 0.23

Sn-Beta-F-93 45 93 0.22
Sn-Beta-F-50 45 50 0.22

aMeasured by AAS.
b Error are ±15%.
c Calculated from semi-log derivative of the N2 isotherm.
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Figure 5.12: DRUV spectra of (a) Sn-Beta-PS-OH-95, (b) Sn-Beta-PS-OH-46, (c)
Sn-Beta-PS-OH-41, (d) Sn-Beta-PS-OH-30, (e) Sn-Beta-PS-OH-32, (f) Sn-Beta-PS-
OH-40, (g) Sn-Beta-PS-OH-80, (h) Sn-Beta-PS-OH-47, (i) Sn-Beta-PS-OH-84, (j)
Sn-Beta-PS-F-93, and (k) Sn-Beta-PS-F-50 after dehydration treatments (523 K, 0.5
h).
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5.7.4 Assessment of the hydrophobicity of Sn-Beta with vapor-phase adsorption of
CH3OH at 293 K

CH3OH adsorption isotherms (293 K) were collected for the Sn-Beta samples

prepared-post-synthetically and one representative sample prepared hydrothermally

in fluoride media [26] to evaluate the hydrophobic character of these zeolites. Type I

isotherms were observed for Sn-Beta-PS-OH samples, as well as Sn-Beta-PS-F-50, rep-

resenting micropore condensation driven by strong adsorbate-adsorbent interactions.

Type V isotherms, however, were observed for Sn-Beta-PS-F-284 and Sn-Beta-HT-

F-220, where condensation within the pores is driven by strong adsorbate-adsorbate

interactions.

Figure 5.13: CH3OH adsorption isotherms (293 K) of (a) Sn-Beta-PS-OH-95, (b) Sn-
Beta-PS-OH-46, (c) Sn-Beta-PS-OH-41, and (d) Sn-Beta-PS-OH-30. Isotherms are
offset by 120 cm3 g−1 for clarity.
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Figure 5.14: CH3OH adsorption isotherms (293 K) of (a) Sn-Beta-PS-OH-32, (b)
Sn-Beta-PS-OH-40, and (c) Sn-Beta-PS-OH-80. Isotherms are offset by 120 cm3 g−1

for clarity.
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Figure 5.15: CH3OH adsorption isotherms (293 K) of (a) Sn-Beta-PS-OH-47 and (b)
Sn-Beta-PS-OH-84. Isotherms are offset by 120 cm3 g−1 for clarity.
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Figure 5.16: CH3OH adsorption isotherms (293 K) of (a) Sn-Beta-PS-F-93, and (b)
Sn-Beta-PS-F-50, (c) Sn-Beta-PS-F-284, and (d) Sn-Beta-HT-F-220. Isotherms are
offset by 120 cm3 g−1 for clarity.
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5.7.5 Isotopic H/D exchange experiments on stannosilicates

Isotopic H/D exchange of surface OH groups of stannosilicates was performed

by flowing 5% D2 in a temperature programmed surface reaction (TPSR) to 873

K (0.167 K s−1). In a typical TPSR experiment, Sn-Beta samples were treated in

dry air (10 cm3 s−1 g−1) at 823 K for 2 h, cooled in flowing Ar (10 cm3 s−1 g−1),

held at 303 K in flowing Ar for 0.5 h, and heated to 873 K (0.167 K s−1). Signals

were continuously recorded for m/z of 2 (H2), 3 (HD), 4 (D2), 20 (Ar2+), and 40

(Ar+). Sequential exchange of OH groups with HD to form H2 was not detected,

as H2 was not evolved during TPSR experiments. HD formation rates (mol g−1 s−1)

were calculated from m/z = 3 signals and response factors estimated as the geometric

average of the H2 and D2 response factors. HD formation rates for Sn-Beta samples

prepared post-synthetically are collected in Figures 5.17–5.19.

Figure 5.17: HD formation rate of (a) Sn-Beta-PS-OH-46, (b) Sn-Beta-PS-OH-41, (c)
Sn-Beta-PS-OH-95, and (d) Sn-Beta-PS-OH-30. Formation rates are offset between
samples for clarity.
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Figure 5.18: HD formation rate of (a) Sn-Beta-PS-OH-80 and (b) Sn-Beta-PS-F-284.
Formation rates are offset between samples for clarity.

5.7.6 Assessment of intraparticle mass transfer limitations

Turnover rates (per open Sn, 373 K) of glucose-fructose isomerization show a first-

order dependence on the initial glucose concentration at low values (<10% (w/w) in

water), consistent with rates limited by kinetically relevant hydride shift steps [16,

26,35]. Rates corrupted by intrazeolitic glucose transport, however, would also cause

a first-order dependence on initial glucose concentration. First-order rate constants

(373 K) measured with deuterated glucose reactants at their α-carbonyl position

(glucose-D2) should result in a kinetic isotope effect (kisom.,unlabeled/kisom.,labeled or

kH/kD) equal to ∼2.1 when measured rates are limited by 1,2-hydride shift (C-H

scissoring vibrational frequency of ∼1500 cm−1) [34], and result in to ∼1.4 if rates

are instead restricted by intracrystalline mass transfer [35]. Glucose-H2/glucose-D2
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Figure 5.19: HD formation rate of (a) Sn-Beta-PS-OH-84 and (b) Sn-Beta-PS-OH-47.
Formation rates are offset between samples for clarity.

KIE experiments performed on the Sn-Beta-OH sample with the highest measured

isomerization rate constant (per total Sn, 373 K), which is the sample most likely to

be limited by intracrystalline mass transport limitations, resulted in measurement of

a kH/kD of ∼2.1 [25]. Thus, initial rates reported on all of the samples studied here

are limited by rates of 1,2-hydride shift steps.
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6. TIGHTER CONFINEMENT INCREASES SELECTIVITY OF D-GLUCOSE

ISOMERIZATION TOWARDS L-SORBOSE IN TI-ZEOLITES

6.1 Abstract

Aqueous-phase isomerization of D-glucose to D-fructose and L-sorbose are cat-

alyzed in parallel by Lewis acidic Ti sites in zeolite frameworks. Glucose isomeriza-

tion turnover rates (per Ti, 373 K) are negligible when Ti sites are confined within

mesoporous voids of silicates (Ti-MCM-41, TiO2-SiO2) and increase to high values

when Ti sites are confined within twelve-membered ring (12-MR) micropores (Ti-

Beta). Turnover rates decrease to lower values (by ∼20x) with further decreases

in micropore size as Ti sites are confined within 10-MR pores (Ti-MFI, Ti-CON)

because of transport restrictions, and reach undetectable values within the 8-MR

pores of Ti-CHA as intrapore reactant diffusion is prevented altogether. Remarkably,

the selectivity toward L-sorbose over D-fructose increases systematically as spatial

constraints around Ti sites become tighter, and are >10 on Ti-MFI, reflecting the

marked influence of confinement around Ti active sites on the selectivity between

parallel stereoselective isomerization pathways of D-glucose.
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6.2 Introduction

Catalytic routes to produce renewable chemicals from lignocellulosic biomass sources

often involve strategies that convert sugar derivatives (e.g., glucose) via isomerization

pathways using heterogenous Lewis acid catalysts [34,222,223]. The incorporation of

tetravalent metal heteroatoms within silica-based zeolite frameworks provides access

to a suite of catalysts that enable isolating Lewis acid sites of different identity and

coordination [30–32, 51, 58] within secondary confining environments [38, 159], which

provide two orthogonal design criteria to influence catalytic rates and selectivities.

Confinement of active sites within microporous environments can prevent intrapore

diffusion of large reactants (reactant shape selectivity) [224], influence product se-

lectivity through relative diffusion rates of products of varying size (product shape

selectivity) [225,226] or through selective formation of specific transition states based

on size restrictions (transition state selectivity) [227]. Confinement within microp-

orous voids can also influence selectivity via the stabilization by van der Waals forces

of certain transition states among parallel pathways [228]. Here, we report the influ-

ence of confining environment size on relative rates of reactions that form different

stereoisomers of D-glucose, which demonstrates how confining microporous voids of

Lewis acid zeolites can be tailored to selectively form certain products in biomass

upgrading reactions.

Aqueous-phase isomerization of D-glucose to D-fructose on Lewis acidic Ti-Beta

zeolites involves reaction mechanisms analogous to those on metalloenzyme catalysts

(e.g., D-xylose isomerase) [34,132], which proceed via kinetically-relevant 1,2-hydride

shift as confirmed by isotopic tracer studies [51]. In a parallel pathway, D-glucose

also produces L-sorbose on Ti-Beta zeolites, through an analogous 1,5-hydride shift

transition state (Fig. 6.1) [35, 192]. In contrast to fructose, metalloenzymes are not

known to produce sorbose from glucose [192], and other metallosilicates or Lewis

acid zeolites (e.g., Sn-Beta) have not been reported to form sorbose in significant

quantities [26, 32, 50]. Sorbose can be formed via Lewis base-catalyzed Lobry de
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Figure 6.1: Reaction scheme for fructose and sorbose formation over tetrahedrally-
coordinated Ti sites.

Bruyn-Alberta van Ekenstein rearrangements [229], but only as side-products in a

mixture of undesirable products. Current synthetic pathways for converting glucose

to sorbose follow a two-step process to reduce glucose to sorbitol via hydrogenation

over Ni-based catalysts, followed by the selective oxidation of sorbitol to sorbose

over D-sorbitol dehydrogenase [230], which in turn undergoes Pt-catalyzed oxidation

into ascorbic acid, a vitamin C precursor [231]. Thus, zeolites containing isolated

Ti active sites appear to be a unique class of heterogeneous materials capable of

directly isomerizing D-glucose into L-sorbose, and here we investigate the effects of

confinement on selectivity toward L-sorbose over D-fructose.
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6.3 Experimental Methods

6.3.1 Synthesis of titanosilicates with varying pore sizes

Ti-Beta zeolites containing tetravalent metal heteroatoms were made via both hy-

drothermal synthesis procedures [106]. Hydrothermal Ti-Beta zeolites with fluoride

mineralizing agents were synthesized using gel molar ratios of 1 TEOS / X TEOTi

/ 0.55 TEAOH / 7.5 H2O / 0.55 HF where X = 0.008–0.013. In a typical Ti-Beta

synthesis, 21.77 g of tetraethylammonium hydroxide (TEAOH, 35%, Sigma Aldrich)

was diluted in 12.72 g deionized water in a perfluoroalkoxy alkane (PFA) jar that was

covered and stirred at ambient temperature for 0.25 h. 20.00 g of tetraethylorthosil-

icate (TEOS, 98%, Sigma Aldrich) were then added and stirred for 0.75 h prior to

the addition of ∼0.2 g of tetraethyl orthotitanate (TEOTi, 99.99%, Alfa Aesar). The

jar was then sealed to stir for 12 h. The resulting solution was then exposed to air

to evaporate ethanol and excess water to achieve the desired molar ratios. 2.16 g of

hydrofluoric acid (HF, 48%, Alfa Aesar) were added to the resulting gel prior to the

addition of 0.28 g of Si-Beta seeds. The resulting gel was loaded into a 45 cm−3 Teflon

liner inside of a stainless steel autoclave (Parr Instruments) and placed into a forced

convection oven (Yamato DKN-402C) at 413 K for 21 days while rotating (60 rpm).

Recovered solids were washed with ∼150 cm3 of deionized water per gram, isolated

by centrifugation, and dried for 16 h at 373 K in air. Organic occluded within the

solids were removed through 10 h of high temperature oxidative treatment in flowing

dry air (1.67 cm3 s−1 gcat
−1, 99.999% UHP, Indiana Oxygen) at 823 K (0.0167 K s−1).

Ti-MFI (TS-1) was hydrothermally-synthesized using gel molar ratios of 1 SiO2 /

0.076 TEOTi / 1 NH4F / 0.25 TPABr / 31.56 H2O. In a typical synthesis, ammonium

fluoride (NH4F, 98%, Sigma Aldrich) and tetrapropylammonium bromide (TPABr,

98%, Sigma Aldrich) were diluted in 31.46 g of deionized water and stirred for 0.25

h in a covered PFA jar. 3 g of fumed silica (Cab-o-sil SiO2, 99.9%, Cabot) were

added to the synthesis gel and stirred for 0.75 h prior to the addition of 0.076 g

of TEOTi. The resulting gel was covered and stirred overnight before evaporating
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evolved ethanol and excess water to achieve the desired molar ratios. The resulting

gel was loaded into a 45 cm−3 Teflon liner in a stainless steel autoclave and heated

to 413 K for 14 days while rotating at 60 rpm. Recovered solids were washed with

∼150 cm3 of deionized water per gram, isolated by centrifugation, and dried for 16

h at 373 K in air. Organic occluded within the solids were removed through 10 h of

high temperature oxidative treatment in flowing dry air (1.67 cm3 s−1 gcat
−1, 99.999%

UHP, Indiana Oxygen) at 823 K (0.0167 K s−1).

Nanosheet Ti-MFI (Ti-MFI-NS) zeolites are single-unit-cell thick titanium-containing

zeolites synthesized through the use of a [C18H37-N+(CH3)2-C6H12-N+(CH3)2-C6H13]OH2

surfactant, denoted C18−6−6OH2 and synthesized in house following the procedure re-

ported by Choi et al. [232]. The final gel molar ratios are 1 SiO2 / 0.07 C18−6−6OH2

/ 0.01 TBOT / 60 H2O. 25.19 g of 0.13 M aqueous C18−6−6OH2 solution were diluted

in 30.16 g of deionized H2O in a covered PFA jar and stirred for 0.2 h prior to the

addition of 10 g of TEOS followed by 0.5 h of stirring. Later, 0.16 g of tetrabutyl

orthotitanate (TBOT, >99.99%, Alfa Aesar) were added to the synthesis gel and the

resulting solution was stirred overnight in the covered PFA jar. The resulting gel was

exposed to air to allow for excess water and evolved ethanol and butanol evaporation

to achieve target molar ratios. The gel was loaded into a 45 cm−3 Teflon liner and

stainless steel autoclave prior to heating to 413 K for 10 days while rotating at 60 rpm.

Recovered solids were washed with ∼150 cm3 of deionized water per gram, isolated

by centrifugation, and dried for 16 h at 373 K in air. Organic occluded within the

solids were removed through 10 h of high temperature oxidative treatment in flowing

dry air (1.67 cm3 s−1 gcat
−1, 99.999% UHP, Indiana Oxygen) at 823 K (0.0167 K s−1).

Ti-CON catalysts were prepared via post-synthetic grafting procedures of tita-

nium precursors into deboronated CON. B-CON was synthesized using 1,4-bis(1-

cyclohexyl-1,4-pyrrolidin-1-yl)butane (BCPB) as the structure directing agent and

a final gel molar ratio of 1 SiO2 / 2 NaOH / 0.1 BCPB / 0.0055 Na2B4O7 / 45.6

H2O. In a typical synthesis, 3.62 g of aqueous BCPB (9.9%) were diluted in 7.39 g

of deionized water and 0.72 g of 1 M NaOH (99.99%, Avantor) in a PFA liner and
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stirred for 0.08 h. Afterwards, 0.036 g of sodium tetraborate decahydrate (Na2B4O7,

99.99%, Sigma Aldrich) were added and stirred for 0.08 h prior to the addition of

0.54 g of fumed silica (Cab-o-sil SiO2, 99.9%, Cabot). The resulting gel was stirred

in a covered PFA jar for 1 h before loading into a 23 cm−3 Teflon liner and encased in

a stainless steel autoclave. The synthesis gel was heated to 433 K for 7 days rotating

at 60 rpm. Recovered solids were thoroughly washed in water and acetone, isolated

by centrifugation, dried overnight at 373 K, and treated at 823 K in oxygen for 10 h.

B-CON zeolites were treated at 353 K in 25 cm3 of concentrated nitric acid per gram

of zeolite for 16 h to remove boron heteroatoms from the framework. Deboronated

solids were washed with copious amounts of water (∼200 cm3 (g zeolite)−1), isolated

via centrifugation, and dried overnight at 373 K.

Deboronated CON (De-B-CON) was subjected to post-synthetic grafting proce-

dures to incorporate titanium heteroatoms into the framework. Typically, ∼0.5 g of

zeolite were loaded into a three-neck, 500 cm−3 round-bottom flask with a septum

stopper on one opening. The flask was attached to a Schlenk line and De-B-CON

precursors were dried overnight (423 K) under vacuum (∼0.005 kPa). In a sepa-

rate flask, dichloromethane was dried over molecular sieves (Type 3A, Grade 562,

4-8 mesh, W.R. Grace) in an inert atmosphere (Ar, Indiana Oxygen, 99.999%) for

72 h. ∼0.5 cm3 of 1 M titanium tetrachloride in dichloromethane (TiCl4, 99.99%,

Sigma Aldrich) were transferred to a pear-shaped flask and dried dichloromethane

were transferred to the round-bottom flask via moisture-free cannula transfer. The

resulting solution were heated to 383 K for 7 h under reflux conditions in an argon at-

mosphere. The resulting solids were recovered via centrifugation, washed with ∼120

cm3 of methanol (99.99%, Sigma Aldrich) per gram of zeolite, and dried overnight at

373 K. Solids were treated in flowing air (1.67 cm3 s−1 gcat
−1, 99.999% UHP, Indiana

Oxygen) to 473 K (0.05 K s−1) for 6 h and then heated further to 823 K (0.05 K s−1)

for an additional 6 h.

Ti-CHA was synthesized hydrothermally by adapting the synthesis procedure re-

ported previously [233, 234]. Briefly, 40 g of ethanol (200 proof, Koptec) and 25 g of
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TEOS were added to a PFA jar and stirred for 300 s at ambient conditions. Next, a

solution containing 0.601 g of TEOTi dissolved in 10 g of ethanol was added drop-

wise to the solution containing ethanol and TEOS and stirred for 300 s at ambient

conditions. Afterward, 0.577 g of hydrogen peroxide (H2O2, 30 wt.%, Alfa Aesar)

were added and stirred for 900 s. Next, 42.329 g of an aqueous N,N,N-trimethyl-1-

adamantylammonium hydroxide solution (TMAdaOH, 25 wt.%, Sachem) were added

dropwise, where the solution gelatinized after the addition of 15–20 g of TMAdaOH

and required the addition of 49.920 g of deionized water and manual stirring with a

Teflon spatula until the solution was uniform. The rest of the TMAdaOH was added

immediately after and the solution was covered and stirred for 24 h at ambient condi-

tions. Ethanol and excess water were evaporated from the obtained solution to reach

the desired H2O/SiO2 molar ratio of 3. The resulting powder was rehydrated with 80

g of water, stirred for 24 h, and dehydrated again to obtain the desired H2O/SiO2 mo-

lar ratio of 3. Finally, 2.69 g of HF were added dropwise to the synthesis powder and

stirred manually for 300 s. Residual HF was allowed to evaporate for 900 s. The final

molar ratio of the gel solution was 1 SiO2/0.014 TiO2/0.43 TMAdaOH/0.38 HF/3

H2O. The gel was loaded into a 45 cm−3 Teflon liner and stainless steel autoclave

prior to heating to 423 K for 2 days while rotating at 40 rpm. Recovered solids were

washed thoroughly with water and acetone, isolated by centrifugation, and dried for

16 h at 373 K in air. Organic occluded within the solids were removed through 10

h of high temperature oxidative treatment in flowing dry air (1.67 cm3 s−1 gcat
−1,

99.999% UHP, Indiana Oxygen) at 823 K (0.0167 K s−1).

6.3.2 Characterization of materials

Bulk crystal topologies of synthesized materials were determined from powder X-

ray diffraction (XRD) patterns collected on a Rigaku SmartLab X-ray diffractometer

using a Cu κα source (1.76 kW) measured from 4-40◦ (2θ, 0.00417◦ s−1). Micropore

volumes were calculated from N2 adsorption isotherms (77 K) collected on a Mi-

cromeritics ASAP 2020 Surface Area and Porosity Analyzer via linear extrapolation



372

from the beginning of the mesopore filling regime (∼0.05–0.30 P/P0). All micropore

volumes align with known micropore volumes of each desired zeolite topology.

Bulk titanium concentrations were determined via atomic absorption spectroscopy

(AAS, PerkinElmer AAnalyst 300 Atomic Absorption Spectrometer). Typically, ∼0.2

g of solid were dissolved in ∼2 g of hydrofluoric acid (48 wt.%), left overnight, then

diluted with ∼50 g of deionized water. Absorbances were measured in a reducing

acetylene and nitrous oxide flame at 399.9 nm and compared to calibration curves

from titanium solutions of known composition.

Nitrogen (N2, 77 K), and argon (Ar, 87 K) adsorption isotherms were collected

using a Micromeritics ASAP2020 Surface Area and Porosity Analyzer on ∼0.03 g of

sample pelleted and sieved to maintain uniform particle diameters between 180 and

250 µm. Samples were degassed prior to analysis by heating to 393 K (0.0167 K s−1)

under vacuum (<0.005 Torr) for 2 h then heating to 623 K (0.0167 K s−1) under

vacuum for 8 h. Micropore volumes were calculated from the semi-log derivative

analysis of N2 (or Ar) adsorption isotherms (δ(Vads/g)/δ(log(P/P0) vs. log(P/P0)).

6.3.3 Glucose isomerization kinetic studies

Kinetic measurements were carried out in 10 cm−3 thick-walled batch reactors

(VWR) with 0.01–0.1 g of sample and 5 wt.% aqueous-phase D-glucose (Sigma-

Aldrich, >99.5%) solutions. Distilled water (18.2 MΩ) was pH-controlled (pH=3)

with hydrochloric acid (HCl, Macron, 37 wt.%) and mixed with D-glucose to the

desired weight percent. Solutions were filtered through 0.2 µm PTFE filters (VWR)

and loaded into 2 cm−3 glass vials capped with a PTFE/silicone septum (Waters)

until full. Batch reactors were loaded with a stir bar and ∼0.01–0.1 g of catalyst and

sealed with a crimp top (PTFE/silicone septum, Agilent). Reactant solution vials

and reactors were separately heated (373 K) for 600 s atop a digital stirred hotplate

(IKA RCT basic) prior to injecting ∼1 cm3 of preheated reactant solution into the

capped reactors. Reactors were maintained at temperature (373 K, autogenous pres-
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sure, 750 rpm) for various time intervals (1800–21600 s) prior to quenching in an ice

bath to stop the reaction.

Product solutions were filtered (0.2 µm PTFE filters), diluted to 1 wt.% with

deionized water, and mixed with an internal quantification standard of a 1 wt.%

aqueous D-mannitol (Sigma Aldrich, >98 wt.%) solution. Product separation and

quantification were performed using a high performance liquid chromatograph (Agi-

lent 1260) equipped with a Hi-Plex Ca column (7.7 x 300 mm, 8 µm particle size, 0.01

cm3 s−1 aqueous mobile phase, 353 K) and inline evaporative light scattering detec-

tor (Agilent 1290). Quantification was performed using separate calibration curves

for individual sugar species. All reported rates and selectivities correspond to con-

versions of less than 5% and match initial rate measurements from transient kinetic

measurements.

Isotopic labeling studies to identify isomerization products were performed by

reacting 1 cm3 of a 5 wt.% aqueous D-glucose-D2 (Cambridge Isotope Laboratories,

98% 2-D) solution and 0.01–0.04 g of catalytic solids (373 K, 1800–21600 s) prior to

quenching, filtering product solutions, and separating as described above. Product

solutions were prepared by freezing in liquid N2 (77 K) and removing water via

freeze-drying on a Labconco FreeZone lyophilizer (<0.01 Torr, 36 h). Dried sugars

were then dissolved in 0.06 cm3 of D2O (Cambridge Isotope Laboratories, 99.9%)

and loaded into NMR tubes (Wilmad LabGlass, 5 mm thin wall, 7 in., 500 MHz) for

NMR analysis. 13C NMR spectra were collected at ambient temperature on a Bruker

ARX500 spectrometer equipped with a 5 mm QNP probe by averaging 256–1500

scans acquired at ∼0.3 scans per second.
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Figure 6.2: Hydrothermal and post-synthetic strategies for the preparation of ti-
tanosilicates with varied pore diameters and confining environments.

6.4 Results and Discussion

Zeotypes with Lewis acidic Ti sites were synthesized (Fig. 6.2) with a range of

confining void sizes (6- to 14-MR) in order to probe the influence of confining void

size on the stability of hydride shift transition states in sugar isomerization pathways.

XRD patterns and micropore volumes (Table 6.2, Supporting Information) calculated

from N2 (77 K) and Ar (87 K) adsorption isotherms of Ti-Beta, Ti-MCM-41, Ti-CON,

Ti-MFI, Ti-MFI-NS (nanosheet morphology) [232], and Ti-CHA are consistent with

values expected for these topologies (Figs. 6.5-6.8, Supporting Information). Diffuse

reflectance UV-Vis (DRUV) spectra of dehydrated samples (523 K) show absorption

bands with maxima located <220 nm and edge energies that are >4.2 eV (Fig. 6.9,

Table 6.7.1.4, Supporting Information). Concomitantly, Lewis acidic Ti centers (per

Ti) were quantified from IR spectra after saturation with pyridine (423 K) and CD3CN

(303 K), which values varied around unity for all the samples reported here (Fig. 6.10,

Table 6.7.1.4, Supporting Information). These results indicate that tetrahedrally-

coordinated Ti centers are incorporated within the pores of zeotype frameworks of

varying confining environments.
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Initial glucose isomerization rates to fructose and sorbose (per Ti, 373 K) are

measured among Ti-silicates of varying micropore size (∼4–15 nm in diameter) to

interrogate the site requirements that preferentially stabilize transition states for sor-

bose formation. Proposed mechanisms for aqueous-phase D-glucose isomerization

(373 K) to D-fructose and L-sorbose over Ti sites in zeolites involve quasi-equilibrated

desorption of two water molecules from Lewis acidic Ti sites, followed by glucose ad-

sorption and ring opening, kinetically-relevant 1,2 hydride shift transition state (for

fructose formation) or 1,5 hydride shift transition state (for sorbose formation), and

ring closing and desorption of the respective product [35,192]. Glucose isomerization

rates (373 K) are measured under dilute glucose thermodynamic activities (<2000

mol m−3, < 10 wt.%) corresponding to kinetic regimes that are first-order in initial

glucose activity, in which rate constants reflect differences in the Gibbs free energy

between water-covered Ti sites and the kinetically-relevant hydride shift transition

state [35, 38]. Lewis-acid catalyzed glucose isomerization rates (373 K), measured

at low pH to suppress background reactions from base-mediated pathways over ox-

ide domains [50], were undetectable on amorphous titanosilicates (TiO2-SiO2, Table

6.1) [35, 192]. This suggests that van der Waals stabilization of hydride shift transi-

tion states, relative to two water molecules bound at isolated Ti active sites, within

confining microporous voids is required for appreciable catalytic turnover in aqueous

media at 373 K.

Initial glucose-fructose and glucose-sorbose isomerization rates (373 K, 5 wt.%

glucose) on titanosilicate catalysts of varying pore size are reported in Table 6.1.

Isomerization rates (per Ti, 373 K) are negligible when Ti sites are embedded within

the larger mesoporous cavities (>1.5 nm diam.) of Ti-MCM-41 (Table 6.1). Similar

to glucose isomerization (373 K) experiments performed over amorphous TiO2-SiO2,

these results suggest that the mesoporous voids of Ti-MCM-41 (14-MR) lack sufficient

confinement and solvation of transition states required for detectable isomerization

turnovers at the conditions studied.
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Initial glucose isomerization rates (per Ti, 373 K), by contrast, are readily mea-

sured in aqueous media on Ti-Beta (12-MR) zeolites under these conditions. Turnover

rates for glucose-fructose isomerization are invariant among samples with varying Ti

content (Si/Ti = 133–282, Table 6.4, Supporting Information), with kinetic isotope

effects of 2.1 measured when glucose reactants are deuterated at the α-carbonyl posi-

tion [38] that indicate turnover rates are not limited by intrazeolite glucose transport

to active sites [35]. On Ti-Beta, glucose-sorbose isomerization rates (per Ti, 373

K) are lower (by ∼2.5x) than glucose-fructose isomerization rates (Table 6.1). The

ability of Ti-Beta to isomerize D-glucose to both D-fructose and L-sorbose suggests

that confining environments characteristic of 12-MR micropores (∼0.7 nm diam.) are

able to stabilize 1,2- and 1,5- hydride shift transition states, respectively, to similar

extents.

The influence of 12-MR confining environments on glucose isomerization rates

and selectivities was next probed using Ti-CON molecular sieves, which consist of

a three-dimensional pore system with intersecting 10-MR (∼0.5–0.6 nm diam.) and

12-MR (0.7 nm diam.). Glucose isomerizes (373 K) on Ti-CON to form fructose and

sorbose, but at rates (per Ti) that are 10x lower than those on Ti-Beta (Table 6.1).

Differences in rates (per Ti) could arise from variations in the number of Ti sites

that are tetrahedrally-coordinated within each sample, or because of restrictions on

glucose (∼0.7 nm diam.) transport through the 10-MR micropores present in CON.

Interestingly, sorbose formation rates (per Ti, 373 K) are >2x higher than fructose

formation rates on Ti-CON (Table 6.1), suggesting that either local differences in the

confining 12-MR structures of CON and Beta, or the tighter confinement provided

by the 10-MR structures in CON lead to preferential sorbose formation.

The influence of confining 10-MR voids on glucose isomerization rates and selectiv-

ities was further investigated on Ti-MFI zeolites, which consist of 10-MR straight and

sinusoidal channels (∼0.5 nm diam.) and their larger intersections (∼0.7 nm diam.).

Glucose isomerization formed undetectable amounts of fructose on Ti-MFI, but de-

tectable amounts of sorbose at rates (per Ti, 373 K) that are >20x lower than glucose
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isomerization rates measured on Ti-Beta (Table 6.1). These measurements indicate

that confinement within 10-MR selectively destabilizes reaction coordinates involving

1,2-hydride shift transition states that form fructose over those involving 1,5-hydride

shift transition states that form sorbose, while the lower rates on Ti-MFI than on

Ti-Beta likely reflect limitations in intrazeolitic glucose transport to framework Ti

sites within 10-MR voids. Thus, we synthesized a Ti-MFI sample with nanosheet

morphology (Ti-MFI-NS) following previously reported methods [232,235], in an at-

tempt to decrease diffusion pathlengths and alleviate potential transport restrictions

of glucose to active Ti sites within 10-MR voids. An XRD pattern of this sample

is consistent with the MFI structure (Fig 6.6, Supporting Information), and the N2

adsorption-desorption isotherm (Figure 6.8, Supporting Information) shows hysteresis

behavior consistent with mesoporous voids likely present within intercrystalline spaces

between adjacent nanosheets. Rates of glucose-sorbose isomerization (per Ti, 373 K)

are ∼1.3x higher on Ti-MFI-NS than on Ti-MFI (Table 6.1), while rates of glucose-

fructose formation become detectable and similar (within 4x) to glucose-sorbose rates

(Table 6.1). From these comparisons, we surmise that glucose-fructose isomerization

does not occur within 10-MR microporous voids or at external surfaces of Ti-MFI-NS

nanosheets, but rather at Ti sites located within its mesoporous regions. Further

decreases in confining pore sizes to the 8-MR of Ti-CHA (∼0.4 nm diam. windows)

resulted in undetectable glucose isomerization rates (373 K, Table 6.1), as expected

from prevention altogether of glucose diffusion and adsorption within microporous

voids containing Ti active sites. Taken together, these results indicate that frame-

work Ti sites confined within 10-MR and 12-MR voids catalyze glucose isomerization

to fructose and sorbose at higher rates than analogous sites within smaller or larger

voids, but do so with different selectivity toward sorbose.

The selectivity of glucose isomerization (373 K) toward sorbose, defined as the ini-

tial sorbose-to-fructose formation rate ratio, varies among molecular sieves containing

10-MR and 12-MR (Table 6.1). These selectivities are calculated from initial rates

measured in kinetic regimes that are first-order in glucose thermodynamic activity,
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and thus reflect the relative stability of hydride shift transition states associated with

forming each product (details in Section 6.7.3, Supporting Information). Ti-Beta only

contains 12-MR voids and show sorbose selectivities of 0.4 (Fig. 6.3), in agreement

with previously reported studies [38,192]. Ti-CON contains both 12-MR and 10-MR

voids, and show sorbose selectivities that are 5x higher than Ti-Beta. Interestingly,

Ti-MFI contains 10-MR voids and forms sorbose exclusively, with order-of-magnitude

higher selectivities (>10) than any larger-pore 12-MR titanosilicate analogs studied

(Fig. 6.3). These results are corroborated by the higher sorbose selectivity mea-

sured on a single unit cell-thick Ti-MFI-NS sample (3.4), indicating the preferential

formation of sorbose over fructose at Ti sites confined within 10-MR voids.

Figure 6.3: Sorbose selectivity, over fructose, of Ti-containing zeotype materials of
varied pore diameter and confining environment.
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Selective aqueous-phase isomerization of glucose to fructose or sorbose are influ-

enced by the confining environment around the tetrahedrally-coordinated Ti sites.

Fructose and sorbose formation require the adsorption of glucose molecules through

the O5 position, ring-opening through a deprotonation step to form a carbonyl group

at the C1 position and co-adsorbed water at Ti sites, and re-coordination of the car-

bonyl group with Ti sites (steps 1-3, Fig. 6.4) [34]. For the pathway that forms

fructose, proton transfer from the co-adsorbed water onto O5, desorption and re-

adsorption through the O2 position, and deprotonation to coordinate O1 to the Ti

sites (steps 4-6, Fig. 6.4) are required prior to forming the kinetically-relevant 1,2-

hydride shift transition state (step 7, Fig. 6.4). For the pathway that forms sor-

bose, however, the intermediate formed after step 3 can directly form the kinetically-

relevant 1,5-hydride shift transition state (step 9, Fig. 6.4). By comparing these two

reaction coordinates after their branching point (step 3, Fig. 6.4), it seems plau-

sible that the preferential formation of sorbose within 10-MR than within 12-MR

voids reflects destabilization of the re-protonation, desorption and re-adsorption, and

de-protonations steps en route to fructose (steps 4-6, Fig. 6.4) within more spatially

constrained 10-MR voids. We surmise that once ring-opened intermediates are formed

at active Ti sites, the subsequent barriers in steps that involve 1,5-hydride shift and

ring-closing and desorption to make sorbose products are not further penalized by

the spatial constraints of 10-MR voids, or at least are not as severely penalized by

them as the barriers involved in the reaction coordinate to form fructose.
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Figure 6.4: Plausible sequence of elementary steps for the catalytic turnover of glucose
isomerization to fructose and sorbose over Ti-containing zeotypes.
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6.5 Conclusions

Altogether, these kinetic data indicate that Lewis acid sites confined within mi-

croporous environments that approach the size of glucose (∼0.7 nm kinetic diam.)

can selectively stabilize reaction coordinates involving 1,5-hydride shift transition

states that form sorbose, over those involving 1,2-hydride shift transition states that

form fructose. The combination of Lewis acid active sites (Ti) and tightly confining

secondary environments (10-MR) around glucose reactants to enable selective stere-

oselective isomerization toward one product over other competing ones. This provides

an example of a general catalyst design strategy to regulate reaction selectivity by

positioning active sites within tightly confining environments that approach the size

of reactants.
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6.7 Supporting Information

6.7.1 Characterization of titanosilicate catalysts

6.7.1.1 Powder XRD patterns

All samples are denoted as Ti-IZA-X, where IZA stands for the IZA code of each

zeolite topology and X represents the Si/Ti molar ratio. XRD patterns were collected

on Ti-Beta zeolites with varied Ti content (Fig. 6.5) and on titanosilicates of varied

pore sizes (Fig. 6.6). Predominant diffraction peaks are characteristic of each of the

intended topologies.

Figure 6.5: Powder XRD patterns of (a) Ti-Beta-133, (b) Ti-Beta-282, and (c) Ti-
Beta-155.
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Figure 6.6: Powder XRD patterns of (a) Ti-CHA, (b) Ti-MCM-41, (C) Ti-CON, (d)
Ti-MFI-NS, (e) Ti-MFI.
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6.7.1.2 Gas adsorption to determine micropore volumes

Single-component isotherms were collected on titanosilicates in order to calculate

the micropore volumes, collected in Table 6.2 and are characteristic of the intended

topology.

Figure 6.7: N2 adsorption isotherms (77 K) of (a) Ti-Beta-133, (b) Ti-Beta-282, and
(c) Ti-Beta-155. Isotherms are offset by 200 cm3 g−1 for clarity.
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Figure 6.8: N2 adsorption isotherms (77 K) of (a) Ti-MFI-NS and Ar adsorption
isotherm (87 K) of (b) Ti-CHA. Isotherms are offset by 300 cm3 g−1 for clarity.
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Table 6.2: Physicochemical properties and topological details of titanosilicates of
varied metal content and pore size.

Catalyst Vpore [cm3 g−1]a Si/Tib Primary MicroporeRing Size
Ti-Beta-282 0.20 282 12
Ti-Beta-155 0.20 155 12
Ti-Beta-133 0.21 133 12
Ti-CON-109 – 109 12, 10
Ti-MFI-305 – 305 10

Ti-MFI-NS-69 0.18 69 10
Ti-CHA 0.19 – 8

TI-MCM-41 – – >20
aCalculated from semi-log derivative plot of nitrogen or argon (only for Ti-CHA)
adsorption isotherms.
b(b) Measured using atomic adsorption spectroscopy (AAS).

6.7.1.3 DR-UV-Visible spectra to determine Ti coordination

UV-Vis spectra of dehydrated samples (523 K, 0.5 h) were used as a characteri-

zation of the titanium heteroatom coordination. Here, the band maxima (<220 nm),

together with edge energies calculated from Tauc plots (>4.1 eV), suggest that some

titanium heteroatoms have a tetrahedral coordination, as expected upon incorpora-

tion to zeolitic frameworks [236].
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Figure 6.9: Dehydrated DRUV spectra of Ti-MFI-NS.
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6.7.1.4 CD3CN IR spectra to determine Ti coordination

The number of Lewis acidic titanium sites were quantified using infrared spec-

troscopy after adsorption of Lewis bases. Here, CD3CN was dosed onto Ti-containing

samples at 303 K until saturation. Deconvolution of bands associated to Lewis acid

sites (2308 cm−1) were quantified using molar extinction coefficients and procedures

reported elsewhere [38].

Figure 6.10: IR spectra collected at saturation coverages of CD3CN (303 K) on (a)
Ti-Beta-133, (b) Ti-Beta-282, and (c) Ti-Beta-155.
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6.7.2 Liquid NMR analysis for detection of products

Reaction products were separated and collected after reactions were carried out

in order to further investigate the identity of the products. The identity of the

collected mixture of products were further interrogated with 13C NMR, where fructose

has characteristic resonances centered at 67.3 and 97.6 ppm, whereas sorbose has

characteristic resonances at 61.6 and 70.2 ppm (Figs. 6.11-6.12) [192]. Ti-Beta (Fig.

6.12), Ti-CON, and Ti-MFI-NS molecular sieves have resonances for fructose and

sorbose, while Ti-MFI only has resonances characteristic of sorbose (Fig. 6.11), as

expected from the kinetic results discussed in the main text.

Figure 6.11: 13C NMR spectra of (a) glucose, (b) fructose, and (c) sorbose standards,
together with product solutions of reactions performed over (d) Ti-CON, (e) Ti-MFI-
NS, and (f) Ti-MFI.
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Figure 6.12: 13C NMR spectra of (a) glucose, (b) fructose, and (c) sorbose standards,
together with product solutions of reactions performed over (d) Ti-Beta.
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6.7.3 Kinetic details of fructose and sorbose formation over titanosilicates

6.7.3.1 Mechanistic interpretation of sorbose selectivity

Aqueous-phase glucose reactants (G) undergo quasi-equilibrated adsorption onto

Lewis acidic Ti sites to form ring-opened intermediates (G), followed by kinetically-

relevant 1,2- or 1-5-hydride shift transition state for fructose and formation and 1,5-

hydride shift transition state for sorbose formation, and finally quasi-equilibrated ring

closing and desorption of the product (F for fructose and S for sorbose) [34]. Consid-

ering that two water molecules are the most abundant surface intermediate (2W), and

that glucose-fructose and glucose-sorbose rates are measured in a conversion regime

of negligible approach to equilibrium values (η << 1):

rfructose
[L]

=
γ2W∗γGγ∗

γW 2CW
2γ∗

k2K1

K4K5

CG (6.1)

rsorbose
[L]

=
γ2W∗γGγ∗

γW 2CW
2γ∗

k7K1

K4K5

CG (6.2)

Here, γj are activity coefficients for species j, CW is the water concentration, CG

is the glucose concentration, Kj is the equilibrium coefficient for a given step, and k2

and k7 are the isomerization rate constants for the kinetically-relevant 1,2- and 1,5-

hydride shift steps for fructose and sorbose formations, respectively. Furthermore,

the selectivity towards sorbose, which is defined as the rsorbose/rfructose, equals:

rsorbose
rfructose

=
k7

k2

(6.3)
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6.7.3.2 Fructose and sorbose formation rate of Ti-Beta molecular sieves

Rates of sorbose and fructose formation (per Ti, 373 K) over Ti-Beta zeolites of

varied Ti content are adapted in Table 6.4 from Cordon et al. [38], where they were

originally reported.
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