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ABSTRACT 

 

Operando NMR Study of the Selective Hydrogenolysis and Hydrogenation of Lignin Model 

Compounds Catalyzed by Ni/-Al2O3  

 

by 

 

Ali Chamas 

A plentiful material found in nature, nonfood lignocellulosic biomass has emerged as a 

promising renewable source of liquid fuels and valuable chemicals due to its high energy 

content and abundance of aromatics in the lignin fraction. However, the recalcitrant nature 

of lignocellulosic biomass hinders its efficient transformation to platform chemicals and 

fuels. To gain kinetic and mechanistic insight about organic transformations relevant to the 

valorization of lignin, the reductive cleavage of the aryl ether linkage and the hydrogenation 

of phenol, catalyzed by the heterogenous catalyst Ni/-Al2O3, were investigated. 

Operando Magic Angle Spinning Nuclear Magnetic Resonance Spectroscopy (MAS-

NMR) is a powerful and non-invasive tool for acquiring detailed kinetic information. Recent 

advances in the design of MAS NMR rotors allows for internal rotor pressures up to 400 bar 

and temperatures up to 250 °C. The new high temperature and pressure rotors were used to 

collect operando 1H and 13C spectra during the hydrogenolysis of benzyl phenyl ether 

(BPE), a lignin model compound, at temperatures up to 250 ºC, both with and without H2 

gas. In the absence of H2, the 2-propanol solvent can serve as a source of H2. 

The reaction generates toluene and phenol with an apparent activation barrier of (80 ± 8) 

kJ mol-1 at temperatures of 150-170 ºC. Toluene does not undergo further hydrogenation at 



 

 
ix 

these temperatures, but phenol undergoes subsequent, slow hydrogenation to cyclohexanol. 

Benzylic C-O bond cleavage is faster than H/D exchange in the methyl group of toluene, 

which in turn is faster than phenol hydrogenation. The source of the reducing equivalents for 

both hydrogenolysis and hydrogenation is exclusively H2/D2 gas rather than the solvent at 

these temperatures.  

Although the rate of BPE hydrogenolysis is not strongly solvent-dependent, the 

selectivity to phenol changes with the choice of solvent: the rate of hydrogenation is 

significantly faster in solvents with lower polarity. The rates are strongly dependent on the 

extent of phenol adsorption on the catalyst surface, implicating the balance between phenol 

solvation and competitive adsorption. For polar protic solvents (typically, alcohols), the rate 

decreases with the strength of the hydrogen bonding between phenol and the solvent, 

presumably due to better solvation of phenol. In aprotic solvents (typically, alkanes and 

aromatics), the rate of phenol hydrogenation correlates inversely with the strength of solvent 

adsorption on Ni active sites. Consequently, selectivity in aryl ether hydrogenolysis to 

phenolics can be tuned by solvent selection with little impact on activity. 
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Chapter 1: Introduction  

1.1 Characterization and Conversion of Lignin into Value Added Compounds 

An increase in greenhouse gas emissions coupled with environmental issues caused by 

the burning of fossil fuels have motivated the development of renewable energy sources and 

sustainable alternatives to fossil fuel-based chemicals. Lignocellulosic biomass, a 

renewable, abundant, and nonedible raw material, has garnered attention as an ideal 

feedstock candidate over the last few decades. It is an essential component in woody plants, 

herbaceous plants, aquatic plants, forestry and agricultural residues, etc. Efforts are 

underway to effectively convert lignocellulose to biofuels and value-added chemicals and 

materials.1–4 The conversion of lignocellulosic biomass, and in particular the lignin fraction, 

into value-added products remains a challenge due to the heterogeneity and complex 

structure of lignin-containing biomass.5 

 

1.1.1 Structure and Role of Lignin in Plants 

Lignocellulosic biomass consists of three major components, lignin, cellulose, and 

hemicellulose.6 Lignin is a three−dimensional amorphous polymer comprised of 

methoxylated phenylpropane structures. The role of lignin in nature is to fill the spaces 

between cellulose and hemicellulose in plant cell walls, crosslinking the polysaccharides to 

improve mechanical strength of the cell wall and decrease water permeability. Scheme 1.1 

demonstrates a schematic representation of lignin found in biomass. There are three types of 

monolignols (p−coumaryl alcohol, coniferyl alcohol and sinapyl alcohol) making up the 

lignin backbone, which form p−hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units in 

lignin upon radical polymerization of the monolignols. These monolignols are connected by 
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linkages like β−O−4, β−5, 4−O−5, 5−5, β−1, and β−β, of which the β−O−4 linkage is 

dominant, comprising more than 50% of the lignin linkage structures in some lignins.7  

Scheme 1.1 Representative lignin fragment with different phenolic moieties and the 

monolignol building blocks p-coumaryl, coniferyl, and sinapyl alcohols.  

 

1.1.2 Use of Solution State and 2D NMR for the Characterization of Lignin  

Nuclear Magnetic Resonance Spectroscopy (NMR) is a common and powerful tool used 

for elucidating the structure and chemical composition of lignin. Chemical shift assignments 

of various lignin moieties using 1H NMR can be elucidated to quantify carboxylic acids, 

formyl, aromatic hydrogens, and methoxy groups in lignin.8 13C NMR has also been used to 

analyze lignin structural features due to the broader spectral window compared to 1H NMR. 

For the complex lignin structure, traditional one-dimensional 1H and 13C NMR techniques 

usually suffer from severe signal overlap. To combat this issue, two-dimensional (2D) NMR 

correlation experiments are more commonly conducted on lignin and lignocellulosic 

biomass. 2D NMR experiments have been useful in analyzing the lignin structure, such as 

determining the presence of lignin subunits during various lignin extraction methods.9,10 
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However, many 2D NMR techniques have limitations since the spectra are not quantitative 

and spectral overlap still occurs. A complementary approach to 1D and 2D NMR techniques 

is the selective labeling of lignin or lignin model. For example, a 13C label on the carbon 

atoms of an ether linkage in lignin or lignin model compounds can be used to quantitatively 

measure the concentration of ether linkages before and after a depolymerization reaction. 

NMR is commonly used in measuring the concentration of β-O-4 linkages before and 

after extraction of the lignin fraction from the whole lignocellulosic biomass. For example, 

the kraft pulping process commonly used in the paper industry has been shown to damage 

native lignin linkages leading to an increase in condensation reactions to form phenolic 

groups and further increase lignin’s recalcitrance.11 HSQC NMR spectroscopy (2D 1H-13C 

heteronuclear single quantum coherence nuclear magnetic resonance spectroscopy) is 

commonly applied to measure the concentration of β-O-4 linkages on lignin. A simple 1D 

13C spectra would be insufficient to provide meaningful information for lignin due to the 

significant signal overlap in both the aliphatic regions and aromatic regions. As shown in 

Figure 1.1 and Figure 1.2, HSQC NMR provides two dimensional resolution of various 

linkages in lignin that can all be identified based on literature chemical shift assignments.12 

Additionally, HSQC NMR studies on the ethanol organosolv lignin and milled wood 

isolated from Miscanthus x giganteus have shown that the organosolv extraction process 

takes place through the scission of the β-O-4 linkages.13 In a separate HSQC NMR study, 

characterization of six separate extracted lignins (Indulin Kraft, soda P1000, Alcell, poplar 

organosolv, and wheat straw organosolv lignins) showed that all lignins were highly 

condensed and had a low content of β-ether linkages after the isolation.14 
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Figure 1.1 HSQC spectrum of softwood kraft lignin and assignments of selected structural 

features in the aliphatic region.12 
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Figure 1.2. HSQC spectrum of softwood kraft lignin and assignments of selected structural 

features in the aromatic region.12 

 

1.1.3 Background on Lignin Valorization  

Extensive research has been conducted on developing new technologies for lignin 

valorization, or the efficient conversion of renewable and under-utilized lignin into high 

value products. Thermal conversion of lignin is a common method used and can be defined 

using a broad class of technologies which include pyrolysis, hydrothermal liquefaction, 

gasification, oxidative cracking, solvolysis, and hydrogenolysis.7 These methods typically 

involve numerous complex reactions, and due to differing conditions (temperature, 

environment, catalyst, etc.) the yield and composition of the gaseous, liquid, and solid 

products can vary greatly.1,15–18 New technologies are constantly emerging to study the 

depolymerization of lignin, to break the interunit linkages within the lignin macromolecule 

and convert the complex lignin polymers into oligomers or monomeric aromatic products 

for use in specialty fuels and chemicals. The use of heterogeneous catalysts for the 

depolymerization of lignin has the advantages of high efficiency, product selectivity, 

moderate reaction conditions, and ease of reaction control.19 In particular, transition metal-
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based catalysts have proven to be successful in catalyzing lignin depolymerization to 

phenolic products. Examples of these catalysts include nickel supported on HZSM-5, 

activated carbon, or SiO2; copper supported on alumina or magnesia-alumina; Pt, Pd, Ru, Rh 

supported on active carbon or alumina; and many others.20 The common target for 

depolymerization products under heterogeneous catalytic treatment is C6–C9 aromatics, 

with product selectivity dependent on the catalyst and reaction conditions. The high cost of 

platinum group metals (Pt, Pd, Ru, Rh) has promoted further research into more abundant 

and less costly metals including molybdenum, zinc, copper, and nickel.21  

Lignin model compounds have been used to study the valorization of lignocellulosic 

biomass due to the difficulty in isolating pure lignin. One of the most common extraction 

methods is the organosolv process, which typically uses an organic solvent, most commonly 

with an acid co-catalyst and water to liberate large amounts of lignin from biomass.22 Based 

on the conditions used in the organosolv process, cleavage of ether linkages as well as 

condensation reactions can occur.23–25 The condensation is thought to occur via dehydration 

reactions and the formation of additional C-C linkages between neighboring aromatic 

groups. The dehydration reactions lead to the formation of benzylic carbocations from the 

protonation of the α-OH in various lignin structures. The reactive carbocations can then 

undergo electrophilic aromatic substation reactions to form C-C bonds between adjacent 

aromatic rings. As such, the extraction processes have been shown to lower monomer 

production, with yields of <10% during catalytic processing.23,26 New approaches, called the 

“lignin-first” method, where the entire native lignocellulosic biomass is reacted in the 

presence of the catalyst has garnered interest. The reaction of whole lignocellulosic biomass 

leads to direct hydrogenolysis of the native lignin fraction, resulting in 40-50% monomer 

yields.27–31  
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1.2 Operando MAS NMR  

1.2.1 Background of high-pressure and -temperature operando NMR rotors 

In recent years, great efforts have been devoted to the development of high 

temperature/pressure nuclear magnetic resonance (NMR) for in situ and operando 

studies.32,33 Early efforts studying liquid and/or gas samples34 have used Roe-style ceramic 

tubes (sapphire or zirconia),35 capillary tubes,36 or polymer cells.37 For solid or solid-

containing samples direct pressurization of the probehead or the sample cavity was made 

possible,38 with pressures of the probe head reaching 25,000 bar.39 Adoption of sealed 

Magic Angle Spinning (MAS) NMR began with use of a glass insert filled with the solid 

sample and pre-adsorbed gas or liquid before being sealed and transferred into a MAS NMR 

rotor.40 More recently, cavern style rotors have been used to introduce gases to rotors for in 

situ studies.41,42 However, these MAS setups are incapable of introducing high pressure 

fluids or are intolerant of pressure build-up at higher temperature. Therefore, a sealed rotor 

design capable of handling elevated temperature/pressures and containing all phases of the 

analytes, a combination of solid, liquid and gas phase material, is desired. Simple o-ring 

seals on the rotor endcaps can provide a method of containing liquids and gases at near 

ambient pressure, and these products are offered by NMR instrumentation companies. 

Various lab-made designs have increased the pressure limits by trapping the o-ring beneath a 

screw; the internal threads that these screws engage are either in a bushing insert retained by 

adhesive in a commercial rotor, or integral to the ceramic of a custom machined monolith 

rotor.43 Versions of this design have enabled operando spectra to be collected for growth of 

zeolite crystals or acid-catalyzed dehydration of cyclohexanol.44,45 

These recent advances in NMR have allowed for detailed structural and mechanistic 

information of multiphasic systems at elevated temperatures and pressures to be 
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obtained.46,47 Previously, the use of solid-state NMR in these multiphase systems had been 

limited due to the inability to reach both high temperatures and pressures.48,49 The new 

cavern style rotors have been used in geochemistry and geoengineering looking at 

supercritical CO2 intercalation and hydraulic fracturing fluid,50,51 biological systems probing 

the effects of sequestered CO2 on microbial environments,52 and catalytic systems 

examining biomass valorization.46,53  

 

1.2.2 Use of Operando NMR Rotors for Heterogeneous Catalysis 

The cavern rotors allow the mixing of solids, such as catalytically active materials, with 

gases and liquids under MAS conditions. Thus, high-resolution NMR spectra can be 

acquired during the course of the reaction, which allows for the simultaneous detection of 

the reactants, products, intermediates, side-products, and solvents, with the potential to 

discriminate the phase or mobility of each species. Catalytic biomass conversion has been 

particularly challenging, typically requiring solid catalysts, solvents, and recalcitrant 

substrates. The cavern style rotors have been used to carry out investigations on 

carbohydrates and lignin,46,53 the major components of biomass. In many cases, an 

isotopically labeled species was used in the reactant or solvent to enhance the desired signals 

and suppress the unwanted ones, minimizing acquisition time. 

An example use of the cavern rotors in biomass conversion is the glucose isomerization 

reaction catalyzed by the solid base, NaX zeolite. Traditional methods can only provide 

information on the filtered reaction solution, but the reaction mostly occurs in the 

micropores of zeolite. NaX zeolite was mixed in a 5 mm or 7.5 mm cavern rotor with 

glucose-1-13C dissolved in aqueous solution of γ-valerolactone (GVL) (46 mol%), Fig. 1.3. 

The adsorption of glucose in the zeolite can be significantly improved by a GVL-water 
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binary solvent without limitation of mass transfer in the catalytic reaction. At 25 °C, four 

resonances of glucose-C1 can be detected. The two sharp signals can be assigned to the 

glucopyranose tautomers in the bulk solution and the two broad signals corresponds to the 

adsorbed species inside the zeolite pores. The deconvolution of the quantitative 13C NMR 

spectrum agrees with traditional adsorption studies, showing 65% of glucose being 

adsorbed. 
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Figure 1.3. Direct polarization MAS solid-state 13C NMR study (125.77 MHz, 5 kHz MAS) 

of a mixture of NaX zeolite (200 mg) with a solution of glucose-1-13C (0.100 mol L–1, 1.00 

mL) in 46 mol % of GVL at 25 and 120 °C: (a) spectrum recorded at 25 °C (green dots 

indicate the locations of the 13C labels, corresponding to the observed signals); (b) first 

spectrum recorded shortly after heating the rotor to 120 °C. (c) Relative amounts of α-Glcp 

and β-Glcp glucose tautomers in the adsorbed or solution phases, as determined by solid-

state NMR at 25 and 120 °C. (c) Time-resolved operando spectra, showing glucose 

conversion to fructose (* denotes mannose side-product). (b) Kinetic profiles (points) for 

glucose adsorbed in the zeolite, glucose present in the solution phase, total fructose, and 

total mannose. The lines are curve fits to a bi-exponential rate, where k1,obs and k2,obs are the 

pseudo-first-order rate constants for fructose production and degradation, respectively.53,54  
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Upon temperature elevation to 120 °C, the signals of the adsorbed glucose sharpen as the 

mobility of the molecules is enhanced at higher temperature. In addition, all four glucose 

resonances start to decrease in intensity, due to the isomerization to fructose. The ratios 

among the adsorbed and mobile species stay unchanged during the course of the reaction, 

indicating the diffusion of glucose in-and-out of the zeolite is unlimited. Curve-fitting of the 

concentration profiles of glucose and fructose reveals that both the isomerization and the 

further deactivation of glucose and fructose follow pseudo-first-order kinetics. The rate 

constant of the isomerization coincides well with the value obtained from a plug-flow 

reactor. 

 

1.3 Solvent Effects on Hydrogenolysis and Hydrogenation of Alkyl Aryl Ethers 

Liquid-phase reactions catalyzed by supported metals are important in the chemical 

conversion of non-volatile feedstocks, such as the highly functionalized oxygenates derived 

from biomass. The presence of water, organic solvents, and reactive solutes presents 

challenges in understanding adsorption and reactions at solid-liquid interfaces, particularly 

under reaction conditions involving elevated temperatures and pressures.55 Its reactions 

often take place in a triphasic solid-liquid-gas mixture involving temperatures >150 ºC and 

pressures >10 bar, and experimental studies are often accompanied by poor mass balances.56 

The mechanisms of cleavage of the major aryl ether C-O linkages in lignin by 

heterogeneous catalysts remain poorly documented,57 and can be subject to strong solvent 

effects. 
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1.3.1 Solvent Effects on the Hydrogenolysis and Hydrogenation of Lignin 

Much work has been done exploring solvent effects in enzymatic and homogeneous 

catalysis,58 however such behavior is poorly explained in heterogeneous systems. There are 

some reports addressing solvent effects on the hydrogenation of aromatic alcohols and 

ketones with Pd on several supports,59 Pt/Al2O3,60 Ru/Al2O3, and Ni/SiO2 catalysts,61 and for 

the hydrogenolysis of lignin.62 Solvents play a vital role in the catalytic conversion of lignin 

and lignin model compounds, acting as the medium to dissolve the reactants and solvate the 

eventual products.  

A recent study on the solvent effects on the hydrogenation of model oxygenates derived 

from bio-oils, such as 2-butanone, 2-pentanone, and phenol, showed a strong influence of 

the solvent polarity on the rate of hydrogenation.63 The Ru/C catalyzed hydrogenation of 2-

butanone was measured in 10 different solvents: polar protic, polar aprotic, and polar 

aprotic, Figure 1.4. The rate of hydrogenation was greatest in water, followed by the 

remained of the polar protic solvents, then the apolar aprotic solvents, and finally the protic 

polar solvents. A correlation between the initial hydrogenation rate of 2-butanone and 

hydrogen-bond donor capability of the solvents was observed, and it was suggested that the 

hydrogen bonding lowers the activation energy barrier and leads to high hydrogenation 

rates. For the polar aprotic solvents, it was suggested that the solvent could strongly adsorb 

onto the catalyst surface and block the Ru active sites leading to an inhibition of the 

hydrogenation, however no evidence was provided.  
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Figure 1.4 Solvent effects in 2-butanone hydrogenation with 1% Ru/C catalyst and 14 bar 

H2 gas at 40 °C for 1 hr. Legend: ( ) 2-butanone conversion, and (○) initial hydrogenation 

rate.63 

 

Polar protic solvents such as methanol or ethanol have been extensively used as the 

solvent for lignin valorization since lignin is largely insoluble in nonpolar solvents or water. 

A previous study found that the monomer containing oil fraction after reaction was ca. 2x 

greater if ethanol was used as a solvent for lignin depolymerization compared with yields 

using methanol or isopropanol as the solvent. The increase in monomer yield was due to 

increased etherification of the highly reactive phenolic intermediates that are formed during 

the reaction.64 The authors suggest the use of methanol as the solvent resulted in less O-
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alkylation due to the decomposition under the reaction conditions to formic acid. In the case 

of 2-propanol, higher steric hindrance towards O-alkylation resulted in a decrease in 

monomer yield.64  

Researchers have proposed that the interaction of solvent with the reactant and/or 

solvent interactions with the catalyst could be the main factor affecting aromatic 

hydrogenation reactions in different solvents.61,65 Solvent effects in heterogeneous catalysis 

have often been rationalized by a correlation to activity or product distribution to the 

polarity of the solvent.66 For polar adsorbates in contact with a polar solvent, solvation of the 

substrate is expected to occur through electrostatic interactions and hydrogen bonding. In 

contrast, in nonpolar systems the dominating factor in solvating the substrate is London 

dispersion and van der Waals forces.67 Therefore, nonpolar solvents are known to enhance 

the adsorption of polar react polar reactants.68 For example, phenol has been shown to have 

an increased affinity for the surface of Pd/Al2O3 and Pd/SiO2, and a higher rate of 

hydrogenation in less polar cyclohexane compared to more polar ethanol.69 Nevertheless, the 

existing research on solvent effects in heterogeneous catalysis is sparse, and further research 

examining these effects on lignin valorization must be conducted in order to advance the 

rational choice of the reaction medium in the design of catalytic systems for the valorization 

of lignin. 
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Chapter 2: Operando MAS-NMR Reaction Studies at High 

Temperatures and Pressures  

2.1 Abstract 

Operando MAS-NMR studies provide unique insights into the details of chemical 

reactions; comprehensive information about temperature- and time-dependent changes in 

chemical species is accompanied by similarly rich information about changes in phase and 

chemical environment.  Here we describe a new MAS-NMR rotor (the WHiMS rotor) 

capable of achieving internal pressures up to 400 bar at 20 °C or 225 bar at 250 °C, a range 

which includes many reactions of interest.  The MAS-NMR spectroscopy enabled by these 

rotors is ideal for studying the behavior of mixed-phase systems, such as reactions involving 

solid catalysts and volatile liquids, with the potential to add gases at high pressure. The 

versatile operation of the new rotors is demonstrated by collecting operando 1H and 13C 

spectra during the hydrogenolysis of benzyl phenyl ether, catalyzed by Ni/-Al2O3 at ca. 250 

ºC, both with and without H2 (g) supplied to the rotor. The 2-propanol solvent, which exists 

in the supercritical phase under these reaction conditions, serves as an internal source of H2. 

The NMR spectra provide detailed kinetic profiles for the formation of the primary products 

toluene and phenol, as well as secondary hydrogenation and etherification products. 

2.2 Introduction 

The investigation of multiphasic systems and interfacial phenomena at elevated 

temperatures and pressures is a highly-sought experimental goal. For example, in the study 

of catalytic reactions, key intermediates may be observed only under conditions closely 

resembling those of the reaction itself (e.g., temperature, solvent). Compared to 

chromatographic techniques which involve separation prior to ex situ analysis, NMR 

spectroscopy distinguishes molecules in complex mixtures without the need for separation, 
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and is therefore well-suited to in situ analysis.1-2 NMR is also sensitive to the local chemical 

environment, which makes it ideal for operando and in situ study.3-4  Magic Angle Spinning 

(MAS) NMR further enables NMR spectroscopy for mixed phase systems; in spite of being 

generally synonymous with Solid-State NMR, the analyte may be a combination of solids, 

liquids and gasses. Even when the species of interest is in the mobile phase, MAS provides 

significant line narrowing in mixed-phased systems.5 Furthermore, solid-state NMR, as a 

surface-sensitive technique, also empowers the study of the interaction of molecules with 

solid catalysts. For example, MAS-NMR revealed that both temperature and solvent 

composition play a critical role in directing the adsorption of glucose by a faujasite zeolite.6 

However, its use in multiphase systems has been restricted due to limits in combined high 

temperature and pressure. 

Conventional MAS-NMR rotors can contain liquids and gases at near ambient pressure, 

and various designs have been proposed to increase the pressure limits. In particular, several 

pressurized MAS rotor systems7-12 were pioneered at PNNL, where they were initially 

employed for geochemical5, 13-20 and biogeochemical21 studies. Although these earlier rotor 

designs were capable of handling pressures up to 200 bar at 20 °C, they required the use of a 

loading chamber that enabled mechanical opening and closing of the rotor valve under 

pressure.7-8 Such loading chambers are expensive, custom equipment, and the dead volume 

of the vessel increases the gas consumption (an important factor with isotopically-labelled 

gases). The rotors also had material limitations with steam or aggressive solvents above 

~130 °C, due to degradation of the high temperature adhesive,7-8 precluding the 

investigation of many reactions of interest. Other researchers avoided the use of adhesives 

by constructing a ceramic (zirconia) monolith.10, 22-23 However, this design was ultimately 
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limited by the inability to add gas to the rotor; it relied solely on the increased vapor 

pressure of the solvent to build pressure. 

In this contribution, we describe the WHiMS rotor (based on the initials of its designers – 

Walter, Hoyt, Mehta and Sears)24 that can hold pressures in excess of 400 bar (depending on 

temperature, spinning rate and rotor size) and attain temperatures exceeding 250 °C. Early 

versions of this design enabled in situ and operando NMR spectra to be collected on 

hydraulic fracturing fluids25 and carbohydrates in zeolites.6 The expanded temperature and 

pressure ranges open up the possibility of obtaining MAS-NMR spectra for much more 

challenging systems. Here we present new results on the catalytic hydrogenolysis of benzyl 

phenyl ether (BPE), a model compound with a C-O ether linkage, whose bond energy is 

comparable to that found in lignin.26 Lignin is a naturally-occurring aromatic 

macromolecule that typically comprises 15-30 % of the dry weight of woody biomass. It can 

be disassembled into its constituent aromatic monomers by selective hydrogenolysis of its 

aryl ether linkages using a Ni-based heterogeneous catalyst at elevated temperatures.27-29 A 

common undesired side-reaction is aromatic hydrogenation,29 whose impact can be 

mitigated by understanding and controlling the behavior of intermediates at the solid/liquid 

interface. This reaction system demonstrates the capabilities of the WHiMS MAS rotors to 

handle a wide range of reaction conditions, including pressures exceeding 200 bar at 250 °C. 

Further, the design makes it possible to observe all of the components in mixed phase 

systems (solid, liquid, gas, and/or supercritical fluids), including the partitioning of 

components in multiple phases, simultaneously. 
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2.3 Experimental Methods 

2.3.1 Chemicals 

The following chemicals were purchased from commercial suppliers and used as received: 

2-propanol-d0 (Sigma-Aldrich, 99.5 % anhydrous), 2-propanol-d8 (Sigma-Aldrich, 99 %, 

99.5 atom % D), phenyl isopropyl ether (PiPE, Enamine, 95 %), ethylene glycol 

(Mallinckrodt), lead nitrate (Sigma-Aldrich). Selectively 13C-labelled benzyl phenyl ether 

was synthesized from toluene--13C and phenol-1-13C (Cambridge Isotopes, 98 %, 99 atom 

% 13C) according to literature procedures.30-31 The 2 wt% Ni/γ-Al2O3 catalyst was prepared 

using a modified literature procedure.32 

 

2.3.2 Operando Solid-State NMR 

MAS-NMR experiments were performed on an Agilent-Varian VNMRS NMR 

spectrometer equipped with an 11.7 T magnet, operating at 125.7747 MHz for the 13C 

channel and 500.1822 MHz for 1H channel, and using a 5 mm or 7.5 mm homebuilt MAS 

double-resonance HX probe with a custom Pd-coated coil for increased sample magnetic 

homogeneity. The rotor was heated to various set temperatures and both 13C and 1H spectra 

were collected before further temperature elevation. All rotors were Varian/Agilent-style 

cavern rotors (Revolution NMR LLC), modified for high pressure samples as described in 

the Results and Discussion section.  Bushings were constructed of Vespel and equipped with 

either Viton O-rings (for temperatures up to 200 °C) or Kalrez O-rings (for experiments over 

200 °C). Rotors were weighed before and after pressurization and then again after spectral 

acquisitions to verify that no leakage occurred. Typically, weights were within 0.2 mg of the 

starting weight with the conditions presented in this paper.  
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To study the BPE hydrogenolysis reaction, the rotor was loaded with 13C-labeled BPE (2 

mg), 2 wt% Ni/-Al2O3 (10 mg), and solvent 2-PrOH (40 L) at ambient conditions. The 

MAS rate was set and maintained at 5 kHz. For hydrogenolysis with H2, spectra were 

acquired with 16 scans, a relaxation delay of 10 s, and acquisition times of 300 ms (13C) or 

80 ms (1H). In 13C direct polarization experiments, a 35 kHz 1H decoupling field was 

employed. When the temperature reached 225 °C, the rotor was kept at this temperature 

while an array of 13C NMR spectra was collected for 14 h. For quantification, each transient 

represents 16 scans, acquired with a relaxation delay of 60 s, and an acquisition time of 300 

ms. For the transfer hydrogenolysis reaction of BPE, all 13C NMR spectra were acquired 

with 8 scans, a relaxation delay of 60 s, and acquisition time of 300 ms. Line broadening of 

10 Hz was applied during processing.  

 

2.4 Results and Discussion 

2.4.1 Design of Rotors for High Temperature/Pressure Applications 

The design24 of the WHiMS rotor includes a cavern-style sleeve (Revolution NMR LLC), 

with one side permanently sealed by the closed ceramic end. The rotor dimensions are 

standard, and the sealing device occupies the same space as a traditional end cap. Since the 

sample space is the same as in a standard NMR cavern rotor (and just slightly reduced for 

the double O-ring versions - 140 L for 5 mm rotors, and 400 L for 7.5 mm rotors), the 

signal-to-noise ratio is not negatively affected by placing the sample further from the coil 

due to thicker rotor walls, extra ampoules/inserts, etc. The rotors have performed well in 

tests with a wide variety of samples, including solids (minerals, clays, porous catalysts), 

liquids (water, organic solvents), and gases (including supercritical fluids), Table S2.1. 
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Solid and liquid components are loaded prior to sealing with a “snap-in” bushing and 

then retained with a “hexagonal locking screw”, Scheme 2.1. The bushings have been 

constructed from various polymers (PEEK, Vespel, Torlon), and with a single or double O-

ring; we have found that Vespel offers the highest combination of chemical and temperature 

resistance. All data in this paper were collected with Vespel bushings and double O-rings.  

Slits in the bushing allow the screw to flex inward during insertion until the locking ridge 

lines up with a matching groove machined into the rotor. The locking screw keeps the 

bushing expanded and therefore the ridge engaged. This design provides no impediment to 

sample loading and eventual cleaning that might be caused by the fixed structures found in 

earlier, screw-in designs.7-8 Furthermore, the whole process can be easily carried out in an 

inert atmosphere glove box for air-sensitive samples. Once sealed, the rotor can be used as-

is, or a gas can be added to the head space. 
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Scheme 2.1. Design of the high temperature/pressure WHiMS MAS rotors. A. Empty rotor; 

B. Rotor with solid and liquid samples added; C. Bushing installation; D. Locking screw 

installation, prevents gas escape through vent and retains bushing; E. Rotor in pressure 

vessel. E´. Close-up of check valve during pressurization. Gas (gray arrow) will flow into 

rotor and equalize with the pressure in the vessel by flexing the O-rings over cuts made into 

the O-ring grooves. E´´.Close-up/Cross-section view of check valve during pressurization. 

Rotor is shown rotated 90° from E´. Check valve cuts are placed 180° apart for balance 

resulting two paths for incoming gas (gray arrows). F. Pressurized rotor ready for NMR 

experiment with a three-phase reaction mixture, solid (black), liquid (blue) and gas (gray). 

F´. Close-up of check valve holding pressure with O-rings forced against unmodified side of 

the O-ring grooves by the internal pressure. 

 

The new WHiMS rotor is pressurized via a one-way check valve built into the bushing, 

eliminating the need for mechanically opening or closing of a valve on the rotor. The 

assembled rotor is placed in a pressure vessel, which is then evacuated with a vacuum pump 

and backfilled with the desired gas, filling the rotor by equalizing the pressure, Scheme 2.1. 

For depressurization, the hexagonal locking screw can be loosened for quick and safe 
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release of the pressure through a pin-hole in the bushings. Bench testing of rotors with N2 at 

room temperature shows that the 5 mm rotor is effective at holding ~400 bar (6000 psi) 

while the 7.5 mm rotor holds ~275 bar (4000 psi). The structural properties (tensile strength, 

flexural modulus, etc.) of the high temperature polymers used for the bushings typically 

decrease as the temperature rises: e.g., by approx. 50 % at 250 °C33 for Vespel. Therefore, as 

the maximum temperature of the experiment increases, the maximum pressure limit must 

decrease. Using the limits and conditions presented here, ceramic sleeves and bushings have 

been cleaned and reused in excess of 20 times, while O-rings are typically replaced after 1-3 

uses. The pressurizing chamber is commonly a section of stainless steel tubing – 0.375” for 

5 mm rotors and 0.500” for 7.5 mm – capped on one end and fitted with a reducer 

(Swagelok) on the other, Scheme 2.1. Because it is not a piece of specialized equipment, it is 

easily sized to accommodate many rotors at once. Thus, highly reproducible samples can be 

prepared under identical gas pressure/temperature conditions.  

 

2.4.2 Thermal Calibration 

To calibrate the heating unit of the NMR probe, 40 L ethylene glycol (EG) was loaded 

in a WHiMS rotor for use as the NMR thermometer. Liquid EG was used to mimic reaction 

conditions with solvent. Thermal calibration of NMR using EG is a classical method, 

however, the conventional calibration range is restricted to temperatures below 143 °C,34 

due to the buildup of vapor pressure as the temperature approaches the boiling point of EG 

(197.3 °C at ambient pressure). 1H MAS-NMR spectra of EG from 25 to 250 °C are shown 

in Figure 2.1, and the chemical shift dependence on temperature is shown in Figures S2.1 

and S2. The hydroxyl peak shifts to lower frequencies at higher temperatures, until it merges 

with the methylene resonance near the boiling point. Above that temperature, the shift to 
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lower frequencies continues. In this sealed rotor system, there are no new peaks indicating 

EG vaporization, even at 250 °C.  
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Figure 2.1. Variable temperature 1H NMR spectra of ethylene glycol (EG) in a sealed 

WHiMS rotor. The indicated temperatures were calculated based on the chemical shift 

difference between the CH2 and OH peaks.35 Each spectrum was acquired at a MAS rate of 

3 kHz with 4 scans, a relaxation delay of 5 s, and an acquisition time of 80 ms. 

 

The temperature calibration was confirmed by recording the 207Pb MAS NMR spectrum 

of solid Pb(NO3)2 in the range of 25 to 260 °C, Figure S2.3. The chemical shift changes 

linearly, moving to higher frequency with temperature.36 The actual rotor temperature was 

calculated based on literature values for both EG35 and 207Pb(NO3)2,36 and the results agree 

well with each other, Figure S2.4. 

 

2.4.3 Monitoring Phase Equilibria 

Since volatile 2-PrOH was used as both the solvent and the reducing agent in the 

reaction studies described below, its phase behavior in the sealed rotor was examined. The 5 

mm WHiMS rotor was loaded with 65 L 2-PrOH, occupying 46 % of the total void space. 

After heating to the desired temperature, 13C MAS-NMR were acquired (Figure 2.2). At 



 

 
33 

temperatures above 150 °C, two new, small peaks appear at lower frequency relative to the 

methyl and methine resonances, Figures 2.2 and S2.5. Their appearance is fully reversible; 

they disappear when the rotor is cooled. Therefore, we assign the new lines to vapor-phase 

2-PrOH. All of the chemical shifts vary with temperature. When the calculated rotor 

temperature reaches 240 °C, the pairs of lines merge (methyl: 24.3 ppm; methine: 63.7 

ppm), showing that there are no longer distinct chemical environments for the liquid and 

vapor phases. At 235.3 °C and 47 bar, 2-PrOH enters its supercritical phase.37 At the highest 

temperature shown in Figure 2.2, the spectrum is consistent with the appearance of this 

supercritical phase.  
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Figure 2.2. Variable temperature 13C MAS-NMR spectra of 2-PrOH (65 L) in a sealed 

WHiMS rotor (5 mm). Each spectrum was acquired at a MAS rate of 3 kHz with 16 scans, a 

relaxation delay of 5 s, and an acquisition time of 300 ms. Resonances corresponding to 

vapor, liquid, and supercritical species are denoted as v, l, and sc, respectively.  
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To verify the presence of supercritical 2-PrOH at 240 °C, the experiment was repeated 

with a smaller volume of 2-PrOH (40 L), occupying only 28 % of the total space in the 

NMR rotor. In the 13C NMR spectra (Figure S2.5a), vapor-phase peaks also appear in the 

spectra starting at 150 °C. Their intensities increase significantly as the temperature is 

raised, while the intensities for liquid-phase 2-PrOH decreased. At 240 °C, the liquid peaks 

disappear, leaving two lines for the methyl (23.8 ppm) and methine (63.5 ppm) groups. 

However, their chemical shifts differ significantly from those assigned to the supercritical 

state (see above). Since the pressure in the rotor caused by vaporization of the smaller 

amount of liquid is much lower, we suggest that all of the 2-PrOH exists in the vapor phase, 

rather than in the supercritical state. 

In the variable temperature 1H NMR spectra of liquid-phase 2-PrOH, Figure S2.5b, the 

chemical shifts of the methyl and methine do not vary greatly with temperature. However, 

the hydroxyl resonance, which appears at 5.2 ppm at 25 °C, shifts dramatically to lower 

frequency as the temperature increases, until at 240 °C it overlaps with the methyl signal at 

1.0 ppm. The vapor-phase peaks for the methyl and methine protons are visible above 100 

°C. In addition, a new line appears at 0.4 ppm and shifts to slightly higher frequency as the 

temperature increases. This is assigned to the hydroxyl proton of vapor-phase 2-PrOH, and 

the relative temperature-insensitivity of its chemical shift indicates that it experiences little if 

any intermolecular hydrogen bonding.38 Above 225 °C, the chemical shift of the vapor phase 

hydroxyl proton matches that for the methyl protons. The disappearance of the liquid phase 

peaks also suggests that the sample is completely vaporized. 
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2.4.4 Direct Hydrogenolysis of Benzyl Phenyl Ether 

The catalytic hydrogenolysis of the α-O-4 linkage in benzyl phenyl ether (BPE) gives 

toluene and phenol as primary products, Scheme 2.2. The reaction progress was monitored 

by MAS-NMR in a WHiMS rotor using selectively 13C-labeled BPE. The reaction was 

conducted in 2-PrOH with Ni/-Al2O3 as the catalyst. Operando MAS-NMR spectra 

recorded during the reaction in the presence of an initial 121 bar H2 are shown in Figures 2.3 

and S2.6. In the 1H spectrum recorded at 25 °C, the methylene appears as a doublet at 4.9 

ppm, while the aromatic protons appear at 6.8-7.3 ppm. During the course of the non-

isothermal experiment, the BPE spectrum gradually disappears and is replaced by new peaks 

for toluene and phenol as shown in Figure S2.9. 

 

Scheme 2.2. Reaction mechanism for BPE hydrogenolysis at 225 °C, catalyzed by Ni/-

Al2O3, showing the locations of the two 13C labels (red and blue for the methylene and 

phenolate 13C resonances in BPE, and labeled as BPE-B and BPE-P, respectively). 
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Figure 2.3. BPE hydrogenolysis in 2-PrOH observed at variable temperature, by (a) 1H 

MAS-NMR and (b) 13C MAS-NMR spectroscopy. The 5 mm WHiMS rotor contained 13C-

labeled BPE, ((phenoxy-13C)-methyl-13C) benzene, 2.0 mg), Ni/-Al2O3 (2 wt% Ni, 10.0 

mg), and 2-PrOH (40 L), and was pressurized with 121 bar H2. The rotor was heated 

gradually to 150 °C, and was held at each temperature setpoint for 0.5 h before proceeding 

to the next temperature setpoint. After reaching 225 °C, the reaction was allowed to continue 

for 14 h. Spectra were acquired with 16 scans, a relaxation delay of 10 s, and acquisition 

time of 300 ms (13C) or 80 ms (1H), at an MAS rate of 5 kHz. In the 13C spectra, all species 

are present as a pair of peaks, with the vapor phase at lower frequency than the liquid phase. 

The red and blue labels are defined in Scheme 2.2. 

 

The conversion of BPE to toluene and phenol is observed more readily in the 13C MAS-

NMR spectrum, Figure 2.3b. At 25 °C, the resonances of the 13C-enriched methylene and 

phenolate-C1 carbons of BPE are visible at 70.1 and 159.3 ppm, respectively. As in the 1H 

spectral array, the conversion of BPE to toluene-α-13C (20.8 ppm) and phenol-1-13C (157.8 

ppm) is observed to commence at ca. 150 °C. At elevated temperatures, the spectrum of 
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vapor-phase 2-PrOH (as described in Figure 2.2) is also visible. Nearly complete conversion 

of BPE was achieved at 200 °C. 

Some hydrogenation of phenol-1-13C to cyclohexanol-1-13C (69.7 ppm) was also 

observed at this temperature, Scheme 2.2. When the temperature was raised to 225 °C (and 

202 bar H2), complete conversion of BPE was observed, and phenol was fully hydrogenated 

to cyclohexanol-1-13C. In addition, hydrogenation of toluene-α-13C to cyclohexane-methyl-

13C occurred to a small extent (ca. 12 % in 14 h at 225 °C), as judged by the appearance of a 

peak at 21.1 ppm in Figure S2.6. Previously, aromatic hydrogenation was reported to be 

promoted by the Lewis acid sites of Ni/-Al2O3, where adsorption of the aromatic ring onto 

an acid site was shown to be important in the formation of cyclohexanol-1-13C from phenol-

1-13C.39 After 14 h, further conversion (ca. 7 %) of cyclohexanol-1-13C to cyclohexane-13C 

was also observed via a peak at 27.3 ppm in Figure 2.3 (confirmed via the spectrum of the 

standard in Figure S2.7). Cyclohexanol undergoes slow, acid-catalyzed dehydration to 

cyclohexene followed by rapid hydrogenation to yield cyclohexane, thus the cyclohexene 

intermediate is unlikely to be detected.40 The reverse process of cyclohexene rehydration 

does not occur under these conditions, since the hydroxyl group of the observed 

cyclohexanol remains at the labeled C1 position. The appearance of methylcyclohexane-

methyl-13C (from toluene hydrogenation) was also observed during the catalytic 

hydrogenolysis of 13C-labeled BPE at 251 ºC with 213 bar H2 (Figure S2.8). The presence of 

unreacted H2 is also evident after completion of the reaction (Figure S2.9).  

 

2.4.5 Transfer Hydrogenolysis of Benzyl Phenyl Ether 

The hydrogenolysis of BPE proceeds slowly even in the absence of added H2, Scheme 

2.3, because of the reducing nature of the 2-PrOH solvent. The longer timescale makes it 



 

 
39 

convenient to acquire kinetic profiles for these reaction conditions by MAS-NMR. Ni/-

Al2O3 catalyzes the oxidation of 2-PrOH efficiently at temperatures in excess of 200 °C. At 

225 °C, BPE hydrogenolysis in 2-PrOH without added H2 was observed in the NMR rotor, 

Figure 2.4a. At the end of the experiment, 13C NMR spectrum of acetone was detected with 

peaks at 207.5 and 30.6 ppm, Figure S2.10. In the absence of BPE, no acetone was detected, 

even after heating the rotor to 260 °C, thus dehydrogenation of 2-PrOH occurs to an 

appreciable extent only in the presence of a hydrogen acceptor. 

 

Scheme 2.3. Proposed mechanism of catalytic BPE hydrogenolysis by transfer 

hydrogenolysis.  
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Figure 2.4. (a) 13C MAS-NMR spectra recorded during hydrogenolysis of BPE in 2-PrOH 

in a solid-state NMR rotor at 225 ºC without added H2, and (b) kinetic profiles extracted 

from the NMR spectra, for BPE (average of BPE-P and BPE-B), phenol (sum of vapor and 

liquid species), and toluene (sum of vapor and liquid species). Methylene and phenolate 13C 

resonances in BPE are labeled as BPE-B (red) and BPE-P (blue), respectively. The rotor was 

loaded with 13C-labeled BPE (2.0 mg), Ni/-Al2O3 (2 wt%, 10.0 mg), and 2-PrOH (40 L). 

Direct polarization 13C spectra were acquired with 8 scans, a relaxation delay of 60 s, and 

acquisition time of 300 ms, at an MAS rate of 5 kHz. 
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The ratio of the areas for each pair of liquid and vapor phase peaks remained constant 

throughout the course of reaction, demonstrating that the rotor remained sealed and the total 

pressure was constant. The fractions of phenol and toluene that exist in the vapor phase 

under these conditions are ca. 14 and 39 %, respectively. Complete conversion of BPE 

required about 10 h. All of the reaction profiles are pseudo-first-order, Figure 2.4b, with rate 

constants shown in Table 2.1. Phenol hydrogenation to cyclohexanol is not evident, 

suggesting that arene hydrogenation occurs only in the presence of significant H2 pressure. 

Therefore, the use of 2-PrOH as an alternative hydrogen source promotes selective BPE 

hydrogenolysis and preserves the aromaticity of the products. 

Table 2.1. Pseudo-first-order rate constants for BPE conversion in 2-PrOH at 225 °C 

catalyzed by 2 wt% Ni/-Al2O3, without added H2 

Kinetic profile 103 kobs (min-1)a 

BPE conversion 6.5(1) 

Formation of toluene 6.8(3) 

Formation of phenol 7.3(4) 

a Obtained by fitting the pseudo-first-order rate equation to concentration profiles obtained 

in operando MAS-NMR experiments. 

 

In transfer hydrogenolysis, phenyl isopropyl ether (PiPE, labeled at the phenolic carbon 

and observed at 158.3 ppm) is a minor product, with a yield of 10 % relative to the initial 

BPE concentration after 10 h. The assignment was confirmed by collecting the NMR 

spectrum of a PiPE standard, Figure S2.11. In addition, the GC-MS chromatogram of the 

reaction mixture recorded after cooling to room temperature contains a peak with the 

expected m/z = 137.0 (molecular ion) for PiPE, Figure S2.12. Notably, the 13C NMR signal 
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is detected late in the spectral array, when a significant amount of phenol has already 

accumulated in the rotor. This suggests that PiPE is a secondary product, formed by 

etherification of the primary reaction product phenol rather than by direct solvolysis of BPE. 

Etherification may be catalyzed by the acid sites of -Al2O3 (Scheme 2.3).41 

 

2.5 Conclusions 

We developed the new WHiMS rotors for MAS-NMR applications requiring combined 

high temperatures and pressures (in excess of 200 bar at 250 °C), and demonstrated their use 

for in situ and operando studies of complex mixtures. Because both phase transitions and 

chemical reactions can be probed with excellent resolution, local chemical environments can 

be correlated with different functional groups. For example, in situ spectra of 2-PrOH 

collected at variable temperatures display both liquid- and vapor-phase resonances at high 

resolution. At higher temperatures, the liquid and vapor phase peaks may merge as the 

supercritical phase is formed. The remarkable robustness of WHiMS MAS rotor and seal is 

demonstrated by the ability to contain supercritical fluids known for solvating polymers. 

The rotor allowed the acquisition of high-resolution and time-resolved MAS-NMR 

spectra during the catalytic hydrogenolysis of a lignin model compound, in the presence of 

an alcohol as solvent as reducing agent. Spectra were also recorded when the rotor was 

pressurized with 121 bar H2. The use of selectively 13C-labeled compounds makes it 

possible to follow specific functional groups independently as their concentrations evolved 

during the reaction. In the case of BPE hydrogenolysis, labeled methylene and phenolic 

carbons were tracked as they were converted first to toluene and phenol, then to 

methylcyclohexane and cyclohexanol, respectively. The aromaticity of the reaction products 

can be preserved by controlling the temperature and H2 pressure.  
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The WHiMS MAS rotor should find applications in the molecular-level study of 

dynamics and reactions at interfaces, which are of paramount importance in 

electrochemistry, waste-water treatment, environmental processes that occur on natural 

mineral and particle surfaces, interactions of surfactants used in shale gas exploration and 

extraction, etc. In addition to the 7.5 mm and 5 mm rotors currently in use, we have 

developed 6 mm and 4 mm prototypes, which will increase compatibility with additional 

spectrometers and, in the case of 4 mm rotors, higher magnetic fields. 
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2.7 Appendix I 

Table S2.1. Applications of WHiMS rotors 

a Temperature of sample as measured by lead nitrate standard; temperature of VT gas was 5-
15 °C higher. b GVL – gamma-Valerolactone. c MOF – Metal Organic Framework. d THF – 
tetrahydrofuran. * - unpublished results. 

System Solvent  Gas Rotor 
(mm) 

H Field 
(MHz) 

Pressure 
(bar) 

Temp 
°Ca 

ref 

Bio-oil 
upgrading 

Pyrolysis 
oil 

N
2
 or H

2
 7.5 300 138 180 * 

Geothermal 
Fracturing 

Water CO
2
 5 300 275 130 1 

Lignin/model 
compound 
decomposition 

2-propanol H
2
 5 500 213 250 

2 
2-propanol H

2
 7.5 300 150 250 

Biomass 
conversion 

Water/GVL
b
 N

2
 5 850 72 150 

3 
Water/GVL

b
 N

2
 7.5 500 72 150 

Temperature 
reference 

Ethylene 
glycol 

 5 500 - 250 2 
7.5 300 - 225 

MOF
c
 THF

d
 H

2
 5 500 80 220 * 

Mineral/clay water 
Supercritical 
CO

2
 or CH

4
 5 500 90 50 4 
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Figure S2.1. Temperature dependence of the chemical shift difference between the CH2 and 

OH signals of ethylene glycol (EG). The data were collected with a 5mm WHiMS rotor. 

Each 1H NMR spectrum (500.1822 MHz) was acquired at a MAS rate of 3 kHz with 4 

scans, a relaxation delay of 5 s, and an acquisition time of 80 ms.  

 



 

 
52 

 

 

Figure S2.2. Temperature of the NMR rotor, calculated using EG as the NMR thermometer 

at different set temperatures, recorded using two MAS rates. Each spectrum was acquired 

with 4 scans, a relaxation delay of 5 s, and an acquisition time of 80 ms. The rotor 

temperatures indicated were calculated based on the chemical shift difference between the 

CH2 and OH signals of EG.5 
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Figure S2.3. (a) 207Pb NMR spectra of Pb(NO3)2, and (b) temperature dependence of 207Pb 

shift. The 207Pb chemical shift is defined as 0 ppm at 25 °C. All spectra were acquired at an 

MAS rate of 2 kHz with 4 scans, a relaxation delay of 1 s, and an acquisition time of 20 ms. 

Line broadening of 25 Hz was applied. The wiggle (#) in the 207Pb NMR spectra is an 

artifact at the transmitter frequency. Asterisks on the 25 °C spectrum indicate spinning side 

bands. 



 

 
54 

 

Figure S2.4. Comparison of rotor temperature calibrations using the NMR thermometers 

EG or Pb(NO3)2. In experiments with EG, rotor temperatures were calculated based on the 

chemical shift difference between the CH2 and OH signals.5 In experiments with Pb(NO3)2, 

rotor temperatures were calculated using the chemical shift of the 207Pb signal.6 
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Figure S2.5. Variable temperature MAS-NMR of 2-PrOH (40 L) in a 5 mm WHiMS rotor: 

(a) 13C NMR spectra, and (b) 1H MAS NMR spectra. 1H NMR spectra were acquired with 

16 scans, 10 s of relaxation delay, 300 ms of acquisition time, and were processed with a 

line broadening of 10 Hz. 13C spectra were acquired with 16 scans, a relaxation delay of 60 

s, an acquisition time of 300 ms, and were processed with a line broadening of 10 Hz. 

Signals of liquid phase and vapor phase species are denoted with (l) and (v), respectively. 
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Figure S2.6. Operando 13C MAS-NMR spectra, recorded during hydrogenolysis of BPE in 

2-PrOH in an NMR rotor at 225 ºC and ~202 bar showing the hydrogenation of phenol and 

toluene to cyclohexanol (CHA) and methylcyclohexane (MCH), respectively. The rotor 

contained 13C-labeled BPE (2.0 mg), Ni/-Al2O3 (2 wt% Ni, 10.0 mg), and 2-PrOH (40 L), 

and was pressurized at 25 ºC with 121 bar H2. The spectra were acquired with 16 scans, a 

relaxation delay of 10 s, and acquisition time of 300 ms (13C) or 80 ms (1H), at an MAS rate 

of 5 kHz for 14 h. Line broadening of 10 Hz was applied during processing. Signals of 

liquid phase and vapor phase species are denoted with (l) and (v), respectively.  
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Figure S2.7. Solution-state 13C NMR spectrum of unlabeled cyclohexane in 2-propanol with 

DMSO-d6 capillary insert, acquired at 125 MHz (recycle delay: 10 s, 16 scans). 
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Figure S2.8. 13C MAS-NMR spectra of 13C-labeled BPE (2.0 mg, 0.011 mmol) in 2-PrOH 

(40 L, 0.52 mmol) with 121 bar H2 (0.48 mmol) over Ni/-Al2O3 (10.0 mg), recorded at 25 

°C: (a) after reaction at 251 °C for 3 h in a 5 mm WHiMS rotor, and (b) before the reaction. 

Spectra were collected by averaging 16 scans, with an acquisition time of 0.3 s and a 

relaxation delay of 60 s. Line broadening of 10 Hz was applied during processing. 

Abbreviations: 2-Propanol (2-PrOH), benzyl phenyl ether (BPE), cyclohexane (CY), 

cyclohexanol (CHA), methylcyclohexane (MCH), toluene (TOL).  
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Figure S2.9. 1H MAS-NMR spectra of 13C-labeled BPE (2.0 mg, 0.011 mmol) in 2-PrOH 

(40 L, 0.52 mmol) with 121 bar H2 (0.48 mmol) over Ni/-Al2O3 (10.0 mg), recorded at 25 

°C: (a) after reaction at 251 °C for 3 h in a 5 mm WHiMS rotor, and (b) before the reaction. 

Spectra were collected by averaging 32 scans, with an acquisition time of 1 s and a 

relaxation delay of 5 s. Line broadening of 10 Hz was applied during processing. 

Abbreviations: 2-Propanol (2-PrOH), benzyl phenyl ether (BPE), hydrogen (H2), toluene 

(TOL). 
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Figure S2.10. Solution-state 13C NMR spectrum recorded after the reaction of the 

hydrogenolysis of BPE at 225 °C without added hydrogen, emphasizing the formation of 

acetone. 
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Fi

gure S2.11. Solution-state 13C NMR spectrum of phenyl isopropyl ether (PiPE) in 2-

propanol-d8, acquired at 125 MHz (recycle delay: 5 s, 128 scans) highlighting the C4 peak 

position of PiPE in the inset. 
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Figure S2.12. Mass spectrum of PiPE from gas chromatogram of the post-reaction mixture 

shown in Figure 5. The inset shows the molecular ion (m/z = 137) of PiPE 13C-labeled at 

the phenolate position. 
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Chapter 3: Unraveling the Dynamic Network in the Reactions of an 

Alkyl Aryl Ether Catalyzed by Ni−Al2O3 in 2-Propanol 

3.1 Abstract 

The reductive cleavage of aryl ether linkages is a key step in the disassembly of lignin to 

its monolignol components, where selectivity is determined by the kinetics of multiple 

parallel and consecutive liquid-phase reactions. Triphasic hydrogenolysis of 13C-labeled 

benzyl phenyl ether (BPE, a model compound with the same C-O bond energy as the major 

-O-4 linkage in lignin), catalyzed by Ni/-Al2O3, was observed directly at elevated 

temperatures (150 - 175 °C) and pressures (79-89 bar) using operando magic-angle spinning 

NMR spectroscopy. Liquid-vapor partitioning in the NMR rotor was quantified using the 

13C NMR resonances for the 2-propanol solvent, whose chemical shifts report on the internal 

reactor temperature. At 170 °C, BPE is converted to toluene and phenol with k1 = 0.17 s-1 

gcat
-1, and an apparent activation barrier of (80 ± 8) kJ mol-1.  Subsequent phenol 

hydrogenation occurs much more slowly (k2 = 0.0052 s-1 gcat
-1 at 170-175 °C), such that 

cyclohexanol formation is significant only at higher temperatures. Toluene is stable under 

these reaction conditions, but its methyl group undergoes facile H/D exchange (k3 = 0.046 s-

1 gcat
-1 at 175 °C). While the source of the reducing equivalents for both hydrogenolysis and 

hydrogenation is exclusively H2/D2(g) rather than the alcohol solvent at these temperatures, 

the initial isotopic composition of adsorbed H/D on the catalyst surface is principally 

determined by the solvent isotopic composition (2-PrOH/D). All reactions are preceded by a 

pronounced induction period associated with catalyst activation. In air, Ni nanoparticles are 

passivated by a surface oxide monolayer, whose removal under H2 proceeds with an 

apparent activation barrier of (72 ± 13) kJ mol-1. The operando NMR spectra provide 
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molecularly-specific, time-resolved information about the multiple simultaneous and 

sequential processes as they occur at the solid-liquid interface. 

 

3.2 Introduction 

Liquid-phase reactions catalyzed by supported metals are important in the upgrading of 

low volatility chemical feedstocks, notably those obtained from renewable biomass. The 

presence of water, organic co-solvents, reactive solutes and spectator species, including ions, 

represent significant challenges for understanding and predicting reactions that occur at or 

near solid-liquid interfaces, especially when the conditions involve elevated temperatures 

and pressures.1 For example, the reductive depolymerization of lignin which liberates 

aromatic monomers via hydrogenolysis of the aryl ether C-O linkages typically takes place 

in a triphasic solid-liquid-gas mixture at T > 100 °C and P > 10 bar.2-6 Although 

computational studies can provide valuable guidance regarding the possible behaviors of 

various functional groups on well-defined metal surfaces,7-12 they generally do not account 

for the complex reaction networks and realistic reaction conditions involved in the catalytic 

depolymerization of lignin. Most experimental studies have been conducted using 

compositional analysis of quenched reaction mixtures,4 which often suffer from poor mass 

balance, and generate few kinetic or mechanistic insights.13 

Since the C-O bond strength in benzyl phenyl ether (BPE) is predicted14 to be 

comparable to that of the major -O-4 aryl ether C-O linkages in lignin,15 BPE has been 

widely used as a simple model for the biopolymer in studies of the kinetics and mechanism 

of C-O bond cleavage and subsequent reactions (although the presence of hydroxy and/or 

methoxy substituents may alter actual rates appreciably). Reaction occurs at the Ar-O bond 

for diaryl and simple alkyl aryl ethers, but switches to the Bn-O bond for aryl benzyl ethers 
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such as BPE,16-18 as well as in in lignin itself. The hydrogenolysis of simple ethers and lignin 

ether bonds is catalyzed by a variety of soluble and solid phase catalysts.19 In this work, we 

investigated Ni-catalyzed BPE hydrogenolysis via operando NMR experiments performed 

at elevated temperatures/pressures in magic-angle spinning (MAS) rotors capable of 

acquiring high-resolution spectra for three-phase mixtures (solid, liquid, and gas). The 

expected reactions are hydrogenolysis and competing aromatic hydrogenation, Scheme 3.1. 

Highly dispersed Cu or Pd catalysts are well-established for use in hydrogenolysis 

reactions,20-21 but Ni-based catalysts have emerged recently as interesting substitutes. Ni is 

more Earth-abundant than Pd, and it activates H2 more readily than Cu.22-25 However, unlike 

Pd and Cu, Ni nanoparticles more readily undergo surface oxidation, which results in their 

passivation upon exposure to air.26-28 When a Ni catalyst is activated in situ, the need to 

remove overlayers on the catalyst surface, catalyst restructuring, and/or the formation of 

active sites can lead to substantial induction periods.29-31  

 

Scheme 3.1. Possible reactions in benzyl phenyl ether (BPE) hydrogenolysis to toluene and 

phenol, with competing aromatic hydrogenation.  

 

Unfortunately, kinetic and mechanistic information inferred from yields measured at 

extended times convolute the rate of activation with the kinetics of subsequent catalytic 

reactions. In this study, high-quality operando NMR data combined with isotopic labeling 
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provide details on the kinetics and mechanism of Ni/-Al2O3 activation, the length of the 

induction period and the nature of its termination, the activity of the catalyst towards each of 

the organic components in solution as a function of the extent of reaction, the participation 

of the solvent, and the dynamic network of H/D exchange reactions that accompany 

catalytic ether hydrogenolysis. 

 

3.3 Results and discussion 

3.3.1 Design of the Operando NMR Study 

Recently, we demonstrated the use of sealed MAS NMR rotors in reactions conducted in 

near-supercritical 2-PrOH (225 °C, P = 200 bar).32-33 At room temperature, the 13C MAS-

NMR spectrum of 2-PrOH consists of two singlets at  25.3 (methyl) and 63.6 (methine) 

ppm, Figure 3.1. As the temperature of the sealed NMR rotor approaches 150 °C, the methyl 

and methine resonances shift to lower and higher frequencies, respectively, while two new 

resonances emerge at  23.2 and 63.1 ppm. The intensities of the latter increase with 

temperature, at the expense of the original 2-PrOH resonances. The positions of the new 

resonances also shift gradually to higher frequencies as the temperature rises.  

The position of the new resonances is not consistent with a chemical reaction (e.g., the 

condensation of 2-PrOH to form diisopropyl ether). Furthermore, their appearance is readily 

reversible: when the rotor is cooled to room temperature, the intensities decrease and the 

resonances vanish. On this basis, we assign the new resonances to 2-PrOH vapor. Their 

intensities are consistent with the saturation vapor pressure of 2-PrOH (e.g., at 150 °C, the 

solvent is 5.5 % vaporized, corresponding to a pressure of ca. 10 bar, compared to the 

saturation vapor pressure of 9 bar at this temperature). The lower frequencies of both vapor-

phase resonances relative to the corresponding liquid-phase resonances are consistent with 
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reduced intermolecular interactions, such as H-bonding, which are generally deshielding.34 

Three of the four 2-PrOH resonances shift linearly with temperature, Figure S3.1. The 

chemical shift of the methine resonance of liquid 2-PrOH is an exception, exhibiting slightly 

non-monotonic behavior.  

 

Figure 3.1. Variable temperature direct polarization 13C MAS-NMR spectra of 2-PrOH, 

recorded in a sealed rotor, and showing distinct resonances for liquid and vapor phase 

species. The 5-mm o.d. NMR rotor (internal volume 140 L) was charged with 40 L 2-

PrOH and 50 bar H2 at room temperature. The estimated total internal pressure, including 

the saturated vapor pressure of 2-PrOH, rises from 71 bar at 125 °C to 118 bar at 225 °C. 

Each spectrum represents 32 scans with a recycle delay of 60 s and line broadening of 15 

Hz. MAS rate: 5 kHz. 

 

Usually, the temperature in solid-state NMR experiments must be estimated using an 

external thermal reference, such as 207Pb(NO3)2.35-36 Here, direct observation of temperature-

dependent chemical shifts for the solvent, and its vapor-liquid equilibrium, allow us to 

measure the internal temperature of the NMR rotor and to assess its thermal stability during 
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operando experiments. Using the intensity ratios of 2-PrOH liquid and vapor phase 

resonances, we estimate the time required for the internal rotor temperature to stabilize after 

the probe temperature reaches 150 °C to be ≤14 min. During this time, the rotor temperature 

rises ca. 5 °C, as judged by the 0.02 ppm change in chemical shift for the methyl resonance 

of 2-PrOH. Subsequent thermal drift, which would change the liquid:vapor ratio, was not 

detected. The integrity of the rotor seals is also readily assessed. A leak would cause the area 

of the liquid resonance to decrease continuously, while the area of the corresponding vapor 

resonance would grow initially as the liquid volume shrinks. The constant combined areas of 

liquid and vapor peaks in the spectra in Figure 3.1 confirm that the NMR rotor lost no 

material during the course of the experiment. The spectra are unchanged in the presence of 

H2(g). 

Partial solvent vaporization causes the liquid-phase concentrations of non-volatile 

components in the NMR rotor to vary significantly with temperature. The extent of 

vaporization is readily quantified by integration of the internal solvent resonances. In the 

experiment shown in Figure 3.1, (6.1 ± 0.8) % of the 2-PrOH was present in the vapor phase 

at 150 °C, rising to (30.1 ± 1.5) % at 225 °C. Taking both solvent vaporization and liquid 

expansion into account, a dissolved solute will experience an increase in concentration of 

6.5 % at 150 °C, and 43 % at 225 °C, relative to its initial concentration at room 

temperature. These concentration changes have significant implications for non-first-order 

reaction kinetics. 

 

3.3.2 Catalytic Hydrogenolysis of Benzyl Phenyl Ether (BPE) 

To enhance sensitivity in the NMR experiments, BPE was selectively 13C-labeled as 

shown in Scheme 3.2. In 2-PrOH at room temperature, the 13C MAS-NMR spectrum 
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consists of two singlets at  70.1 and 159.3 ppm, corresponding to the methylene and 

phenolate-C1 carbons, respectively. The appearance of the spectrum was unchanged in the 

presence of either -Al2O3 or Ni/-Al2O3 (2 wt% Ni), Figure S3.2, therefore the presence of 

superparamagnetic37 Ni nanoparticles does not impede the detection of organic molecules in 

the solution phase. The concentrations of species adsorbed on the catalyst surface are 

presumably below the detection limit. 

 

Scheme 3.2. Benzyl phenyl ether (BPE, selectively 13C-labeled at the benzylic (red, BPE-B) 

and phenolate-C1 (blue, BPE-P) positions. Hydrogenolysis results in toluene--13C and 

phenol-1-13C. 

 

After standing for 3 d at 25 °C under 50 bar H2, there were no changes in the 13C MAS-

NMR spectrum. However, when the rotor was heated to 150 °C, a reaction was detected 

within the first hour. A typical array of NMR spectra is shown in Figure 3.2. The two BPE 

13C resonances began to disappear after an initial induction period. The onset of BPE 

conversion coincides with the appearance of phenol-1-13C and toluene-α-13C resonances, 

which appear as singlets at  157.8 and 20.8 ppm, respectively. At the end of the reaction, 

the selectivities for both products exceeds 95 %. These values include the contribution at  

18.3 ppm for toluene vapor (which disappeared when the rotor was cooled to room 

temperature). No vapor phase peaks for BPE or phenol were detected at any of the 

temperatures in this study, due to their lower volatilities. Since no benzene was detected (ca. 

128.4 ppm), hydrogenolytic cleavage of BPE occurs selectively at the Bn-O bond, as 

expected owing to its lower bond dissociation energy relative to the Ph-O bond.38-39  
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BPE-P BPE-B

phenol toluene

vapor

13C δ (ppm)
158160 71 7072 21 20 19 18

 

Figure 3.2. Operando array of direct polarization 13C MAS-NMR spectra recorded during 

BPE hydrogenolysis at 150 °C, showing conversion of BPE to toluene--13C and phenol-

13C1. The 13C-labeled positions of BPE are indicated as BPE-B (benzylic) and BPE-P 

(phenolate-C1). The rotor was initially loaded with 2 wt% Ni/-Al2O3 (10 mg, air exposed), 

BPE (2.0 mg, 0.011 mmol), and 2-PrOH (40 L, 0.52 mmol), and pressurized with 50 bar 

H2 (0.20 mmol) at room temperature (giving a H2 pressure of 70 bar and 2-PrOH pressure of 

9 bar, for a total pressure of 79 bar at 150 °C). MAS rate: 5 kHz. 

 

No hydrogenation of either BPE or toluene was observed, although some hydrogenation 

of toluene was seen previously at a higher temperature and pressure (225 °C, 120 bar H2).32 

However, phenol is more reactive,13 and it was partially hydrogenated to cyclohexanol (ca. 3 

% conversion in 10 h at 150 °C, Figure S3.3).  

 

 3.3.3 Kinetics of BPE Hydrogenolysis 

Kinetic profiles extracted from time-resolved operando 13C MAS-NMR spectra are 

shown in Figure 3.3. The extended induction period is attributed to catalyst activation, 
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which lasts slightly longer than the thermal equilibration period of the NMR rotor (≤ 14 min 

at 150 °C). This temporal separation between catalyst activation and BPE conversion is 

fortuitous, since it ensures the collection of isothermal kinetic data during the 

hydrogenolysis reaction. Reaction profiles were truncated to eliminate measurements made 

during the induction period prior to kinetic analysis (however, we note that this approach is 

not justified when there is significant temporal overlap of the kinetic phases). The remaining 

data were analyzed with a first-order rate equation, to give the curvefits shown in Figure 3.3. 

All four pseudo-first-order rate constants (k1,obs) extracted from data for each of the four 

observed 13C resonances (i.e., BPE-B, BPE-P, toluene-C , and phenol-1-C) are very similar, 

with an average value of (0.56  0.04) x 10-3 s-1 at 150 °C (Table 3.1).  
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Figure 3.3. Kinetic profiles for BPE hydrogenolysis to toluene and phenol, in a rotor loaded 

with air-exposed 2 wt% Ni/-Al2O3 in 2-PrOH and 50 bar H2 (giving a total pressure of 79 

bar at 150 °C), based on resonance intensities normalized to the initial BPE concentration, 

for the two BPE resonances (squares) and its two primary hydrogenolysis products (circles). 

Data recording started when the NMR probe reached 150 °C. The curvefits (solid lines) 

were obtained by fitting the first-order rate equation to the portion of the data remaining 

after removal of measurements made during the initial induction period. 
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Table 3.1. Temperature-dependence of pseudo-first-order rate constants and kinetic isotope 

effects for BPE hydrogenolysis catalyzed by Ni/-Al2O3 in 2-propanol 

Exp T 

°C 

Catalyst 

mass  

mg 

Solvent a Gas D/(H+D)b 103 k1,obs (s-1) c 

   % BPE-B BPE-P BPE 

(avg) 

Toluene Phenol Phenol+Cyclo

-hexanol 

1 150 9.8 2-PrOH H2 0 0.59(2) 0.60(3) 0.60(2) 0.54(2) 0.50(2) n.a. 

2 160 10.0 2-PrOH H2 0 1.16(15) 1.17(12) 1.16(14) 0.91(10) 1.12(51) n.a. 

3 170 10.1 2-PrOH H2 0 1.63(8) 1.70(10) 1.66(8) 1.37(21) 1.10(14) n.a. 

4 175 10.1 2-PrOD D2 100 1.51(14) 1.28(16) 1.38(15) 1.43(14) 1.00(7) d 1.55(18) 

5 175 10.0 2-PrOH D2 43 1.82(13) 1.73(16) 1.78(14) 1.62(17) 1.18(10) d 1.49(11) 

6 175 10.1 2-PrOD H2 57 1.10(6) 0.95(5) 1.03(5) 0.96(7) 0.61(4) d 0.79(8) 

a 2-PrOH is (CH3)2CHOH; 2-PrOD is (CD3)2CDOD. b Fractional abundance (%) of 

exchangeable H/D atoms, contributed by H2/D2 (two atoms per molecule) and 2-PrOH/D 

(one atom per molecule). c Except where noted, all rate constants were obtained from non-

linear least-squares fits of the first-order rate equation to concentration profiles obtained in 

operando MAS-NMR experiments, after data truncation to remove the induction period. 

Values in parentheses represent non-linear least-squares curvefit errors. d Obtained from a 

non-linear least-squares fit of a biexponential rate equation44 to the concentration profile, to 

account for sequential ether hydrogenolysis and hydrogenation of phenol to cyclohexanol. 

n.a. = not applicable (because the yield of cyclohexanol was negligible). 

 

The dependence of kobs on P(H2) is weak, as shown by kinetic profiles recorded in rotors 

charged with initial H2 pressures of 50 ≤ P(H2) ≤ 125 bar (Figure S3.4), consistent with 

previous work.40 In the 1H MAS-NMR spectrum, H2(g) appears as a singlet at  4.2 ppm 

while dissolved H2 is a singlet at  4.6 ppm,41-42 Figure S3.5. Since it was initially present in 
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ca. 20-fold excess relative to BPE, the change in H2 concentration over the course of the 

reaction is small. Indeed, the intensities of the 4.2 and 4.6 ppm resonances, measured at 25 

°C before and after reaction, decreased negligibly. Temperature effects on H2 solubility are 

reported to be weak in the temperature range of interest.43 However, the concentration of 

dissolved H2 increased slightly, from 0.35 M at 150 °C to 0.47 M at 170 °C, due to the 

increase in pressure. 

To ensure that environmental conditions specific to the NMR rotor (such as magic-angle 

spinning) do not influence the kinetics, and that mass transport limitations do not affect the 

rate, the reaction was also conducted in a 25 mL batch reactor at 150 °C using the same BPE 

concentration, catalyst:BPE ratio, solvent, and P(H2). The reaction progress was monitored 

by ex situ GC analysis of liquid aliquots removed at timed intervals. A short induction 

period (ca. 10 min) was observed when air-exposed Ni/-Al2O3 (2 wt%) was used as the 

catalyst, Figure S3.6. Both BPE conversion and toluene formation are pseudo-first-order. 

Despite the lower time resolution of the batch reactor experiment, the observed rate 

constants are comparable to those obtained by the operando NMR method. 

Similar NMR experiments conducted at 160 and 170 °C are shown in Figure 3.4a. Because 

k1,obs does not depend on the concentration of BPE (the limiting reagent), the pseudo-first-

order rate constants are not affected by temperature-dependent changes in the extent of 

solvent vaporization. At the highest reaction temperature, the rate of phenol formation is 

slower than that of toluene (Table 3.1). However, this effect disappears when the combined 

rate of formation of phenol and cyclohexanol is analyzed.  

Pseudo-first-order rate constants were normalized by dividing the average kobs value 

measured for BPE conversion (i.e., the mean of values obtained using the data from the 

BPE-B and BPE-P resonances) by the catalyst mass, and the normalized rate constants were 
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used to construct the Arrhenius plot in Figure 3.4b. The apparent activation energy 

(including adsorption/desorption energies and intrinsic reaction barriers) for BPE 

hydrogenolysis in 2-PrOH is (80 ± 8) kJ mol-1. This value is essentially the same as a 

previous report, 72 kJ mol-1 (no error reported), for the same reaction catalyzed by silica-

supported Ni nanoparticles suspended in water.40 It is a small but significant fraction of the 

calculated Bn-O bond dissociation energy (236 kJ mol-1),14 which DFT calculations suggest 

is the rate-determining step.45 

 

3.3.4 H/D Isotopic Exchange during Aryl Ether Hydrogenolysis 

The small volume of the solid-state NMR rotor facilitates the use of isotopically-labeled 

gases and solvents in mechanistic studies. When the reaction of BPE was conducted with D2 

in 2-PrOH at 175 °C, a new 13C NMR resonance at  63.8 ppm (assigned to a methine 

resonance of 2-PrOH) was detected near the end of the induction period, just before the 

appearance of toluene (Figure 3.S7). Initially, it emerged as a low frequency shoulder on the 

original solvent methine resonance ( 64.0 ppm), then grew in at the expense of that peak.  

H/D exchange in the methine group of 2-PrOH can be ruled out, since such exchange would 

give rise to a 1:1:1 triplet characteristic of C-D coupling. This result also shows that solvent 

is not serving as a significant source of H2 under the reaction conditions, since its 

dehydrogenation-rehydrogenation would result in such isotopic exchange at the methine C-

H bond, Scheme 3.3a. Furthermore, the spectra show no evidence for H/D exchange in the 

CH3 groups of 2-propanol (as would be expected from alcohol dehydration-rehydration), 

Scheme 3.3b. Aluminas are known to catalyze 2-propanol dehydration in the gas phase, but 

at higher temperatures (> 200 °C).46 A blank experiment conducted at 175 °C with BPE in 

the presence of 2-PrOH and the alumina support (i.e., no Ni or H2). After 12 h, there was no 
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conversion of BPE, and no 13C NMR peaks for either diisopropyl ether (dehydration 

product) or acetone (dehydration product). 
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Figure 3.4. (a) Variable temperature reaction profiles for hydrogenolysis of BPE (2.0 mg, 

0.011 mmol) in 2-PrOH (40 L, 0.52 mmol) with 50 bar H2 (0.20 mmol) catalyzed by Ni/-

Al2O3 (2 wt% Ni, ca. 10 mg, air-exposed). Total internal pressures at 150-170 °C were 

estimated to be 79-86 bar. Curvefits (lines) were obtained using a first-order rate law, after 

truncation to remove data recorded during the induction period (see Table 3.1 for rate 

constants). The length of the induction period () was estimated by extrapolating the first-

order kinetic curvefit to 0 % conversion. (b) Arrhenius plot of pseudo-first-order rate 

constants for BPE hydrogenolysis (normalized by catalyst mass; the uncertainty reflects full 

error propagation in the Arrhenius equation,47 not the error in the linear fit parameters).  
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Scheme 3.3. Three possible routes for H/D exchange in 2-PrOH, catalyzed by Ni/-Al2O3. 

Only route (c) was detected experimentally for temperatures ≤ 175 °C. 

 

Definitive assignment of the new 13C NMR resonance at 63.8 ppm to (CH3)2CHOD was 

achieved by comparison to the solution-state 13C NMR spectrum of an equimolar mixture of 

(CH3)2CHOD and (CH3)2CHOH, Figure S3.8. The methine 13C chemical shifts of these 

isotopologs differ by only 15.2 Hz, mostly likely due to slight differences in intermolecular 

interactions. The difference in the methyl 13C chemical shifts caused by OH/OD exchange is 

even smaller (6.8 Hz), and is not visible in the MAS-NMR spectra. 

Thus 2-PrOH undergoes slow exchange with D2 only at its hydroxyl group, Scheme 

3.3c. A kinetic profile for this reaction, catalyzed by Ni/-Al2O3, is shown in Figure S3.9. 

The pronounced induction period (40 min at 175 °C) suggests that exchange is catalyzed by 

the activated (i.e., reduced) form of the catalyst (vide infra). The final conversion to 

(CH3)2CHOD, 44 %, is essentially the same as the initial fraction of exchangeable deuterium 

D/(D+H), 43 %, present in the 2-PrOH/D2 mixture.  

The effect of isotopic substitution in either the solvent or the gas (H2/D2) on the rate of 

the principal reaction, BPE cleavage, is minor, Table 3.1. The apparent kinetic isotope effect 

(KIE), k1,H/k1,D = (1.3 ± 0.2), is the ratio of the average rate constants obtained using the two 

BPE signals in Expts 3 and 4 (note that the reaction temperatures are slightly different, but 
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the higher temperature in Expt 4 with D2 will attenuate, not enhance, the rate difference). A 

small (i.e., secondary) KIE value is consistent with rate-determining C-O bond cleavage.  

 

3.3.5 Phenol Hydrogenation  

Formation of cyclohexanol becomes significant only at T ≥ 170 °C, as shown by the 

appearance of a singlet at  69.7 ppm for cyclohexanol-1-13C. In principle, cyclohexanol 

could be formed via partial hydrogenation of BPE to give benzyl cyclohexyl ether followed 

by C-O bond cleavage, or directly by phenol hydrogenation (Scheme 3.1). However, no 13C 

NMR signals were detected for benzyl cyclohexyl ether. Furthermore, the rate of 

disappearance of the BPE-P signal is the same as that of the BPE-B signal (Table 3.1). 

Consequently, we can confidently infer that cyclohexanol is formed via phenol 

hydrogenation.  

Cyclohexanol can undergo reversible acid-catalyzed dehydration to cyclohexene, which 

would cause the 13C label to be distributed over all six cyclohexanol carbons.48 This 

scrambling would reduce the intensity of the cyclohexanol-1-13C resonance over time, and 

lead to the appearance of several new cyclohexanol resonances (  34.7, 25.1, and 23.7 

ppm).48 Since this effect was not observed, cyclohexanol dehydration (as well as 2-PrOH 

dehydration) is not significant under the reaction conditions. We can also rule out rapid 

hydrogenation of cyclohexene to cyclohexane, since the latter was not detected either, 

although cyclohexane was observed in our previous study conducted at a higher reaction 

temperature.32  

The kinetic profile for phenol shown in Figure 3.5 has the typical biexponential shape of 

a reaction intermediate. The curve was analyzed using two pseudo-first-order rate constants. 

Kinetic ambiguity precludes a priori assignment of the rate constants.44 However, the larger 
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value is similar to the k1,obs  value obtained from single exponential fit to the BPE profiles 

(Table 3.1), and is therefore attributed to BPE hydrogenolysis. We attribute the smaller of 

the two values, k2,obs = (5.2 ± 0.4) x 10-5 s-1, to phenol hydrogenation. This value 

corresponds to k2 = (5.2 ± 0.4) x 10-3 s-1 gcat
-1 at 175 °C, making phenol conversion to 

cyclohexanol ca. 30x slower than C-O bond cleavage under the reaction conditions.  

When BPE hydrogenolysis was conducted in the presence of readily-exchangeable 

deuterium (present either in the solvent, as 2-PrOD, or in the gas, as D2), a new 

cyclohexanol resonance appeared adjacent to the singlet at  69.7 ppm (Figure S3.10). The 

signal, at  69.2 ppm (t, 1:1:1, 1JC-D = 21.5 Hz), reflects H/D exchange at the C1 position, 

Scheme 3.4. Presumably, D is also incorporated at other ring positions during phenol 

hydrogenation, but the effect is not detectable because the other ring carbons do not become 

13C-labeled. The hydroxyl protons of both phenol and cyclohexanol are also expected to 

undergo rapid H/D exchange in the presence of exchangeable deuterium. 
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Figure 3.5. Kinetic analysis of individual 13C NMR profiles recorded during BPE 

conversion in a rotor loaded with air-exposed Ni/-Al2O3 (2 wt%) and 50 bar D2 in 2-PrOH, 

after heating to 175 °C (resulting in a total pressure of 89 bar). Data collected during the 

induction period were removed prior to non-linear least-squares curvefitting. The BPE and 

toluene profiles were analyzed with a single exponential rate equation; the phenol and 

cyclohexanol profiles were analyzed with a biexponential rate equation.  

 

When BPE cleavage was performed in 2-PrOH in the presence of D2, no KIE for phenol 

ring saturation was observed. However, conducting the reaction in 2-PrOD in the presence 

of H2 resulted in an inverse kinetic isotope effect of k2,H/k2,D = (0.66 ± 0.14). In these 

experiments, the total amounts of exchangeable D contributed by the gas and the solvent 

were comparable. Inverse KIEs of 0.5 - 0.8 have been reported for ring saturation of 

benzene and simple alkylaromatics, where they arise due to the sp2-to-sp3 rehybridization of 

ring carbons.49-52 Comparing the reaction rates in either 2-PrOH with D2(g), or in 2-PrOD 

with H2(g), revealed that the kinetics of phenol saturation is influenced primarily by the 

isotopic composition of the solvent. The solvent kinetic isotope effect is unexpected, 

considering that the experiments described above showed the reducing agent to be 
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exclusively H2/D2(g), not 2-propanol. It suggests that the catalyst activates only a small 

fraction of the available H2/D2(g) at a given time, and that exchange between adsorbed H/D 

and H2/D2(g) is slow relative to exchange between adsorbed atomic H/D and 2-PrOH/D.  

 

Scheme 3.4. Deuterium incorporation into 13C-labeled BPE and its reaction products, in the 

presence of D2 and/or 2-PrOD.  

 

The H/D exchange reaction on the surface of the catalyst is shown in eq 3.1, where 

H*/D* represents the adsorbed H/D.  

H*  +  2-PrOD    D*  +  2-PrOH   (3.1) 

From the Ni(0) dispersion, we estimate the maximum amount of adsorbed H/D to be ca. 

0.06 %, relative to the exchangeable H/D initially present as H2/D2 in the rotor. In the early 

stages of phenol hydrogenation, the isotopic composition of adsorbed H/D will therefore be 

determined principally by the isotopic composition of the solvent (2-PrOH/D), assuming 

that exchange is fast between adsorbed H/D and the solvent. Based on the conversion of 2-

PrOH to 2-PrOD in the presence of D2, measured by observing the formation of the new 13C 

resonance for 2-PrOD at 63.8 ppm, the exchange rate constant was estimated to be (0.044 ± 

0.008) s-1 gcat
-1 at 175 °C (Figure S3.9). At longer reaction times, when extensive H/D 

exchange between gas and solvent has occurred, the effect on k2 is minor, since phenol 

hydrogenation is already largely complete.  
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3.3.6 H/D Isotopic Exchange in Toluene.  

No methylcyclohexane was detected in any experiment, although our previous study 

reported slow catalytic hydrogenation of toluene at a higher reaction temperature, 225 °C.32 

However, when BPE cleavage was conducted in 2-PrOD at 175 °C, the appearance of the 

expected singlet at 20.6 ppm for the toluene methyl group was accompanied by several new 

peaks at slightly lower frequencies, Figure 3.6a. The peaks show the characteristic 13C-D 

coupling patterns of partially deuterated methyl groups, Figure 3.6b. The chemical shifts for 

each toluene isotopolog, extracted from these spectra, are shown in Table S3.3. D 

incorporation into toluene was also confirmed by MS analysis, Figure S3.11. 
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Figure 3.6. Formation of toluene--dn during BPE hydrogenolysis in a rotor loaded with 

Ni/-Al2O3 (10.0 mg, 2 wt% Ni) in 2-PrOD and 50 bar H2 and heated to 175 °C (resulting in 

a total pressure of 89 bar, and a ratio of exchangeable D/(H+D) = 0.57): (a) time-resolved 
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array of operando 13C MAS-NMR spectra, showing the evolution of the 13CH3-xDx 

resonances; (b) comparison of characteristic 13C-2H coupling patterns with 13C resonances 

observed 5 min after the end of induction period (at 33 % BPE conversion), 48 min later (at 

100 % BPE conversion), and at the end of the experiment; (c) time evolution of the centroid 

for the 13CH3-xDx resonance (points), with a single exponential curvefit for H/D exchange 

(bold dashed line), and indicators for the chemical shifts for the various toluene methyl 

isotopologs (light dashed lines). 

The first spectrum in Figure 3.6a was recorded shortly after the end of the induction 

period (when BPE conversion was just 33 %). It represents a mixture of toluene--d0 and -d1 

(Figure 3.6b). H/D exchange in the BPE methylene group prior to C-O bond cleavage was 

not detected (Scheme 3.4). We infer that toluene--d1 is a direct result of the reaction of 

adsorbed D with adsorbed benzyl--d0 (formed by C-O bond cleavage of BPE), eq 3.2, 

rather than a product of H/D exchange in the benzylic position of BPE prior to aryl ether 

cleavage. 

 PhCH2*  +  D*    PhCH2D  +  2 *   (3.2) 

Figure 3.6a shows that the number of peaks in the toluene methyl region changes over 

time, reflecting the increasing extent of methyl deuteration. After 53 min, the 13C singlet for 

toluene-d0 was no longer visible; the resonances correspond to a mixture of toluene--d1, -

d2, and -d3 (Figure 3.6b). The peaks in the methyl region continued to evolve after the 

maximum production of toluene was reached, ca. 100 min after the onset of BPE conversion 

(Figure 3.6b-c). This finding demonstrates that H/D exchange also occurs independent of C-

O bond cleavage. Indeed, H/D exchange was observed when toluene--13C itself was heated 

at 175 °C in 2-PrOH with 50 bar D2 in the presence of Ni/-Al2O3, Figure S3.12. In that 

experiment, the final centroid location for the methyl resonances, 20.3 ppm, indicates a D 
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content of 44 at% (by linear interpolation of the chemical shifts for toluene--d0 and -d1). 

This composition matches the fraction of exchangeable D (43 at%).  

After BPE conversion was complete, the final centroid location for the toluene methyl 

resonances (20.1 ppm) is close to the chemical shift of toluene--d2, Figure 3.6c. The 

overall D content in the methyl group (63 at%, estimated by linear interpolation of the 

chemical shifts for toluene--d1 and -d2) resembles the fraction of exchangeable D (57 at%) 

in the reaction mixture (0.52 mmol 2-PrOD and 0.20 mmol H2). The pseudo-first-order fit to 

the kinetic profile for the appearance of deuterated toluene from BPE in 2-PrOD under 50 

bar H2 yielded k3 = (0.046 ± 0.006) s-1 gcat
-1 at 175 °C, Figure 3.6c. A slightly smaller value, 

k3 = (.021 ± 0.006) s-1 gcat
-1, was measured for the reaction of toluene in 2-PrOH with 50 bar 

D2 (corresponding to a similar total exchangeable D fraction, 43 at%), Figure S3.12.  

 

3.3.7 Catalyst Activation  

A pronounced induction period is evident in the kinetic profile for BPE hydrogenolysis 

in Figure 3.3. Its duration (ca. 41 min at 150 °C, estimated by extrapolating a first-order 

curvefit of the post-induction period kinetic profile to 100 % conversion) was reproducible 

in duplicate runs at the same temperature. At 135 °C or below, the induction period was 

prohibitively long. Attempts to follow the reaction at such temperatures using the same 

reactant and catalyst loadings resulted in no discernable BPE conversion even after ca. 15 h. 

At 160 and 170 °C, the induction period was shortened to ca. 23 and 15 min, respectively, 

Figure 3.4a. These observations suggest that activation of the Ni/-Al2O3 catalyst is slow 

under the reaction conditions.  
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3.3.8 Origin of the Extended Induction Period  

The observed induction period is consistent with the reported kinetics of H2 reduction of 

Ni/NiO materials, including those involving oxide monolayers53 and bilayers,54 as well as 

core/shell55 structures. For example, removal of the oxide shell in MgAl2O4-supported 

Ni/NiO core/shell nanoparticles (3.2 nm) was reported to occur in the range 140-180 °C.56 

The reaction starts at the outermost NiO-covered surface, and occurs without the formation 

of intermediate oxide phases.57-58  

In this study, the only Ni-containing phase visible in the powder XRD pattern of the air-

exposed catalyst is Ni(0), with a mean nanoparticle diameter of ca. 14 nm (Figure S3.13). 

Variable-temperature EPR spectra, recorded in air between -170 and 20 °C, are also 

consistent with Ni(0). At the lower temperatures, the EPR resonance is dramatically 

broadened and shifted to lower fields (Figure 3.7). This behavior is characteristic of 

superparamagnetic Ni(0) nanoparticles.37 EPR spectra of the air-exposed catalyst were also 

recorded in flowing H2. The spectrum acquired at 20 °C was unchanged, but the EPR signal 

intensity increased slightly when the temperature was ramped to 170 °C, held for 30 min, 

then returned to room temperature, Figure S3.14. This change is consistent with reduction of 

an EPR-silent59 surface oxide layer, causing the amount of EPR-active Ni(0) to increase.  

XPS measurements were performed with 10.5 wt% Ni/ -Al2O3 to increase sensitivity. 

They confirm the presence of a minor NiO component associated with the air-exposed Ni 

nanoparticles,60 Figure S3.15 and Table S3.2. HAADF-STEM imaging with EDX suggests 

that the NiO is present as a surface layer (Figure S3.16). The presence of a surface oxide 

was further verified by temperature-programmed reduction (TPR) of an air-exposed sample 

(Figure S3.17). The H2 consumption corresponds to reduction of ca. 6 % of total Ni, in 
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agreement with the H2 consumption expected for reduction of an oxide monolayer (ca. 7%, 

Table S3.1).  

0 1000 2000 3000 4000 5000 6000
field / G

20 °C

-170 °C

-73 °C

 

Figure 3.7. Variable-temperature EPR spectra of air-exposed Ni/-Al2O3 (2 wt% Ni, ca. 14 

nm average diameter nanoparticles). 

 

Unlike Ni(0), NiO is an ineffective catalyst for hydrogenation and hydrogenolysis.61
 In 

this study, the reaction temperatures (150-175 °C) are too low to cause reduction of NiO 

nanoparticles (> 200 °C),62 but they are consistent with reduction of a superficial oxide 

formed on Ni(0) nanoparticles exposed to O2 at room temperature.26-28 The as-prepared Ni/-

Al2O3 catalyst was typically stored in air at room temperature for several days prior to use. 

The barrier for catalyst activation was estimated from the reciprocal of the induction time, . 

The Arrhenius plot gives a barrier of (72 ± 13) kJ mol-1, Figure 3.8. Although literature 

values for NiO reduction are highly dependent on the reaction conditions, kinetically-

controlled values fall in the range 65-98 kJ mol-1.57 
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Figure 3.8. Arrhenius plot for the activation of air-exposed Ni/-Al2O3 by H2 in 2-PrOH 

(red), based on the reciprocal of the duration of the induction period () in BPE 

hydrogenolysis. The temperature error bars represent the thermal variability during the 

induction period, ca. 5 °C (estimated using 2-PrOH chemical shifts). The uncertainty in Ea,act 

reflects error propagation in the Arrhenius equation,47 not the error in the linear fit 

parameters.  

 

Long induction periods have been reported for H2 reduction of oxide-covered Ni 

surfaces.57-58, 63-65 The H2 sticking coefficient is low,66 however, adsorption of water on the 

oxidized Ni surface is strongly exothermic (-170 to -117 kJ mol-1, depending on coverage).67 

H2 activation on oxygen vacancies65, 68 can occur only after dehydration of the hydroxyl-

terminated surface.57, 69-70 Heterolytic dissociation of H2 at a vacancy site produces adjacent 

[NiH] and [NiOH] sites. When the hydride migrates (as a proton) to a neighboring oxygen, a 

second hydroxyl group is formed and a Ni(II) ion is reduced to Ni(0). Reduction is strongly 

autocatalytic, because Ni(0) activates H2 much more readily than NiO.57-58  
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Finally, when a reduced Ni/-Al2O3 catalyst was stored under an inert atmosphere to 

avoid surface oxidation, then used in hydrogenolysis of BPE at 150 °C, the reaction 

commenced almost immediately, Figure S3.18.  

 

 3.3.9 Reaction Network for BPE Hydrogenolysis Catalyzed by Ni(0) 

Nanoparticles  

A Langmuir-Hinshelwood mechanism for the primary reaction is shown in eq 3.3-3.7, 

where * indicates an unoccupied site on the Ni surface. 

 H2  +  2 *    2 H*     (3.3) 

 PhCH2OPh  +  *    PhCH2OPh*   (3.4) 

 PhCH2OPh*  +  *  →  PhCH2*  +  PhO*  (3.5) 

 PhCH2*  +  H*    PhCH3*  +  *   (3.6) 

 PhO*  +  H*    PhOH*  +  *   (3.7) 

C-O bond cleavage precedes aromatic hydrogenation, and is rate-determining. 

Adsorption of BPE is likely to require more than one site, but the first-order kinetic behavior 

suggests that the surface coverage of BPE is low. The weak dependence of the rate on P(H2) 

implies that H2 and BPE do not compete directly for the same adsorption sites.  

The 2-PrOH solvent does not supply adsorbed H under the reaction conditions, but its 

hydroxyl group does undergo rapid Ni(0)-catalyzed exchange with adsorbed H/D. This 

reaction makes the solvent the primary determinant of the isotopic composition of the 

adsorbed reducing equivalents. Both of the primary hydrogenolysis products, toluene and 

phenol, undergo subsequent reactions. Phenol is slowly hydrogenated to cyclohexanol, 

although subsequent dehydration of cyclohexanol was not observed. While toluene is not 
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readily hydrogenated, Ni(0) catalyzes facile H/D exchange in its methyl group. The 

principal reactions are depicted in Scheme 3.5. 

 

 

Scheme 3.5. Reaction network for catalytic hydrogenolysis of benzyl phenyl ether (BPE), 

depicting (a) Ni/-Al2O3 activation by reduction of the native surface (hydr)oxide, and H/D 

exchange with the 2-propanol solvent; (b) hydrogenolysis of BPE and subsequent 

hydrogenation of phenol; and (c) H/D exchange in the solvent and toluene.  

 

3.4 Conclusions  

Operando MAS-NMR spectroscopy provides detailed kinetic and mechanistic 

information about dynamic networks of reactions such as those that occur during 

hydrogenolysis of lignin and lignin model compounds catalyzed by supported metal 

catalysts in solution and in the presence of H2(g). Significant amounts of the solvent, as well 

as some solutes, are present in the vapor phase under these reaction conditions, but can be 

quantified by simple integration of their NMR signals. Temperature-sensitive solvent 

chemical shifts serve as an internal thermometer. Fortuitously, the prolonged induction 

period caused by catalyst activation, as well as its abrupt end, facilitated the collection of 

high-quality isothermal kinetic data for BPE hydrogenolysis. Benzylic C-O bond cleavage is 

faster than H/D exchange in toluene, which in turn is faster than phenol hydrogenation. 
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Efforts are currently underway to examine the kinetics and mechanisms of reductive 

cleavage of other biomass model compounds, as well as whole lignin/biomass, extending the 

operando MAS-NMR technique to higher temperatures and pressures, and to examine 

variations in mechanism that arise due to the nature of the metal catalyst. 

 

3.5 Experimental Methods  

3.5.1 Chemicals  

The following were purchased from commercial suppliers and used as-received: toluene-

-13C and phenol-1-13C (98 %, 99 atom % 13C, Cambridge Isotopes), MnO2 (≥ 99 %, 

Reagent Plus, Sigma-Aldrich), K2CO3 (99.7 %, Certified ACS, Fisher), 2-PrOH (anhydrous, 

99.5 %, Sigma-Aldrich), 2-propanol-d1 (99 %, 98 atom % D, Sigma-Aldrich), 2-propanol-d8 

(99 %, 99.5 atom % D, Sigma-Aldrich), D2 (99.995 %, 99.96 atom % D, Sigma-Aldrich), 

DMSO-d6 (≥ 99 %, 99.96 atom % D, Sigma-Aldrich), Ni(NO3)2•6H2O (98.5 %, Sigma-

Aldrich), Br2 (99.5 %, Merck), CH2Cl2, (CH3)2CO, ethyl acetate, and hexanes (all 99.9 %, 

Certified ACS), silica gel (230-400 Mesh, Fisher), -Al2O3 (≥ 97 %, pore volume: 0.40 

mL/g, B.E.T. surface area 185 m2/g, Strem), hydrochloric acid (36.5 wt%, ACS grade, 

VWR), nitric acid (68 wt%, ACS grade, EMD-Millipore), H2 (UHP grade, 99.999 %, 

Oxarc), and N2O (9.99 vol% in He, Praxair). 

 

3.5.2 Synthesis of 13C-Labelled Benzyl Phenyl Ether (BPE)  

13C-labelled benzyl bromide was prepared following a modified literature procedure.71 

Toluene--13C (100 mg, 1.07 mmol) was stirred with MnO2 (93 mg, 1.07 mmol) and Br2 (60 

µL, 1.17 mmol) in CH2Cl2 (10 mL) for 1 h in a round-bottom flask (100 mL) until the 

solution became colorless. The mixture was filtered using a fritted glass Buchner funnel, 
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then the benzyl bromide was purified on a silica column (elution with 5 % ethyl acetate in 

hexanes). Yield 145 mg, 80 %.  

13C-labelled benzyl phenyl ether (BPE) was synthesized from the labeled benzyl 

bromide and phenol-1-13C using a modified literature procedure.72 A 100 mL round-bottom 

flask equipped with a magnetic stir bar and a condenser was charged with benzyl bromide 

(145 mg), phenol (100 mg), K2CO3 (180 mg) and (CH3)2CO (10 mL). The mixture was 

refluxed for 4 h until benzyl bromide consumption was complete according to TLC. After 

cooling to room temperature, the reaction mixture was filtered, and the product was purified 

by elution from a silica column with hexanes. 1H and 13C spectra were recorded on a Varian 

Unity Inova 500 MHz spectrometer. Chemical shifts were referenced using solvent peaks as 

internal standards. 1H NMR (500 MHz, DMSO-d6): δ 5.10 (d, 2H), 7.00-7.02 (m, 2H), 7.28-

7.39 (m, 7H). 13C NMR (125 MHz, DMSO-d6): δ 69.03, 158.29 (13C-labeled positions only, 

Figure S3.19). Yield 130 mg, 66 %. 

 

3.5.3 Synthesis and Characterization of Ni/-Al2O3  

The catalyst was prepared via incipient wetness impregnation, by stirring -Al2O3 (0.980 

g) with an aqueous solution of Ni(NO3)2•6H2O (62.3 mg in 0.400 mL deionized water). The 

solid was dried in an oven at 75 C for 4 h, then calcined in air at 850 C for 5 h, to give a 

material containing 1.9 wt% Ni (measured by ICP-AES). The metal is fully dispersed as 

Ni(II) ions in a pseudo-spinel structure according to powder XRD (Figure S3.13). Reduction 

at 850 C for 2 h in flowing 5% H2/N2 (H5N, Airgas, 99.98 %) resulted in partial (ca. 55 %, 

based on H2 uptake) extrusion of Ni(0). According to H2 chemisorption, the nanoparticles 

have an average diameter of ca. 14 nm. The dispersion is 7 %, based on the total nickel 

content of the material.   
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Prior to the temperature-programmed reduction experiment, a sample of this H2-reduced 

catalyst (250 mg, ca. 2 wt% Ni) was exposed to air for 6 d at room temperature (Figure 

S3.17). To increase sensitivity in XPS measurements, a similar material containing 10.5 

wt% Ni was prepared. Details of catalyst characterization by XPS, powder XRD, 

chemisorption, and HAADF-STEM/EDX mapping are presented in the Supporting 

Information. 

 

3.5.4 In situ EPR Spectroscopy  

EPR spectra were acquired on a Bruker Elexsys 580 spectrometer equipped with a 

SHQE resonator and a Bruker continuous flow liquid nitrogen cryostat (ER4131VT). The 

microwave frequency was typically 9.34 GHz with a power of 0.2 mW. The field was swept 

from 0 to 8000 G in 84 s and modulated at a frequency of 100 kHz with 0.5 G amplitude. A 

time constant of 20 ms was employed. 

 

3.5.5 Operando MAS-NMR Spectroscopy  

Magic-angle-spinning (MAS) NMR experiments were performed on an Agilent-Varian 

VNMRS NMR spectrometer equipped with an 11.7 T magnet, operating at 125.7747 MHz 

for the 13C channel and 500.1822 MHz for the 1H channel. A 5-mm home-built magic-angle 

spinning (MAS) double resonance HX probe with a custom Pd–coated coil was used to 

maximize sample magnetic homogeneity. Calibration of the spectrometer temperature 

setting was performed by acquiring 207Pb NMR spectra of Pb(NO3)2.35-36 

In direct polarization (DP) 13C MAS-NMR experiments, a 35 kHz 1H decoupling field 

was employed, with an acquisition time of 300 ms. The 13C spectral width was 50 kHz, and 

15,000 data points were acquired per transient, using a relaxation delay of 60 s to ensure 
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quantitative analysis. At 25 °C, the T1 values for the methylene and 1-phenolate 13C 

resonances of BPE, measured by saturation recovery experiments, are 4.4 and 15.3 s, 

respectively. For 1H MAS-NMR experiments, spectra were collected by averaging 16 scans, 

with an acquisition time of 1 s and a relaxation delay of 10 s. 

In a typical high T/P experiment, a customized32 5 mm ZrO2 rotor was loaded with BPE 

(2.0 mg, 0.011 mmol), Ni/-Al2O3 (10 mg, 2 wt% Ni) and 2-PrOH (40 L), then pressurized 

with 50 bar H2 (0.16 mmol) at room temperature. The total internal pressure at each 

temperature was estimated by summing the estimated partial pressures of H2 and 2-propanol, 

calculated for a headspace volume that includes the volume of 2-PrOH liquid that vaporized. 

The MAS rate was 5 kHz. The first spectrum was collected when the probe reached its set 

temperature, typically 10-15 min after heating of the rotor commenced. Each transient 

spectrum was acquired by averaging 8 or 16 scans. 13C chemical shifts were referenced to 

TMS using adamantane as a secondary standard (37.48 ppm).73  

 

3.5.6 Batch Reactor Kinetics  

BPE hydrogenolysis was conducted in a 25 mL stirred microreactor (Parr 4590) 

equipped with a sampling port. The reactor was charged with 2-PrOH (10 mL), BPE (0.54 

mmol, 100 mg), Ni/-Al2O3 (ca. 2 wt%, 500 mg), H2 (50 bar), and n-decane (0.054 mmol, 

10.5 µL) as internal standard. The reactor was stirred at 300 rpm and heated to 150 C 

(requiring a heating time of ca. 10 min for the temperature to stabilize). Aliquots (0.25 mL) 

were removed at timed intervals for analysis on a Shimadzu GC-2010 gas chromatograph 

coupled to a Shimadzu GCMS-QP2010 mass spectrometer. The former instrument is 

equipped with a 30 m × 0.25 mm Agilent DB-1 column with a dimethylpolysiloxane 

stationary phase (0.25 μm). 
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3.5.7 Kinetic analyses  

Kinetic profiles for conversion of BPE and production of toluene and phenol were 

analyzed by non-linear least-squares curvefitting using KaleidaGraph (Synergy Software). 

Concentrations of all species were normalized using the initial concentration of BPE. 
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3.7 Appendix II 

3.7.1 Characterization of Ni/-Al2O3 

Elemental analysis by ICP-AES was conducted on a Thermo Model iCAP 6300 

instrument. The catalyst (50.0 mg) was digested overnight in 2.4 mL aqua regia (3:1 v/v 

HCl:HNO3) at 80 C, then diluted to 20 mL with deionized water. Calibration curves were 

constructed with four solutions (0.1, 1, 10, and 100 ppm) prepared by diluting a standard 

solution (Inorganic Ventures, 1000 ppm Ni in 2 % HNO3). Data were processed with the 

software iTEVA. 

The accessible metal surface area was determined by selective oxidation of surface Ni 

atoms with N2O, followed by titration with H2,1 using a Micrometrics Autochem ii 2920. A 

U-shaped quartz reactor was packed with a plug of quartz wool which supported a catalyst 

bed of 110 mg. A thermocouple was attached to the outside of the reactor, at the level of the 

middle of the bed. The temperature was ramped to 300 C at 10 C min-1 under flowing Ar. 

After holding at 300 °C for 1 h, the reactor was cooled to room temperature under flowing 

Ar. The catalyst was then heated in H2/Ar (10 vol%) to 850 C at a ramp rate of 10 C min-1 

and was held at 850 °C for 2 h before cooling to room temperature under flowing He. The 

reduced material was heated in flowing N2O (9.99 vol% in He) at 60 C for 45 min to 

oxidize surface Ni atoms, eq S3.1. The Ni surface area was then determined by the H2 

uptake during temperature-programmed reduction (TPR), eq S3.2.  

    Ni(0) + N2O    NiO  +  N2    (S3.1) 

    NiO  +  H2     Ni(0)  +  H2O    (S3.2) 
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The metal surface area, SANi (m2 gNi
-1), estimated nanoparticle size, dNi (nm), and Ni 

dispersion, DNi (%), were calculated using eq S3.3-S3.5, assuming spherical Ni 

nanoparticles.  

       (S3.3) 

         (S3.4) 

       (S3.5) 

Here, nH2 is the amount of H2 consumed, NA is Avogadro’s number, SF is the stoichiometric 

coefficient of H2 in eq S3.2, mcat is the mass of catalyst, WNi is the weight fraction of Ni 

determined by ICP (i.e., 1.9% or 10.5%), ANi is the areal density of metallic Ni, 1.54 x 1019 

atoms m-2, ρNi is the bulk Ni density, 8.90 g cm-3, and MNi is the atomic mass of Ni. The 

catalyst containing ca. 2 wt% Ni has a metal surface area of 48 m2 gNi
-1. Based on the total 

metal content, this surface area corresponds to 14 nm particles (Table S3.1). However, the 

material contains ca. 55 % Ni(0) and 45 % residual Ni2+, according to H2 uptake during 

reduction of the calcined catalyst precursor (see main text). The dispersion (surface Ni(0) 

sites) represents ca. 7 % of the total Ni content. The catalyst containing 10 wt% Ni has a 

similar metal surface area, 46 m2 gNi
-1, corresponding to 15 nm particles and ca. 7 % 

dispersion based on total Ni content. 

The powder X-ray diffraction (XRD) pattern of Ni/-Al2O3 was collected on a Philips 

X’PERT MPD, using Cu K (1.5405 Å) radiation. The diffractogram was indexed using the 

X’PERT High Score software package. It shows three new, broad reflections at 2 = 44.4, 

51.9, 76.9 and 93.1 , in addition to the expected reflections for γ-Al2O3 (see Figure S3.13). 
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The latter are shifted slightly to lower angles relative to unmodified γ-Al2O3, presumably 

because of the presence of residual Ni2+ in the latttice.  The new reflections were indexed to 

metallic Ni with a cubic close-packed structure in the Fm3m space group.2 The peak widths 

suggest that the Ni nanoparticles are ca. 20 nm in diameter. 

Table S3.1. Properties of Ni nanoparticles supported on γ-Al2O3 

Ni 

Loading 

Ni surface area (m2 

gNi
-1) 

Average particle size 

(nm)a 

Ni dispersion 

(%) 

2 wt% 47.7(4) 14.1(1) 7.2(1) 

10 wt% 45.8(9) 14.7(3) 6.9(2) 

a Estimated from the measured Ni(0) surface area. 

 

X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Ultra system 

equipped with an Al-K (1559 eV) radiation source. Prior to data collection, a baseline 

vacuum of 1 x 10-8
 Torr was achieved. High resolution scans were acquired with a band pass 

energy of 40 eV. Binding energies were calibrated using the 1s peak of adventitious carbon 

at 284.6 eV. Deconvolution of the Ni 2p3/2 region was performed using the Casa XPS 

software package. The calcined catalyst precursor shows a well-defined 2p3/2 peak at 855.8 

eV, with a small contribution at 857.8 eV (Figure S3.15a). These peak positions are 

consistent with the presence of NiO (major component) and NiAl2O4 (minor component), 

respectively.3-4 The broad feature at 862.1 eV is a result of the multi-electron shake-up 

process that is observed only for cationic nickel. After high temperature H2 reduction, a new 

feature appeared at 852.4 eV, corresponding to a metallic Ni phase (Figure S3.15b). It 

persisted despite air exposure of the sample.5 Peak positions and assignments are 

summarized in Table S3.2. The signal-to-noise ratio in the Ni 2p region of the spectrum is 
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much lower for the reduced catalyst compared to the spectrum of the calcined catalyst 

precursor. This is likely a result of overcoating by γ-Al2O3, which is known to occur during 

the extrusion of Ni nanoparticles.6 

Table S3.2. XPS binding energies in the Ni 2p region (eV) 

Material 2p3/2   Satellite 2p1/2  Satellite 

  Ni(0) NiO NiAl2O4    

Catalyst 
precursor - 

855.8 857.8 862.1 873.4 879.8 

Ni/γ-Al2O3 

(air-exposed) 
852.4 855.9 n.d. 861.9 873.2 880.3 

n.d. not detected. 

 

To prepare a sample for transmission electron microscopy (TEM) imaging, the catalyst 

was first ground in a mortar with a pestle, then suspended in absolute ethanol and sonicated 

for 15 min. The resulting suspension was drop-cast onto a Cu-coated ultrathin carbon grid 

and allowed to dry in air for 15 min to allow the solvent to evaporate. High angle annular 

dark field scanning transmission electron microscopy (HAADF STEM) images were 

acquired on a FEI Tecnai G2 F20 S-Twin field emission transmission electron microscope. 

EDX mapping shows evidence for Ni-Al segregation in the reduced Ni catalyst, and 

suggests the presence of a surface oxide on the metal nanoparticles (Figure S3.16). 

Variable temperature EPR spectra of air-exposed Ni/-Al2O3 were collected in a 4 mm OD 

quartz tube (Wilmad). In situ EPR spectra of reduced Ni/-Al2O3 were acquired by 

immobilizing the sample in a 3 mm OD  2 mm ID quartz tube with open ends with a plug 

of quartz wool on either side. This smaller tube was placed in a 5 mm OD EPR tube and the 

gas path controlled with a T-fitting such that the incoming gas flowed first down the space 

inside the 5 mm tube and outside the 3 mm tube, then turned and flowed over the sample 

inside the 3 mm tube and out to exhaust. This route was chosen so that when the assembly 
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was placed in a variable temperature insert in the EPR resonator, the flowing gas 

equilibrated its temperature with that of the VT insert before entering the sample. 

 

 

Figure S3.1. Temperature evolution of the methyl and methine resonances in both liquid 

(circles) and vapor (squares) phases of 2-PrOH sealed in a high T/P rotor, recorded by direct 

polarization 13C MAS-NMR spectroscopy. The 5-mm o.d. NMR rotor (internal volume 140 

L) was charged with 40 L 2-PrOH and 50 bar H2 at room temperature. Total internal 

pressures were estimated to range from 71 bar at 125 ºC to 118 bar at 225 ºC.  
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Figure S3.2. 13C MAS-NMR spectra of 13C-labeled BPE in 2-PrOH, recorded at 25 °C: (a) 

without catalyst or H2; (b) with -Al2O3 (10 mg) and 50 bar H2; (c) with 2 wt% Ni/-Al2O3 

(10 mg) and 50 bar H2 (estimated total internal pressure 79 bar at 150 °C); and (d) with 2 

wt% Ni/-Al2O3 (10 mg) but no H2. In all spectra, there is no apparent difference in either 

lineshape or chemical shift for any of the signals of BPE or 2-PrOH due to the presence of 

solids or H2. MAS rate: 5 kHz. 



 

 
110 

2-PrOH

2-PrOH

ToluenePhOH

BPE-P BPE-B

CHA

v vv

1
2

h

13C δ (ppm)

CyOH

 

 

Figure S3.3. Operando 13C MAS-NMR spectra recorded during the reaction of BPE (2.0 

mg, 0.011 mmol) in 2-PrOH (40 L, 0.52 mmol) with 50 bar H2 (0.20 mmol), catalyzed by 

2 wt% Ni/-Al2O3 (10 mg, air-exposed) at 150 °C, showing the formation of cyclohexanol 

(CyOH) at extended reaction times. Each spectrum was acquired with 16 scans and a recycle 

delay of 60 s. MAS rate: 5 kHz. Vapor phase signals are indicated by v. Estimated total 

internal pressure 79 bar at 150 ºC. 
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Figure S3.4. Comparison of reaction profiles for BPE conversion in 2-PrOH, catalyzed by 

Ni/-Al2O3 (2 wt%, H2-reduced then air-exposed) at 150 °C, in a rotor charged with 50 (red), 

100 (green), and 125 (blue) bar H2 (estimated total internal pressures: 79, 149, and 184 bar, 

respectively). Concentrations were calculated from the peak area of the BPE-B 13C 

resonance at 70.1 ppm. Solid lines are non-linear least-squares curvefits to the first-order 

rate equation. Data collected during the induction period were removed prior to curvefitting.  
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Figure S3.5. 1H MAS-NMR spectra of 13C-labeled BPE (2.0 mg, 0.011 mmol) in 2-PrOH 

(40 L, 0.52 mmol) with 50 bar H2 (0.20 mmol) over Ni/-Al2O3 (10 mg), recorded at 25 °C 

before reaction at 150 °C for 10 h in a high T/P rotor (5 mm), as well as after the reaction 

(and cooling the rotor to 25 °C). The total internal pressure was estimated to be 79 bar at 150 

ºC. Spectra were collected by averaging 16 scans, with an acquisition time of 1 s and a 

relaxation delay of 10 s. Line broadening of 15 Hz was applied. * and # denote signals for 

dissolved H2 and BPE-methylene, respectively. 
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Figure S3.6. First-order curvefits of kinetic profiles and pseudo-first-order rate constants 

(min-1) for conversion of BPE (100 mg, 0.54 mmol) and formation of toluene in 2-PrOH (10 

mL), recorded in the presence of (a) 2 wt% Ni/γ-Al2O3 (500 mg, H2-reduced), and (b) 2 wt% 

Ni/γ-Al2O3 (500 mg, air-exposed) with 50 bar H2 (total internal pressure estimated to be 79 

bar at 150 ºC) in a 25 mL Parr batch reactor. The data shown represents aliquots withdrawn 

after the reactor temperature reached 150 °C. The curvefits in (b) were performed excluding 

the first two data points, corresponding to the induction period. 



 

 
114 

1920212223242526636465
δ	(ppm)13C δ (ppm)

3
.8

 h

2-PrOH

vv

2-PrOH
2-PrOD

★

Toluene-d1/d2
Toluene

CH3
CH CH3

 

 

Figure S3.7. Operando 13C MAS-NMR spectra recorded for BPE (2.0 mg, 0.011 mmol) in 

2-PrOH (40 L, 0.52 mmol) with 50 bar D2 (0.20 mmol) catalyzed by air-exposed 2 wt% 

Ni/-Al2O3 (10 mg) at 175 °C, emphasizing the methine and methyl resonances of 2-PrOH, 

and the methyl resonance of toluene. Total internal pressure estimated to be 89 bar at 175 

ºC. ★ denotes the first spectrum at which onset of H/D exchange in 2-PrOH becomes 

visible. Each spectrum was acquired with 16 scans and a recycle delay of 60 s. MAS rate: 5 

kHz. 
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Figure S3.8. Solution-state 13C NMR spectra of (a) 2-PrOH, (b) 2-PrOD-d1, and (c) an 

approx. equimolar mixture of 2-PrOH and 2-PrOD-d1, all recorded at room temperature. 
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Figure S3.9. Kinetic profiles for the conversion of BPE (2.0 mg, 0.011 mmol) at 175 °C in 

2-PrOH (40 µL) with 50 bar D2 (total internal pressure estimated to be 89 bar at 175 ºC) and 

air-exposed 2 wt% Ni/-Al2O3 (10 mg), showing profiles for H/D exchange in the toluene 

methyl and 2-PrOH hydroxyl groups. The kinetic profiles were extracted from the operando 

13C MAS-NMR spectra. Each spectrum was acquired with a recycle delay of 60 s at a MAS 

rate of 5 kHz. The dashed line represents the time at which BPE conversion was first 

detected.  
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Figure S3.10. 13C MAS-NMR spectra recorded at 25 °C after reaction of 13C-labeled BPE in 

2-PrOD-d8 with 50 bar H2 (total internal pressure estimated to be 89 bar at 175 ºC) over 

Ni/-Al2O3 at 175 °C in a high T/P rotor. Spectra were collected by averaging 16 scans, with 

a relaxation delay of 60 s. Line broadening of 5 Hz was applied. Cyclohexanol is denoted as 

CyOH.  
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Table S3.3. 13C chemical shiftsa for isotopically-labeled toluenes in 2-PrOD-d8, extracted 

from operando MAS-NMR spectra in Figure 3.6a. 

 

Species 
Chemical shift (ppm) 

25 °C 175°C 

Toluene-d0 21.4 20.6 

Toluene-d1 21.1 20.4 

Toluene-d2 20.9 20.1 

Toluene-d3 20.6 19.8 

 

a After calibration of the CD3 signal of 2-PrOD-d8 at 24.2 ppm7 at 25 °C. 1JCD values for all 

species are ca. 18 Hz, at both 25 and 175 °C. 
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Figure S3.11. Mass spectrum of toluene (m/z = 93 for the molecular ion of toluene--

13CH3), formed by catalytic hydrogenolysis of 13C-labeled BPE in 2-PrOD-d8 in the presence 

of 2 wt% Ni/-Al2O3 with 50 bar H2 at 150 °C. The aliquot was sampled after 12 h reaction. 
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Figure S3.12. Operando 13C MAS-NMR spectra of toluene--13C (2.0 mg, 0.022 mmol) in 

2-PrOH (40 L, 0.52 mmol) undergoing exchange with 50 bar D2 (0.20 mmol) catalyzed by 

air-exposed 2 wt% Ni/-Al2O3 (10 mg) at 175 °C, showing H/D exchange in the toluene 

methyl and 2-propanol hydroxyl groups. Total internal pressure estimated to be 89 bar at 

175 ºC. ★ denotes the first spectrum at which onset of H/D exchange in 2-PrOH and 

toluene was detected. Each spectrum was acquired with 8 scans and a recycle delay of 60 s. 

MAS rate: 5 kHz. 
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Figure S3.13. Powder X-ray diffraction patterns of Ni/γ-Al2O3 (2 wt% Ni), after reduction 

in H2 at 850 °C and air-exposure at room temperature (black), as well as the γ-Al2O3 support 

(blue). The locations of the reflections of fcc-Ni are indicated by triangles. Slight shifts in 

the positions of the γ-Al2O3 reflections for the reduced catalyst indicate that some (est. ca. 

45 %, by TPD) of the Ni2+ ions remain associated with the alumina lattice. 
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Figure S3.14. A portion of the room temperature EPR spectrum of reduced Ni/-Al2O3, 

recorded after 1 h exposure to air at room temperature (gray), and after its re-reduction in 

flowing H2 at 170 °C for 30 min, followed by cooling to room temperature (red). 
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Figure S3.15. High resolution XPS in the Ni 2p region, for (a) the calcined catalyst 

precursor, with both NiAl2O4 and NiO components, and (b) the H2-reduced catalyst, with 

both Ni/γ-Al2O3 and NiO/γ-Al2O3 components (after air-exposure). The data are represented 

as blue points; the deconvoluted components are shown as red lines, and the overall fitted 

spectrum is a blue line. Peak positions and assignments are summarized in Table S3.2. 
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Figure S3.16. High angle annular dark field scanning transmission electron microscopy 

(HAADF STEM) image of the H2-reduced catalyst, Ni/Al2O3, after air exposure at room 

temperature. The red square represents the region selected for energy dispersive X-ray 

(EDX) spectroscopy mapping analysis for the elements Al (orange), Ni (yellow) and O 

(red). Despite the slight displacement of the image, the O EDX image clearly shows a small 

amount of oxygen superimposed on the Ni nanoparticle location. 
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Figure S3.17. Temperature programmed reduction (TPR) of pre-reduced 2 wt% Ni/-Al2O3 

(250 mg), recorded after 6 d exposure to air at room temperature. Integration of the peak 

centered at 280 ºC yields an area corresponding to ca. 0.12 mL of H2, which corresponds to 

reduction of 6.2% of Ni atoms in the sample.  
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Figure S3.18. Reaction profiles for BPE hydrogenolysis (2.0 mg, 0.011 mmol) in 2-PrOH 

(40 µL, 0.52 mmol) with 50 bar H2 (0.20 mmol) catalyzed by H2-reduced Ni/-Al2O3 (2 

wt% Ni, 10 mg, not air-exposed), measured by operando 13C MAS-NMR. Total internal 

pressure estimated to be 79 bar at 150 ºC. BPE conversion (red circles) and phenol yield 

(blue squares) were measured while the internal temperature of the NMR rotor rose from ca. 

145 °C (time = 0 min) to stabilize at 150 °C (after ca. 14 min). The concentrations of both 

species were normalized based on the initial intensity of the BPE benzylic resonance (BPE-

B). Lines are drawn only to guide the eye. 



 

 
127 

 

13C δ (ppm)

b

C9

C7

 

Figure S3.19. Solution-state NMR spectra of BPE (13C-labeled at C7 and C9), recorded in 

DMSO-d6 at 23 °C: (a) 1H spectrum, acquired at 500 MHz (recycle delay 20 s, 16 scans), 

and (b) 13C spectrum, acquired at 125 MHz (recycle delay 60 s, 16 scans).  
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Chapter 4: Using Strong Solvent Effects to Direct the Selectivity of 

Ether Hydrogenolysis Towards Phenolics 

 

4.1 Abstract 

The composition of the liquid phase environment can have a profound impact on the 

rates of hydrogenolysis and hydrogenation reactions, through solvent competition for active 

sites and solvation of the reactant. The rates of benzyl phenyl ether hydrogenolysis catalyzed 

by Ni/-Al2O3 at 448 K are similar in 2-propanol and n-decane, but the rate of subsequent 

phenol hydrogenation is strongly solvent-dependent, being much faster in n-decane. The 

result is a strong solvent-dependence of the reaction selectivity (to toluene and phenol in 2-

propanol, vs. toluene and cyclohexanol in n-decane). The solvent dependence of the phenol 

hydrogenation rate was measured independently in a wide range of protic and aprotic 

solvents, leading to a variation of two orders of magnitude. However, the rate is not a simple 

function of solvent polarity. Instead, the rate is linearly correlated with the extent of phenol 

adsorption. The slope and intercept of the linear correlation differ for protic vs. aprotic 

solvents. In protic solvents, adsorption is suppressed by hydrogen bonding interactions 

which stabilize phenol in solution. In aprotic solvents, competitive adsorption of the solvent 

on the Ni active sites suppresses adsorption. Consequently, the rate of phenol hydrogenation 

is fastest in protic solvents that are weak hydrogen-bond donors, or aprotic solvents that 

adsorb weakly on the metal. Selectivity in ether hydrogenolysis can be tuned by solvent 

selection without compromising catalytic activity. 
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4.2 Introduction 

Lignocellulosic biomass is the largest natural source of aromatics, making it a 

promising source of renewable arenes and phenolics. The production of fine chemicals from 

lignocellulosic biomass, and in particular the lignin fraction, using a heterogeneous catalyst 

commonly requires the presence of a solvent, which may influence the activity and 

selectivity of the chemical transformation at the solid–liquid interface. Solvation of 

reactants, intermediates, and transition states, in solution as well as on the surface, affects 

activity and selectivity.1,2 The investigation of adsorption and reaction at solid-liquid 

interfaces is challenging, particularly under conditions involving elevated temperatures and 

pressures.3  

Much work has been done exploring solvent effects in enzymatic and homogeneous 

catalysis,4,5 however reports of such phenomena in heterogeneous systems are sparse. 

Although there are several examples with good correlations between hydrogenation rates 

and solvent parameters such as polarity or other empirical parameters,6–9 the interpretation 

was generally incomplete. For example, the hydrogenation of acetophenone over a Rh/Al2O3 

catalyst in 13 different solvents at 353 K showed higher conversion in water or nonpolar 

solvents than in polar solvents, suggesting the hydrogenation of acetophenone was enhanced 

by solvation.10 In a separate study on the solvent effects on the hydrogenation of 2-butanone 

in 10 different solvents, a strong influence of the solvent polarity on the rate of 

hydrogenation was shown.11 A correlation between hydrogenation of 2-butanone and 

hydrogen-bond donating ability of the solvents was observed, and it was suggested that the 

hydrogen bonding lowers the activation energy barrier and leads to high hydrogenation 

rates. For the polar aprotic solvents, it was suggested that the solvent could strongly adsorb 
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onto the catalyst surface and block the Ru active sites leading to an inhibition of the 

hydrogenation, however no adsorption measurements were provided. A more rigorous 

investigation into the origin of these solvent effects is needed to predict the activity and 

selectivity of the hydrogenolysis and hydrogenation reactions useful in lignin valorization. 

Previously, sealed high-pressure and -temperature solid state NMR rotors were used 

to study the hydrogenolysis of 13C-labeled benzyl phenyl ether (BPE) in 2-propanol.12 The 

hydrogenolysis was initiated after a short induction period (corresponding to catalyst 

activation by reduction of the surface oxide on Ni), to give toluene and phenol (PhOH) as 

the major products, Scheme 1.13 No hydrogenation of either BPE or toluene was observed, 

although some toluene hydrogenation was reported previously even under severe reaction 

conditions (498 K, 120 bar H2).14 However, PhOH is slowly hydrogenated at temperatures 

above 423 K.  

  

Scheme 1. Hydrogenolysis of benzyl phenyl ether (BPE), selectively 13C-labeled at the 

benzylic (Red, BPE-B) and phenolate-1-C (Blue, BPE-P) positions, results in toluene-α-13C 

and phenol-1-13C. Slow, subsequent hydrogenation of phenol-1-13C to cyclohexanol-1-13C 

occurs without accompanying toluene hydrogenation to methylcyclohexane (MCH).  

 

In the present study, solvent effects on the hydrogenolysis of BPE and hydrogenation of 

PhOH are investigated. The rates of PhOH hydrogenation are strongly dependent on the 
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extent of phenol adsorption on the catalyst surface, implicating the balance between phenol 

solvation and competitive adsorption. Detailed kinetic analysis and a Langmuir 

Hinshelwood model were used to extract rate and equilibrium constants for PhOH 

hydrogenation in a wide range of protic and aprotic solvents. PhOH adsorption experiments 

onto the Ni/-Al2O3 catalyst showed a strong correlation between rates of hydrogenation and 

equilibrium adsorption constants. 

 

4.3 Results and discussion 

4.3.1 Solvent Effect on the Rate and Selectivity of Benzyl Phenyl Ether 

Hydrogenolysis 

To provide a basis for understanding solvent effects on catalytic lignin 

depolymerization, the kinetics of Ni-catalyzed hydrogenolysis of a model ether, BPE, were 

compared in 2-propanol and n-decane. The former solvent was used extensively in our 

previous study of BPE hydrogenolysis,13,14 while nonpolar aprotic solvents such as n-

heptane, methylcyclohexane, and decalin were reported to enhance the rate of Ni-catalyzed 

diphenyl ether hydrogenolysis relative to polar protic solvents such as methanol, ethanol, 

and t-butanol.15  

The 13C resonances for doubly-13C-labeled BPE (at the phenyl and benzyl positions, 

159.3 and 70.1 ppm, respectively), toluene‑α‑13C (20.8 ppm), phenol‑1‑13C1 (157.8 ppm), 

and cyclohexanol-1‑13C1 (69.7 ppm) are all clearly resolved in the operando MAS NMR 

spectra shown in Figure 1. In both solvents, the BPE signals disappear rapidly, as signals for 

the primary reaction products toluene and PhOH grow in. The toluene signal stabilizes at 

longer times, with no evidence for its hydrogenation to methylcyclohexane under these 

reaction conditions. However, the PhOH signal passes through a maximum then starts to 
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decline at longer times as PhOH is slowly hydrogenated to cyclohexanol. Integration of the 

signals gave the kinetic profiles shown in Figure 4.2. In both solvents, hydrogenolysis of 

BPE is complete in ca. 10 min at 448 K, Figure S4.1. Subsequent PhOH hydrogenation to 

cyclohexanol is much faster in the non-polar solvent. In both solvents, the total mass balance 

decreases abruptly in the first few minutes, then is gradually restored, Figure S4.2. 

PhOH

BPE-P BPE-B

CyOH Tol

13C ẟ

a) 2-PrOH

PhOH
BPE-P BPE-B

b) n-decane CyOH Tol

13C ẟ

*

 

Figure 4.1. Operando array of direct polarization 13C MAS NMR spectra, recorded during 

BPE hydrogenolysis at 448 K, in (a) 2-propanol, or (b) n-decane. The two 13C-labeled 

positions of BPE are indicated as BPE-B (benzylic) and BPE-P (phenolic). The spectra show 

BPE conversion to toluene-α-13C (Tol) and phenol-1-13C (PhOH), as well as the subsequent 

hydrogenation of phenol-1-13C to cyclohexanol-1-13C (CyOH). The NMR rotor was initially 

loaded with 2 wt% Ni/γ-Al2O3 (30 mg, air exposed), BPE (6.0 mg, 0.033 mmol), 2-propanol 

(120 μL, 1.56 mmol) or n-decane (120 μL, 0.60 mmol), and pressurized with 50 bar H2 at 

room temperature (0.60 mmol). MAS rate: 3 kHz. * denotes a solvent peak.  
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Figure 4.2. Kinetic profiles obtained by integrating signals in the operando 13C MAS NMR 

spectra during hydrogenolysis of BPE (0.33 mmol) catalyzed by Ni/-Al2O3 (30 mg, 2 wt% 

Ni) at 448 K with 50 bar H2, in either (a) 2-propanol, or (b) n-decane as solvent (120 mL). 

Since the catalyst was air-exposed prior to use, all profiles had a short induction period (ca. 

5 min, not shown), attributed to reduction of the surface oxide.  

 

4.3.2 Solvent Effect on Phenol Hydrogenation 

To explore the origin of the change in selectivity caused by the choice of a polar vs. non-

polar solvent, the kinetics of PhOH hydrogenation were explored directly. In addition to 2-

propanol and n-decane, a wide range of other solvents was also used, including various 

aromatics (anisole, benzene, toluene, p-xylene, pyridine), alcohols (1-decanol, t-butanol, 1-

butanol, ethanol, methanol, ethylene glycol), and water. Their polarities vary widely, as 

reflected in dielectric constants that range from 2 (n-decane) to 80 (water),16 Table 1. In each 

solvent (with the exception of pyridine), PhOH is fully converted to CyOH as the sole 

product, with no NMR-detectable intermediates. However, the solvent effect on the rate is 

very large. For example, the reaction goes to completion ca. 50 times faster in n-decane than 
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in ethylene glycol, Figure 4.3. No reaction was observed in pyridine, presumably due to its 

very strong adsorption on the catalyst surface, blocking the active sites. 
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Figure 4.3. Comparison of PhOH hydrogenation profiles in n-decane, 1-decanol, and 

ethylene glycol during the reaction of PhOH (0.64 mmol) with H2 (50 bar) catalyzed by 

Ni/-Al2O3 (30 mg, 2 wt% Ni) at 473 K in the indicated solvent (120 mL). Solid lines 

represent curvefits using eq. 4.9. 

 

Kinetic profiles were obtained by integrating PhOH resonances in the operando 13C 

MAS NMR spectra, shown in Figure 4.4. Since the catalyst was air-exposed prior to use, the 

profiles in all solvents showed a short induction period (ca. 5 min), attributed to reduction of 

the surface oxide on Ni (full kinetic profiles shown in Figure S4.3.) Among the alcohol 

solvents, PhOH hydrogenation proceeds fastest in t-butanol, and slowest in methanol. The 

reaction is generally faster in less polar alcohols, although the reactions in both of the 

straight-chain alcohols (1-decanol and 1-butanol) are slower than expected based on their 

polarity,17 and have nearly identical kinetic profiles to the reaction in 2-propanol. For the 

aprotic solvents, a similar trend is observed: reactions in less polar solvents are generally 
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faster. In addition, the rates in aromatic solvents increase as the number of methyl groups on 

the benzene ring increases.  
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Table 4.1. Comparison of solvent effects on the rate parametersa for PhOH 

hydrogenation catalyzed by Ni/-Al2O3 at 473 K 

Solvent 
Dielectric 

constant (ε) 

k´PhOH  

(M s-1) 

K´PhOH 

(M-1) 

k´obs,PhOH
b   

(s-1) 

K´cat
c 

(M-1) 

n-decane 1.99 6.0(2.3) 8.8(10.) 53(25) 9.0  

p-xylene 2.27 5.1(1.6) 3.7(2.2) 19(3.0) 4.3  

benzene 2.28 4.7(2.3) 1.7(1.2) 8.1(3.0) 3.1  

toluene 2.38 4.6(1.6) 2.8(1.6) 13(3.0) 3.5  

anisole 4.30 5.2(3.5) 1.2(1.0) 5.9(4.0) 2.7  

pyridine 13.2 - d - d - d 1.4  

1-decanol 7.93 3.4(1.5) 2.9(2.3) 10(3.0) 0.83  

t-butanol 12.5 4.1(1.0) 5.2(2.9) 21(3.0) 1.0  

1-butanol 17.8 4.1(9.0) 2.4(9.0) 9.8(0.9) 0.71  

2-propanol 20.2 4.3(4.1) 2.6(4.2) 11(18) 0.88 

ethanol 25.3 5.4(7.4) 0.70(1.1) 3.8(0.8) 0.49  

methanol 33.3 4.3e 0.12(1) 0.51(2) 0.093 

ethylene glycol 41.4 4.3e 0.31(1) 1.3(1) 0.19 

water 80.1 4.8(2.8) 2.0(1.8) 9.7(5.0) 0.88 

a Rate and equilibrium constants are extracted from the kinetic profiles during PhOH (0.64 

mmol) hydrogenation with H2 (50 bar) catalyzed by Ni/-Al2O3 (30 mg, 2 wt% Ni) at 473 K 

in the indicated solvent (120 mL). Values in parentheses represent 95% confidence intervals 

from the curve fit. b The rate constant k´obs,PhOH is the product of rate constant k´PhOH and 

equilibrium constant K´PhOH. c The equilibrium constant K´cat is defined in Eq S4.11.  d No 

reaction was observed in pyridine. e Values for methanol and ethylene glycol produced 

significantly larger confidence intervals because the profiles are close to being simple 

exponentials, therefore k´PhOH values were fixed at 4.7 M s-1 (average value for all other 

solvents).  
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Figure 4.4. Solvent dependence of the kinetic profiles for PhOH hydrogenation obtained by 

integrating signals in the operando 13C MAS NMR spectra, during the reaction of PhOH 

(0.64 mmol) with H2 (50 bar) catalyzed by Ni/-Al2O3 (30 mg, 2 wt% Ni) at 473 K in the 

specified solvent (120 mL), which is either (a) protic, or (b) aprotic. Since the catalyst was 

air-exposed prior to use, all profiles had a short induction period (ca. 5 min), attributed to 

reduction of the surface Ni oxide. Full kinetic profiles are shown in Figure S4.3.  

 

4.3.3 Kinetic Model for Phenol Hydrogenation 

In the majority of solvents (methanol and ethylene glycol being exceptions), the kinetic 

profiles for PhOH hydrogenation are not well-described by a pseudo-first-order rate law, 

Figure S4.4. Instead, a simple Langmuir-Hinshelwood model was used, eqs 4.1-4.3.  

   KH  (4.1) 

   KPhOH  (4.2) 

  kPhOH  (4.3) 

where * represents an adsorption site. Eq 4.1 is the dissociative chemisorption of H2 on 

active sites covered by solvent (Solv). Eq 4.2 describes the adsorption of the PhOH on the 
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active sites, also by displacing adsorbed solvent molecules. Eq 4.3 shows the reaction 

between adsorbed PhOH and atomic H. This step is not elementary, but since no partially 

hydrogenated intermediates are observed, it is represented by a single kinetic equation.  

The rate-determining step is eq 4.3 since eq 4.1-4.2 are assumed to be quasi-equilibrated. 

The rate of PhOH consumption is given by eq 4.4: 

    (4.4) 

where nNi is the number of moles of Ni active sites. Assuming there are no unoccupied 

active sites in the liquid phase, the site balance is: 

    (4.5) 

where θi is the fractional surface coverage of species i. H2 is present in excess (5 on a 

molar basis). Furthermore, experiments conducted with higher P(H2) resulted in no 

significant differences in rate (Figure S4.5). Therefore H2 chemisorption is not competitive 

with PhOH adsorption, implying that H is constant. Thus the site balance simplifies to eq 

4.6, with the surface coverage of PhOH given by eq 4.7: 

     (4.6) 

    (4.7) 

where Ci is the solution concentration of species i. The rate of PhOH hydrogenation is 

shown in eq 4.8: 

   (4.8) 
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Since the rate has dimensions [mol s-1], and KPhOH is a dimensionless equilibrium 

constant, kPhOH is a “first-order” rate constant with dimensions [s-1]. Eq 4.8 can be rewritten 

in a form more convenient for curvefitting: 

 (4.9) 

where , and V is the liquid volume under reaction conditions. Here, the 

composite rate constant  is a “pseudo-zeroth-order” rate constant with 

dimensions [M s-1], and K´PhOH is a conditional equilibrium constant with dimensions [M-1].  

Since the solvents used in these experiments vaporize partially under the reaction 

conditions (473 K), the fraction of liquid present in the rotor (volume 450 µL) was estimated 

by comparing the areas of the NMR resonances for the vapor phase and liquid phase, Table 

S4.1. For solvents with a vapor fraction less than ca. 5 %, this method was not very accurate. 

Therefore values were also estimated using the Antoine equation and the vapor pressure of 

each solvent.18,19 The liquid fractions calculated using both methods are in good agreement. 

PhOH was assumed to be non-volatile; there is no NMR evidence for it in the vapor phase 

under the reaction conditions. PhOH concentrations were calculated using the liquid solvent 

fraction and the thermal expansion of the solvent, Table S4.1.  

Each kinetic profile was analyzed by non-linear least-squares curvefitting using eq 4.9, 

with two variable parameters (k´PhOH and K´PhOH). The results are shown in Table 4.1. The 

rate constant k´PhOH is remarkably similar across 11 solvents (excluding methanol and 

ethylene glycol). Across this group of solvents, the value varies by less than a factor of two, 

from 3.4 s-1 in 1-decanol to 6.0 s-1 in n-decane, with an average value of (4.7 ± 0.8) s-1. 
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Attempts to fit the kinetic profiles in methanol and ethylene glycol resulted in large 

uncertainties for both k´PhOH and K´PhOH, Table S4.2.  

For solvents with small values of K´PhOH, eq 9 simplifies to a simple, pseudo-first-order 

kinetic equation: 

 (4.10) 

In the case of methanol and ethylene glycol, the kinetic data is well-described by eq 

4.10, giving kobs,PhOH values of 0.49(1) and 1.3(1) s-1, respectively, Table S4.3. Assuming 

k´PhOH = 4.7 s-1 in these solvents as well, the corresponding values of K´PhOH are 0.10 M-1 

and 0.28 M-1, respectively. With CPhOH,0 = 0.47 M, the maximum values of K´PhOHCPhOH, are 

0.047 and 0.13, respectively, justifying the pseudo-first-order simplification in eq 4.10. In 

comparison, using eq 4.9 with a fixed k´PhOH value yields k´obs,PhOH values of 0.51(2) and 

1.3(1) s-1 for methanol and ethylene glycol, respectively, which are identical to the values 

extracted from the pseudo-first order fit.  

In contrast to the insensitivity of k´PhOH to the nature of the solvent, values of K´PhOH are 

highly solvent-dependent. They vary by nearly two orders of magnitude, from 0.12 M-1 in 

methanol up to 8.8 M-1 in n-decane. The large variation in PhOH hydrogenation rates in 

different solvents is therefore a direct result of the sensitivity of K´PhOH. In order to compare 

rate parameters in all solvents, we compute k´obs,PhOH values corresponding to reaction 

conditions where K´PhOH and/or CPhOH are small, so that K´PhOHCPhOH << 1. In general, less 

polar solvents (Figure 4.5) or solvents with smaller dielectric constants (Figure S4.6) show 

larger k´obs,PhOH values (Table 4.1), presumably reflecting stronger PhOH adsorption. 

However, polarity is clearly not the only factor responsible for determining the rate: the 

protic and aprotic solvents belong to different groups. 
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Figure 4.5. Variation of the apparent rate constant k´obs,PhOH with solvent relative polarity 

for aromatics (red), alcohols (purple), n-decane (orange) and water (blue). Rate parameters 

were obtained from curvefits of kinetic profiles for PhOH (0.64 mmol) hydrogenation with 

H2 (50 bar) catalyzed by Ni/-Al2O3 (30 mg, 2 wt% Ni) at 473 K in the indicated solvent 

(120 mL).  

 

To further examine the origin of the large solvent dependence of K´PhOH values, PhOH 

hydrogenation catalyzed by Ni/-Al2O3 was studied as a function of temperature in n-decane 

and 2-propanol with 50 bar H2. In the aprotic solvent at 448 K, the reaction goes to 

completion in ca. 25 min, but requires ca. 100 min in 2-propanol, Figure 4.6. Additional 

experiments were conducted at 463 K. The rate constants and adsorption constants obtained 

using eq 4.9 are shown in Table 4.2. The solvent dependence of the rate constant k´PhOH 

decreases with increasing temperature. The adsorption constants are very similar in both 

solvents at 448 K, but appear to diverge as the temperature increases. Consequently, the 

ratio of k´obs,PhOH values is fairly constant over this temperature range.  
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Figure 4.6. Kinetic analyses of 13C NMR profiles for (a) PhOH, and (b) cyclohexanol, 

recorded simultaneously during hydrogenation of PhOH-1-13C (0.02 mmol) catalyzed by air-

exposed Ni/-Al2O3 (2 wt%) at 448 K with 50 bar H2 in n-decane or 2-propanol (40 µL). 

The data collected during the short (<5 min) induction period were removed prior to 

curvefitting using eq 4.9.  
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Table 4.2. Temperature dependence of rate parametersa for PhOH hydrogenation 

catalyzed by Ni/-Al2O3
b 

T (K) k´PhOH (M s-1) K´PhOH (M-1) k´obs,PhOH (s-1) Ratio of 

 n-decane 2-PrOH n-decane 2-PrOH n-decane 2-PrOH 
k´obs,PhOH 

values 

448 
3.5 

(2.0) 
1.2 
(3) 

3.1 
(3.2) 

3.0 
(1.3) 

11 
(7) 

3.6 
(4) 

3.0 

463 
4.1 
(7) 

2.7 
(1.6) 

11 
(6) 

3.2 
(3.3) 

42 
(1) 

8.4 
(5.3) 

5.0 

473 
6.0 

(1.7) 
4.3 

(4.1) 
8.8 

(9.2) 
2.6 

(4.2) 
53 

(25) 
11 

(18) 
4.8 

a Values in parentheses represent 95% confidence intervals obtained by curvefitting eq 4.9 to 

the data. b Reaction conditions: PhOH (6.0 mg, 0.063 mmol), Ni/-Al2O3 (2 wt% Ni, 30.0 

mg), 120 L solvent, 50 bar H2.  

 

The rate constants k´PhOH were used to construct the Eyring plots in Figure 4.7a. The 

apparent enthalpies and entropies of activation are shown in Table 4.3. In 2-propanol, the 

value of ΔH‡, 86 kJ mol-1, is much larger than the corresponding value in n-decane, 39 kJ 

mol-1. In 2-propanol, the value of ΔS‡, 120 J K-1 mol-1, is also much larger than the 

corresponding value in n-decane, 22 kJ mol-1. Adsorbed phenol may engage in H-bonding 

with adsorbed or near-surface 2-propanol, requiring considerably more disruption of these 

interactions and reorganization of molecules in the transition state compared to the reaction 

taking place in n-decane.   
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Figure 4.7. (a) Eyring plots of solvent-dependent rate constants k´PhOH, and (b) van’t Hoff 

plots of solvent-dependent adsorption constants K´PhOH, for PhOH hydrogenation in n-

decane and 2-propanol at various temperatures.  

 

Table 4.3. Thermodynamic parameters for PhOH adsorption and activation barriers 

for PhOH hydrogenation catalyzed by Ni/-Al2O3 

Solvent ΔH‡
PhOH  

(kJ mol-1) 

ΔS‡
PhOH  

(J mol-1 K-1) 

ΔHads 

(kJ mol-1) 

ΔSads 

(J mol-1 K-1) 

2-PrOH 86  120  -8.5 -9.5 

n-decane 39  22  68  163  

 

Van’t Hoff plots for the adsorption constants K´PhOH are shown in Figure 4.7b. The 

apparent adsorption enthalpy and entropy are both close to zero in 2-propanol, thus K´PhOH 

changes little with temperature. Both values are both large and positive in n-decane, but the 

enthalpic term dominates so that K´PhOH increases with temperature. The enthalpy and 

entropy of adsorption reflect the change in solvation of phenol vs. solvent upon adsorption, 
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as well as the difference in interactions between phenol vs. solvent at the adsorption site (*), 

eq 4.2: 

     (4.2) 

Decane solvates phenol poorly, and binds less strongly than phenol at the adsorption sites. 

However, hydrogen-bonded phenol clusters in the non-polar solvent must be disrupted to 

allow phenol to adsorb.20–22 Consequently, adsorption involves increases in both enthalpy 

and entropy. In contrast, 2-propanol solvates phenol more effectively, via hydrogen-

bonding, and competes with phenol for adsorption on the active sites. The loss of hydrogen-

bonding upon phenol adsorption is balanced by a gain of hydrogen-bonding upon solvent 

desorption, resulting in much smaller changes in both enthalpy and entropy.    

4.3.4 Phenol Adsorption onto Ni/-Al2O3 at Room Temperature 

Since the values of K´PhOH are not measured directly but arise from kinetic curvefitting, 

independent adsorption measurements were made at 295 K using a conventional equilibrium 

method in the absence of H2. The results are shown in Table S4.4.23 The equilibrium 

adsorption constants K´cat are defined as shown in eq 4.11-4.12, and listed in Table 4.1. Note 

that these values refer to phenol adsorption on the support (161 m2/gcat) as well as the air-

exposed metal (1 m2/gcat),13 whereas K´PhOH reflects only phenol adsorption on the reduced 

nickel active sites. 

     (4.11) 

      (4.12) 

Despite the very different measurement temperatures (295 vs. 473 K) and adsorption sites 

(NiO + support vs. Ni alone), the values of K´cat and K´PhOH in a particular solvent are 
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similar in magnitude. The relationship between them is shown in Figure 4.8. For pyridine, 

no K´PhOH value is available due to the absence of measurable PhOH hydrogenation at 473 K 

in this solvent. However, the value of K´cat, 1.4 M-1, was measured.  
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Figure 4.8. Relationship between the equilibrium constant K´PhOH extracted from kinetic 

profiles for PhOH hydrogenation catalyzed by Ni/-Al2O3 at 473 K in various solvents (see 

Methods for reaction conditions) to PhOH adsorption constants K´cat measured directly in 

the same solvents at 295 K.  

 

Since K´cat can be used to predict K´PhOH, and since K´PhOH determines the rate of phenol 

hydrogenation at 473 K (Table 4.1), K´cat is well-correlated with k´obs,PhOH, Figure S4.7. 

However, there are different linear correlations for protic and aprotic solvents, with 

(dimensionless) slopes of 3.2 and 1.2, respectively, Figure 4.9. For the protic solvents, the x-

intercept is small, 0.1(1) M-1, implying that PhOH hydrogenation at 473 K is very slow 

when PhOH adsorption on the catalyst (both Ni and the support) becomes negligible. A 

corollary is that almost all of the adsorbed PhOH (regardless of where it is adsorbed) is 

available for reaction in protic solvents. In contrast, the correlation for the aprotic solvents 
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has a significant x-intercept, 1.4 M-1. Thus a significant amount of the phenol adsorbed at 

room temperature must be located on adsorption sites where it is unavailable for reaction at 

473 K. These sites likely correspond to Lewis acid sites of the support, which adsorb phenol 

strongly and do not allow migration to the metal nanoparticles. Interestingly, the K´cat value 

measured in pyridine lies precisely on the regression line for the aprotic solvents, even 

though no reaction was detected in pyridine at 473 K, Figure 4.9b. The solvent t-butanol 

deviates from the trendline for the protic solvents and is excluded from the fit. For the 

measured K´cat , the K´PhOH value is higher than predicted by the slope of the trendline.  
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Figure 4.9. Relationship between the equilibrium constant K´PhOH extracted from kinetic 

profiles for PhOH hydrogenation catalyzed by Ni/-Al2O3 at 473 K in various solvents (see 

reaction conditions in Methods) and the PhOH adsorption constants K´cat measured directly 

in the same solvents at 295 K, for (a) protic solvents, and (b) aprotic solvents. Dashed lines 

represent the linear regression for each set of solvents (data for t-butanol is a significant 

outlier and is not included in the regression line for the protic solvents).  

 

The extent of PhOH adsorption is determined by its solvation, as well as by the 

competing solvation of the catalyst surface. Protic solvents stabilize PhOH through 
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hydrogen-bonding to their OH groups, but the oxygen of the alcohol group also competes 

with PhOH for adsorption on the catalyst surface.24 Since PhOH is more acidic than 

aliphatic alcohols, the former is the H-bond donor.25 H-bond strength is inversely correlated 

with ∆pKa, the difference between the pKa values of the H-bond donor and pKBH+ values of 

the acceptor, or conjugate base.25 H-bond strength reaches a maximum when ∆pKa 

approaches zero. Methanol and ethylene glycol have the smallest ∆pKa values (11.5 and 12, 

respectively), and should therefore form stronger hydrogen bonds with PhOH. H-bond 

strength between PhOH and each monoprotic solvent is correlated with the K´cat adsorption 

equilibrium constant, Figure S4.8. Solvents with smaller ∆pKa values will show stronger 

solvation of PhOH in solution, explaining the smaller K´cat constants. Adsorption is a 

complex process with multiple interactions occurring on the surface of the catalyst and in 

solution. Nevertheless, the correlation between ∆pKa and K´cat suggests that solvents with 

stronger basicity form weaker H-bonds with PhOH, leading to poorer solvation and an 

increased PhOH coverage on the catalyst.  

In contrast, the correlation between adsorption constants for the aprotic solvents has a 

significant positive x-intercept, corresponding to K´cat = 1.4 M-1 at 295 K, Figure 4.9b. This 

behavior implies that the rate of PhOH hydrogenation is significant only when a threshold 

adsorption on the catalyst is exceeded. The threshold, K´cat = 1.4 M-1 (0.15 mmol gcat
-1), 

corresponds to an amount of adsorbed PhOH unavailable for reaction. It must be strongly 

adsorbed on the support and not labile enough to migrate onto the active Ni surface. 

Adsorption of aromatic solvents onto alumina, or other similar metal oxide supports, occurs 

predominantly through interactions with Lewis acid sites, with contributions from alumina 

hydroxyl O–H⋯π interactions.26 The adsorption of aromatic hydrocarbons on metal 
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nanoparticles has been assumed to occur via the interaction of π-electrons of the aromatic 

ring with d-orbitals of the metal.  

Pyridine, a strong base, has been shown to form strong bonds with the Ni active sites,27 

and can also effectively solvate phenol through hydrogen bonding. The solvent n-decane, 

however, adsorbs weakly to the Ni sites and solvates phenol poorly, leading to a high 

surface coverage of PhOH in n-decane and a low coverage in pyridine. For benzene, 

adsorption of the aromatic ring has been shown to occur parallel to Ni(100) and Ni (111) 

surfaces.28 At low coverages toluene is adsorbed with the plane of the aromatic ring parallel 

to the surface.29 Increasing toluene coverage leads to repulsion between the methyl groups 

and adjacent toluene molecules, resulting in adsorption of toluene that is not parallel to the 

surface. Additional studies have also shown that adsorption of aromatic hydrocarbons 

decreases with an increase in methyl derivatives on the aromatic ring.30–32 In the aromatic 

hydrocarbon solvents, benzene, toluene and p-xylene, the amount of PhOH hydrogenation 

increases with the methylation of the benzene ring. Therefore, aromatic hydrocarbons with 

greater methylation compete less strongly for adsorption sites on the Ni surface, allowing for 

a greater PhOH coverage and rate of hydrogenation.  

 

4.3.5 Kinetic Model for Benzyl Phenyl Ether Hydrogenolysis 

Applying our findings on the kinetics of PhOH hydrogenation, the kinetics of BPE 

hydrogenolysis catalyzed by Ni/-Al2O3 was reexamined. Previously, the kinetics in 2-

propanol were modeled using a pseudo-first-order kinetic equation.13 However, this model 

clearly does not describe the profile in n-decane (Figure S4.9). The behavior suggests the 

need to account for the adsorption of BPE and potentially the various hydrogenolysis 

products.  
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The Langmuir-Hinshelwood model for BPE hydrogenolysis consists of six reactions. Eq 

4.13 shows the dissociative chemisorption of H2 on available surface sites (*). Eqs 4.14-4.16 

describe the quasi-equilibrated adsorption of each organic species, displacing adsorbed 

solvent molecules (whose number is not known a priori). Eqs 4.16-4.18 show the kinetically 

significant reactions (not necessarily elementary) of the dissociation of BPE to give 

adsorbed benzyl and phenoxy,32,33 combination of these fragments with adsorbed H, and 

subsequent hydrogenation of adsorbed PhOH.  

    KH  (4.13) 

   KBPE  (4.14) 

   KPhOH  (4.15) 

   KTol  (4.16) 

    kBPE  (4.17) 

    kPhO  (4.18) 

    kBenzyl  (4.19) 

    kPHOH  (4.20) 

Since H2 is typically present in excess (ca. 20 mol H2/mol BPE), and since experiments 

conducted with higher H2 pressures showed no significant differences in either rate or 

product distribution (Figure S4.5),13 we assume that H2 adsorption is not competitive with 

BPE adsorption, and that its coverage, H, is constant.  
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The C-O bond cleavage in eq 4.17 is the rate-limiting step,32,33 therefore the coverages of 

all organic species are quasi-equilibrated. The adsorption-desorption equilibria can be 

described algebraically (eq 4.21-4.24), where θi is the surface coverage and Ci is the 

concentration of species i in solution. The complete site balance (excluding H) is given by 

eq 4.25. It assumes that solvent occupies any site not occupied by a reacting species. 

Substitution of eq 4.21-4.24 into eq 4.25 yields an equation for the surface coverage of 

solvent, θSolv (eq 4.26).  

 

      (4.21) 

      (4.22) 

     (4.23) 

      (4.24) 

    (4.25) 

  (4.26) 

Eq 4.26 can be simplified by assuming the contribution from KTol are small since θTol is 

expected to be small due to the weak competitive adsorption of toluene relative to PhOH. 

Adsorption of PhOH onto Ni/-Al2O3 showed ca. 4x more adsorption in the solvent toluene 

than 2-propanol, indicating weak competitive adsorption, Table S4.5. Additionally, the 

values of K´PhOH from PhOH hydrogenation at 448 k in 2-propanol and n-decane (Table 4.2) 
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were fixed in eq S4.1. Values for K´BPE in n-decane and 2-propanol did not change 

significantly with the absence of K´PhOH, but led to significantly smaller fit errors, Table 

S4.6. Thus, eq 4.26 simplifies to eq 4.27 and θBPE is defined in eq 4.28. 

    (4.27) 

    (4.28) 

The rates of BPE hydrogenolysis and PhOH hydrogenation are given in eq 4.29-4.30, 

where nNi is the moles of nickel active sites. 

    (4.29)  

   (4.30)  

where k´BPE=kBPE θH nNi /V, K´BPE =KBPE/CSolv, and V is the liquid volume under the reaction 

conditions. Here k´BPE is a “pseudo-zeroth-order” rate constant with dimensions [M s-1] and 

K´BPE is a conditional equilibrium constant with dimensions [M-1].  

 

4.3.6 Curvefits for the Benzyl Phenyl Ether Kinetic Profiles 

Values for k´BPE and K´BPE were estimated by fitting eq 4.29 to BPE kinetic profiles 

recorded in 2-propanol and n-decane, Table 4.4. The value of k´BPE is the same in both 

solvents (2-propanol: 5.6(2.0) M s-1; n-decane: 5.4(3.5) M s-1), while K´BPE appears to be 

much larger in n-decane, 65(400) M-1, than in 2-propanol, 11(10) M-1. However, the 

confidence interval for K´BPE in n-decane is very large, likely due to the small number of 

significant data points (5). Due to the agreement in k´BPE values, the value was fixed at the 

average, 5.5 M s-1, and K´BPE was estimated by fitting eq 4.29 to the n-decane data (Figure 
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4.10). The resulting value for K´BPE in n-decane is 22(11) M-1, which is double the value in 

2-propanol. Thus, the slightly faster rate of BPE hydrogenolysis in n-decane is likely caused 

by slightly more competitive adsorption of BPE, and higher θBPE, in the aprotic solvent. 

Adsorption of BPE onto by Ni/-Al2O3 is ca. 2x greater in n-decane than 2-propanol, Table 

S4.8, while adsorption of PhOH is ca. 7x greater in n-decane than 2-propanol. Solvent n-

decane likely interacts with BPE and PhOH in a similar manner, predominantly through 

London dispersion and van der Waals forces.35 In contrast, 2-propanol can hydrogen bond 

with PhOH leading to enhanced solvation and a decrease in adsorption relative to BPE.  
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Figure 4.10. BPE kinetic profiles during hydrogenolysis of BPE (0.33 mmol) catalyzed by 

Ni/-Al2O3 (30 mg, 2 wt% Ni) at 448 K with 50 bar H2, in either 2-propanol or n-decane as 

solvent (120 mL). The curvefit was obtained using eq 4.29, with only the first 10 data 

points, reflecting the timescale of BPE hydrogenolysis, used to calculate the sum of squared 

errors. Since the catalyst was air-exposed prior to use, all profiles had a short induction 

period (ca. 5 min, not shown), attributed to reduction of the surface oxide.  
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Table 4.4. Kinetic parameters for BPE hydrogenolysis a 

Solvent Two-parameter curvefit Single-parameter curvefitb 

 k´BPE [M s-1]     K´BPE [M-1] K´BPE [M-1] k´obs,BPE [s-1]  

2-propanol 5.6 (2.0) 11 (10) 12 (2) 66(11) 

n-decane 5.4 (3.5) 65 (400) 22 (11) 121(60) 

a Determined by minimizing the sum of squared errors. Values in parentheses indicate the 

95% confidence interval. b k´BPE fixed at 5.5 M s-1. Rate and equilibrium constants were 

calculated during the hydrogenolysis of BPE (0.33 mmol) catalyzed by Ni/-Al2O3 (30 mg, 

2 wt% Ni) at 448 K with 50 bar H2, in either 2-propanol or n-decane as solvent (120 mL). 

 

4.4 Conclusions 

Operando MAS NMR spectroscopy provides detailed kinetic and mechanistic 

information about the hydrogenolysis of BPE and hydrogenation of PhOH catalyzed by 

Ni/-Al2O3 in a wide range of solvents. One of the more significant findings to emerge from 

this study is the hydrogen bonding strength of the protic solvents playing a critical role in 

stabilization of PhOH in solution and competing for adsorption sites. The hydrogenolysis of 

BPE is shown to have a small dependence on the composition of the solvent used in the 

reaction, however the stability of the product PhOH is strongly solvent dependent. In protic 

solvents the stability of PhOH increases with hydrogen bonding strength, as defined by the 

∆pKa value, where ∆pKa values closer to 0 represent stronger hydrogen bonds. Protic 

solvents, such as t-butanol, with large ∆pKa values and thus weaker hydrogen bonding led to 

a greater extend of phenol hydrogenation. In aprotic solvents, the stability of phenol is found 

to correlate strongly with the solvents ability to compete for Ni active sites. Increases in 
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methylation of the aromatic ring showed a decrease in the adsorption strength of the solvent 

and thus a greater rate of phenol hydrogenation. With the strong correlations found between 

adsorption of PhOH onto the catalyst and rates of hydrogenation, rates of PhOH 

hydrogenation can be easily predicted with a simple adsorption experiment. Furthermore, 

applying these findings to the experimental design of new systems, rates and selectivites can 

be optimized with fewer reactions. 

 

4.5 Experimental Methods 

4.5.1 Chemicals.  

The following were purchased from commercial suppliers and used as received: toluene-

-13C and phenol-1-13C (98 % purity, 99 atom % 13C, Cambridge Isotopes), n-decane 

(anhydrous 99%, Sigma-Aldrich), p-xylene (99%, Sigma-Aldrich), toluene (anhydrous 

99.9%, Sigma-Aldrich), benzene (anhydrous 99.8%, Alfa Aesar), anisole (anhydrous 99.7%, 

Sigma-Aldrich), pyridine (anhydrous 99.8%, Sigma-Aldrich), 1-decanol (98%, Fisher), t-

butanol (anhydrous 99.5%, Sigma-Aldrich), 1-butanol (Certified ACS, Fisher), 2-propanol 

(HPLC Grade, Fisher), ethanol (100%), methanol (HPLC grade, Fisher), ethylene glycol 

(Reagent Grade, Fisher), water (HPLC grade, Fisher) Ni(NO3)2·6H2O (98.5%, Sigma-

Aldrich), γ-Al2O3 (≥97%, pore volume: 0.40 mL/g, B.E.T. surface area 185 m2/g, Strem) . 

Solvents Selectively 13C-labelled benzyl phenyl ether was synthesized from toluene--13C 

and phenol-1-13C according to literature procedures.13 The 2 wt% Ni/γ-Al2O3 catalyst was 

prepared using a modified literature procedure.13  
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4.5.2 Solution state NMR adsorption measurements.  

Phenol adsorption experiments were conducted by mixing 20 mg Ni/-Al2O3 with 1.5 

mL phenol solution (40 mM in various solvents). The resulting slurries were stirred using a 

vortex mixer for 30 min at room temperature (295 K), then centrifuged. The supernatant was 

decanted, and its 1H NMR spectrum was recorded on a Varian Unity Inova 500MHz NMR 

spectrometer. Every resonance for both phenol and the solvent were integrated and the ratio 

of the integrated NMR resonances for phenol and solvent was compared to that of the stock 

solution. The difference was used to determine amount of adsorbed phenol.  

 

4.5.3 Operando MAS-NMR Spectroscopy.  

Magic-angle-spinning (MAS) NMR experiments were performed on a Bruker Avance 

500MHz NMR spectrometer equipped with an 11.7 T magnet, and using a 7.5 mm 

Revolution NMR magic-angle spinning (MAS) triple resonance HXY probe. Calibration of 

the spectrometer temperature setting was achieved by acquiring 207Pb NMR spectra of 

Pb(NO3)2. Acquisition parameters have been previously described.13 

In a typical high T/P experiment, a customized 7.5 mm ZrO2 rotor was loaded with BPE 

or PhOH (6.0 mg), 2 wt% Ni/-Al2O3 (30 mg) and 2-propanol (120 L), then pressurized 

with 50 bar H2 at room temperature. The MAS rate was 3 kHz. Spectra were collected 

starting when the probe reached the desired temperature, ca. 5-10 min after heating of the 

rotor commenced. Each transient spectrum was acquired by averaging 2-8 scans, unless 

specified otherwise. 13C chemical shifts were referenced to TMS via a secondary standard, 

adamantane (37.48 ppm). 35 
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4.5.4 Kinetic analysis.  

Kinetic profiles for conversion of BPE, production of toluene and phenol, and 

hydrogenation of phenol were analyzed by non-linear least-squares curvefitting using 

MATLAB (MatWorks Software). Concentrations of all species were normalized based on 

the initial concentration of BPE and PhOH, Table S4.1. 
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4.7 Appendix III 

0

0.05

0.1

0.15

0.2

0.25

0 5 10 15

2-propanol
 c

o
n

c
e
n
tr

a
ti
o
n
 (

M
)

time post-induction period / min

y = m1+(m2-m1)*exp(-m3*(M0-2...

ErrorValue

0.86434-0.72438m1 

3.527894.296m2 

0.00288640.037679m3 

NA362.36Chisq

NA0.98508R

BPE-Avg

kBPE = 1.85(6)x10-3 s-1

n-decane

 

Figure S4.1. Comparison of BPE kinetic profiles in both 2-propanol and n-decane catalyzed 

by Ni/-Al2O3 (2 wt%) with 50 bar H2 and 120 µL of solvent, after heating to 448 K. Since 

the catalyst was air-exposed prior to use, all profiles had a short induction period (ca. 5 min), 

attributed to reduction of the surface oxide. 
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Figure S4.2. Mass balance in both 2-propanol and n-decane for the BPE hydrogenolysis 

reaction catalyzed by Ni/-Al2O3 (2 wt%) with 50 bar H2 and 120 µL of solvent, after 

heating to 448 K. 
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Figure S4.3. Kinetic analysis of individual 13C NMR profiles recorded during PhOH 

hydrogenation in a rotor loaded with air-exposed Ni/-Al2O3 (2 wt%), 50 bar H2, and 120 µL 

of solvent, after heating to 200 °C. Data collected during the induction period were removed 

prior to non-linear least-squares curvefitting. All solvents were analyzed with a Langmuir 

Hinshelwood based model (eq 4.29).  
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Figure S4.4. Kinetic analysis of individual 13C NMR profiles recorded during PhOH 

hydrogenation in a rotor loaded with air-exposed Ni/-Al2O3 (2 wt%), 50 bar H2, and 40 µL 

of solvent, after heating to 200 °C. Data collected during the induction period were removed 

prior to non-linear least-squares curvefitting. All solvents were analyzed with a single 

exponential rate equation.  
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Figure S4.5. Rate constants for PhOH hydrogenation obtained by operando 13C MAS NMR 

during hydrogenation of PhOH (0.63 mmol) catalyzed by Ni/-Al2O3 (30 mg, 2 wt% Ni) at 

448 K with 25-100 bar of H2 gas. 



 

 
171 

Table S4.1. Liquid solvent volumes and PhOH concentrations at 473 K 

Solvent Liquid fraction (%) Volume a Cs CPhOH, initial 
 

from NMR from Antoine eq (µL) (M) (M) 

n-decane - 97.5 140 4.3 0.45 

p-xylene - 96.5 136 6.9 0.46 

benzene 89 91.2 133 9.2 0.47 

toluene - 94.6 135 7.9 0.47 

anisole - 97.9 136 7.9 0.46 

pyridine - - - - - 

1-decanol - 99.4 137 4.6 0.46 

t-butanol 85 85.2 122 8.8 0.52 

1-butanol - 94.1 128 9.6 0.49 

2-propanol 82 86.1 123 11.0 0.51 

ethanol 86 88.4 126 14.4 0.50 

methanol 88 89.4 135 19.6 0.47 

ethylene 

glycol 

- 99.6 

131 

16.3 0.48 

water - 98.8 123 53.6 0.51 

a Calculated using the thermal expansion of the solvent at the reaction temperature. 
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Table S4.2. Rate and equilibrium constants for PhOH hydrogenation in methanol and 

ethylene glycol without fixing k´  

Solvent 
k´  

(M s-1) 

K´ 

(M-1) 

kobs (k´K´)  

(s-1) 

methanol 46(1,500) 0.011(0.35) 0.51(560.) 

ethylene-glycol 66(950) 0.019(0.27) 1.3(260.) 

Reaction conditions: PhOH (6.0 mg, 0.063 mmol), Ni/-Al2O3 (2 wt% Ni, 30.0 mg), 120 L 

solvent, 50 bar H2, 473 K. 

 

Table S4.3. Rate and equilibrium constants for PhOH hydrogenation in methanol and 

ethylene glycol using pseudo-first order fit 

Solvent 
kobs 

(s-1) 

methanol 0.49(1) 

ethylene-glycol 1.3(1) 

Reaction conditions: PhOH (6.0 mg, 0.063 mmol), Ni/-Al2O3 (2 wt% Ni, 30.0 mg), 120 L 

solvent, 50 bar H2, 473 K. 
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Figure S4.6. Variation of the apparent rate constant kobs,PhOH (product of k´PhOH and K´PhOH) 

for PhOH on the catalyst surface, with solvent dielectric constant. The various solvents 

studied are aromatics (red), alcohols (purple), n-decane (orange) and water (blue). Rate 

parameters were obtained from curvefits of kinetic profiles for PhOH hydrogenation at 473 

K.  
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Table S4.4. Equilibrium adsorption of PhOH on Ni/-Al2O3 at 295 K  

Solvent pKa 

H-bond 

acceptor 

ability 

H-bond 

donor 

ability 

Adsorption 

(mmol gcat
-1) 

% Phenol 

adsorbed 

n-decane - 0 0 0.65 22 

p-xylene - 0.12 0 0.39 13 

benzene - 0.11 0 0.30 10 

toluene - 0.10 0 0.32 11 

anisole - 0.32 0 0.27 9.0 

pyridine - 0.64 0 0.15 5.0 

1-decanol 16.8 0.82 0.70 0.093 3.1 

t-butanol 18.1 0.84 0.79 0.11 3.7 

1-butanol 16.9 0.84 0.84 0.082 2.7 

2-

propanol 
17.3 0.84 0.76 0.10 3.3 

ethanol 16 0.75 0.86 0.058 1.9 

methanol 15.5 0.66 0.98 0.011 0.37 

ethylene 

glycol 
15.1 0.52 0.91 0.022 0.73 

water 15.7 0.47 1.17 0.099 3.3 
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Figure S4.7. Relationship between the equilibrium constant k´obs,PhOH extracted from kinetic 

profiles for PhOH hydrogenation catalyzed by Ni/-Al2O3 at 473 K in various solvents (see 

Methods for reaction conditions) to PhOH adsorption constants K´cat measured directly in 

the same solvents at 295 K.  
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Figure S4.8. Correlation between solvent ∆pKa and the corresponding PhOH adsorption 

constant K´cat on Ni/-Al2O3, measured at 295 K.  Ethylene glycol and water were not 

included in the trendline, due to the multiple H-bonds each solvent molecule can form. 

 

Table S4.5. Amounts of PhOH adsorbed onto -Al2O3 and Ni/-Al2O3 from various 

solvents at 295 K  

Adsorbent Adsorbed amount (mmol gcat
-1) K´cat (M-1) 

 n-decane toluene 2-propanol n-decane toluene 2-propanol 

As-received 

-Al2O3 
1.6 0.74 0.28 60 11 2.9 

Pretreated  

-Al2O3
a 

0.85 0.55 0.05 14 6.7 0.44 

NiAl2O4 0.81 0.55 0.06 13 7.2 0.55 

Ni/-Al2O3 0.65 0.32 0.10 9.0 3.5 0.88 

a Pretreated -Al2O3 was pretreated following the same procedure as the Ni/-Al2O3 catalyst. 

Calcination of the material in air at 1123 K for 5 hr, followed by reduction at 1123 K for 2 

hr in flowing H2. 
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Table S4.6. Kinetic parameters for BPE Hydrogenolysis with the addition of K´PhOH in 

the denominator of the Langmuir model. Values in parentheses indicate the 95% 

confidence intervals. 

Solvent K´BPE [M-1] 

 

K´BPE [M-1]  

(K´PhOH fixed to 3.0 M-1) 

2-propanol 12 (2) 13(2) 

n-decane 22 (11) 23(13) 

Reaction conditions: BPE (6.0 mg, 0.033 mmol), Ni/-Al2O3 (2 wt% Ni, 30.0 mg), 120 L 

solvent, 50 bar H2, 448K. 

 

BPE rate equation with contributions of K´PhOH in the denominator of the equation: 
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Figure S4.9. BPE kinetic profile fit a pseudo-first order model. Reaction conditions: BPE 

(6.0 mg, 0.033 mmol), Ni/-Al2O3 (2 wt% Ni, 30.0 mg), 120 L solvent, 50 bar H2, 448K. 
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Table S4.7. Adsorption measurements of BPE and PhOH to the catalyst and support at 

room temperature in both 2-propanol and n-decane. 

Adsorbate Adsorbent 2-propanol 

(mmol/gcat) 

n-decane 

(mmol/gcat) 

BPE  Ni/-Al2O3 0.027 0.076 

BPE  -Al2O3 0.050 0.12 

PhOH Ni/-Al2O3 0.10 0.67 

PhOH  -Al2O3 0.043 0.87 

CyOH  Ni/-Al2O3 0.055 0.77 

CyOH  -Al2O3 0.033 0.80 

 

 




