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ABSTRACT 

 

Tuning the surface polarity of SBA-15 type materials for controlled molecular adsorption, 

hydration dynamics, and heterogeneous catalysis 

 

by 

 

Hyunjin Moon 

 

Surface polarity may impact the rate and selectivity of heterogeneous catalytic 

reactions because of the different affinities of the surface for reactants, products, and spectator 

molecules (e.g., solvent), and may affect the stability of the catalyst under operating 

conditions. Surface polarity must be varied systematically in order to construct structure-

activity correlations. In addition, the lack of methods to assess surface polarity and solid-liquid 

interfaces makes it difficult to construct such a correlation in heterogeneous catalysis.  

To explore the effect of surface polarity, a series of ordered mesoporous organosilica 

materials with similar surface textural properties but a wide range of surface polarities was 

prepared via the incorporation of oxo, phenylene, and biphenylene bridging groups in various 

ratios. The SBA-15-type materials were synthesized through co-condensation and were 

characterized using TGA, powder XRD, and 13C CP/MAS NMR. The surface polarity was 

probed by measuring the fluorescence of a solvatochromic dye, Prodan, adsorbed onto the 

organosilica surfaces from water. By comparing the emission maxima of the fluorescence 

from the dry materials to that of the dye dissolved in various solvents, the surface polarities 

were observed to range from values similar to methanol for the pure silica material, to DMSO 
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for biphenylene-bridged organosilicas. Surface functionalization with TEMPO allowed us to 

probe surface polarity using electron paramagnetic resonance (EPR) spectroscopy, since the 

line broadening of the EPR signal increases with decreasing surface polarity. 

In order to study the role of silica surface chemistry and polarity on the properties of 

near-surface water, the translational dynamics of surface water were investigated using 

Overhauser dynamic nuclear polarization. In pure silicas, condensation of polar silanols to 

give moderately nonpolar siloxane groups leads to an increase in translational water 

diffusivity due to the weak interactions between the surface and water. In contrast, 

increasingly nonpolar surfaces achieved by incorporating organic groups, such as phenylene, 

biphenylene and ethylene bridges, lead to a gradual decrease in surface water diffusivity. The 

opposite trend for water diffusivity observed for the nonpolar, organic surfaces is likely due 

to the formation of a strong hydrogen-bonding network at the organic-water interface. 

Hydrophilic catalysts with surface silanol groups and hydrophobic catalysts with 

biphenylene linkers were synthesized by incorporating Pd into the ordered mesoporous silicas. 

Phenol hydrogenation was studied using operando NMR spectroscopy. In addition to the 

signals for solution-phase molecules, additional peaks representing each of the key molecules 

(phenol, cyclohexanone, and cyclohexanol) interacting with the catalyst surface were 

observed. The latter peaks shifted during the reaction due to the changing composition of the 

adsorbed layer the surface. Quantitative analysis of the NMR arrays and measurements of 

adsorption suggest that an increased local phenol concentration on the surface leads to an 

increase in Pd active site-phenol interactions, accelerating the rate of phenol hydrogenation 

while suppressing the rate of cyclohexanone hydrogenation despite increased cyclohexanone 

adsorption onto the support. 
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The effect of solvent polarity on phenol adsorption and hydrogenation was also 

investigated as a function of surface type. Solvents that do not solvate phenol well and 

therefore allow appreciable phenol adsorption, such as cyclohexane and water, lead to 

significantly faster phenol conversion compared to organic solvents that solvate phenol well, 

such as acetonitrile, THF, and p-dioxane. The use of hydrophobic catalysts in cyclohexane 

and water further improved the rate of phenol conversion (by a factor of ca. 2) and selectivity 

to cyclohexanone (by ca. 20 %), due to the increased interaction between phenol and the 

surface compared with the hydrophilic catalyst. 

Overall, this research demonstrates how different methods can be used to assess 

surface properties such as polarity and hydration dynamics at the molecular level, and shows 

that tuning surface polarity is an effective strategy to modulate molecular adsorption and 

activity/selectivity in heterogeneous catalysis. 
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Chapter 1. Introduction 

 

1.1 Background 

The manufacturing of chemical building blocks from renewable feedstocks, including 

lignocellulosic biomass, as well as from discarded synthetic polymers, is an important long-

term goal in building a sustainable domestic chemical industry. Co-production of higher value 

chemicals can also help to make the manufacturing of renewable fuels more economical. For 

example, the hydrogenolysis/hydrogenation of biomass-derived alcohols represents an 

important route to supplying drop-in replacements for petroleum- and natural gas-derived 

olefins. The efficient and selective conversion of non-volatile molecules to value-added 

chemicals is an important challenge for distributed manufacturing. Conducting reactions in 

semi-aqueous solvent systems and under mild reaction conditions (relatively low temperatures) 

requires highly active and hydrothermally stable catalysts. These properties can be enhanced 

by selecting an appropriate solvent type and tuning the catalyst support to modulate the 

partitioning of dissolved molecules between the bulk solution phase and the catalytically 

active solid-liquid interface.  

 

1.2 Objectives 

This thesis investigated the interdependent support-solvent-solute interactions that 

control activity and selectivity in reactions of biomass-relevant alcohols. The coupled roles of 

solvent and catalyst in these liquid-phase reactions were explored in order to enable the design 

of more effective heterogeneous catalysts. The study contributes to the molecularly-precise 
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characterization of catalyst supports and active sites, the dynamics of adsorbed reactants and 

products, as well as solvent dynamics and partitioning to the surface relative to the bulk. 

Surface structure-property-function relationships are established to understand and direct the 

selectivity of heterogeneous catalysts. Changing the surface hydrophilicity may allow us to 

control the rates and selectivities of heterogeneous catalytic reactions by varying the affinity 

of the surface for reactants, products, and spectator molecules (e.g., solvent). It may also affect 

the stability of the catalyst under its operating conditions. Thus, this thesis aimed to answer 

the following key questions: (1) Can catalytic activity and selectivity be controlled 

systematically by varying the solvation barrier that modulates solute approach to the catalyst 

surface and its adsorption? (2) Can the solvation barrier for solute approach and adsorption be 

modulated systematically by tuning the hydrophobicity of the catalyst surface and the solvent 

types?  

 

1.3 Organization of dissertation 

The remainder of Chapter 1 describes some of the key techniques and analysis used in 

the rest of the dissertation. Chapter 2 describes how mesoporous materials with gradually 

varying surface polarity were synthesized using silica precursors and how the difference in 

surface polarity of mesoporous materials was assessed using a solvatochromic dye, Prodan, 

and electron paramagnetic resonance (EPR) spectroscopy. After that, the effect of surface 

polarity and solvent types on the extent of molecular adsorption was described. Chapter 3 

focuses on the effect of surface polarity and chemistry on water dynamics, and thermodynamic 

properties of interfacial hydration. Chapter 4 describes the effect of molecular adsorption on 

activity and selectivity in phenol hydrogenation reaction, mainly relying on operando NMR 
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experiments. Chapter 5 discusses the effect of solvent types on molecular adsorption and 

activity. Furthermore, the effect of the interplay between surface and solvent types on activity 

and selectivity in phenol hydrogenation is discussed. Chapter 6 summarizes the key findings 

in this thesis and suggests future research to further advance heterogeneous catalysis in the 

biomass conversion area. 

 

1.4 Experimental methods 

1.4.1 Synthesis and properties of Periodic Mesoporous Organosilicas (PMO) with 

varying surface polarity 

In synthetic catalysts, surface hydrophilicity has generally not been varied over a wide 

range, and it is usually convoluted with changes in macro/microstructure that make it difficult 

to relate changes in reaction efficiency to the changes in surface hydrophilicity. In order to 

obtain quantitative information about solid/liquid interfaces, the surface hydrophilicity of 

catalytic materials must be varied systematically while without altering the basic textural 

properties.  

Thus, in this study, SBA-15 type materials with systematically controlled 

hydrophilicity were synthesized through co-condensation with organosilica sources. Research 

regarding synthesis of organosilica was actively conducted in the late 1990s and 2000s. The 

purpose of that research was to modify surface properties and to form mesostructured 

materials with diverse functional groups.1–3 According to the results, most of the mesoporous 

materials were synthesized using surfactants with short chain lengths, such as cetrimonium 

bromide and Brij-76, thus yielding materials with small pore diameters less than 4 nm. In 

many cases, the resulting mesoporous organosilicas showed non-ordered structures.4,5 These 
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materials are susceptible to fouling and show lower structural stability. Investigations of 

adsorption efficiency based on surface properties without fouling effects requires the synthesis 

of SBA-15 materials with ordered mesostructures, similar macrostructures, large pore 

diameters and surface areas. 

Thus, a series of ordered mesoporous organosilica materials with similar surface 

textural properties but a wide range of surface polarities was prepared via the incorporation 

of oxo, phenylene, and biphenylene bridging groups. The surface polarity was further 

controlled by co-condensation, a method in which two different silica precursors are injected 

in a pre-determined ratio to modulate the surface density of aromatic groups. Among various 

organosilicas, 1,4-bis(triethoxysilyl)benzene and 4,4’-bis(triethoxysilyl)-1,1’-biphenyl were 

used, since PMOs synthesized with aromatic surface functional groups have high thermal 

stability (up to ca. 500 °C in air), which is a desirable property in heterogeneous catalysis. 

 

1.4.2 Surface polarity measurements 

The fluorescence of organic dyes is sensitive to the polarity of the environment. 

Fluorescent probes have been used to study biologically relevant systems, such as membranes 

and proteins. Prodan dye undergoes intramolecular charge transfer upon photoexcitation (Fig. 

1.1a). The electronic energy level is affected by the dipole-dipole and H-bonding interactions 

in its surroundings.6 Thus, increasing solvent polarity leads to a red shift in the fluorescence 

emission, Fig. 1.2b. For example, Prodan fluoresces at wavelengths of 527, 484 and 447 nm 

when it is dissolved in water, 1-butanol and acetone, respectively.6 In this study, Prodan was 

adsorbed on the surface of SBA-15 materials from aqueous solution. Prodan-modified 

materials were obtained after removing the solution phase, and fluorescence spectra were 
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collected using an excitation wavelength of 360 nm. The obtained λmax values were used as 

an indicator of surface polarity, by comparing the values with those obtained in typical 

solvents. 

 

 

Fig. 1.1. (a) The ground and excited states of Prodan dye.  (b) Photograph showing the 

fluorescence of Prodan dissolved in various solvents.  

 

1.4.3 Overhauser Dynamic Nuclear Polarization (ODNP) relaxometry 

The diffusivity of near-surface water depends on the surface polarity. For example, 

lower water diffusivity is expected for polar silica with a higher silanol density, owing to the 

formation of more hydrogen bonds between water and surface hydroxyl groups, relative to 

less polar silica whose surface is dominated by siloxanes. In addition, the surface water 

diffusivity can provide insight into the molecular behavior of water in mesopores. 

Measurements of surface water diffusivity were conducted using Overhauser dynamic 

nuclear polarization (ODNP).7 In contrast to other methods for measuring diffusivity, such as 

T1 relaxation measurements, pulsed-field gradient NMR, and quasi-elastic neutron scattering, 

the ODNP method is surface-sensitive, because it excludes the contributions of bulk 

translational motion by water molecules. Surface sensitivity is achieved by measuring 

translational diffusivity within ~1 nm of a tethered spin label, such as a nitroxide radical.8 To 
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incorporate the spin label onto the surface of a mesoporous silica, the silanol groups were first 

functionalized by reaction with aminopropyltriethoxysilane. The resulting grafted 

propylamine groups were then modified by reaction with 4-carboxy-TEMPO. When a sample 

containing TEMPO is irradiated with microwaves at a specific frequency (the electron Larmor 

frequency), polarization is transferred from the unpaired electron spin to the nuclear spins of 

nearby water molecules through the dipolar interaction, thus increasing the intensity of the 

proton NMR signal from those water molecules. The magnitude of enhancement is a known 

function of the mobility of this nearby water, thus allowing one to obtain local water 

diffusivity by measuring NMR signals under microwave irradiation. 

An important parameter is the cross-relaxivity, kσ, which reflects the rate of water 1H 

nuclear spin flips driven by dipolar couplings to electron spins that lead to hyperpolarization. 

The physical processes that affect the value of kσ occur on time scales of tens of picoseconds. 

This time scale includes relatively rapid diffusion of water molecules near the spin probes. 

The lifetime of the interaction between the electron spin and water is the correlation time, τcorr. 

To assess the retardation of hydration dynamics from τcorr, the ratio to the known value 

corresponding to unhindered diffusion of water near an untethered spin probe in bulk water 

solution is measured (eq. 1.1) 

 

                                           τcorr retardation = τcorr,local / τcorr,bulk                           (1.1) 

 

Typically, τcorr is converted to Dlocal using a simple model that assumes the act of 

tethering a spin probe does not alter the distance or dimensionality of closest approach of a 

diffusing water molecule, relative to an untethered spin probe diffusing in bulk solution. With 
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this assumption, the inverse of τcorr retardation can be used to find Dlocal by simply scaling the 

sum of the diffusivities of water (Dwater) and spin probe (DSL) diffusing together in the bulk 

solution: 

 

                                    Dlocal = (Dwater + DSL) τcorr,bulk / τcorr,local                    (1.2) 

 

A previous study showed that the relationship between the two measures of 

retardation, (τcorr,local/τcorr,bulk) and (kσ,bulk/kσ,local), is approximately linearly up to a retardation 

factor of ~6, and after this continues to increase monotonically. However, as noted above, eq. 

(1.2) assumes isotropic water motion and 3-dimensional access to the spin probe, which does 

not hold for surfaces, meaning the absolute magnitudes of retardations measured in terms of 

kσ and τcorr will differ. Nevertheless, the linear relationship between kσ and τcorr retardation 

means that, although different in magnitude, trends in hydration water retardation will be the 

same. Thus, in this thesis, we rely solely on kσ retardation to obtain Dlocal values. 

 

1.4.4 Operando 13C MAS NMR spectroscopy 

The drawbacks of ex situ methods are that each data point represents a perturbation of 

the system, and curvefits of a small number of data points can miss subtle features in the 

kinetic profile. In contrast, operando measurements (in which spectra and kinetics are 

observed concurrently) provide information without sampling and generally give much more 

data regarding temperature- and time-dependent changes in chemical species. To make 

operando NMR measurements of solid catalysts, a new MAS NMR rotor, named a WHiMS 

rotor after its inventors, was used.9 This rotor allows observations at high pressures and 
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temperatures (e.g., 400 bar at 20 °C, or 225 bar at 250 °C). This range includes many reactions 

of interest. 

Scheme 1 shows the design of a WHiMS MAS rotor. Catalyst and solvent are loaded 

into a rotor and a bushing with two O-rings is installed. Next, the rotor is sealed with a screw 

and placed inside a pressure vessel. When the pressure is increased, gas flows into the rotor 

and equalizes with the pressure in the vessel by causing the O-rings to flex. Upon 

depressurizing the pressure vessel, the pressurized rotor is sealed. 13C-enrichment is helpful 

in order to obtain 13C NMR kinetic profiles in a short period of time. Peak areas are readily 

converted to concentration for each chemical species. 

 

 

Scheme 1.1. Design of the WHiMS MAS rotor used for operando NMR experiments.9 
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Chapter 2. Tuning molecular adsorption in SBA-15-type periodic 

mesoporous organosilicas by systematic variation of their surface polarity 

 

2.1 Abstract 

Surface polarity plays a key role in controlling molecular adsorption, with major 

implications for reactions and separations both separately and in combination. In this study, 

the polarity of periodic mesoporous organosilicas (PMOs) was varied by co-condensing 

Si(OEt)4 with various organodisilanes, to create a homologous series of materials with similar 

surface areas, pore volumes, and hydroxyl contents, but different chemical compositions. 

Their relative surface polarities cover a wide range, established by measuring the fluorescence 

of a solvatochromic dye, Prodan, adsorbed onto each organosilica surface. The EPR spectra 

of materials modified with tethered nitroxide radicals reveal monotonically decreasing 

mobility as more of the radicals interact strongly with the increasingly non-polar surface. The 

surface properties of the PMOs are correlated with their affinities for organic molecules 

dissolved in various solvents. The most polar material has negligible affinity for the organic 

molecules phenol, p-cresol, or furfural dissolved in water. However, adsorption becomes 

increasingly favorable as the surface polarity decreases, due to stronger solute-surface 

interactions. Interestingly, the trend is reversed for furfural when this solute was dissolved in 

benzene, resulting in much greater adsorption on more polar surfaces due to weaker solvent-

surface interactions. Thus, the polarity of the surface relative to the solvent is critical for 

systematic tuning of molecular adsorption equilibria. These findings demonstrate that 
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adsorption/desorption can be significantly altered by the rational choice of solvent and 

surface, and that improved catalytic processes can be designed using this information.  

 

2.2 Introduction 

Modulating the polarity of the condensed phase reaction environment by changing the 

solvent is a promising strategy to improve the efficiency of emerging energy technologies like 

the valorization of biomass, by increasing the activity and selectivity of catalysts.1–3 For 

example, levulinic acid yields from acid-catalyzed dehydration of mono- and oligosaccharides 

are highest in water compared to THF or toluene, since oligomerization side-reactions are 

suppressed by better solvation of sugars and their dehydration products in the aqueous 

solution.4 The polarity of the reaction medium can also be modified by including a co-solvent, 

or by adding a salt.5,6  

In the case of heterogeneous catalysts, surface polarity can influence catalytic activity 

by altering the adsorption of molecules at or near the active sites, as well as the activation 

barriers for reactions at those sites. Thus, Pd supported on a hydrophilic zeolite showed higher 

furfural conversion and selectivity to furan to Pd on a hydrophobic zeolite, due to the higher 

affinity of the former catalyst for furfural relative to furan.7 The surface polarity depends on 

the chemical composition of the catalyst,1,2,8 but modifying this composition often changes 

other influential characteristics such as textural properties, the extent of confinement, the 

number of active sites, and even their identity. The resulting complexity hinders the 

investigation of correlations between surface polarity and catalytic activity/selectivity. For 

example, the surface polarities of zeolites and ZrO2 increase in parallel with increasing 
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numbers of strong Brønsted acid sites.9,10 To achieve a desired reactivity, the polarity of both 

the catalyst and the solvent system must be tuned precisely and independently.  

Some catalyst support materials, such as silicas and carbons, are readily modified post-

synthesis with varying types and concentrations of chemically distinct components that alter 

their surface polarity.7,11,12 For example, the pore surfaces of ordered mesoporous silicas (e.g., 

MCM-41, SBA-15) can be functionalized by anchoring hydrocarbon chains and/or other 

functional groups to change the interfacial polarity.13,14 However, other synthesis methods do 

not allow independent control of polarity and textural properties.7,14,15 Co-condensation is a 

powerful strategy to separate these effects, since two or more different types of (organo)silica 

precursors can be incorporated in varying amounts, while controlling the morphology through 

the use of a templating agent.16 Nevertheless, differences in condensation rates can cause 

significant changes in surface area and/or pore volume, and increase variability in the series 

of target materials.17,18 In this work, we synthesized a family of periodic mesoporous 

organosilicas (PMOs) with similar meso- and macrostructures, surface areas and pore 

volumes, by co-condensing an inorganic silica source with varying amounts of two 

organodisilanes to create hybrid materials with gradually increasing organic content (Scheme 

2.1). 
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Scheme 2.1. (a) Chemical structures of the three silica precursors used in this work, and (b) 

the surface compositions of some of the resulting SBA-15-type materials.  

 

An assessment of surface polarity is required to describe the effect of compositional 

changes on adsorption. Contact-angle measurements and water vapor adsorption isotherms 

correlate with surface polarity,7,19,20 but their interpretation can be complicated for rough 

heterogeneous surfaces and porosity. Instead, the polarity of each PMO was determined by 

comparing the fluorescence of an adsorbed solvatochromic dye, Prodan, with the fluorescence 

of the same dye in various solvents of known polarity. This technique was used in a previous 

study to estimate the interfacial polarity of MCM-41-type materials whose pore surfaces were 

functionalized with diverse organic groups such as methoxypropyl, cyanoethyl, etc.13 In 

addition, EPR lineshape analysis was used to assess changes in mobility of TEMPO (2,2,6,6,-

tetramethylpiperidinyloxy) spin labels covalently attached to and interacting with PMO 

surfaces.21,22 Finally, we explored how surface and solvent polarity together controlling the 

extent of adsorption of representative organic molecules relevant to the conversion of 
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lignocellulosic biomass.  

 

2.3 Materials and methods 

2.3.1 Chemicals 

Tetraethylorthosilicate (TEOS, 98%), 1,4-bis(triethoxysilyl)benzene (BTEB, 96%), 

4,4′-bis(triethoxysilyl)1-1′-biphenyl (BTEBP, 95%), Pluronic 123, p-cresol (99%), phenol 

(99%), furfural (99%), anisole (>99%), vanadium oxytrichloride (99%) and N-(3-

dimethylaminopropyl)-N- ethylcarbodiimide hydrochloride, and N,N-dimethyl-6-propionyl-

2-naphthylamine (Prodan) were purchased from Sigma Aldrich. 4-Carboxy-TEMPO and 3-

aminopropyldimethylethoxysilane were purchased from Santa Cruz Biotechnology and 

Gelest, Inc., respectively. Deuterium oxide (99.9%), dimethylsulfoxide-d6 (99.9%) and 

benzene-d6 (99.5%) were obtained from Cambridge Isotope Laboratories, Inc. All chemicals 

were used as-received. 

 

2.3.2 Synthesis of PMOs based on TEOS, BTEB, and their mixtures 

Following a literature procedure for the synthesis of SBA-15,23 Pluronic P123 (3.0 g) 

was dissolved with a stirring in 0.2 M aqueous HCl (106 mL) overnight in a tightly sealed 

glass flask. The solution temperature was lowered to ~2 °C with an ice bath and TEOS (30 

mmol, 6.68 mL) was added dropwise at a rate of ca. 1 mL/min while stirring at 150 rpm. After 

1 h, the solution was heated to 40 °C in a water bath and stirred for 23 h. The reaction mixture 

was transferred to a Parr pressure reactor equipped with a Teflon liner (125 mL) and placed 

in an oven at 100 °C for 48 h. The resulting suspension was filtered and washed with ~500 

mL water, then dried overnight in air at 100 °C. Residual P123 was removed by ethanol 
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Soxhlet extraction at 110 °C in an oil bath for 24 h. Finally, the material was dried at 70 °C in 

air for 12 h to remove ethanol and the remaining P123 was eliminated by calcination at 250 

°C in air for 3 h. At this temperature, residual P123 decomposes, while organic groups in the 

framework are preserved.24 

The synthesis procedure was adjusted to prepare the material based on BTEB. In 

general, fully siliceous SBA-15 is best synthesized under acidic conditions, with HCl 

concentrations in the range 1.5-2.0 M (corresponding to a HCl:H2O molar ratio of ca. 0.03). 

However, when BTEB is injected in this pH range, the hydrolysis of the organodisilane is 

much faster than that of TEOS.25–27 Consequently, the organosilane condenses rapidly without 

sufficient interacting with P123, resulting in a poorly ordered structure. Thus, hydrothermal 

reaction at 40 °C for 24 h gave a dense white precipitate and a semi-transparent gel. The XRD 

pattern of the powder recovered from the white precipitate lacks the (110) and (220) 

reflections characteristic of long-range mesopore ordering. A lower HCl:H2O molar ratio 

(between 10-3 and 10-4) retards the hydrolysis/condensation of the organosilane, although 

mesoscale ordering is not greatly affected until the isoelectric point (pH ~2) is reached.26,27 

Therefore a ten-fold smaller HCl concentration, 0.2 M, was used.  

PMOs containing various fractions of phenylene bridging groups in the framework 

were synthesized using mixtures of TEOS and BTEB, whose relative amounts were adjusted 

as shown in Table A2.1 to ensure mesostructure formation. For co-condensed materials, the 

appropriate ratio of precursors is determined by the strengths of their interactions with P123. 

Here, the same amount of P123 was used in all syntheses, but the relative amounts of TEOS 

and BTEB were adjusted (see Table A2.1). Each material is named according to the type of 
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silane precursor (T: TEOS; B: BTEB; BP: BTEBP) and their relative proportions. For 

example, T50-B50 was synthesized using 50 % TEOS and 50 % BTEB as silica precursors.   

 

2.3.3 Synthesis of BTEBP-containing PMOs  

Well-ordered B75-BP25 was made following the procedure described above, by co-

condensing 5.5 mmol BTEB with 1.8 mmol BTEBP. However, the same reaction conditions 

did not lead to mesophase formation in the fully biphenylene-bridged PMO (BP100).  

Therefore, BP100 was synthesized using 1-butanol28,29 as a co-surfactant with P123, following 

the method described by Yang et al.30 P123 was dissolved in acidic aqueous solution (0.5 M 

HCl, 106 mL), then 1-butanol (11 mmol) was added at room temperature. After stirring for 1 

h, BTEBP (6.5 mmol) was added and the solution temperature was increased to 40 °C. After 

24 h, the reaction mixture was transferred to a Parr pressure reactor (125 mL), where it was 

aged at 100 °C for 48 h. The surfactant was removed following the procedure described above.  

 

2.3.4 Materials characterization  

Powder X-ray diffraction patterns were acquired from 0.5 to 3° [2θ], and from 5 to 50° 

[2θ], using a Rigaku X-ray diffractometer with Cu Kα radiation. N2 sorption isotherms were 

measured at 77 K using 3Flex Micrometrics equipment. Before measurement, each material 

was outgassed at 423 K for 8 h in flowing N2 to remove physically adsorbed water. The 

apparent surface area was calculated using the Brunauer-Emmett-Teller (B.E.T.) equation, 

assuming a molecular area for adsorbed N2 of 0.135 nm2.31 The total pore volume was 

obtained from the amount of N2 adsorbed at P/P0 = 0.99. The average pore diameter was 

calculated by analyzing the adsorption branch of the N2 isotherm, using the Barret-Joyner-
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Halenda (B.J.H.) method. 13C CP-MAS NMR spectra were acquired at room temperature on 

a 500 MHz WB Bruker Avance NMR Spectrometer, in an 11.7 T magnetic field.  

 

2.3.5 Silanol group quantification 

The number of accessible surface silanol groups was determined via reaction with 

VOCl3.32 A PMO sample (ca. 40 mg) was placed in a Schlenk flask and evacuated at 0.1 

mTorr and 170 °C for 7 h to remove physisorbed water. Its absence from the dry PMO was 

confirmed by IR. Excess VOCl3 vapor (ca. 1 mmol) was transferred under reduced pressure 

at room temperature and allowed to react for 30 min. The chemisorbed vanadium was 

extracted from a precisely weighed sample (approx. 10 mg) by stirring in 5 mL of 1 M H2SO4 

solution containing H2O2 (0.26 M).32 The resulting solution contains a mixture of red-brown 

mono- and bis(peroxo)vanadium(V) complexes. The absorbance, measured at 448 nm using 

a Shimadzu UV-2401 UV-vis spectrophotometer, was compared to a calibration curve 

prepared using ammonium vanadate under same experimental conditions. The calculation of 

vanadium content was corrected for the change in PMO mass caused by modification with 

VOCl3 as follows: for x mg V-modified PMO, and a measured vanadium concentration in the 

solution of y mmol/mL, the amount z of unmodified PMO present in the analysis solution 

(mg/mL) is z = (x/5) – 136.8y, where 136.8 mg/mmol is the difference in molecular between 

[VOCl2] and the proton it replaces. Since the vanadium content is equal to the number of 

accessible silanols,32 the SiOH surface density (αOH) is y/z mmol/mg.  

 

2.3.6 Fluorescence measurements 
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An aqueous solution of Prodan (15 μM) was prepared by vigorous stirring at room 

temperature for 6 h. Each PMO (20 mg) was stirred with 15 mL Prodan solution for 10 h, then 

centrifuged at 3000 rpm for 15 min. The supernatant liquid was decanted and the solid was 

dried at 100 °C for 6 h in air. Emission spectra for the dry powders were recorded with a 

Horiba FluoroMax 4 spectrometer, using an excitation wavelength of 365 nm. The peak 

maximum lmax was obtained from the zero-crossing of the first-derivative. Spectra were also 

acquired for each PMO powder dispersed in water. Relative polarity values were interpolated 

using the solvent correlation between relative polarity33 and lmax recorded for dissolved 

Prodan,34 fitted using a second-order polynomial function. 

 

2.3.7 EPR spectroscopy 

For selected PMOs, a small fraction (ca. 1 %) of surface silanols were modified with 

TEMPO (referred to as the spin label), using the coupling reaction between tethered 

propylamine and carboxy-substituted TEMPO, following a slightly modified literature 

procedure.35,36 Each PMO (20 mg) was suspended in phosphate buffered saline solution (pH 

7.4, 2 mL), then 3-aminopropyldimethylethoxysilane (APDMES, 16 μL) was added and the 

mixture was stirred for 18 h at room temperature. The solid was separated by centrifugation 

and combined with 4-carboxy-TEMPO (0.5 mL, 10 mM in 2-morpholin-4-ylethanesulfonic 

(MES) acid buffer, pH 4.5) and N-(3-dimethylaminopropyl)-N-ethylcarbodiimide 

hydrochloride (1.2 mL, 50 mM in pH 4.5 MES buffer).  

After 48 h incubation at room temperature, the mixture was centrifuged at 3000 rpm 

for 4 min. (A much shorter reaction time, 30 min, was previously reported for TEMPO 

functionalization of amine-modified non-porous silicas,36 but resulted here in subsequent 
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partial peptide bond cleavage, possibly catalyzed by residual unreacted propylamine groups. 

To prevent contamination by untethered radicals during EPR measurements, the reaction time 

was extended.) The supernatant liquid was removed and the solid was resuspended in DI 

water. This step was repeated 10 times to remove unreacted 4-carboxy-TEMPO completely, 

as judged by the absence of EPR signals for the untethered radical. The resulting tethered 

TEMPO radicals appeared to be stable for the duration of the EPR measurement (ca. 6 h); no 

signals for untethered radicals reappeared during this time.   

The spin-labeled material (ca. 4 μL of a PMO slurry, 40 mg/mL) was placed in a quartz 

capillary (0.60 mm I.D., 0.84 mm O.D.). X-band continuous-wave (CW) EPR spectra were 

recorded on a Bruker EMSplus EPR spectrometer, using a Bruker ER 4119HS-LC high 

sensitivity resonator at a microwave frequency of ca. 9.3 GHz, with 1 mW irradiation power 

and 0.4 G modulation width. The spectra were simulated by lineshape fitting using the 

SimLabel software,37 which relies on the same functions as EasySpin.38   

 

2.3.8 Quantitative adsorption measurements 

Each silica (20 mg) was mixed with a solution containing p-cresol, phenol, or furfural 

(dissolved in 1.5 mL of the specified deuterated solvent) in a 2 mL centrifuge tube. The slurry 

was agitated in an IKA Vortex 4 digital mixer at 3000 rpm for 10 h, then centrifuged at 3000 

rpm for 8 min to separate the solid. The supernatant was decanted, for quantitative analysis 

by solution-state 1H NMR (Varian Unity, 500 MHz) with DMSO as an internal standard. 

When DMSO-d6 was used as the solvent, the residual solvent peak was used as the standard 

instead. 
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2.4 Results and discussion 

2.4.1 Synthesis and characterization of Periodic Mesoporous Organosilicas (PMOs)  

In order to obtain materials with uniform morphologies and a range of surface polarities, a 

series of SBA-15-type PMOs were synthesized. Three different silanes: tetraethylorthosilicate 

(TEOS), 1,4-bis(triethoxysilyl)benzene (BTEB), and 4,4´-bis(triethoxysilyl)-1,1´-biphenyl 

(BTEBP), were chosen as (organo)silica precursors (Scheme 2.1a), for incorporation in 

various ratios into the ordered mesoporous SBA-15 framework. The TEOS-based material 

(T100) is expected to have the most polar surface, while the BTEBP-based PMO (BP100) 

should be the least polar due to its bridging biphenylene groups, Scheme 2.1b. Intermediate 

surface polarities are expected for the BTEB-based material (B100), and for co-condensed 

mixtures of TEOS/BTEB, or BTEB/BTEBP.  

Representative SEM images for the PMOs show elongated fibers with diameters of 

0.3-0.6 µm and lengths of 2-10 µm (Fig. A2.1), consistent with previous studies.23,24 However, 

BP100 has a distinctive, particulate structure. The incorporation of phenylene and/or 

biphenylene-bridged groups into the organosilica framework was confirmed by 13C solid-state 

CP/MAS NMR (Fig. A2.2). Low- and wide- angle XRD patterns (0.6 ≤ 2θ ≤ 3 °) for the 

various SBA-15s were recorded after surfactant removal (Fig. A2.3 and A2.4). The 

appearance of clear d110 and d220 reflections in the low-angle region is evidence for mesopores 

with a high degree of long-range order for all materials except BP100. The d100 reflections are 

similar except for T100, whose lowest angle peak is displaced indicating a slightly larger unit-

cell size (from ca. 120 to 130 Å). Assuming similar wall thicknesses, this finding implies a 

slight increase in pore size. The XRD pattern of BP100, whose synthesis requires the use of a 

1-butanol as co-surfactant to ensure mesophase formation, does not contain clear low-angle 
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peaks, implying the pores are less uniform. Its average pore size was obtained by N2 

physisorption instead, and is similar to that of the other materials, Table 2.1.  

The physicochemical properties of the PMOs are compared in Table 2.1. Their B.E.T. 

surface areas vary over a relatively small range, from 668 to 728 m2/g, as do their B.J.H. pore 

sizes (6.3 to 7.4 nm) and pore volumes (0.99 to 1.12 m3/g). However, T100 has a slightly 

higher pore size (9.6 nm), consistent with its lower angle d100 peak position, while BP100 has 

a slightly higher pore volume (1.52 cm3/g) consistent with a slightly different pore 

morphology. Nevertheless, the variability is small compared to families of materials used in 

previous comparative studies of surface polarity effects on catalysis (in which reported surface 

areas, pore sizes or pore volumes varied by factors of 2-4).9,15,39 Thus, the PMOs in this work 

are well-suited for investigating the effect of surface polarity on adsorption capacity, while 

keeping structural factors constant.  
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Table 2.1. Physicochemical properties of PMO materials 

PMO B.E.T. surface  

area a  

pore  

volume  

pore 

size b  

Silanol surface density, αOH 

 (m2/g) (cm3/g) (nm)       (mmol/g) c (OH/nm2) d 

T100 709 1.12 9.6 2.1 1.8 

T75-B25 668 0.99 7.4 1.7 1.5 

T50-B50 694 1.00 7.5 1.7 1.5 

T25-B75 708 1.08 7.4 2.1 1.8 

B100 721 1.08 7.4 1.5 1.3 

  B75-BP25 719 1.01 6.3 2.1 1.8 

BP100 728 1.52 7.4 1.9 1.6 

a Calculated using the Brunauer-Emmett-Teller (B.E.T.) method. The generally accepted 

measurement error in B.E.T. surface areas is ± 10 %.40 The calculations assume an area for 

adsorbed N2 of 0.135 nm2/molecule, which is the value appropriate for perpendicular 

adsorption on oxide surfaces.31 Since N2 adsorbs parallel to the surface on organic materials, 

occupying a larger area (0.162 nm2), the actual surface areas of the organosilicas may be 

higher. However, the fractions of parallel vs. perpendicularly adsorbed N2 are not known. 

Finally, B.E.T surface areas normalized by mass do not reflect differences in skeletal densities 

for silicas with different organic fractions. b Calculated using the Barrett-Joyner-Halenda 

(B.J.H.) method, using the adsorption branch of the isotherm, and reported as the average pore 

size. c The measurement error associated with these values is estimated to be ± 0.1 mmol/g.  d 

The error generated due to the experimental uncertainty in the surface area measurements is 

± 0.3 nm-2. 
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2.4.2 Surface hydroxyl content 

Condensation of TEOS and/or organodisilanes leaves dangling alkoxy groups at the 

surface which do not undergo further condensation. Upon hydrolysis, these groups are 

converted to surface hydroxyls, some of which resist dehydration even at high temperatures.41 

Surface polarity is affected by the surface density of these silanols, as well as by the nature 

and extent of organic content at the interface. The surface silanols present in each PMO were 

quantified by their reaction with VOCl3.32 The number of VOCl3-accessible surface OH 

groups is fairly constant, ranging from 1.5 to 2.1 mmol/g (1.3-1.8 OH/nm2, Table 2.1). 

However, the surface silanol content of T100 is 2-3 times smaller than previously reported 

values for SBA-15 (3.5 mmol/g)42 and MCM-41 (3.6 to 5.3 mmol/g).42,43 Conventional 

measurement methods count both accessible surface OH groups and inaccessible sub-surface 

OH groups. Notably, a study of the number of OH sites that react with trimethylsilyl chloride 

reported much lower OH contents for SBA-15 and MCM-41 (1.8 and 2.2 mmol/g, 

respectively).42 These values are much closer to the number of surface OH groups measured 

here. Thus, SBA-15 type materials using TEOS, BTEB, and BTEBP precursors have similar 

numbers of accessible silanol groups, and differ significantly only in the type and amount of 

framework organic groups.  

 

2.4.3 Solvatochromic assessment of gradually varying surface polarity  

Water affinity can assess surface polarity indirectly, i.e., by measuring hydrophilicity.7,44 For 

example, water vapor adsorption isotherms were used to obtain qualitative information about 

surface wettability via comparison of the onset pressures for pore condensation.19,20 However, 

hydrophilicity and polarity are distinct physical properties. Polarity can be probed more 
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directly using fluorescent organic dyes such as Prodan, whose electronic energy levels are 

affected by non-covalent interactions with its surroundings. The maximum fluorescence 

wavelength therefore depends on the polarity of the solvent in which the dye is dissolved (Fig. 

2.1a). Increasing solvent polarity is associated with a gradual shift in its emission 

spectrum.11,13,34  

 

 

 

Fig. 2.1. Comparison of Prodan fluorescence: (a) dissolved in various solvents as indicated; 

and (b) adsorbed on three different PMO materials, all suspended in water. 

 

Adsorbed Prodan can thus report on the polarity of PMO surfaces influenced by the 

presence of surface organic groups. Fig. 2.1b shows the range of emission colors for Prodan 

adsorbed on three representative PMO powders, each suspended in water. The blue 
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fluorescence of BP100 reflects a less polar surface than that of either turquoise-fluorescing 

B100 or green-fluorescing T100. The fluorescence spectra remained unchanged for at least an 

hour at room temperature, demonstrating that the dye is strongly adsorbed and does not leach 

into the water. 

Emission spectra for Prodan adsorbed on the various dry PMO powders are shown in 

Fig. 2.2a. The shortest fluorescence emission wavelength, for BP100 (λmax 473 nm), is 

consistent with its lower polarity compared to B100 (λmax 489 nm) and T100 (λmax 509 nm, 

Table A2.2). The gradual shift of λmax for intermediate PMO compositions shows that the 

surface polarity of these materials can be finely tuned.  
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Fig. 2.2. Normalized emission spectra of Prodan: (a) adsorbed on various dry (organo)silica 

powders; and (b) comparison of selected dry powders (heavier lines) with the same powders 

suspended in water (lighter lines).  

 

Fluorescence spectra were also recorded for aqueous suspensions of each PMO, 

following a previously described method.11,13 Fig. 2.2b compares the spectra for selected 

materials with those for Prodan adsorbed on the corresponding dry powders. Dispersion of a 

PMO in water results in a red-shift in the corresponding emission spectrum, consistent with 

greater surface hydration and hence increased interfacial polarity. However, the magnitude of 

the shift in λmax is not constant. It is largest (17 nm) for the most polar material, T100, and 

smallest (9 nm) for the least polar material (BP100). This finding is consistent with a greater 

extent of hydration for the more polar surfaces.  
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Relative surface polarity values for each PMO were obtained using λmax values for the 

adsorbed Prodan and interpolating λmax values measured in various solvents of known polarity 

(Table A2.3).34 The results are shown for both dry and wet PMO materials in Fig. 2.3 and 

Table A2.4. The dry PMO powders have relative surface polarities from 0.50 to 0.81. All 

values are higher when the powders are suspended in water, due to surface hydration. The 

relative polarity of dry T100 is similar to that of methanol, while hydrated T100 has a polarity 

close to that of water. Dry BP100 is less polar than 1-octanol, but wet BP100 has a surface 

polarity closer to that of 1-butanol. The relationship between pairs of λmax values is linear, but 

the slope is not unity (Fig. 2.3c). Thus hydration is more extensive for more polar materials. 
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Fig. 2.3. Correlations between the relative polarities of various solvents33 and Prodan 

fluorescence emission maxima for (a) dry PMO powders, or (b) PMOs suspended in water; 

and (c) relationship between the relative surface polarities of the dry PMO powders and their 

aqueous suspensions.  
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2.4.4 Mobility of adsorbed species 

Molecular mobility is inversely correlated with adsorption strength. EPR line-shape 

analysis can provide information about the relative mobility of surface-confined spin labels.45–

47 We acquired EPR spectra of TEMPO radicals attached to aminopropylsilane-modified 

PMOs (Scheme A2.1). Low spin concentrations minimize EPR line-broadening effects caused 

by strong dipolar interactions between neighboring spin labels,45 therefore only a small 

fraction (ca. 1 %) of surface silanols were functionalized with nitroxide radicals. X-band EPR 

spectra recorded at room temperature for the spin-labeled PMOs suspended in water are 

shown in Fig. 2.4. Variations reflect differences in the average local dynamics of the tethered 

spin-labeled moieties due to the strength of their interactions with the surface, Scheme 2.2.  

 

 

Fig. 2.4. Continuous-wave EPR spectra, recorded at room temperature, for various 4-carboxy-

TEMPO-functionalized PMOs suspended in water. Blue and green arrows indicate peaks 

associated with slower- and faster-moving radicals, respectively. The emergence of a weak 

peak at high field (black arrow) is also characteristic of an increased fraction of slow-moving 

radicals. 
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Scheme 2.2. Two possible orientations of tethered TEMPO spin labels, with different 

mobilities depending on the extent of their interaction with the PMO surface. 

 

Restricted spin motion caused by greater proximity of the tethered radical to the 

surface results in incomplete averaging of anisotropic terms of the magnetic Hamiltonian. This 

effect is manifested qualitatively in various types of line broadening and appearance of distinct 

spectral features.48,49 First, the line width (H0) of the central peak increases gradually,21,50 from 

0.47 to 0.67 mT (grey-shaded region) as the surface polarity decreases from T100 to BP100. 

The eventual appearance of an outer extremum at 335.5 mT (black arrow) is also a well-

established indicator of diminished rotational motion.21,49 In addition, the gradually changing 

intensities of two partially resolved peaks at 328.8 mT (blue arrow) and 329.7 mT (green 

arrow) represent varying populations of slow and fast components, respectively. Further line 

broadening is caused by the increasing fraction of the slow component.  

The Azz component of the nitrogen hyperfine tensor element parallel to B0 (i.e., aligned 

with the z-direction) also varies with local polarity, due to changes in localization of the 

unpaired electron along the N-O bond axis (perpendicular to the z-axis) modulated by changes 

in the local electric field.22 In spin-labeled membrane proteins, Azz values increase from 3.43 
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to 3.65 mT with the polarity of the membrane and the protein micro-environment.22 X-band 

EPR spectra of suspensions of BP100, B100 and T100, acquired at 120 K, are shown in Fig. 

A2.5. They show that Azz increases gradually with increasing polarity, from 3.76 to 3.93 mT 

(Table 2.2). 

In order to quantify changes in the relative mobilities of tethered TEMPO radicals, the 

room temperature EPR spectra of T100, B100 and BP100 were deconvoluted into two 

components. These components represent faster- and slower-moving populations of the spin 

label, corresponding to radicals experiencing weaker and stronger interactions, respectively, 

with the PMO surface. Simulations were performed with the appropriate Azz value for each 

PMO (measured at low temperature) and a reported value of the g-tensor of the TEMPO 

radical51 (precise determination of the g-tensor requires EPR lineshape analysis at higher 

field.)52 The simulated EPR spectra and their deconvoluted components are shown in Fig. 2.5. 

For the most polar material (T100), the correlation times (tD) for the faster- and slower-

moving components are 2.6 and 7.1 ns, respectively, with fractional contributions of 61 and 

39 % (Table 2.2). For the least polar material (BP100), both correlation times are higher (3.5 

and 8.6 ns), as is the fractional contribution of the slower component (86 %). These changes 

are consistent with enhanced interaction (and therefore lower mobility) with the less polar 

surface for a higher fraction of the tethered spin labels.   
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Fig. 2.5. (a) Comparison of experimental (solid color lines) and simulated (dashed black lines) 

EPR spectra for three PMOs functionalized with TEMPO, and deconvolution of each EPR 

spectrum into (b) faster, and (c) slower components. Simulations were performed using g = 

[2.0097, 2.0064, 2.0025],51 and measured Azz values (Table 2.2). Values for Axx and Ayy (0.7 

and 0.8 mT, respectively) were obtained as global curvefit parameters. The fraction of each 

component and its correlation time were refined for each fit. 
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Table 2.2. Characteristics of deconvoluted EPR spectra of TEMPO-modified PMOs 

Material Azz (mT)a tD (ns)b 

  Faster Slower 

T100 3.93 2.6 (0.61) 7.1 (0.39) 

B100 3.83 3.3 (0.31) 7.4 (0.69) 

BP100 3.76 3.5 (0.14) 8.6 (0.86) 

a Measured at 120 K. b Values in parentheses represent fractional contributions for each 

component at room temperature. 

 

2.4.5 Effect of surface polarity on molecular partitioning at solid-liquid interfaces 

Adsorption of three different molecules (phenol, p-cresol, furfural) representative of 

common types of functional groups present in lignocellulosic biomass was studied across the 

range of PMO surface polarities. Fig. 2.6a shows adsorption isotherms measured at 296 K for 

three PMOs (T100, B100, and BP100) in contact with aqueous phenol solutions (with initial 

phenol concentrations from 10 to 85 mM). Although phenol can interact with surface hydroxyl 

groups via hydrogen-bonding, its affinity for T100 is very low. Furthermore, even though the 

surface hydroxyl densities are similar for all three silicas (Table 2.1), the extent of phenol 

adsorption increases dramatically as the surface becomes less polar. Thus, phenol is much 

more strongly adsorbed onto B100 and BP100 (ca. 0.6 and 1.2 mmol/g, respectively, at 

equilibrium).   
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Fig. 2.6. Adsorption of phenol from water, onto: (a) T100, B100 and BP100, all at 296 K, and 

(b) BP100 at 281, 296, and 313 K. The isotherms (solid lines) represent non-linear curvefits 

using the Langmuir model (eq 1). (c) Van’t Hoff plot for determination of adsorption enthalpy. 
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The adsorption isotherms for B100 and BP100 were analyzed with the Langmuir 

model (eq. 2.1), which assumes monolayer coverage of adsorbate on a surface with a fixed 

number of uniform adsorption sites. The equation relates q (the uptake of the adsorbate, in 

mmol/g adsorbent) to Ce (the equilibrium concentration in solution). 

 

𝑞 = !!"!#"
$%"!#"

          (2.1) 

 

QL is the maximum adsorption capacity, and the Langmuir constant KL represents the 

affinity of the adsorption sites. Curvefit parameters are shown in Table 2.3. The larger values 

of QL and KL for BP100 compared to B100 confirm that phenol has a higher affinity for 

biphenylene relative to phenylene. For neutral adsorbates or adsorbates with small charges, 

KL is essentially equal to the thermodynamic equilibrium constant K°.53 The temperature 

dependence of K° is described by the Van’t Hoff equation (eq 2.2).  

 

             			𝑙𝑛𝐾° = ∆(°

)
− ∆*°

)+
                                                        (2.2) 

 

The enthalpy of phenol adsorption, DH°, was obtained by extracting KL from adsorption 

isotherms recorded at different temperatures (Fig. 2.6b). According to Fig. 2.6c, the value of 

DH° for phenol adsorption from water onto BP100 is -(5.8 ± 3.2) kJ/mol, similar to a 

previously reported value for bentonite clay with intercalated hexadecyltrimethylammonium 

ions (-10.4 kJ/mol).54 The small values represent the difference between phenol and water 

adsorption, including phenol desolvation.55 
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Table 2.3. Langmuir analyses of phenol adsorption from water onto PMO  

Material T (K) QL (mmol/g) KL (L/mmol) 

B100  296 1.26 ± 0.11 0.015 ± 0.002 

BP100 313 1.45 ± 0.17 0.031 ± 0.008 

 296 1.66 ± 0.10 0.035 ± 0.005 

 281 2.07 ± 0.10 0.040 ± 0.005 

 

To investigate how more systematic changes in surface polarity affect molecular 

adsorption, the affinities of the entire PMO series for phenol and the slightly less polar p-

cresol were explored. Aqueous solutions of phenol show monotonically increasing adsorption 

as the polarity of the PMO decreases (Fig. 2.7a, Table A2.5). Water solvates the more polar 

surfaces effectively, suppressing phenol adsorption. Using a Born-Haber cycle for phenol 

adsorption at an aqueous-solid interface, we express the heat of adsorption as the sum of the 

energy costs to disrupt water-surface and water-phenol interactions, as well as the energy 

gains via new water-water and phenol-surface interactions.55 The water-phenol and water-

water contributions are the same for all materials, therefore the higher adsorption of phenol 

from water onto the less polar PMOs is driven by a combination of weaker water-surface and 

stronger phenol-surface interactions. Interactions unique to surface aromatic groups 

(phenylene and biphenylene), such as H-p and p-p, may also contribute to their higher 

affinities for phenol.56 The effect is more pronounced for p-cresol (relative polarity 0.697) 

compared to phenol (relative polarity 0.701).33 B100 and BP100 adsorb 48 and 38 % more p-

cresol, respectively, than phenol. Since the water-surface interactions are the same, these 
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differences can be attributed solely to stronger solute-surface interactions which appear to be 

the dominant contributor to the overall adsorption enthalpy. 

 

 

 

Fig. 2.7. Effect of PMO polarity on (a) amounts of phenol or p-cresol adsorbed from 40 mM 

solutions in water and DMSO; and (b) amounts of furfural adsorbed from 40 mM solutions in 

various solvents. Each experiment combined 20 mg PMO with 1.5 mL solution at 296 K.  

 

2.4.6 Effect of solvent polarity on molecular partitioning at the solid-liquid interface 
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The nature of the solvent modulates the effect of surface polarity on molecular 

adsorption. For example, the phenol affinities of all the PMOs are dramatically lower when 

DMSO is the solvent instead of water, Fig. 2.7a. Thus the amount of phenol adsorbed on B100 

from a DMSO solution decreased by 87 %, compared to adsorption from an aqueous solution. 

Reasoning in terms of a Born-Haber cycle,55 we first note that phenol-surface interactions do 

not depend on solvent choice. The dielectric constant of phenol (15) is closer to that of DMSO 

(44) than water (73, all at 40 °C)57,58, suggesting a higher energy cost to disrupt DMSO-phenol 

interactions than water-phenol  interactions. In addition, the energy cost for disrupting solvent 

interactions with B100 is higher for DMSO than for water. Finally, solvent-solvent 

interactions are stronger for water than for DMSO. All of these terms are expected to suppress 

adsorption of phenol from DMSO. Compared to B100, BP100 shows less suppression (38 %) 

of phenol adsorption upon changing the solvent from water to DMSO, presumably due to a 

stronger phenol-surface interaction.  

The effect of solvent polarity was further explored by comparing the adsorption of 

furfural from water with adsorption from DMSO or benzene (with relative polarities of 0.44 

and 0.11, respectively, relative to water). Similar to phenol and p-cresol, the furfural affinities 

of the PMOs in contact with the aqueous solution increase monotonically as the surface 

polarity decreases (Fig. 2.7b, Table A2.5). Similar behavior is observed in DMSO, although 

the absolute amounts of adsorbed furfural are much lower. Since the relative polarity of 

furfural measured by the solvatochromic dye method (0.43)59 is very close to that of DMSO 

(0.44), the solute-solvent interactions are presumably strong. In addition, the competition for 

surface adsorption sites will favor the more abundant solvent molecules when adsorption 

enthalpies are similar. However, the trend is reversed when furfural is dissolved in benzene 
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(relative polarity 0.111): now, the furfural affinities of the PMOs decrease with increasing 

surface polarity. Since benzene interactions with the more polar surfaces are much weaker, 

furfural adsorption is favored. The opposing trends in Fig. 2.7b illustrate the need to combine 

appropriate choice of solvent with surface polarity modulation to tune molecular adsorption.  

 

2.5 Conclusion 

This study sets the stage for design of porous solid catalysts with controlled surface 

polarity, in conjunction with rational solvent choice, to improve activity and selectivity in 

liquid-phase reactions by promoting preferential adsorption of reactants and desorption of 

desired products. The relative surface polarities of periodic mesoporous organosilicas (PMOs) 

can be tuned over a wide range by varying the chemical composition, independent of the 

textural properties. The mobility of near-surface molecules and their affinity for the surface 

are correlated with surface polarity. Tethered nitroxides experience decreased mobility as the 

surface polarity decreases, reflecting their increasingly strong association with the surface. 

Moreover, adsorption of organic molecules such as phenol, p-cresol, and furfural from polar 

solvents become more favorable as the surface polarity decreases. However, the effect can be 

reversed by changing the solvent polarity: thus such molecules adsorb less favorably from 

benzene as the surface polarity decreases. When the polarity of the solvent and solute are well-

matched, adsorption is minimized. Thus, tuning the extent of adsorption precisely can be 

achieved by appropriate choices of solvent, surface polarity, and solute polarity. This 

systematic study demonstrates how readily achieved variations in the surface polarity of 

PMO-based materials results in significant changes in adsorption equilibria for classes of 

molecules relevant to important catalytic reactions. While the consequences of surface and 
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solvent polarity on adsorption are as expected, their rational prediction and ease of modulation 

suggests ways to design improved catalytic processes. Further refinements should include 

consideration of specific solute binding modes, such as cation–p interactions, electrostatic 

interactions, and H-bonding. Work is underway to include modification of PMO materials 

with active sites such as Brønsted/Lewis acid sites and metal nanoparticles, in order to assess 

polarity effects on heterogeneous reactivity. 
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2.7 Appendix I 

 

     
Fig. A2.1. (a)  TGA of (a) as-synthesized T100, soxhlet-extracted T100, T100 and BP100 

(after further calcination at 250 °C for 3 hours). (b) TGA of various PMOs after surfactant 

removal. All TGA data were recorded at a heating rate of 10 °C/min in air. The inset shows 

mass of each PMOs excluding phenylene and biphenylene bridging groups. Predicted mass 

was calculated on the basis of the formulas xSiO2 + (1-x)O1.5SiC6H4SiO1.5 and yO1.5 

SiC6H4SiO1.5 + (1-y)O1.5SiC12H8SiO1.5, where x and y are mol% of TEOS and BTEB, 

respectively, in the synthesis mixture. Measured mass is based on apparent weight loss, 

measured by TGA in air. 
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Table A2.1. For each silane precursor,a amounts (mmol) used in the synthesis of various 

SBA-15-type materials  

 

Material TEOS BTEB TEOS/BTEB b BTEBP BTEB/BTEBP c 

T100 30.0 -  -  

T75-B25 12.6 4.2 3 -  

T50-B50 5.8 5.8 1 -  

T25-B75 2.2 6.6 1/3 -  

B100 - 7.2  -  

B75-BP25 - 5.5  1.8 3 

BP100 - -  6.5  
 

a Tetraethyl orthosilicate (TEOS), 1,4-bis(triethoxysilyl)benzene (BTEB), 4,4´-

bis(triethoxysilyl)-1,1´-biphenyl (BTEBP).  

b With 3.0 g P123, the optimal amounts of silane to form the single-component materials are 

30 mmol for TEOS, and 7.2 mmol for BTEB.1,2 For the two-component materials, the amount 

of TEOS decreases gradually from 30 to 0 mmol, while the amount of BTEB increases 

gradually 0 to 7.2 mmol. The amounts of TEOS and BTEB for each SBA-15 type materials 

were chosen so that the TEOS/BTEB ratios are 3, 1, and 1/3.  

c The amounts of BTEB and BTEBP used to synthesize B75-BP25 were determined in a 

similar fashion, based on the optimal amount of BTEBP needed.3  
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Fig. A2.2. SEM images of SBA-15-type materials: (a), (b) T100, (c), (d) T50-B50, (e), (f) 

B100, presented at two different magnifications (at the higher magnification, pore openings 

are visible); (g) B75-BP25; and (h) BP100.  
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Fig. A2.3. 13C CP/MAS NMR spectra of various SBA-15-type materials (10 kHz MAS; * 

indicates spinning side-bands). Signals at 17 and 70-76 ppm in the spectrum of T25-B75 

correspond to residual P123 surfactant (●),4 present even after 24 h Soxhlet extraction with 

ethanol. The signals disappear when the material is calcined in air at 250 °C for 3 h.2 The 

remaining peak at 134 ppm corresponds to a single type of phenylene carbons.5 Signals at 

125, 129, 134, and 141 ppm in the spectrum of BP100 correspond to the four different 

biphenylene carbons.3,5 Signals for both phenylene and biphenylene groups are observed in 

the spectrum of B75-BP25.   
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Fig. A2.4. Low-angle powder X-ray diffraction patterns of various SBA-15-type materials.  
 

 

  
 

Fig. A2.5. Wide-angle powder XRD patterns for two SBA-15-type materials. All of the peaks 

are relatively broad, typical of mesoporous silicas synthesized using a non-ionic surfactant. 

The peak at 2θ = 11 ° for B100 corresponds to a d-spacing of 8.1 Å.2 For BP100, peaks at 2θ 

= 7.3, 14.7, and 22.3 ° are assigned to a periodic biphenylene structure with a d-spacing of 

11.9 Å, and its higher-order reflections (5.8 and 3.5 Å).3,6  
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Fig. A2.6. (a) Pore size distributions for the selected PMOs. The inset shows the pore sizes of 

BP100, showing broader pore size distribution compared to that of other PMOs. (b) Nitrogen 

adsorption isotherms for the PMOs. Nitrogen adsorption analysis showed type IV isotherms 

typical of mesoporous materials. Interparticle porosity of BP100 resulted in the hysteresis loop 

extended to very high relative pressures.3 
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Table A2.2. Fluorescence maxima (nm) for Prodan adsorbed on various SBA-15-type 

powders, in both the dry state and suspended in water 

Material Peak position a 

 in water dry 

T100 526 509 

T75-B25 512 499 

T50-B50 510 494 

T25-B75 507 493 

B100 499 489 

B75-BP25 490 480 

BP100 482 473 
a Measurement error in peak position is ± 1 nm. 

 

Table A2.3. Relative polarities of various solvents, and their Prodan emission maxima (nm) 

Solvent Relative polarity a λmax b  

water 1.000 527 

methanol 0.762 502 

ethanol 0.654 493 

1-butanol 0.586 484 

1-octanol 0.537 476 

DMSO 0.444 465 
a Inferred previously, by measuring the shift in the absorption spectrum of Reichardt’s dye.7,8 

b From a previous study.9 

 

 

 

 



 

 55 

Table A2.4. Relative polarities of dry organosilica powders, and organosilicas suspended in 

water  

Material Relative dry 

surface polaritya 

Relative wet surface 

polaritya 

T100 0.81 0.99 

T75-B25 0.71 0.86 

T50-B50 0.67 0.82 

T25-B75 0.66 0.79 

B100 0.63 0.71 

B75-BP25 0.55 0.64 

BP100 0.50 0.57 
a Relative polarity was interpolated using the maximum fluorescence wavelength of adsorbed 

using a calibration curve based on the emission of Prodan in various solvents (Table A2.3). 
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Scheme A2.1. Procedure for functionalization of (organo)silicas with 4-carboxy-TEMPO 

radicals. (a) The surface was modified with aminopropyl groups by grafting APDMES ((3-

aminopropyl)-dimethylethoxysilane) from a pH 7 buffer solution. (b) The tethered amine was 

subsequently modified with 4-carboxy-TEMPO, using a solution of EDC (N-(3-

dimethylaminopropyl)-N- ethylcarbodiimide hydrochloride) to catalyze the reaction.  

 

 

Fig. A2.7. Continuous-wave EPR spectra of 4-carboxy-TEMPO-functionalized SBA-15-type 

materials, suspended in a frozen water solution at 120 K. Azz is defined as one-half the 

separation of the outer hyperfine extrema.10  
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Chapter 3. Entropic control of interfacial hydration in mesoporous 

organosilicas 

 

3.1 Abstract  

The structure and dynamics of interfacial water modulate the composition and behavior 

of adsorbates at functional surfaces in aqueous environments. Hydrophobic hydration is 

believed to store entropy at interfaces via the ordering of interfacial water, and thus contributes 

to its binding free energy. However, there is little experimental evidence for such entropic 

reservoirs, and virtually no precedent for their rational design at extended interfaces. In this 

study, the hydrophobicity of mesoporous silicas was modified in two distinct ways: (1) 

thermal dehydroxylation, via progressive condensation of surface silanols, and (2) 

incorporation of non-polar organic groups into the silica framework. Both approaches result 

in increasing hydrophobicity, manifested in the blue-shift of the fluorescence from an 

adsorbed solvatochromic dye. The weaker hydration of thermally treated inorganic silica 

surfaces with few silanols results in weaker water interactions and an abrupt increase in 

surface water diffusivity, measured by Overhauser dynamic nuclear polarization (ODNP) 

relaxometry. In contrast, the organosilicas show signatures of enhanced hydrophobic 

hydration: experimentally, they exhibit a monotonic decrease in surface water diffusivity; and 

computationally, molecular dynamics simulations of interfacial water reveal increased 

tetrahedrality, implying increased ordering, near an organosilica surface with nm-size organic 

domains, relative to the inorganic surface. These findings provide a long-sought validation of 

predictions that hydrophobic hydration at interfaces is controlled by the microscopic length 

scale of the hydrophobic regions. The insight further suggests that the hydration 
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thermodynamics of inorganic surfaces can be tuned to promote selective adsorption and, 

ultimately, reactivity. 

 

3.2 Introduction 

Interfacial hydration refers to the behavior of water molecules in the vicinity of an 

interface (typically, at distances ≤ 1 nm). It plays an important role in modulating interfacial 

solute dynamics and solute adsorption energies. Together, they influence the efficiencies of 

processes such as separations and catalysis that are mediated by sites located at soft and hard 

liquid interfaces. The surface hydrophobicity of proteins, polymers, and inorganic catalysts 

affects solute binding via mechanisms that remain poorly understood. For surfaces that are 

flat, extended, and uniform, hydrophobicity can be inferred from surface force or contact angle 

measurements. In the former, the repulsive force1 or equilibrium interaction force2 between 

two surfaces is correlated with hydrophobicity. In the latter, the receding contact angle (q) of 

a water droplet reflects macroscopic hydrophobicity,3 defined operationally as q > 90 °. 

However, the local hydrophobicity of real surfaces with geometric and chemical 

heterogeneity, such as is found in many porous materials, remains a challenge to evaluate. 

The fractal nature of such surfaces and their high curvature (both external and internal) make 

them intrinsically ill-suited for conventional macroscopic measurements, which furthermore 

cannot provide information at the molecular length scales that are relevant to adsorption 

and/or reaction. 

From a fundamental point of view, a surface is locally hydrophobic when its Gibbs 

energy of hydration is positive, but DGhydration is not readily measured. A definition of surface 

hydrophobicity that is more accessible involves the excess chemical potential, µex, of an 
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adsorbed hydrophobic molecule.4,5 The value of µex can be determined from the equilibrium 

partitioning of the hydrophobe between the surface and the aqueous phase, eq 3.1.6,7  

 

𝜇,- = −𝑘.𝑇	ln -
/$%&'$ /()*

$%&'$0
/+%+'$ /()*

+%+'$0
.      (3.1) 

 

Operationally, a surface is defined as hydrophobic if it has a negative value of µex. 

Although the sign and magnitude of µex are not readily measured at the nanometer scale, µex 

can be computed from molecular dynamics simulations of model hydrophobes, such as 

methane molecules or Lennard-Jones particles. However, such studies still require a detailed 

knowledge of surface structure, which may not be available for real systems. Therefore, 

experimental methods to evaluate the thermodynamic properties of interfacial water, 

reflecting the local hydrophobicity of the surface, are needed to verify and benchmark the 

simulations. 

The fluorescence from a solvatochromic dye molecule, such as Prodan, has been used 

an indirect probe of hydrophobicity. Its emission energy reflects the local polarity,8,9 which is 

closely related to hydrophobicity.10–12 In recent studies, the emission of adsorbed Prodan was 

used as an empirical measure of relative hydrophobicity in a series of mesoporous 

organosilicas.13,14 Overhauser Dynamic Nuclear Polarization (ODNP) relaxometry provides 

another indirect measure of surface hydrophobicity, by quantifying the equilibrium dynamics 

of interfacial water. ODNP relies on cross-relaxation due to dipolar coupling between the 1H 

nuclear spin of water molecules and the unpaired electron spin of a nearby radical (aka the 

spin label). At a magnetic field strength of 0.35 T, this coupling is effective for water 

molecules with correlation times for their motion relative to the spin label in the ps- to sub-
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ns-range. By immobilizing the spin label at a surface, ODNP becomes sensitive to the 

translational motion of water molecules near that surface.15,16 It has been used in this way to 

measure translational diffusivity for water molecules near proteins and other biomolecules 

labeled with paramagnetic spin probes.6,17 The diffusivities correlate well with local surface 

hydrophobicities predicted by computed values of µex,6 surface geometric topologies (as 

measured by local excluded volumes),6 and solvation entropies.17  

ODNP relaxometry measurements can also provide unique insight into the 

thermodynamic properties of interfacial hydration. A more hydrophobic surface may have a 

less negative Gibbs energy of hydration due to (1) a less negative hydration enthalpy 

(implying weaker binding of water to the surface), and/or (2) a more negative hydration 

entropy (due to greater ordering of the interfacial water, relative to the bulk).18–21 Either effect 

can result in more favorable displacement of surface water by a hydrophobic solute and its 

binding to the more hydrophobic surface. However, water dynamics near hydrophobic 

surfaces should change in opposite ways in these limiting scenarios. When the value of 

DGhydration is dominated by its enthalpic term, surface water motion becomes faster with 

increasing hydrophobicity, due to the lower enthalpic cost of dehydrating the surface to make 

space for solute adsorption. In contrast, slower surface water dynamics with increasing 

hydrophobicity indicate that the value of DGhydration is dominated by its entropic term, since 

the liberation of more ordered surface water drives solute adsorption. A cross-over from 

enthalpically-driven to entropically-driven sorption is predicted to occur when the 

hydrophobic domain size decreases below ca. 1 nm.20–22 Therefore trends in surface water 

diffusivity can reveal information about the length scale of the local hydrophobic domains. 
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This cross-over has been demonstrated experimentally, but only for highly idealized systems 

such as individual polymer chains of varying size.23  

Amorphous silica is an important material used as an adsorbent for chemical 

separations, and as a support for heterogeneous catalysts. This study investigates variations in 

the hydration of amorphous silica surfaces with surface chemistry. Hydrophobicity was 

modified in two distinct ways: (1) by increasingly severe thermal treatment, which reduces 

the silanol/siloxane ratio on the silica surface,2 and (2) by chemical incorporation of organic 

linkers with molecular dimensions (ca. 1 nm or less) into the silica framework.13 Relative 

surface polarity was assessed via the fluorescence of adsorbed Prodan. Equilibrium surface 

water diffusivities were measured using ODNP relaxometry, and combined with molecular 

dynamics simulations to understand the enthalpic and entropic consequences of each type of 

surface modification.  

 

3.3 Results  

3.3.1 Systematic variation of silica hydrophobicity 

Amorphous silicas with ordered mesoporosity (SBA-15-type) were modified to 

achieve gradually varying surface hydrophobicity. In one method, inorganic silica was 

subjected to thermal treatment. The silica was made by templated condensation of 

tetraethylorthosilicate (100 mol%, T100). SEM images show elongated fibers with diameters 

0.3-0.6 µm and lengths 2-10 µm (Fig. A3.1). Calcination of T100 at 250 °C removes the 

templating surfactant. Silanol condensation requires higher temperatures, resulting in 

increased surface coverage by non-polar siloxane bonds (Scheme 3.1a).24,25 Silicas subjected 

to this additional thermal treatment (up to 1000 °C under N2 flow) are denoted by an appended 
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label indicating the temperature used for partial dehydroxylation. For example, T100-600 is 

an inorganic silica treated at 600 °C (note that the thermally treated silicas are reexposed to 

water in subsequent measurements, therefore they experience partial rehydroxylation). Upon 

heating, the B.E.T. surface area of the silica decreases gradually, from 709 m2/g for T100 after 

calcination at 250 °C to 353 m2/g for T100-1000 after thermal treatment at 1000 °C (Table 

A3.1). The nanoscale porosity is mostly maintained over this temperature range, as confirmed 

by small-angle X-ray diffraction (Fig. A3.2), although the average pore size decreases slightly, 

from 10 to 7 nm (Table A3.1 and Fig. A3.3).  

 

 

 

Scheme 3.1. Illustration of SBA-15-type silica materials used in this study, and their 

compositional variability: (a) mesoporous inorganic silica, with variable surface silanol 
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content achieved via thermal treatment, and (b) mesoporous organosilica, with variable 

framework linker composition. 

 

In a second modification method, one or more organodisilanes (containing phenylene, 

biphenylene, or ethylene linkers) were incorporated into the framework of the ordered 

mesoporous silica during synthesis (Scheme 3.1b). Each organosilica is named according to 

the type of organodisilane precursor used (B: 1,4-bis(triethoxysilyl)benzene, BP: 4,4′-

bis(triethoxysilyl)1-1′-biphenyl, E: 1,2-bis(trimethoxysilyl)ethane), and its proportion relative 

to the T precursor. For example, T75-B25 was synthesized by co-condensation of T (75 mol%) 

and B (25 mol%). In a recent study,13 we showed that the fraction of phenylene and/or 

biphenylene linkers in the SBA-15 framework increases gradually without significantly 

altering the textural properties of the mesoporous silica, such as the B.E.T. surface area (ca. 

700 m2/g) and the pore size (5-10 nm), Table A3.1 and Fig. A3.2b. However, the biphenylene-

bridged organosilica (BP100) has a significantly broader pore size distribution (±3.6 nm) 

compared to the other organosilicas (±0.8 nm or less).13 

The surface silanol content of each silica was quantified by reaction with excess 

VOCl3 vapor.26 This method gives lower values than H/D exchange methods27 or quantitative 

1H NMR analysis,28 which also count sub-surface silanols that are inaccessible to VOCl3. For 

example, the density of VOCl3-accessible silanols on T100 is 1.8 nm-2 (Table 3.1), сompared 

to ca. 5 nm-2 reported for various silica materials by H/D exchange.27 The density of VOCl3-

accessible silanols decreases gradually with thermal treatment, to 0.1 nm-2 for T100-1000 

(Table A3.2). 
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Table 3.1. Effect of thermal treatment and framework linkers on surface polarity and near-

surface water dynamics in amorphous silicas 

Silica a Pore size  

 

Thermal  

treatment 

Silanol 

density b 

Prodan 

emission c 

Relative  

polarity d 

Dsurface 

 

(nm) (°C) 

aOH 

(nm-2) 

lmax 

(nm)  (10-10 m2/s) 

T100 9.7 - 1.8 508 0.80 10.0 ± 0.2 

T100-600 8.8 600 1.2 504 0.76 9.4 ± 0.3 

T100-900 7.9 900 0.9 499 0.71 12.6 ± 0.3 

T100-1000 7.0 1000 0.5 493 0.66 13.7 ± 0.5 

T75-B25 7.6 - 1.5 500 0.72 7.4 ± 0.2 

B100 7.6 - 1.3 491 0.65 4.3 ± 0.5 

B75-BP25 6.3 - 1.8 481 0.56 3.3 ± 0.2 

E100 7.1 - 2.2 479 0.55 4.5 ± 0.5 

BP100 5.0 - 1.6 475 0.52 2.4 ± 0.2 

B100-350 6.0 400 1.0 483 0.58 8.6 ± 0.1 

a All materials are ordered mesoporous silicas (SBA-15-type), made by condensing silanes 

in the presence of P123 as templating surfactant. Each material is named according to the type 

of silane precursor(s) used in its synthesis (T: tetraethylorthosilicate, B: 1,4-

bis(triethoxysilyl)benzene, BP: 4,4′-bis(triethoxysilyl)1-1′-biphenyl, E: 1,2-

bis(trimethoxysilyl)ethane), and their relative molar proportions. Each material was calcined 

at 250 °C to remove the templating surfactant, except for E100 (for which the surfactant was 
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removed by extraction in refluxing ethanol). The appended number indicates the temperature 

(in °C) of subsequent thermal treatment. b Silanol content was measured by VOCl3 

chemisorption, after evacuation to remove water at 170 °C and 0.1 mTorr for 7 h.13,26 For 

silicas thermally treated after calcination, the silanol density was measured after immersion 

in water at room temperature for 3 d, resulting in partial rehydroxylation. Surface areas were 

obtained using the Brunauer-Emmett-Teller (B.E.T.) method, assuming the area occupied by 

an adsorbed N2 molecule is 0.135 nm2 (appropriate for perpendicular adsorption on oxide 

surfaces).29 The generally accepted measurement error in B.E.T. surface areas, ± 10 %,30 leads 

to an error in the silanol density of ca. 10 %. c Measurement error ±1 nm. d Relative polarity 

was interpolated using a calibration curve31 based on the emission of Prodan in solvents of 

varying relative polarity (Table A3.3, Fig. A3.4).32 The scale is anchored by assigning values 

of 0 and 1 to tetramethylmethylsilane and water, respectively. 

 

Since the measurement of surface water dynamics by ODNP requires extended 

exposure of the silicas to water, silanol densities were measured after immersing each 

thermally treated T100 silica in water at room temperature for 3 d. Table A3.2 shows the 

changes (2-5´ increase) in silanol density for the water-exposed silicas compared to the dry 

silicas. This partial rehydroxylation is expected,33 and limits our ability to make measurements 

on silicas with very low surface hydroxyl densities, but the initial dehydroxylation process is 

not fully reversible.34 Therefore the silanol content of the rehydrated T100 silicas still 

decreases smoothly, from 1.8 to 0.5 nm-2 with increasing thermal treatment temperature up to 

1000 °C (Table 3.1).  
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The organosilicas containing phenylene and biphenylene linkers were not thermally 

treated, apart from the mild calcination required to remove the templating surfactant. Their 

silanol densities vary over a smaller range (1.8 - 1.3 nm-2, Table 3.1), and lack a discernable 

trend. Ethylene-bridged silica (E100) has a slightly higher silanol density (2.2 nm-2), due to 

the use of ethanol extraction rather than calcination to remove the templating surfactant 

(necessitated by the limited thermal stability of E100).35 Consequently, changes in surface 

hydrophobicity for the mesoporous organosilicas (with the possible exception of E100) should 

be associated mainly with the nature and abundance of the organic linkers, rather than 

variations in their surface silanol content. 

 

3.3.2 Relative polarities of silica surfaces 

Changes in surface polarity (correlated with hydrophobicity) for the T100 series of 

thermally treated silicas were assessed by adsorbing Prodan from aqueous solution. To mimic 

the conditions required for subsequent ODNP measurement of surface water dynamics (see 

below), each thermally-treated silica was first immersed in water for 3 d, then Prodan was 

adsorbed from aqueous solution. Fluorescence spectra for the inorganic silica powders are 

compared in Fig. 3.1a. Their lmax values decrease monotonically from 508 to 493 nm as the 

thermal treatment temperature increases up to 1000 °C. Thus, lmax is correlated with silanol 

density (Table 3.1, Fig. A3.5).  
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Fig.  3.1. Comparison of fluorescence spectra for Prodan adsorbed on T100 (green) with (a) 

mesoporous inorganic silica (T100) after various thermal treatments (orange circles), and (b) 
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various mesoporous organosilicas (not thermally treated, except as necessary for surfactant 

removal, blue diamonds). For the inorganic silicas, the appended number T100-X represents 

the thermal treatment temperature. In each case, spectra were recorded for dry silica powders. 

(c) Correlation between Prodan fluorescence emission maximum and relative solvent/surface 

polarity, for mesoporous inorganic silica frameworks containing only oxygen linkers (l), or 

a combination of oxygen and organic linkers (◆). Several solvent values are shown for 

comparison (arrowshollow symbols). 

 

Fluorescence spectra for Prodan adsorbed on each organosilica are compared in Fig. 

3.1b. Their lmax values decrease monotonically as the fraction and size of the organic linkers 

incorporated into the framework increases. Notably, the presence of these organic linkers has 

a larger effect on surface polarity than silanol density, as evidenced by the much more 

significant blueshift (33 nm) of lmax across the range of organosilicas (compared to just 15 

nm for T100 after various thermal treatments). 

Relative surface polarity values for each type of silica were obtained by comparison 

to calibrated lmax values (obtained by interpolating values measured in various solvents of 

known polarity, ranging from 1.000 for water and 0.444 for dimethylsulfoxide, Table A3.3, 

Fig. A3.4).31,32 The results are shown for both inorganic silicas and organosilicas in Fig. 3.1c. 

The relative surface polarities of the inorganic silicas with variable silanol contents range from 

0.80 to 0.66. T100 without thermal treatment is slightly more polar than methanol, while 

heating to 1000 °C followed by partial rehydroxylation results in a relative surface polarity 

similar to ethanol. In the organosilica series, the relative polarities vary down to 0.52. The 

polarities of B100 and E100 are similar to ethanol and 2-propanol, respectively, while the 
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least polar material, BP100, is slightly less polar than 1-octanol. For organosilicas containing 

mixtures of linkers, such as B75-BP25 and T75-B25, intermediate values of lmax were 

recorded. Thus gradually increasing the fraction of organic linkers results in intermediate 

surface polarities (Fig. A3.6a), similar to increasing the carbon chain length in aliphatic 

alcohols and ketones (Fig. A3.6b).32 This result implies a uniform spatial distribution of the 

organic linkers, without segregation into organic-rich domains. 

 

3.3.3 Probing the dynamics of interfacial water 

The mobility of near-surface water provides insight into the thermodynamics of 

interfacial hydration. ODNP relaxometry is sensitive to water motion that occurs near a spin 

label, such as a stable nitroxide radical. It relies on the measurement of cross-relaxivity (kσ), 

i.e., the relaxation rate of the 1H nuclear spin of water, which is enhanced due to dipolar 

coupling to the unpaired electron spin (e) of the spin label.15,16 1H-e cross-relaxation is 

efficient for water located within 1 nm of the spin label, and move with a correlation time less 

than or equal to the inverse electron spin Larmor frequency (9.8 GHz at 0.35 T).15,16 The 

magnitude of kσ is directly proportional to the rate of water diffusion near the spin label.6  

Near an interface, molecules experience slower diffusion due to the geometric 

effect,36,37 as well as their chemical interactions with the surface.2,38 Since the geometric effect 

is expected to be similar for all mesoporous materials studied here, major differences in water 

diffusivity can be attributed to chemical interactions. By attaching the spin label to the surface, 

we ensure that the cross-relaxivity (kσ,surface) reports only on the diffusivity of water less than 

ca. 2 nm from the surface (Scheme 3.2). In this study, 4-carboxy-TEMPO radicals were 

attached to silica via propylamine linkers, and the surface diffusivity Dsurface was obtained 
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from kσ,surface. Although Dsurface values cannot be directly compared to bulk diffusivities 

measured by other techniques, Dsurface should correlate with surface water diffusivity.  

 

 

Scheme 3.2. A 4-carboxy-TEMPO radical, attached to a silica surface via a propylamine 

tether, acts as a spin probe for ODNP relaxometry, which measures water dynamics within ca. 

1 nm of the radical, and therefore within ca. 2 nm of the interface.  

 

3.3.4 Effect of surface silanol density on water mobility 

Since water interacts with surface silanols via hydrogen-bonding, we expect its 

diffusivity to vary inversely with the surface silanol density. Dsurface values measured for each 

of the thermally treated T100 silicas are shown in Table 3.1 and Fig. 3.2. As expected, the 

value of Dsurface increases, from (10.0 ± 0.2) × 10-10 m2/s for T100 without thermal treatment 

to (13.7 ± 0.5) × 10-10 m2/s for T100-1000. Since this change is due to loss of hydrogen-

bonding between water and surface silanols, hydration of inorganic silica surfaces is driven 
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principally by enthalpic stabilization associated with hydrogen bonding. Curiously, the change 

is not gradual: there is no increase in surface water diffusivity when T100 is treated at 600 °C, 

but the diffusivity rises abruptly when T100 is treated at 900 °C. These findings suggest a 

non-uniform distribution of surface silanols and the presence of silanol-free hydrophobic 

domains (see discussion below). 

 

 

Fig. 3.2. Diffusivity of near-surface water (Dsurface, derived from ks as measured by ODNP 

relaxometry) in mesoporous silicas containing only oxygen linkers (l), or a combination of 

oxygen and organic linkers (◆), as a function of the relative surface polarity (obtained by 

measuring the fluorescence of adsorbed Prodan, Fig. 3.1c). The solid lines are present only to 

guide the eye. 
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3.3.5 Effect of organic linkers on water diffusivity 

The behavior of mesoporous organosilicas is very different to that of the thermally 

treated inorganic silicas. Fig. 3.2 shows their water diffusivity as a function of their relative 

surface polarity (blue diamonds). There is no obvious dependence of Dsurface on the silanol 

density (Fig. A3.7b), which varies little among the organosilicas. However, in contrast to the 

inverse correlation of surface water diffusivity with polarity for the inorganic silicas, Dsurface 

is positively correlated with surface polarity for the organosilicas. Thus the value of Dsurface 

for B100, (4.3 ± 0.5) × 10-10 m2/s, is half that of T100; the value for BP100, (2.4 ± 0.2) × 10-

10 m2/s, is half that of B100. Since water molecules interact weakly with aromatic linkers, the 

variable hydration of the organosilica surfaces must be driven not by enthalpic but rather by 

entropic contributions (see below).   

For ethylene-bridged E100, Dsurface is higher than expected based on its polarity. Since 

Dsurface did not change appreciably in the inorganic silica series as long as the silanol density 

was above the threshold value (see above), the slightly higher silanol density of E100 should 

not be responsible for its anomalous Dsurface value. Instead, we infer that the smaller ethylene 

linkers are less effective than aromatic linkers in inducing low entropy surface hydration.  

Finally, reducing the pore sizes of B100 and E100 from ca. 7 nm to ca. 4 nm (Fig. 

A3.8) resulted in small decreases in surface water diffusivity (ca. 12 and 24 %, respectively, 

Fig. A3.9), suggesting that mesopore confinement effects are minor.   

 

3.3.6 Contribution of silanols to water mobility near organosilica surfaces 

The slower diffusion of interfacial water in the organosilicas relative to the inorganic 

silicas suggests that water molecules at the water-silica interface become more ordered as 
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hydrophobicity increases, resulting in a loss of entropy. Ordering may arise when water 

molecules that do not interact directly with the organic linkers form a hydrogen-bonded bridge 

or dome over the organic moieties, anchored at adjacent silanols (Scheme 3.3a). If some of 

these silanols are removed by thermal condensation, the mobility of the near-surface water 

should increase due to the decrease in water ordering (illustrated by the dotted red oval in 

Scheme 3.3b).  

 

 

Scheme 3.3 (a) ordered water structure at an organosilica surface. The blue dotted lines 

represent hydrogen bonds. (b) reduction in ordering upon partial dehydroxylation of the 

organosilica. The red dotted oval highlights the loss of a hydrogen bond anchoring the water 

chain via a surface silanol.  

 

To test this hypothesis, B100 was treated thermally at 350 °C, resulting in a reduction 

its surface silanol density from 1.3 to 1.0 nm-2 (Table 3.1). The Prodan fluorescence showed 

the expected blue-shift from 491 to 483 nm (Fig. A3.10). The lower polarity of B100-350 is 

similar to those of B75-BP25 and E100, however, the surface water diffusivity of B100-350 

is significantly higher than either B75-BP25 or E100, and double that of B100 prior to thermal 

treatment (Table 3.1). Thus, it does departs significantly from the trend of decreasing water 
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diffusivity with increasing polarity observed for the organosilica series, reverting instead to 

the “normal” behavior of inorganic silica (i.e., water diffusivity increases with decreasing 

polarity). This result suggests that fewer silanols limit the effect of the organic linkers on water 

ordering. We note that, while a lower silanol density should also reduce the enthalpic 

contribution to surface hydration, Dsurface is not very sensitive to silanol density above a 

threshold value of ca. 1 nm-2. Both B100 and B100-350 have silanol densities at or above this 

value (Table 3.1).  

 

3.3.7 Simulation of water dynamics 

The experimental evidence described above suggests that slower water diffusion near 

organosilica surfaces, relative to inorganic silica surfaces, arises from increased ordering of 

water molecules in the hydration layer. To test this hypothesis, molecular dynamics 

simulations of water near a hydroxylated amorphous silica slab were conducted, in the 

presence and absence of adsorbed benzene molecules (Fig. 3.3). The cut-offs for defining the 

hydration layer were chosen to include approximately two hydration layers, based on the 

density profiles in Fig. A3.11. The surface density of silanol groups was adjusted to 1.5 nm-2, 

similar to the experimental values. The benzene molecules were placed on the surface to avoid 

blocking water-silanol interactions, and spaced approximately 1 nm apart. This distance is 

slightly longer than the expected spacing between phenylene groups of B100 (0.5-0.8 nm).39 

The simplified surface differs from the phenylene-bridged organosilica in that benzene is 

adsorbed rather than being incorporated into the silica framework, and is present only at the 

surface rather than being distributed throughout the material. Nevertheless, the model should 

provide qualitative insight into water dynamics near the experimental surface.  



 

 77 

 

 

Fig. 3.3. Snapshots of an amorphous silica surface with its silanol density, aOH, adjusted to 

approx. 1.5 nm-2. Both snapshots were taken after the simulation, such that the surfaces are 

fully relaxed. Water molecules are removed in order to show the surface structure clearly. (a) 

The inorganic surface used as a control, and (b) the same surface, with adsorbed benzene 

molecules. (c) The probability distribution of three-body angles (θ) for water near the surface 

with adsorbed benzene, relative to the distribution for water near the surface without benzene 

(control). The inset depicts the distribution of three-body angles in the bulk, which is identical 

for both surfaces. Compared to the control, the surface with adsorbed benzene shows a clear 

increase in tetrahedral water structuring, and a corresponding decrease in icosahedral water 

structuring.  
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Water dynamics were assessed by computing the 2D diffusivity of water in the 

hydration layer for both silica surfaces. For the surface with adsorbed benzene, the average 

2D diffusivity in its hydration layer is (16.5 ± 0.5) × 10-10 m2 s-1, compared to (20.0 ± 0.4) × 

10-10 m2 s-1 for the control surface without benzene. This finding is consistent with the 

experimental observation of slower water dynamics near organosilica surfaces.  

Water structure and ordering in the hydration layers of both silica surfaces were 

compared via their three-body angle distributions. These distributions describe the angles 

subtended by a central water molecule and any two of its nearest neighbors. Compared to a 

simple fluid without directional interactions (e.g., liquid argon), the three-body angle 

distribution for water shows a pronounced shift in population towards the tetrahedral angle. 

In general, the presence of a surface causes the three-body angle distribution of near-surface 

water molecules to change, relative to the distribution in bulk water. Previously, shifts towards 

a reduction in tetrahedral population relative to bulk water have been seen in the hydration of 

extended, flat hydrophobic surfaces40, while an enhanced tetrahedral population relative to 

bulk water has appeared as a signature of nanometer-scale hydrophobe solvation.41 In this 

work, water near the benzene-modified surface shows increased tetrahedral ordering, 

compared to water near the inorganic surface (Fig. 3.3c). That is, adsorbed benzene induces 

increased tetrahedrality in the hydration-layer water, shifting the population of near-

tetrahedral angles closer to that of bulk water (i.e., showing stronger preference for angles of 

ca. 109.5 °).  

The benzene-modified surface also has a stronger thermodynamic signature of 

hydrophobicity than the inorganic surface. Specifically, the excess chemical potential 𝜇,-*( for 

solvating a methane-sized (3.3 Å) hard sphere probe (i.e., an idealized small molecule 
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hydrophobe) near the surface is lower for the adsorbed-benzene surface than for the inorganic 

surface (Fig. A3.11). Specifically, within 0.8 nm of the surface, the value of 𝜇,-*(/𝑘1𝑇 is 

(9.390 ± 0.003) for the benzene-modified surface, compared with (10.000 ± 0.004) for the 

control surface, consistent with increased hydrophobicity for the benzene-modified surface.  

 

3.4 Discussion  

Tuning surface hydrophobicity is a powerful method to control solute adsorption. 

Enzymes use hydrophobic hydration by locally ordered water to facilitate solute binding to 

their active sites, in which the interfacial water molecules serve as a low entropy reservoir. 

The liberation of ordered solvent molecules from hydrophobic zeolite micropores leads to 

large entropy gains upon solute adsorption, compensating for the enthalpic penalties 

associated with solvent reorganization.42–44 In heterogeneous catalysis, this entropic effect can 

influence the energetics of adsorption, stabilize transition states, and ultimately increase 

catalytic activity.43–45 The prospect of designing more heterogeneous catalysts with precisely 

configured hydrophobicities is appealing. This idea presupposes accurate information about 

the hydration thermodynamic properties of catalyst surfaces (usually, internal pore surfaces) 

and the chemical potentials of adsorbed solute molecules. Such measurements are lacking, 

because of the difficulty in applying many of the available tools, including single molecule 

force measurements,23 Raman scattering of solutes and water molecules,21 or THz absorption 

spectroscopy combined with MD simulation.46 However, if the surface can be functionalized 

with a spin probe, ODNP can now be used to obtain the necessary insight, and to deconvolute 

the overlapping effects of geometry, surface chemistry, length scale, density, and 

heterogeneity. 



 

 80 

As inorganic mesoporous silica (T100) becomes more hydrophobic due to progressive 

removal of its surface silanols, the diffusivity of its near-surface water increases. This change 

is consistent with a decrease in the number of hydrogen-bonding interactions between water 

molecules and surface silanol groups, which results in a reduced enthalpy of surface hydration. 

Interestingly, the increase in diffusivity shown in Fig. 3.2 is not gradual: there is negligible 

difference in water diffusivity for surface silanol densities of 1.8 and 1.2 nm-2 (corresponding 

to no additional thermal treatment, and thermal treatment at 600 °C, respectively), followed 

by an abrupt increase when the surface silanol density declined to 0.9 nm-2 (corresponding to 

thermal treatment at 900 °C). A further decrease in silanol density to 0.5 nm-2 (after thermal 

treatment at 1000 °C) gave a negligible change in diffusivity.  

Similar observations were made in a study of water mobility near the surface of a non-

porous silica, where the discontinuity appeared between pre-treatment temperatures of 700 

and 800 °C.2 It was attributed to disruption of a contiguous 2D water percolation network 

(silanol-water-silanol, connected through hydrogen bonds), which is present only above a 

threshold silanol density (ca. 1 nm-2 for mesoporous inorganic silica, Table 3.1, Fig. A3.7a). 

On silicas treated at lower temperatures, silanol clustering would create departures from the 

random distribution of surface silanols that allow the hydrogen-bond network to persist, even 

as the total silanol content varies significantly.2,47–49 This type of clustering requires, by 

corollary, the presence of large silanol-free regions which interact weakly with water due to 

the low polarity of siloxane bonds. 

In contrast to the modest effect of decreasing silanol density on water mobility, 

increasing the surface hydrophobicity via the incorporation of organic linkers into the silica 

framework results in a much more dramatic (and monotonic) change in the dynamics of 
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interfacial water. Furthermore, the change is in the opposite direction. Thus, the presence of 

organic groups appears to alter water dynamics by a mechanism that is entirely different from 

a scarcity of silanols. The slowing of surface water dynamics with increasing surface 

hydrophobicity in the organosilica series strongly suggests ordering of water molecules 

around the organic moieties, i.e., these embedded linkers are hydrated by low entropy water. 

The computed structural shift towards increased tetrahedrality of interfacial water near 

the benzene-modified surface is also consistent with hydrophobic regions hydrated by ordered 

water, and with the established theoretical framework for the hydration of hydrophobic 

molecules, which predicts increased ordering of interfacial water and a corresponding 

reduction in entropy. In contrast, simulations of water near surfaces with extended 

hydrophobic regions predict that diffusivity should increase as the hard-sphere chemical 

potential decreases (i.e., as the surface becomes thermodynamically more hydrophobic).4 The 

temperature dependence of the interfacial tension between aliphatic hydrocarbons and water 

shows that the sign of DShydration changes from negative to positive as the hydrocarbon chain 

length decreases.18 Thus, the hydration of very small hydrophobes is entropy-driven. Since 

interfacial water molecules appear to experience the organic linkers in organosilica 

frameworks as discrete, small-scale perturbations to the extended silica surface, and the 

hydration of these surfaces should also be entropy-driven. 

A quantitative framework was developed to estimate the hydrophobic length-scale for 

which entropic-enthalpic reversal in the Gibbs energy of hydration is expected to occur. Lum-

Chandler-Weeks theory predicts that DGhydration is dominated by entropy and scales with 

volume while for larger hydrophobes DGhydration is dominated by enthalpy and scales with 

exposed surface area22 since the hydration dynamics is governed by interface formation. The 
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transition is expected to occur on the nanometer length-scale. Studies of model hydrophobes 

also predict a characteristic length of ca. 1 nm for the entropic-enthalpic reversal.19,20,22,50,51 

Experimentally, water ordering has been observed for small hydrophobic solutes such as 

alkanes, alcohols and single polymer chains whose length-scales are, indeed, ≤ 1 nm.21,23,52,53 

The solute is encaged by laterally hydrogen-bonded water (i.e., not directly interacting with 

the hydrophobe), without disrupting the hydrogen-bond network of the surrounding water 

medium.  

In principle, this entropic-enthalpic reversal may also occur in materials with extended 

surfaces (i.e., with dimensions much larger than nm) provided the chemical features have nm-

scale dimensions, but no such observation has yet been made. Assuming the hydrophobic 

domains on organosilica surfaces are uniformly distributed, the length scale of the domain is 

determined mainly by the Si-Si distance associated with the Si-R-Si linker. Using typical Si-

C and C-C bond lengths,54–56 the relevant Si-Si distances are estimated to be 0.3, 0.6, and 1.1 

nm for E100, B100, and BP100, respectively (Scheme 3.1). These sizes are comparable to the 

predicted crossover length scale (ca. 1 nm) for entropically- vs. enthalpically-driven 

hydration.20,22,57 Several water molecules may form a hydrogen-bonded bridge (or dome) over 

the small organic domains, anchored by silanols located at the periphery (Scheme 3.3). 

Increasing the density of surface organic groups generates more low entropy spots, leading to 

gradually decreasing surface water mobility. Removal of the anchoring silanols should lead 

to an increase in surface water diffusivity, confirmed experimentally by the higher Dsurface 

value for B100 after thermal treatment at 350 °C to cause partial dehydroxylation.  

 

3.5 Conclusion 
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The thermodynamic properties of interfacial water are key in modulating the strength 

of solute binding to surfaces. How the surface chemistry affects the local thermodynamic 

properties of interfacial water on real surfaces is poorly understood, and the deliberate design 

of inorganic surfaces in order to control surface water dynamics has not previously been 

reported. In this study, the effects of two types of progressive surface modification were 

investigated to make amorphous silica gradually more hydrophobic: (1) decreasing the 

silanol/siloxane ratio by thermal treatment, thereby creating large patches of hydrophobic, 

silanol-free regions that interact weakly with water, and (2) incorporating organic linkers into 

the silica framework, thereby creating small hydrophobic domains that induce local ordering 

of interfacial water (hydrophobic hydration). Thus the enthalpic and entropic contributions to 

surface hydration can be separately and deliberately altered by modulating the surface 

chemistry of silica. In particular, the ability to design low entropy “hotspots” with locally 

ordered water in silica mesopores is expected to inspire new approaches to improve the 

efficiency of separations and catalysis, by tuning the strength of solute adsorption. 

 

3.6 Materials and methods 

3.6.1 Chemicals 

Tetraethylorthosilicate (TEOS, 98%), 1,4-bis(triethoxysilyl)benzene (BTEB, 96%), 

4,4′-bis(triethoxysilyl)1-1′-biphenyl (BTEBP, 95%), 1,2-bis(trimethoxysilyl)ethane (BTME, 

96%), Pluronic 123, 1,2,4-trimethylbenzene (TMB, 98%), vanadium oxytrichloride (99%), 

ammonium vanadate, hydrogen peroxide (30 wt% in H2O), sulfuric acid (95.0 - 98.0 %), N-

(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride, 2-(N-

morpholino)ethanesulfonic acid (MES), and N,N-dimethyl-6-propionyl-2-naphthylamine 



 

 84 

(Prodan) were purchased from Sigma Aldrich. 4-Carboxy-TEMPO and 3-

aminopropyldimethylethoxysilane were purchased from Santa Cruz Biotechnology and 

Gelest, Inc., respectively. All were used as-received. 

 

3.6.2 Synthesis and pretreatment of mesoporous silicas 

The silica syntheses followed a previously described procedure,13 with the exception 

of E100. Reagent amounts used to obtain each material are shown in Table A3.4. E100 was 

synthesized by modifying previously reported methods.58,59 P123 (3.0 g) was dissolved in 

aqueous HCl (106 mL, 0.17 M) by stirring at 150 rpm overnight in a Pyrex glass flask at room 

temperature. 1,2-Bis(trimethoxysilyl)ethane (16 mmol) was injected dropwise. The mixture 

was heated to 40 °C in a warm water bath and agitated for 23 h. The reaction mixture was 

removed from the water bath and transferred to a Parr pressure vessel equipped with a Teflon 

liner (125 mL). The reactor was sealed and placed in an oven at 100 °C for 48 h. After cooling 

to room temperature, the resulting suspension was filtered and washed with ~500 mL water, 

then mixed with ~200 mL ethanol and stirred at 60 °C overnight. After filtering to remove 

ethanol containing the P123 surfactant, the surfactant extraction was repeated twice more.  

 Partially dehydroxylated inorganic silicas were obtained by heating T100 (500 mg) to 

the desired temperature in a tube furnace at a ramp rate of 10 °C/min, then holding for 6 h in 

a flow of dry N2. To partially dehydroxylate B100, the organosilica (100 mg) was heated at 

350 °C for 3 h in a flow of dry N2. After thermal treatment, the silicas were stored in air prior 

to use. Readsorption of moisture from the laboratory ambient therefore partially restored their 

hydroxyl content. Further rehydroxylation occurred during functionalization with 4-carboxy-



 

 85 

TEMPO via propylamine linkers attached to the surface silanol groups, following a previously 

described method.13 

 

3.6.3 Characterization of silica morphology 

SEM images were obtained using a ThermoFisher Apero C LoVac Field Emission 

Gun Scanning Electron Microscopy (FEG SEM). X-ray powder diffraction patterns of air-

exposed silicas were acquired using a Rigaku X-ray diffractometer equipped with Cu Kα 

radiation. N2 sorption isotherms were measured at 77 K using a 3Flex Surface 

Characterization Analyzer (Micrometrics). Before each measurement, the silica was heated at 

150 °C for 8 h in flowing N2 to remove adsorbed water. Apparent surface areas were measured 

using the Brunauer-Emmett-Teller (B.E.T.) method, assuming a molecular area for adsorbed 

N2 of 0.135 nm2.29 Pore size distributions were obtained by analyzing the adsorption branches 

of the isotherms, using the Barrett-Joyner-Halenda (B.J.H.) method.  

 

3.6.4 Surface hydroxyl density measurements 

Physically adsorbed water was removed from each silica by evacuation in a Schlenk 

tube at 170 °C and 10-4 Torr for 7 h. A portion of the dry silica (30 mg) was exposed to excess 

VOCl3 vapor for 25 min to convert accessible silanols (ºSiOH) to ºSiOVOCl2, according to 

a previously described procedure.26 The chemisorbed vanadium was extracted from a 

precisely weighed sample in air (approx. 10 mg) with a freshly-made H2SO4 solution (1 M, 

5.0 mL) containing H2O2 (0.26 M). The UV-vis spectrum of the resulting solution was 

measured using a UV-2401 spectrophotometer (Shimadzu). The absorbance at 448 nm was 

converted to vanadium loading using a calibration curve prepared using ammonium vanadate.  
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3.6.5 Assessment of surface polarity 

Each silica (20 mg) was immersed in water (1 mL) for 3 d, then an aqueous solution 

of Prodan (5 mL, 30 μM) was added, and stirred for 1 h. The mixture was centrifuged at 3000 

rpm for 3 min, then the supernatant liquid was decanted. The wet solid containing adsorbed 

Prodan was dried using a rotary evaporator (Buchi Rotavapor R-210) at 30 °C and 100 mbar. 

After removing liquid water, the silica was further dried at 85 °C for 2 h in the oven and 

fluorescence spectrum was measured with a FluoroMax 4 fluorimeter (Horiba), using an 

excitation wavelength of 365 nm. The peak maximum lmax was obtained from the zero-

crossing of the first-derivative. In order to estimate the relative polarity of silica surfaces, lmax 

values for dissolved Prodan in various solvents31 were correlated with reported values for 

relative solvent polarity.32 A second-order polynomial function fitted to the data was used to 

interpolate relative polarities for silicas based on their lmax values. 

 

3.6.6 Overhauser dynamic nuclear polarization (ODNP) NMR relaxometry 

Functionalization of silica by 4-carboxy-TEMPO followed a previously described 

procedure.13 Spin concentrations were estimated by comparison of the double integral of the 

EPR spectrum to the value for an aqueous solution of 4-carboxy-TEMPO (200 μM). A sample 

of spin-labeled silica suspended in water (40-80 mg/mL) was loaded into a quartz capillary 

tube (0.6 mm I.D., 0.84 mm O.D). The X-band continuous-wave (CW) EPR spectrum was 

recorded using a Bruker EMX CW EPR spectrometer equipped with a Bruker ER-4119HS-

LC resonator, operating at a microwave frequency of ca. 9.3 GHz, 1 mW microwave power, 

100 kHz modulation frequency, and 0.4 G modulation amplitude.  



 

 87 

ODNP measurements were conducted at room temperature using a Bruker EMX CW 

EPR spectrometer and a Bruker Avance III NMR console. The sample was positioned inside 

the coil of a home-built NMR probe. The coil, an oval-shaped Helmholtz pair, was tuned and 

matched using an RLC circuit consisting of two variable capacitors and one fixed inductor. 

The coil and sample were positioned in the center of a microwave cavity (ER 4119HS-LC, 

Bruker Biospin). The software Xenon was used to tune the cavity. An EPR spectrum was 

acquired to identify the magnetic field value at the center of the spectrum (ca. 348.5 mT) and 

the resonant frequency of the loaded cavity (ca. 9.78 GHz). The NMR probe was subsequently 

tuned to the 1H Larmor frequency at the magnetic field used in the experiments (ca. 14.83 

MHz). NMR signal enhancements were measured upon irradiation of the central EPR 

resonance of the nitroxide radical, using applied microwave powers up to a maximum of 

approx. 6 W. The data used to calculate hydration parameters consist of an array of NMR 

signal enhancements measured as a function of applied microwave power, and the 

corresponding array of 1H longitudinal relaxation times (T1) at each applied microwave power.  

Hydration parameters were calculated following previously published 

procedures,16,60–62 as explained in more detail in the SI. Briefly, the NMR signal enhancement 

with microwave power caused by the Overhauser effect is asymptotic, due to the saturation 

behavior of the electron spin transition. An equation modeling the saturation profile is fitted 

to data describing the enhancement profile. The “cross-relaxivity”, kσ accounts for the 

effective rate of hyperpolarization, which is directly related to the rate of diffusion of water 

molecules near the spin label.15  

 

3.6.7 Computational methods 
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MD simulations were performed in GROMACS (release 2016.1)63 using the TIP4P-

Ew water model,64 in conjunction with force field parameters developed for models of 

amorphous silica interfaces.65 The model is approximately 4 nm × 4 nm, and 2 nm thick. The 

PARMED package66 was used to decrease the silanol density to approx. 1.5 OH/nm2, by 

identifying pairs of silanols to undergo condensation. A hydroxyl group and a proton were 

removed before creating a siloxane bond between the remaining oxygen and the 

undercoordinated silicon. Silanol pairs considered for condensation were those with Si-Si 

distances ≤ 0.55 nm and O-O distances ≤ 0.45 nm. H-bonded silanol pairs with O-O distances 

≤ 0.35 nm and O-H-O angles > 110 ° were removed first, before proceeding to condense other 

pairs.  

To model the organosilica surface, benzene molecules were placed onto the silica 

surface at locations selected to avoid covering silanols. Parameters for benzene were obtained 

from the Automated Topology Builder.67,68 An energy minimization was performed in 

vacuum with surface silicon atoms frozen, to allow the benzene molecules to achieve low-

energy, adsorbed configurations. All surfaces were then solvated with 1840 water molecules 

and subjected to further energy minimization, while keeping surface silicon atoms and 

adsorbed benzene molecules frozen. After the simulation box dimension perpendicular to the 

interface was adjusted so that the water density far from the interface (bulk water, at least 1 

nm from the silica surface) was close to its pressure-equilibrated value, a final energy 

minimization was performed with only silicon atoms frozen (in order to preserve the surface 

structure). 

In all simulations, the time-step was 0.002 ps, with coordinates output every 0.5 ps. 

Equilibration consisted of an initial constant-volume run of 100 ps using a Berendsen 
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thermostat69 with a coupling constant of 0.5 ps. Subsequently, the system was equilibrated 

with 200 ps of NPT simulation using the same thermostat and a Berendsen barostat set to 1 

bar acting only on the dimension perpendicular to the box, with a coupling constant of 5 ps 

and a compressibility of 4.5 ×10-5 bar-1. The constant pressure simulation was repeated to 

calculate the average box dimension perpendicular to the interface. The simulation box was 

scaled accordingly and 100 ps of further equilibration was performed in the NVT ensemble 

using a Nose-Hoover thermostat70,71 at 300 K and with a coupling constant of 2 ps. The final 

production run, for which all analyses were performed, used the same thermostat for a total 

10 ns. Dynamics were propagated with the velocity Verlet algorithm,72 with all bonds 

involving hydrogen constrained via LINCS.73 Throughout all MD simulations, the surface 

silicon atoms as well as three of the carbon atoms in all benzene rings were position-restrained 

with spring constants of 1000 kJ/mol·nm, allowing hydroxyl groups to move and form 

hydrogen bonds freely with water. Lennard-Jones and Coulombic pair interactions were cut 

and shifted to zero at 1.2 nm, with long-range electrostatics handled by the Smooth Particle 

Mesh Ewald algorithm using GROMACS default parameters.74 

Three-body angle distributions were calculated as described in the literature,41 

considering the angle between all pairs of water oxygens within a radial distance of 0.332 nm 

(approx. the first RDF minimum for TIP4P-Ew water at ambient temperature and pressure) 

from a central water oxygen. Three-body angle distributions at surfaces consider only water 

oxygens within 0.8 nm of the mean interface, defined as the distance from the surface where 

the water oxygen density reaches 9.96 nm-3 (i.e., approx. 30 % of the bulk density). The pytraj 

package75 was used to analyze the simulation trajectories. 
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Excess chemical potential of hard-sphere insertion is defined as 𝜇,-*( = 𝑘1𝑇 ln 𝑝2 , 

where 𝑝2 is the probability of successful insertion of a hard sphere of volume V, considering 

all configurations sampled during the simulation trajectory.4 Successful insertions result when 

there is no overlap of the hard sphere with the centers of any water oxygen or surface heavy 

atoms. In this work, 𝑝2 was computed as a function of distance from the mean silica-water 

interface by counting the number of successful insertions of hard spheres of volume V placed 

at random locations in 2D planes of varying distance 𝑧 from the surface.  
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3.8 Appendix II 

 

 

Fig. A3.1. SEM images of mesoporous inorganic silicas before and after thermal treatment 

from 600 to 1000 °C.  
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Fig. A3.2. Small-angle XRD patterns of mesoporous inorganic silicas (T100) after thermal 

treatment from 600 to 1000 °C. 
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Table A3.1. Physicochemical properties of mesoporous (organo)silicas a 

Silicas Thermal 

treatment 

temperature 

(°C) 

Framework 

linkers 

B.E.T. 

surface 

area  

(m2 g-1) b 

Pore 

volume 

(cm3 g-1) c 

Pore 

size 

(nm) d 

 

 O
xo

 

Ph
en

yl
en

e 

B
ip

he
ny

le
ne

 

Et
hy

le
ne

 

   

T100-none - •    709 1.12 9.7 ± 0.5 

T100-600 600 •    644 1.01 8.8 ± 0.7 

T100-800 800 •    498 0.87 8.3 ± 0.7 

T100-900 900 •    444 0.86 7.9 ± 0.8 

T100-1000 1000 •    353 0.63 7.0 ± 0.8 

T75-B25 - • •   668 0.99 7.6 ± 0.3 

B100 - • •   721 1.08 7.6 ± 0.8 

B75-BP25 - •  •  719 1.01 6.3 ± 0.3 

BP100 - •  •  728 1.18 5.0 ± 3.6 

E100 - •   • 791 1.43 7.1 ± 0.5 
a Physicochemical properties of phenylene and/or biphenylene bridged organosilicas are 

excerpted from our previous literature.1 b Surface area was obtained using the Brunauer-

Emmett-Teller (B.E.T) method, assuming an area of adsorbed N2 of 0.135 nm2 per molecule.2 

c Measured at P/P0 = 0.99. d Pore size and its standard deviation were calculated using the 

Barrett-Joyner-Halenda (B.J.H.) method.  
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Fig. A3.3. Pore size distribution of mesoporous (a) inorganic silicas and (b) organosilicas. 
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Table A3.2. Silanol density before and after rehydroxylation 

Silicas Thermal 

treatment 

temperature. 

(°C) 

Before 

rehydroxylation, 

aOH (nm-2) 

3 d after 

rehydroxylation 

aOH (nm-2) 

T100-600 600 0.6 1.2 

T100-900 900 0.3 0.9 

T100-1000 1000 0.1 0.5 
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Table A3.3. Relative polarities of various solvents, and their Prodan emission maxima (nm) 

Solvent Relative polarity a lmax b 

water 1.000 527.5 

2,2,2-trifluoroethanol 0.898 517.6 

Ethylene-glycol 0.790 513.6 

Methanol 0.762 502.7 

Formamide 0.775 501.8 

2,2,2-trichloroethanol 0.722 500.8 

Ethanol 0.654 493.0 

1-propanol 0.617 486.8 

1-butanol 0.586 484.4 

2-propanol 0.546 479.8 

1-octanol 0.537 476.4 

Cyclohexanol 0..509 475.1 

Dimethyl sulfoxide (DMSO) 0.444 464.5 

a Inferred previously, by measuring the shift in the absorption spectrum of Reichardt’s dye.3 

b From a previous study.4 

 

 

 



 

 106 

 

Fig. A3.4. Correlations between the relative polarities3 and Prodan fluorescence emission 

maxima of various solvents.4 The data are fitted using a second order polynomial function.  

 

 

Fig. A3.5. Correlations between the silanol density of T100 inorganic silicas and Prodan 

fluorescence wavelength.  
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Fig. A3.6. Relative polarity of (a) mesoporous organosilica as a fucntion of mass loss after 

calcination at 720 °C (b) Relative polarity of aliphatic alcohol, ketone, and polyalcohol as a 

function of the number of carbon atoms.3 Aliphatic alcohol includes 1-propanol, 1-butanol, 

etc. Aliphatic ketones are propanone, 2-butanone, etc, and aliphatic polyalcohols are ethylene 

glycol, diethylene glycol, etc.  
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Fig. A3.7. Surface water diffusivity (Dsurface,kσ) near (a) mesoporous inorganic silicas and (b) 

mesoporous organosilica, as a function of their relative surface silanol density. Linker 

composition in silicas (l: siloxane; ◆: ethylene, phenylene- and/or biphenylene).  
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Fig. A3.8. Pore size distributions for small pore and large pore B100 and E100. 

 

 

 

Fig. A3.9. Surface water diffusivity (Dsurface,kσ) near mesoporous organosilica, as a function of 

their relative polarity. The phenylene and ethylene bridged organosilicas with smaller pore 

sizes (ca. 4 nm) were synthesized using Brij®S10 surfactant following the previous method.5 
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Fig. A3.10. Fluorescence spectrum for Prodan adsorbed on phenylene-bridged organosilica 

(B100) and thermal-treated B100 at 350 °C under N2 flow (B100-350).  
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Fig. A3.11. Number density of water oxygens and heavy surface atoms (Si, O, and C), 

averaged over the x and y directions, is given as a function of distance z from the center of the 

surface. Far away from the water-surface interface (around z=11), densities are identical 

between the control and adsorbed-benzene surface. Near the water-surface interface, an 

additional heavy-atom peak for the benzene surface indicates the presence of adsorbed 

benzenes. The first peak in water density for the benzene surface is diminished in magnitude 

compared with the control surface, but occurs at an identical distance from the center of the 

surface. 

 

 



 

 112 

 

Fig. A3.12. The excess chemical potential for inserting a methane-sized (3.3 Å) hard-sphere 

probe as a function of distance from the center of the surface is given, calculated using the 

Widom insertion method. The approximate location of the water-surface interface, calculated 

using water density plots, is depicted via the dashed vertical line. Near the water-surface 

interface, the 𝜇,-*( for the benzene surface tends to be lower than that of the control surface. 

This suggests that displacing water with a hydrophobic hard-sphere probe is more favorable 

in the adsorbed-benzene case, and indicates that this surface is thermodynamically more 

hydrophobic than the control. 

  



 

 113 

Table A3.4. Synthesis composition of mesoporous (organo)silicas.  

Materiala Silica  

precursor 

Amount  

(mmol) 

HClf 

(mL) 

Surfactant Amount 

(g) 

T100-none TEOSb 30 1.8 P123 3.0 

T75-B25 TEOS / BTEBc 12.5 / 4.2 1.8 P123 3.0 

B100 BTEB 7.2 1.8 P123 3.0 

B75-BP25 BTEB / BTEBPd 5.5 / 1.8 1.8 P123 3.0 

BP100 BTEBP 6.5 5.5 P123/1-BuOH 3.0 / 4.0 

E100 BTMEe 16 1.8 P123 3.0 
a The numbers in the abbreviated names represent precursor molar ratios used in the synthesis 

mixture. bTetraethyl orthosilicate. c1,4-Bis(triethoxysilyl)benzene. d4,4′-bis(triethoxysilyl)1-

1′-biphenyl. e1,2-bis(trimethoxysilyl)ethane. fHCl 36.5 % g1,2,4-trimethylbenzene. 
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Chapter 4. Operando observation of the molecular adsorption effect on the 

activity and selectivity in phenol hydrogenation over hydrophilic and 

hydrophobic Pd catalysts 
 

4.1 Abstract 

The extent of interaction between reactants and a catalytically active surface in the 

presence of a solvent is an important factor controlling catalytic activity and selectivity. Liquid 

phase conditions are particularly relevant to the conversion of lignocellulosic biomass and its 

derivatives, such as glucose isomerization/dehydration and monolignol 

hydrogenolysis/hydrogenation. To assess the influence of surface composition on the extent 

of phenol adsorption, and the resulting effect on catalytic activity and selectivity in phenol 

hydrogenation, Pd nanoparticles were supported on hydrophilic and hydrophobic mesoporous 

silica made using organosilica precursors. These materials were used to catalyze phenol 

hydrogenation at 60 °C, while operando NMR spectra were collected. Additional peaks 

representing molecules (phenol, cyclohexanone, and cyclohexanol) interacting with the 

surface were observed. The peaks shifted during the reaction due to changes in the chemical 

composition of the adsorbed layer. Kinetic profiles indicate that a hydrophobic catalyst with 

biphenylene linkers gives a higher phenol conversion rate and selectivity to cyclohexanone 

than a corresponding hydrophilic catalyst. Analysis of in situ NMR arrays and ex situ 

adsorption suggest that increased phenol concentration at the surface leads to increased Pd 

active site-phenol interactions, suppressing the reaction of cyclohexanone in spite of an 

increase in cyclohexanone adsorption onto the support.  
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4.2 Introduction 

Valorization of biomass to chemicals and fuels is an important process to lower 

dependence on fossil sources and reduce carbon footprints.1–3 In order to enable efficient 

biomass conversion by the heterogeneous catalytic systems, various strategies have been 

introduced.4,5 One of the well-known catalytic systems in biomass conversion to renewable 

chemicals such as furfural and 5-hydroxymethyl furfural is a biphasic solvent system 

consisting of aqueous and organic solvents. The reactant and catalyst are both present in the 

aqueous phase, but the product is efficiently extracted into an organic solvent that does not 

contain the catalyst.6–8 In this way, both catalytic activity and selectivity are improved. 

Similarly, varying the surface hydrophilicity/hydrophobicity has been investigated to alter the 

interactions of reactants or products with catalyst surfaces.9–13 For example, furfural 

hydrogenation to furan was explored using a hydrophilic zeolite with a higher silanol 

density.13 The hydrophilic surface promotes efficient desorption of the product, furan, thereby 

minimizing the formation of the by-products, dihydrofuran and tetrahydrofuran.13 Thus 

designing catalyst surface properties based on controlling interactions with reactant or product 

molecules can be a powerful strategy to improve activity and selectivity. 

An indirect way to evaluate the interaction between the surface and a molecule in 

solution involves measuring the change in solution concentration due to adsorption. In this 

way, the extent of molecular adsorption onto a catalyst is obtained.13–15 Alternatively, the 

adsorbate-catalyst interaction can be observed directly, using a spectroscopic technique such 

as MAS NMR.16–19 The interaction is manifested in the NMR by a broader peak with a slightly 

different chemical shift compared to that of the molecule in the bulk solution, due to restricted 

mobility of adsorbed molecules. The fraction of adsorbed species can be quantified using the 
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areas of adsorbed and solution-phase NMR peaks. For instance, a 13C MAS NMR 

investigation of zeolite-glucose mixtures in a water-γ-valerolactone (GVL) mixed solvent at 

298 K showed that 65 % of the glucose was confined in the micropores when the solvent 

contained 46 mol% GVL.20 Conducting a catalytic reaction in operando mode using MAS 

NMR spectroscopy allows observation of the reaction kinetics21,22 as well as the fraction of 

adsorbed species,20 meaning that the effect of molecular adsorption can be investigated in-

situ. This combination can provide valuable information regarding surface effects on activity 

and selectivity. 

In this study, phenol hydrogenation was chosen as a model reaction in order to 

investigate the effect of molecular adsorption on activity/selectivity. Phenol is one of the 

compounds formed during lignin pyrolysis,23 and previous literature has shown that phenol 

adsorption can vary greatly on different surfaces.24,25 Thus, determining the relationship 

between phenol adsorption and activity/selectivity in hydrogenation can shed light on how to 

convert other aromatic compounds derived from lignin, such as guaiacol, cresol, and 

vanillin.26–28  

Previous studies on phenol hydrogenation over Pd-based catalysts suggest that the 

selectivity to cyclohexanone or cyclohexanol is determined by the orientation of adsorbed 

phenol. Non-planar or co-planar adsorption was proposed to lead to cyclohexanone or 

cyclohexanol, respectively.29–33 In particular, it was suggested that adsorption on Al2O3 was 

suggested to be co-planar, yielding cyclohexanol as the main product.32 However, few studies 

show selectivity to cyclohexanol over Pd/Al2O3 catalysts.34,35 Instead, a number of works 

report that Pd catalysts are selective to cyclohexanone, which can be further hydrogenated to 
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cyclohexanol.36–38 These results indicate that convincing explanation for the effect of the 

reactant-support interaction on selectivity has yet to be found.  

In this work, we focus on the effect of molecular adsorption on activity and 

selectivity. Hydrophilic SBA-15-type mesoporous silica with a surface consisting of siloxane 

and silanol groups, as well as hydrophobic mesoporous silicas containing biphenylene linker, 

were synthesized. The surface polarities of each Pd catalyst were assessed by measuring the 

fluorescence of adsorbed Prodan, which blue-shifts when the polarity of its environment 

decreases.39,40 Subsequently, kinetic profiles for phenol hydrogenation were measured and 

amounts of adsorbed species were quantified using 13C MAS NMR in operando mode. The 

effect of molecular adsorption is interpreted based on adsorption profiles and kinetic analysis 

using a Langmuir Hinshelwood mechanism.  

 

4.3 Materials and methods 

4.3.1 Chemicals 

All commercial materials were used as received. Tetraethylorthosilicate (T, 98%), 

4,4′-bis(triethoxysilyl)-1,1′-biphenyl (BP, 95%), Pluronic P123, unlabeled phenol (99%), 

N,N-dimethyl-6-propionyl-2-naphthylamine (Prodan), palladium(Ⅱ) acetate, and acetonitrile 

(≥99.9%) were purchased from Sigma Aldrich. Labeled phenol (1-13C, 99%) was obtained 

from Cambridge Isotope Laboratories, Inc. H2 (5 % in N2 and 10 % in Ar), CO (9.890 % in 

He) and He (UHP) were purchased from Airgas, Inc. MCM-41(pore size: 2.7 nm, B.E.T. 

surface area: 682 m2/g) was purchased from Advanced Chemical Supplier (ACS) Material 

LLC and used as-received.  
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4.3.2 Catalyst preparation 

The SBA-15-type silica and organosilica used as catalyst supports were synthesized 

by templated condensation of T or BP, following previously reported methods.41–43 

Hydrophilic (Pd-T) and hydrophobic (Pd-BP) catalysts were prepared via incipient wetness 

impregnation. Pd(Ⅱ) acetate (5.3 mg) was dissolved in acetonitrile (250 or 380 µL for Pd-T 

and Pd-BP, respectively). The solids were dried at 80 °C for 3 h, then heated in air to 300 °C 

with a ramp rate of 1 °C/min and held for 2 h. The resulting materials contain 0.95 and 0.94 

wt% Pd for Pd-BP and Pd-T, respectively. Both catalysts were activated by reduction at 200 

°C for 2 h in flowing 5 % H2/N2. The reduced catalysts were stored in N2-filled glass vials 

until use.  

 

4.3.3 Catalyst characterization 

The average Pd particle size and Pd dispersion were determined for each catalyst by 

CO chemisorption, using a Micrometrics Autochem ii 2920, equipped with a TCD detector. 

The catalyst was pretreated by heating in flowing H2/Ar (10 vol%, 50 mL/min) to 200 °C at a 

ramp rate of 5 °C min-1, and held at 200 °C for 2 h. After cooling to 35 °C under flowing He 

(50 mL/min), the catalyst was subjected to 20 pulses of CO (9.890 vol% in He). The amount 

of CO not adsorbed on each pulse was measured, and a Pd/CO chemisorption stoichiometry 

to 2 was assumed to calculate Pd dispersion.44  

N2 sorption isotherms were measured at 77 K using a 3 Flex Micrometrics 

porosimeter. Before measurement, each material was heated at 423 K for 8 h in flowing N2 to 

remove physically adsorbed water. The apparent surface area was calculated using the 

Brunauer–Emmett–Teller (B.E.T.) equation, assuming a molecular area of 0.135 nm2 for 
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adsorbed N2.45 The average pore diameter was calculated by analyzing the adsorption branch 

of the N2 isotherm, using the Barrett–Joyner–Halenda (B.J.H.) method.  

Powder X-ray diffraction patterns were acquired from 5 to 60 ° [2θ], using a Rigaku 

X-ray diffractometer equipped with Cu Ka radiation. TEM images were collected using a 

ThermoFisher Talos G2 200X TEM/STEM. To assess surface polarity, 20 mg catalyst was 

stirred with an aqueous solution of Prodan (30 µM, 5 mL) at room temperature overnight. 

After centrifugation at 3000 rpm for 10 min, the supernatant liquid was decanted and the solid 

was dried in air in an oven at 80 °C for 6 h. The fluorescence spectrum was recorded by 

dispersing ca. 5 mg catalyst in 4 mL water, using a Horiba FluoroMax 4 spectrometer and an 

excitation wavelength of 365 nm.  

The amounts of adsorbed phenol were measured by mixing a sample of the catalyst 

(20 mg) with an aqueous solution of phenol (1.5 mL, 50 mM). The slurry was agitated in a 

IKA Vortex 4 digital mixer at 3000 rpm for 2 h, then centrifuged at 3000 rpm for 5 min to 

separate the solid. The decanted supernatant was analyzed by solution-state 1H NMR (Varian 

Unity, 500 MHz). A shim map was created for H2O solvent to use the H2O peak as a standard 

without using other internal standards.  

 

4.3.4 Operando MAS NMR spectroscopy 

Magic-angle-spinning (MAS) NMR experiments were performed on a Bruker Avance 

NMR spectrometer equipped with an 11.7 T magnet and a 7.5 mm magic-angle spinning 

(MAS) triple resonance 1H/X/Y probe. A specially-designed solid-state NMR rotor 

accommodates liquid-solid mixtures at high temperatures (<250 °C) and pressures (<225 

bar).22 The rotor bushing is constructed of Vespel and is equipped with Viton O-rings. 
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Calibration of the spectrometer temperature setting was performed by acquiring 1H NMR 

spectra of ethylene glycol.46 The rotor was loaded with phenol-1-13C (6 mg), catalyst (3.8 mg), 

H2O (120 µL), and H2 (50 bar). The MAS rate was set and maintained at 3 kHz. When the 

desired temperature was reached, 13C NMR spectra were collected until all the phenol was 

converted to cyclohexanol. Each spectrum was acquired with 8 scans, a relaxation delay of 25 

ms, and an acquisition time of 30 s.  

 

4.3.5 Kinetic Analyses 

Kinetic profiles for phenol hydrogenation were obtained by integrating the phenol, 

cyclohexanone, and cyclohexanol peaks, at ca. 154, 219, and 69 ppm, respectively. Spectral 

deconvolution to quantify adsorbed amounts was conducted using the Bruker Biospin 

software TopSpin 4.1.1. A microkinetic model which assumed Langmuir-Hinshelwood 

dependence on the concentration of each species was proposed. The microkinetic model, 

which consisted of time dependent differential and algebraic equations, was fit to the kinetic 

profiles with nonlinear least squares regression in MATLAB. 

 

4.4 Results and Discussion 

4.4.1 Catalyst synthesis and characterization 

Pd nanoparticles were formed on two mesoporous silicas: a hydrophilic (T, with 

oxygen linkers) and a hydrophobic (BP, with biphenylene linkers), by the incipient wetness 

impregnation method. The average pore size for BP is 5.3 nm, compared to 9.4 nm for T 

(Table A4.1 and Fig. A4.1). However, according to CO chemisorption, the Pd dispersion is 

52 % for both materials (Table A4.2), corresponding to an average nanoparticle size of ca. 2.1 
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and 1.8 nm (assuming hemisphere and cubic shape). As expected for particles of this size, the 

wide-angle XRD pattern shows negligible intensity for the Pd(111) reflection at 2q = ca. 40 ° 

(Fig. A4.2).47,48 The TEM images of Pd-BP show nanoparticles of diameter (2.7 ± 0.5) nm 

(Fig. A4.3).  

The surface polarity of the two supports was compared by measuring the fluorescence 

of adsorbed Prodan.43,49 Its fluorescence is blue-shifted in less polar environments. Prodan 

was adsorbed from water onto both supports (without Pd) and both catalysts (with Pd). 

Fluorescence spectra were recorded after isolating each material and redispersing in water. 

Fig. 4.1 shows a large blue-shift in λmax for BP (483 nm) compared to T (523 nm), confirming 

that the organosilica surface is much less polar than the silica surface. This result is consistent 

with a previous report.43 Compared to polarity measurements of solvents made using Prodan 

dye,39 the interfacial polarities of BP and T dispersed in water are deemed to be similar to 

those of 1-butanol and water, respectively. 

 

 

Fig. 4.1. Fluorescence of Prodan adsorbed on mesoporous supports (dashed lines) and Pd 

catalysts (solid lines). The inset shows a photograph of the Prodan fluorescence for Pd-BP 

and Pd-T, suspended in water.  
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The fluorescence of adsorbed Prodan was also measured for the Pd catalysts (inset to 

Fig. 4.1). The λmax values are similar in the presence and absence of Pd, Fig. 4.1, indicating 

that the average surface polarity is not affected by Pd deposition. However, the fluorescence 

is broader in the presence of Pd nanoparticles. When BP was heated to 300 °C (as during the 

formation of the Pd nanoparticles), a similar broadening was observed (Fig. A4.4). Thus the 

effect appears to be caused not by the presence of Pd but by the thermal treatment steps.  

Phenol adsorption was assessed for both supports (without Pd) and both catalysts 

(with Pd). Hydrophobic BP and Pd-BP adsorb ca. 7´ more phenol (ca. 0.7 molecules/nm2) 

than the corresponding hydrophilic support and catalyst (ca. 0.1 molecules/nm2, Table 4.1). 

Although the dimensions of a phenol molecule (ca. 0.5 nm) are much smaller than the 

mesopore diameter, we confirmed that the smaller average pore size of BP and Pd-BP (ca. 5 

nm) does not play a role in its increased affinity for phenol by conducting the same experiment 

with MCM-41 silica (average pore diameter 2.7 nm). It adsorbs a similar amount of phenol 

(0.09 molecule/nm2) as T and Pd-T (average pore diameter ca. 9 nm). Thus the surface 

hydrophobicity as determined by the linker chemical composition, rather than the pore size, 

appears to be the major factor controlling phenol adsorption. Cyclohexanone adsorption was 

assessed for both catalysts as well. Hydrophobic Pd-BP adsorbs ca. 3´ more cyclohexanone 

(0.87 molecules/nm2) than hydrophilic Pd-T (0.28 molecules/nm2). Thus, the hydrophobic 

surface show higher affinity to both phenol and cyclohexanone.  
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Table 4.1. Amounts of phenol and cyclohexanone adsorbed onto 20 mg solid from 1.5 mL of 

a 50 mM aqueous solution at room temperature 

Materials Phenol adsorbed  

(molecules/nm2) a 

Cyclohexanone adsorbed 

(molecules/nm2) a 

T 0.09 - 

Pd-T 0.08 0.28 

BP 0.67 - 

Pd-BP 0.73 0.87 

MCM-41 0.09 - 
a B.E.T. Surface areas were used in calculating the density of adsorbed phenol by assuming 

an area for adsorbed N2 of 0.135 nm2/molecule. 

 

A competitive adsorption test was conducted to investigate the relative affinities of 

each organic molecule for the two catalyst supports as a function of temperature. A mixture 

of phenol/cyclohexanone/cyclohexanol solution (70 mM each in water) was combined with 

each support. For BP, the fraction of adsorbed phenol decreased slightly from 14 % at room 

temperature to 12 % at 70 °C, while the fraction of adsorbed cyclohexanone increased from 

17 to 25 % (Fig. A4.5a). Thus phenol adsorption (displacing adsorbed water) is nearly 

thermoneutral, while cyclohexanone adsorption is slightly endothermic (Fig. A4.6). For the T 

support, the fraction of phenol adsorbed is ca. 1-2 % at R.T and 70 °C, while the fraction of 

cyclohexanone adsorbed increases from 4 to 12 % (Fig. A4.5b). Again, these results confirm 

that BP has a higher adsorption capacity for both phenol and cyclohexanone than the T 

support.  

 

4.4.2 Analysis of operando NMR spectra obtained from Pd-BP 



 

 125 

The effect of surface hydrophobicity on phenol hydrogenation was studied using 

operando NMR spectroscopy. Fig. 4.2 shows a time-resolved array of 13C MAS NMR spectra 

showing how an aqueous solution of phenol evolves in the presence of Pd-BP at 60 °C. 

Consistent with previous experimental and theoretical studies of heterogeneous Pd 

catalysts,36–38 phenol is hydrogenated first to the intermediate cyclohexanone, which is then 

hydrogenated further to cyclohexanol. The peaks at 154, 219, and 69 ppm correspond to 

phenol-1-13C, cyclohexanone-1-13C and cyclohexanol-1-13C, respectively. There is no 

evidence for scrambling of the 13C label. 
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Fig. 4.2. Time-resolved operando 13C MAS NMR spectra, showing phenol hydrogenation 

catalyzed by (a) Pd-BP and (b) Pd-T catalysts. Reaction conditions: catalyst 3.8 mg, H2O 0.12 

mL, phenol (1-13C) 6 mg, H2 50 bar (pressure at 23 °C), 60 °C. MAS 3 kHz. 

 

Each region in the NMR spectral array is magnified in Fig. 4.3. For phenol-1-13C, the 

solution phase peak at 154.2 ppm is accompanied by a downfield peak which emerges during 

the first two hours of reaction (Fig. 4.3a). It is assigned to adsorbed phenol due to its larger 

linewidth (see below). It shifts slightly and monotonically from ca. 154 to 155 ppm, before 

disappearing when phenol is completely converted. In the cyclohexanone region, the solution 
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phase peak at 219 ppm is accompanied by a well-separated, upfield peak (Fig. 4.3b). It appears 

at ca. 216 ppm, shortly after the beginning of the reaction. The chemical shift of this peak for 

adsorbed cyclohexanone changes in a more complex way: it decreases from 216 to 215 ppm 

in the first 2 h, then increases to 215.5 ppm over the next 2 h, before decreasing again, to 214 

ppm at 5 h and finally disappearing. In the cyclohexanol region, the appearance of the solution 

phase cyclohexanol peak at 69 ppm is accompanied by an overlapping, upfield peak 

representing adsorbed cyclohexanol (Fig. 4.3c).  

 

 

Fig. 4.3. Operando 13C MAS NMR spectra showing details of regions for (a) phenol-1-13C, 

(b) cyclohexanone-1-13C, and (c) ) cyclohexanol-1-13C. Peaks for adsorbed species are 

indicated by the red arrows.  

  

The 13C NMR peaks were deconvoluted in order to measure their line widths, since 

increased line width is associated with reduced mobility, characteristic of adsorption. The 

width of the peak measured as the full width at half-maximum (FWHM) assigned to phenol 

adsorbed on Pd-BP is ca. 1.5´ higher than that of the solution phase peak (Table A4.3). The 

width of the peak assigned to cyclohexanone adsorbed on Pd-BP is ca. 3´ higher than the 
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corresponding solution-phase peak (Table A4.4). This indicates that the mobility of adsorbed 

cyclohexanone is lower than that of adsorbed phenol. Since cyclohexanone is less polar than 

phenol (relative polarities: cyclohexanone: 0.281, phenol: 0.701), cyclohexanone is expected 

to be less well solvated by water than phenol, and therefore to experience a stronger driving 

force to interact with the Pd-BP surface.   

 The peak positions of the adsorbed species change during the reaction (Fig. 4.3) due 

to shielding or deshielding of the nucleus, caused by changes in electron density, magnetic 

induction, or other factors. The chemical shifts of the adsorbed peaks reflect changes in the 

chemical composition of the adsorbed layer on the surface as the reaction proceeds. To 

investigate this effect further, the effect of solution-phase chemical composition on the 13C 

NMR chemical shift of phenol-1-13C was investigated. Fig. 4.4a shows that increasing phenol 

concentration from 0.05 to 0.4 M (compared to an initial concentration of 0.53 M in the 

operando experiment) has little effect less than 0.01 ppm on the chemical shift of the C1 peak 

at ca. 155 ppm. In contrast, gradually increasing the cyclohexanone (0.15-0.45 M) or 

cyclohexanol (0.15-0.3 M) concentrations causes a monotonic shift downfield in the phenol 

peak (Fig. 4.4b), due to increasing extent of hydrogen-bonding interactions.50,51 A mixture of 

all three species also results in a downfield chemical shift (Fig. 4.4b). These trends in the 

solution-phase chemical shift of phenol mirror those observed in the operando NMR array, 

where the chemical shift of adsorbed phenol moves downfield as the cyclohexanone or 

cyclohexanol concentration increases. However, the change in phenol chemical shift observed 

in the presence of cyclohexanone and/or cyclohexanol is an order of magnitude smaller for 

the solution-phase (ca. 0.04 ppm) compared to the sorbed phase (ca. 0.6 ppm). The change is 
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concentration-dependent, therefore the difference may be caused by a higher density of 

molecules on the surface, relative to the solution.  

 

 

Fig. 4.4. Solution-state 13C NMR spectra showing the effect of (a) phenol concentration, and 

(b) cyclohexanone/cyclohexanol concentration, on the phenol C1 chemical shift.  

 

To further investigate the effect of cyclohexanone/cyclohexanol on the chemical shift 

of adsorbed phenol, solid-state MAS NMR spectra were recorded for BP in contact with an 

aqueous solution of phenol-1-13C (0.1 M), as well as phenol solutions containing 

cyclohexanone, cyclohexanol, and a mixture of the two (Fig. 4.5). A peak for adsorbed phenol 

(representing 52 % of the total intensity) is observed upfield (156.31 ppm) of the solution-

phase peak at 156.36 ppm for the phenol-BP mixture (Fig. 4.5a). However, the peak moves 

downfield of the solution phase peak to 156.67 ppm when cyclohexanol (0.3 M) is also present 

in solution (Fig. 4.5b). Its fractional contribution to the intensity was increased from 52 to 55 
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% of the total. Deconvolution confirms a ca. 0.4 ppm increase in the chemical shift of adsorbed 

phenol in the presence of cyclohexanol (Fig. 4.5a, b). The intensity of the downfield shoulder 

is more pronounced in the presence of cyclohexanone (0.3 M), and the fraction of adsorbed 

phenol increases again, to 64 % with the chemical shift of 156.86 ppm (Fig. 4.5d). A phenol 

solution containing both cyclohexanone and cyclohexanol (0.15 M each) results in a 

downfield shoulder with an intermediate fractional intensity (58 %) and chemical shift (156.77 

ppm, Fig. 4.5c). This result shows that phenol and cyclohexanone/cyclohexanol are not 

competitively adsorbed onto the surface, but adsorbed cyclohexanone/cyclohexanol 

contribute to the increase in phenol adsorption via a hydrogen bonding. Previous study that 

the enthalpy of phenol-cyclohexanone association found to be higher than that of phenol 

dimerization supports this adsorption results.50 In addition, the trends in the chemical shift 

mirror the observations in the array of operando NMR spectra. Thus, co-adsorption of 

cyclohexanone and/or cyclohexanol causes deshielding of the 1-13C signal of adsorbed phenol, 

as well as an increase in the amount of adsorbed phenol. 
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Fig. 4.5. 13C MAS NMR spectra, showing the effect of solution chemical composition on the 

adsorption and chemical shift of phenol. An aqueous solution of phenol-1-13C (0.1 M in 0.36 

mL H2O) was mixed with the organosilica (BP, 10 mg), in the (a) absence and (b-d) presence 

of cyclohexanol and/or cyclohexanone as indicated. Bright and dark portion spectra 

correspond to solution-phase and adsorbed-phase phenol. Solid and simulated lines are 

experimental and simulated spectra. Spectra were recorded at room temperature and 3 kHz 

MAS.  
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The effect of solution composition on the chemical shift of cyclohexanone in water 

was investigated in a similar fashion. In contrast to the negligible effect of phenol 

concentration on the phenol C1 chemical shift, increasing the cyclohexanone concentration 

from 0.1 to 0.4 M causes a significant upfield shift of the C1 peak (by ca. 0.12 ppm, Fig. 4.6a). 

Adding either phenol or cyclohexanol to the aqueous solution of cyclohexanone (0.1 M) led 

to a smaller upfield chemical shift of ca. 0.06 ppm (Fig. 4.6b, c). Previous literature showed 

that the NMR peak position of the carbonyl carbon shifts upfield when the surrounding of a 

ketone molecule becomes less polar.52–54 Thus, these results suggest that the initial upfield 

shift of the peak for adsorbed cyclohexanone at the beginning of the reaction is caused mainly 

by the increasing surface concentration of adsorbed cyclohexanone. The subsequent 

downfield chemical shift of adsorbed cyclohexanone may be due to an increase in the amount 

of co-adsorbed cyclohexanol, which is more polar than cyclohexanone. The complex behavior 

of the peak for adsorbed cyclohexanone is discussed in the context of the kinetic profile in the 

next section. 
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Fig. 4.6. Solution-state 13C NMR spectra of cyclohexanone, showing the effect of (a) 

cyclohexanone concentration, (b) added phenol, and (c) added cyclohexanol, on the C1 

chemical shift. 

 

4.4.3 Kinetics of phenol hydrogenation catalyzed by Pd-BP 

Kinetic profiles were extracted from the array of NMR spectra by integration of all 

solution-phase and adsorbed-phase peaks. The time-dependent total concentrations (both 

phases) for each organic species are shown in Fig. 4.7. Phenol decreases monotonically, and 

nearly linearly, over ca. 3 h. Cyclohexanone is formed, reaching a broad plateau in 

concentration (ca. 0.35 M) from 2.8 to 3.8 h, then abruptly starting to decline and eventually 

disappearing after 6 h. The rate of cyclohexanol production is slower initially, then accelerates 

during the cyclohexanone plateau. These shapes indicate that cyclohexanone hydrogenation 

becomes much faster when it no longer competes with phenol for adsorption sites on the Pd 

nanoparticles.  
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Fig. 4.7. Kinetic profiles for phenol hydrogenation catalyzed by (a) Pd-BP and (b) Pd-T 

catalysts obtained by integrating the operando 13C NMR peaks representing both solution and 

adsorbed phases.  

 

The cyclohexanone kinetic profile in the reaction catalyzed by Pd-BP was analyzed 

as separate solution and adsorbed contributions. The concentration profiles are quite distinct, 

Fig. 4.8. The amount of adsorbed cyclohexanone reaches a plateau and decreases slowly even 

as the amount of cyclohexanone in solution continues to increase. This suggests that adsorbed 

cyclohexanone molecules are hydrogenated due to decreasing phenol concentration on the 
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surface. More importantly, when all phenol has been converted, at 3.8 h, the concentration of 

cyclohexanone in solution decreases abruptly, while the concentration of adsorbed 

cyclohexanone decreases smoothly. This suggests that cyclohexanone in the solution phase 

adsorbs more rapidly on Pd active sites due to its higher mobility than cyclohexanone 

adsorbed on the support, as confirmed by the peak line widths (Table A4.4), in the absence of 

phenol.  

 

 

Fig. 4.8. Concentration profiles for cyclohexanone during phenol hydrogenation catalyzed by 

Pd-BP at 60°C: solution-phase, adsorbed, and total. 

 

Fig. 4.9 shows the chemical shift profile of adsorbed cyclohexanone, superimposed on 

the kinetic profiles of adsorbed molecules. As briefly mentioned above, the chemical shift 

initially decreases, indicating the surrounding of cyclohexanone becomes less polar. This 

coincides with the rapid increase in adsorbed cyclohexanone concentration (consistent with 

the effect of concentration on chemical shift shown in Fig. 4.6). During this period (0 – 1.5 

h), the surface layer is composed primarily of phenol and cyclohexanone, with the latter 

becoming dominant as the reaction proceeds. The chemical shift stabilizes at 2 h, and the 
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plateau in adsorbed cyclohexanone is reached, presumably because the effects of decreasing 

adsorbed phenol and increasing adsorbed cyclohexanone on the chemical shift are effectively 

equal and opposite. When the adsorbed cyclohexanone concentration decreases from 3 – 4 h, 

the chemical shift of adsorbed cyclohexanone increases again due to the appearance of 

adsorbed cyclohexanol, which is more polar than cyclohexanone. Finally, after phenol is 

completely consumed, the chemical shift decreases again despite the rapid decrease in 

cyclohexanone concentration, due to increased co-adsorption of cyclohexanol, which might 

displace polar, adsorbed water molecules. 

 

Fig. 4.9. Comparison of the time profile for the chemical shift for adsorbed cyclohexanone 

(right-hand ordinate) with kinetic profiles for adsorbed molecules during phenol 

hydrogenation. 

 

4.4.4 Analysis of operando NMR spectra obtained using Pd-T 

To assess the effect of surface polarity on activity and selectivity, polar Pd-T was used 

to catalyze phenol hydrogenation. 13C MAS NMR spectra were collected under the same 
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reaction conditions. The same peaks are evident, and the reaction proceeds as with Pd-BP 

(Fig. 4.2b).  

The regions containing the phenol, cyclohexanone, and cyclohexanol C1 peaks are 

shown magnified in Fig. 4.10. Similar to the experiment with Pd-BP, the peak for adsorbed 

phenol-1-13C appears at a higher chemical shift relative to the corresponding solution peak, 

Fig. 4.10a. The peak width for adsorbed phenol is 25 % larger than the solution-phase peak, 

Table A4.3, consistent with its reduced mobility. The peak position for adsorbed phenol shifts 

gradually downfield, from ca. 154.3 to 155.5 ppm, until phenol is fully consumed at ca. 6.5 h. 

The peak for adsorbed cyclohexanone becomes visible after 1.5 h, at a lower chemical shift 

than the solution-phase peak (Fig. 4.10b). Its peak width is only slightly higher (ca. 15 %, 

Table A4.4) than cyclohexanone in the solution phase, reflecting weak interaction with the 

polar surface. Over the next 6 h, it gradually shifts upfield from 214 ppm to 212 ppm, due to 

the increasing amounts of adsorbed cyclohexanone and cyclohexanol as the phenol 

concentration in solution decreases. The peak for adsorbed cyclohexanol is also observed at a 

lower chemical shift than the corresponding solution-phase peak (Fig. 4.10c). 
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Fig. 4.10. Operando 13C MAS NMR spectra, recorded during phenol hydrogenation over the 

Pd-T catalyst, showing magnified regions for (a) phenol-1-13C, (b) cyclohexanone-1-13C, and 

(c) cyclohexanol-1-13C. Red arrows indicate peaks corresponding to adsorbed species.  

 

The behavior of the peak for adsorbed phenol was further investigated by recording 

MAS NMR spectra for T immersed in various phenol/cyclohexanone/cyclohexanol solutions 

at room temperature. Compared to an aqueous solution of phenol-1-13C (0.1 M, 0.36 mL), the 

addition of 10 mg T has little effect on the peak shape or position, suggesting that the 

concentration of adsorbed phenol is very low. However, a clear peak for adsorbed phenol is 

visible in the presence of cyclohexanol (0.3 M), Fig. 4.11a. The peak is shifted downfield by 

0.9 ppm, and represents 25% of the total phenol present, according to spectral deconvolution. 

The same concentration of cyclohexanone causes a higher downfield shift (1.3 ppm, Fig. 

4.11c), but a lower intensity (16% of total phenol). The dramatic changes in the adsorbed 

fraction of phenol in the presence of co-adsorbates suggest strongly cooperative interactions 

in the adsorbed layer. A mixture of cyclohexanol and cyclohexanone (0.15 M each) results in 

an intermediate intensity and chemical shift (Fig. 4.11b), although the latter is closer to the 

chemical shift of phenol co-adsorbed with cyclohexanone.  
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Fig. 4.11. 13C MAS NMR spectra showing the effect of solution chemical composition on 

phenol adsorption on Pd-T. The concentration of phenol-1-13C was fixed at 0.1 M while 

cyclohexanone/cyclohexanol concentrations were further varied as indicated in (a-c). Bright 

and dark portion spectra correspond to solution-phase and adsorbed-phase phenol. Solid and 

simulated lines are experimental and simulated spectra. In each experiment, 10 mg T was 

mixed with 0.36 mL aqueous solution. Spectra were recorded at room temperature with 3 kHz 

MAS.  

 

4.4.5 Kinetics of phenol hydrogenation catalyzed by Pd-T 
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Kinetic profiles for the Pd-T catalyst were extracted from the 13C MAS NMR spectral 

array by integrating peaks for both the solution and adsorbed phases. The time-dependent total 

concentrations (both phases) for each organic species are shown in Fig. 4.7b. The reaction 

catalyzed by Pd-T is significantly slower than the reaction catalyzed by Pd-BP. Furthermore, 

the shapes of the kinetic profiles differ. Phenol decreases monotonically and nearly linearly 

over ca. 7 h. Cyclohexanone is formed and reaches a very broad plateau in concentration (ca. 

0.20 M) which lasts from 3-5 h. When it starts to decline, it does so gradually, eventually 

disappearing after 10 h. A small amount of cyclohexanol is formed rapidly in the first hour, 

then the rate slows briefly before accelerating again and staying approximately constant until 

the reaction is nearly complete. Interestingly, this experiment shows that the concentrations 

of all three components (phenol, cyclohexanone, and cyclohexanol) are approximately equal 

at ca. 3.5 h. 

 

4.4.6 The fraction of adsorbed species on the support during the reactions 

The main difference between the Pd-BP and Pd-T catalysts lies in their surface 

polarities, arising due to the presence of different (non-reactive) framework linkers. Pd-BP 

contains biphenylene linkers, which afford a less polar surface than Pd-T with oxygen linkers. 

Consequently, Pd-BP adsorbs much more phenol from an aqueous solution at room 

temperature (Table. 4.1 and Fig. A4.5). During phenol hydrogenation at 60 °C, the peak width 

is 23 % larger for phenol adsorbed on Pd-BP than on Pd-T (Table A4.3). Similarly, the peak 

width is about double for cyclohexanone adsorbed on Pd-BP compared to cyclohexanone 

adsorbed on Pd-T, Table A4.4. Thus the previous results suggest that both phenol and 

cyclohexanone interact more strongly with the Pd-BP surface during the reactions.  
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To further support the phenol/cyclohexanone interaction with the catalyst surfaces 

during the reactions, the fractions of adsorbed phenol and cyclohexanone present under 

reaction conditions were quantified by deconvoluting and integrating the signals for phenol in 

the adsorbed and solution phases separately. As expected, the adsorbed fractions of both 

species are higher for Pd-BP than for Pd-T (Fig. 4.12). The fraction of phenol adsorbed on 

Pd-BP is approx. constant at ca. 35 % in the period from 2-3 h when the peak is clearly visible, 

while the fraction of phenol adsorbed on Pd-T is only ca. 20 % in the interval from 2-5.5 h 

(Fig. 4.12a). Interestingly, the fractions appear to increase even as the phenol concentration 

in solution decreases, suggesting cooperative adsorption of phenol and cyclohexanone. The 

behavior of adsorbed cyclohexanone also shows evidence of cooperativity. The fraction of 

cyclohexanone adsorbed on Pd-BP increased to 40 % at 0.5 h, then decreased gradually to 30 

% at 4 h (Fig. 4.12b). By contrast, the fraction of cyclohexanone adsorbed on Pd-T increased 

gradually to only ca. 10 % at 3 h, then declined until it became negligible when phenol was 

fully consumed at ca. 6 h, even though cyclohexanone was still present in the solution (and 

indeed was still in the plateau region, Fig. 4.7b).  
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Fig. 4.12. Fractions of adsorbed species on Pd-BP and Pd-T under reaction conditions: (a) 

phenol, and (b) cyclohexanone, obtained from integrated peak areas in the operando 13C MAS 

NMR spectra.  

 

This result suggests that the adsorption equilibrium of cyclohexanone to the support 

surfaces changes with varying chemical composition during the reaction. In Fig. 4.5 and 4.11, 

it was shown that the fraction of adsorbed phenol also depends on the concentration of other 

species, indicating that the equilibrium constant of phenol to the support can be varied over 



 

 143 

the reaction. Thus, these results suggest that simulating kinetic profiles precisely may require 

time-dependent equilibrium constants for phenol and cyclohexanone to the support surface.   

 

4.4.7 Simulation study on the kinetics 

 The kinetic profiles reported above were analyzed through nonlinear least squares 

regression in MATLAB of a system of coupled differential and algebraic equations. The 

kinetic model assumes competitive Langmuir Hinshelwood adsorption isotherm behavior to 

Pd sites and is described in detail in Scheme A4.1. From the simulation, two equilibrium 

constants for the adsorption of phenol/cyclohexanone (KPhOH, KCyO), and their hydrogenation 

constants (kPhOH, kCyO) are obtained. The adsorption of cyclohexanol to Pd sites (KCyOH) was 

not considered because its inclusion did not statistically improve the models. In addition, the 

adsorption of species onto the support is included because the amount of adsorption observed 

by operando NMR is significantly higher than what could be adsorbed on Pd active sites 

considering the Pd surface area is less than ca. 0.4 % of the total catalyst surface area. The 

population of species in solution and adsorbed on the catalyst support were assumed to be in 

equilibrium, and their relative amounts were fixed to the adsorbed/solution ratios which were 

calculated from the NMR data (Fig. A4.7, Table A4.5). In the Pd-BP model, the 

cyclohexanone adsorbed/solution ratio changes as a linear function of phenol in the system, 

as was found in Fig. A4.8.  

Global fits to the kinetic profiles of Pd-BP and Pd-T are shown in Fig. 4.13 and the 

estimated parameters are presented in Table 4.2. On the Pd-BP catalyst, the disappearance of 

phenol is close to linear, which suggests phenol strongly adsorbs to the Pd active sites. In 

contrast, the disappearance of cyclohexanone resembles pseudo-first order behavior, 
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suggesting weaker cyclohexanone adsorption to Pd. This observation is supported by the 

parameter estimation results, which found KPhOH = 780 ± 120 mmol-1 while KCyO = 120 ± 30 

mmol-1. The first order rate constants for phenol hydrogenation, kPhOH = 2.2 ± 0.1 min-1, and 

cyclohexanone hydrogenation, kCyO= 2.5 ± 0.2 min-1, are similar. Thus, the competing rates of 

phenol and cyclohexanone hydrogenation (and the cyclohexanone selectivity) are more 

strongly influenced by the adsorption affinity to Pd active sites, than by the surface 

hydrogenation rates.  

 
Fig. 4.13. Kinetic profiles and global fits for PhOH hydrogenation solved through nonlinear 

regression on a) Pd-BP and b) Pd-T.   
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Table 4.2. Kinetic parameters estimated through nonlinear least-squares regression of Pd-

BP and Pd-T kinetic profiles. Values in parenthesis indicate 95% confidence intervals. 

Materials KPhOH 

(mmol-1) 

KCyO 

(mmol-1) 

KPhOH/ KCyO 

 

kPhOH 

(min-1) 

kCyO 

(min-1) 

Pd-BP 780 ± 120 120 ± 30 6.5 2.2 ± 0.1 2.5 ± 0.2 

Pd-T 74 ± 18 99 ± 37 0.7 2.4 ± 0.1 1.5 ± 0.2 

 

When phenol hydrogenation is compared between the Pd-BP and Pd-T catalysts, it is 

evident the catalyst polarity affects the overall rate and product selectivity. On Pd-T, the 

phenol hydrogenation rate is significantly slower than on Pd-BP because it takes an additional 

3.5 h to reach 100 % conversion of phenol. The rates of phenol hydrogenation are similar 

(Table 4.2), however, the KPhOH is approximately 10× larger on Pd-BP than Pd-T. Thus, the 

hydrophobic surface appears to enhance the ability of phenol to adsorb to Pd sites. This 

difference in the phenol affinity for the Pd sites not only affects the rate, but also the selectivity 

of the intermediate product. When KPhOH > KCyO, as is the case on Pd-BP, phenol will 

outcompete cyclohexanone for the Pd sites. This results in enhanced cyclohexanone 

selectivity compared to the conditions where KPhOH ≈ KCyO, in which cyclohexanone will more 

efficiently compete with phenol for Pd sites. Indeed, on Pd-BP, where KPhOH/KCyO=6.5, the 

maximum cyclohexanone yield is ~1.8× greater than on Pd-T where KPhOH/KCyO=0.7. 

 

4.4.8 Comparison between Pd-BP and Pd-T 

The higher phenol hydrogenation rate observed from Pd-BP compared to Pd-T is 

considered due to enhanced phenol-support surface interaction, and subsequent facile 



 

 146 

adsorption onto Pd metal surface as confirmed from 10× higher KPhOH. Another difference in 

the two kinetic profiles (Figs. 4.7) are the maximum cyclohexanone concentration and the 

shape of the cyclohexanone concentration profile. The cyclohexanone concentration over Pd-

T exhibits a broad maximum at 0.20 M; phenol and cyclohexanone hydrogenation occur 

concurrently. In contrast, the maximum cyclohexanone concentration achieved using Pd-BP 

was ca. 0.35 M, and cyclohexanone hydrogenation accelerates abruptly when phenol is fully 

converted. This dramatic decrease in cyclohexanone concentration is due to 6.5 times higher 

KPhOH than KCyO, which is possibly due to the increased affinity of the Pd-BP support surface 

for phenol. In addition, too low mobility of adsorbed cyclohexanone on Pd-BP might retard 

the facile adsorption of adsorbed cyclohexanone onto the Pd surface. The ca. two times higher 

values of peak line width of adsorbed cyclohexanone (ca. 180 Hz) than adsorbed phenol (ca. 

100 Hz) indicates lower mobility of adsorbed cyclohexanone than adsorbed phenol. As 

previously shown in the cyclohexanone kinetic profile of  Pd-BP (Fig. 4.8), the cyclohexanone 

concentration in the solution-phase rapidly decreases, while the concentration of adsorbed 

cyclohexanone smoothly decreases, indicating adsorbed cyclohexanone are not rapidly 

adsorbed onto the Pd metal surface. This result might suggests that intermediate strength of 

interaction between a reactant and support surface is desired to improve the reactant 

adsorption onto active sites. Finally, the cooperative adsorption via an enhanced hydrogen 

bond interaction between adsorbed phenol and cyclohexanone on the Pd-BP compared with 

Pd-T surface, as confirmed by Fig. 4.5d and Fig. 4.11c, might further stabilize the adsorbed 

cyclohexanone. This inhibits its adsorption onto the Pd active sites, resulting in the increased 

cyclohexanone selectivity for the Pd-BP compared to the Pd-T catalyst.  
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4.5 Conclusion 

Operando MAS NMR spectroscopy can provide detailed information on the 

partitioning of species between the solution and the catalyst during the reaction. The extent of 

chemical shift and fraction of adsorbed molecules are affected by the surface polarity as well 

as the chemical composition on the surface (i.e., the relative amounts of phenol, 

cyclohexanone, and cyclohexanol). A higher amount of adsorbed phenol and phenol 

hydrogenation rate were observed for Pd-BP than Pd-T catalyst. Kinetic analysis shows that 

KPhOH of Pd-BP is ca. 10 times higher than that of Pd-T, and ca. 6.5 times higher than KCyO of 

Pd-BP. These results might suggest that an increased phenol concentration on Pd-BP surface 

leads to the increased phenol around the Pd active sites, inhibiting cyclohexanone adsorption 

onto the Pd active sites. The retarded mobility of adsorbed cyclohexanone and stabilized 

adsorbed cyclohexanone via a hydrogen bond with adsorbed phenol on the Pd-BP surface 

might further contribute to the relative increase in phenol adsorption on to the Pd surface, 

resulting in higher cyclohexanone selectivity. By contrast, Pd-T has a lower affinity for 

phenol, and shows lower cyclohexanone selectivity. Thus, the results suggest that the affinity 

of the support for the reactant,  the mobility of adsorbed reactants, and the interaction between 

chemical species on the surface might be critical factors in determining activity and 

selectivity. 

The next chapter will describe other factors affecting molecular adsorption onto Pd 

active sites and support surfaces, such as reaction temperature and solvent type. The outcome 

will eventually provide insight to identify factors that create ideal reaction conditions for 

various aromatic hydrogenation reactions.  
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4.7 Appendix III 

Table A4.1. Comparison of physicochemical properties of hydrophilic (Pd-T) and 

hydrophobic (Pd-BP) Pd catalysts 

 B.E.T. 

surface 

area 

(m2/g) 

Pore 

volume 

(cm3/g) 

Pore size  

(nm) 

Surface OH Pd content 

(mmol/g) (/nm2) (w%) 

Pd-BP 607 1.30 5.3    0.9  1.1 0.95 

Pd-T 785 1.28 9.4    1.3  1.0 0.94 

 

Table A4.2. Dispersion and nanoparticle sizes of Pd-BP and Pd-T catalysts 

 Pd/CO = 2 

Dispersion 

(%) 

Hemisphere 

(nm) 

Cubic 

(nm) 

Pd-BP 52.4 2.1 1.8 

Pd-T 51.5 2.2 1.8 
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Fig. A4.1. The pore size distribution of Pd-T and Pd-BP. Pd-BP has a wider pore size 

distribution than Pd-T, since the synthesis of biphenylene-bridged silica support involves the 

use of 1-butanol as a co-surfactant in order to enable a mesophase formation. 

 

 
Fig. A4.2. Wide angle XRD pattern of Pd-T and Pd-BP.  For these two Pd catalysts, wide-

angle XRD data showed negligible intensity for Pd(111) surface, representing that the Pd 

nanoparticle size is approximately 3 nm. 
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Fig. A4.3. TEM image of Pd-BP catalyst. 

 

 

Fig. A4.4. Dotted red line shows fluorescent emission of Prodan adsorbed on BP support that 

underwent Pd catalyst synthesis steps (calcination at 300 °C for 2 h and reduction at 200 °C 

under H2 flow for 2 h) except for the incipient impregnation step. This fluorescent spectrum 

is similar to that of Prodan-adsorbed Pd-BP. 
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Fig. A4.5. The fraction of adsorbed phenol from the mixture of 

phenol/cyclohexanone/cyclohexanol aqueous solution onto the (a) BP and (b) T supports (70 

mM each, 28.5 mg support materials was combined with 0.9 mL solution). 
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Fig. A4.6. Equilibrium adsorption of cyclohexanone frow water, onto BP and T supports at 

296, 316, and 347 K. The isotherms represent non-linear curvefits using Freundlich model.  

 

Table A4.3. Peak line widths (FWHM) for solution-phase and adsorbed phenol in the 

presence of Pd-BP and Pd-T, obtained by deconvolution of NMR spectra 

Time 

(h) 

Pd-BP Pd-T 

Adsorbed 

(Hz) 

Solution 

(Hz) 

Adsorbed 

(Hz) 

Solution 

(Hz) 

2.51 100.5 58.6 75.9 56.6 

2.71 94.2 58.1 77.9 60.1 

2.85 97.2 61.9 71.6 60.5 

3.05 99.2 57.1 77.7 58.3 

3.25 - - 76.1 62.4 

3.38 - - 72.0 61.2 

3.64 - - 74.2 58.2 
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Table A4.4. Peak line widths (FWHM) for solution-phase and adsorbed cyclohexanone in the 

presence of Pd-BP and Pd-T, obtained by deconvolution of NMR spectra 

Time 

(h) 

Pd-BP Pd-T 

Adsorbed 

(Hz) 

Solution 

(Hz) 

Adsorbed 

(Hz) 

Solution 

(Hz) 

0.97 168.4 58.6 - - 

1.51 172.2 56.7 - - 

1.97 173.0 57.4 - - 

2.51 187.5 55.1 77.8 59.4 

2.98 175.8 55.5 69.8 63.1 

3.51 185.6 56.4 72.1 61.6 

4.05 172.2 60.7 70.8 60.3 

4.52 - - 76.1 61.5 

4.99 - - 74.2 59.8 
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Scheme A4.1  

The proposed microkinetic model considers reversible competitive adsorption of phenol 

(PhOH), cyclohexanone (CyO), and cyclohexanol (CyOH) from solution to Pd sites (*) and 

catalyst support sites (S*) (eq A4.1-6).  

                                                                 𝑃ℎ𝑂𝐻 +	∗	⇄ 	𝑃ℎ𝑂𝐻∗                                                          (A4.1) 

                                                              𝐶𝑦𝑂 +	∗	⇄ 	𝐶𝑦𝑂∗	                                                           (A4.2) 

                                                            𝐶𝑦𝑂𝐻 +∗	⇄ 	𝐶𝑦𝑂𝐻∗                                                         (A4.3) 

                                                      𝑃ℎ𝑂𝐻 + 𝑆∗ 	⇄ 	𝑃ℎ𝑂𝐻 − 𝑆∗                                                      (A4.4) 

                                                          𝐶𝑦𝑂 + 𝑆∗ 	⇄ 	𝐶𝑦𝑂 − 𝑆∗                                                       (A4.5) 

                                                       𝐶𝑦𝑂𝐻 + 𝑆∗ 	⇄ 	𝐶𝑦𝑂𝐻 − 𝑆∗                                                   (A4.6) 

The model also considers facile migration between the support and Pd sites (eq A4.7-9).    

                                                   𝑃ℎ𝑂𝐻 − 𝑆∗ +	∗	⇄ 	𝑃ℎ𝑂𝐻∗ + 𝑆∗                                                     (A4.7) 

                                                       𝐶𝑦𝑂 − 𝑆∗ +	∗	⇄ 	𝐶𝑦𝑂∗ + 𝑆∗                                                      (A4.8)	

                                                    𝐶𝑦𝑂𝐻 − 𝑆∗ +∗	⇄ 	𝐶𝑦𝑂𝐻∗ + 𝑆∗                                                (A.9) 

The dissociative adsorption of H2 onto Pd (eq A4.10) is required to hydrogenate phenol 

(PhOH) and cyclohexanone (CyO) (eq. A4.11-12), however the rate dependence on H2 is not 

considered here because H2 pressure was in large excess during experiment and is assumed to 

be constant. 

                                                             𝐻" + 2 ∗	⇄ 	2𝐻∗                                                             (A4.10) 

                                                       𝑃ℎ𝑂𝐻∗ +	4𝐻∗ → 	𝐶𝑦𝑂∗                                                        (A4.11) 

                                                       𝐶𝑦𝑂∗ +	2𝐻∗ → 	𝐶𝑦𝑂𝐻∗                                                          (A4.12)	
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Adsorption experiments demonstrate that phenol and cyclohexanone adsorb onto Pd-BP 

and Pd-T within seconds at room temperature. However, the hydrogenation of phenol and 

cyclohexanone took several hours to reach completion at 60 °C. Therefore, we assume the 

reversible adsorption-desorption of each dissolved species to the Pd and support sites (eq 

A4.1-6,10) are quasi-equilibrated, whereas the hydrogenation steps (eq A4.11-12) are rate 

determining. Furthermore, the reaction proceeds much faster on Pd-BP than Pd-T, and phenol 

and cyclohexanone adsorb to the support in larger amounts for Pd-BP than Pd-T. This 

correlation suggests the possibility that phenol or cyclohexanone adsorbed on the support may 

transfer to Pd (eq A4.7-9). The facile migration between support and Pd sites is also expected 

to proceed much faster than the hydrogenation steps and can therefore be assumed as quasi-

equilibrated. 

These assumptions allow us to describe each reversible adsorption-desorption step with 

an algebraic equation and equilibrium constant. For species i (i = PhOH, CyO, CyOH), the 

adsorption to Pd from the solution is described by eq A4.13. Here, Ni,solution is the moles of 

species i in solution, θi is the surface fraction of species i on the Pd sites, and θ* is the surface 

fraction of open Pd sites. 

                                                            	𝐾#$ =	
%!

&!,#$%&'!$(%∗
		                                                                 (A4.13) 

Equilibrated adsorption-desorption of each species between the support and Pd is 

described by eq A4.14, where Nsupport is the moles of open support sites and Ni,support is the 

moles of species i adsorbed on the support.  

                                                              	𝐾#" =	
%!&#&**$+'
&!,#&**$+'%∗

		                                                                 (A4.14) 

The equilibrated adsorption-desorption between the species in solution and on the support 

is described by eq A4.15. 
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                                                         	𝐾#' =	
&!,#&**$+'

&#&**$+'&!,#$%&'!$(
		                                                         (A4.15) 

The total number of support adsorption sites on Pd-BP and Pd-T is unknown and difficult 

to measure. For simplicity, we assume the moles of open support sites (Nsupport) is much larger 

than the moles of each species adsorbed on the support (Ni,support). This assumption is likely a 

source of error, however it provides a convenient simplification of eqs A4.14-15. 

                                                        	𝐾′#" =	
(!,

&#&**$+'
=	 %!

&!,#&**$+'%∗
		                                               (A4.16) 

                                                     	𝐾′#' =	𝐾#'𝑁)*++,-. =	
&!,#&**$+'
&!,#$%&'!$(

		                                          (A4.17) 

The deconvoluted operando NMR data provides direct measurements of Ni,support and 

Ni,solution. Therefore, K’i3 is directly known (Fig A4.7) and can be specified at each timestep in 

the model. On Pd-T, K’i3 is small, and an average value is specified in the model (Table A4.5). 

On Pd-BP, the signal to noise ratio of K’PhOH,3 and K’CyOH,3 is small, and no clear trend is 

observed. Therefore, an average value of K’i3 is specified for both phenol and cyclohexanol 

(Table A4.5). In contrast, K’CyO,3 shows a linear decrease in time until it reaches a constant 

value. Upon further inspection, the decrease in K’CyO,3 correlates with the decrease in phenol 

in the system (Fig. A4.8). Upon complete phenol conversion, K’CyO,3 remains constant. A 

linear regression of K’CyO,3 vs. the fraction of phenol in the system gives the following 

equation, where Ni is the total moles (sum of species i in solution and ads. on the support) of 

species i. 

                                  𝐾#34,67 = 0.62 8,-*(
8,-*(%8./*%8./*(

+ 0.4                                   (A4.18) 

Eq A4.18 is included in the model and calculates K’CyO,3 at each timestep. We hypothesize 

that K’CyO,3 is a linear combination of two adsorption constants: 1) cyclohexanone adsorption 

to Pd-BP and 2) synergistic adsorption of a cyclohexanone-phenol hydrogen bonded complex. 
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A more informative chemical description of this hypothesized reaction is under further 

investigation in future models.  

Solving eq A4.13, 16, 17 for the fraction of species in on Pd (θi) results in the following 

system of equations: 

                                                        𝜃9 = 𝐾9$𝑁9,:;<=>9;/𝜃∗                                                (A4.19) 

                                                      𝜃9 = 𝐾′9@𝐾967 𝑁9,:;<=>9;/𝜃∗                                               (A4.20) 

Clearly, Ki,1 must equal K’i2K’i3 for eqs A4.19-20 to be simultaneously true. This 

requirement is a direct consequence of assuming the adsorption-desorption of species between 

the solution, support, and Pd phases are all quasi-equilibrated. To minimize the error 

associated with deconvoluting the operando NMR data into separate adsorbed and solution 

populations, it is convenient to write the surface fractions on Pd (θi) in terms of the total moles 

of each species in the system (Ni,total). Therefore, θi is defined as follows: 

                                                     𝜃9 =	
"01

$%"203
𝑁9,>;>A<𝜃∗                                             (A4.21) 

If we assume a constant total number of Pd sites, a site balance can be solved for the open Pd 

active sites (eq A4.22).  

                                                           𝜃∗ =	
$

$/∑ 𝐾𝑖1
1+𝐾′𝑖3

𝑁𝑖,𝑡𝑜𝑡𝑎𝑙!
                                                        (A4.22) 

 

After its formation, cyclohexanol does not further react,  and it does not appear to strongly 

adsorb to Pd (which would greatly slow down the cyclohexanone hydrogenation rate as the 

cyclohexanone conversion increases). Consequently, we assume KCyOH,1 is small  and eq 

A4.22 simplifies to eq A4.23. This assumption is further supported by unsuccessful attempts 

to improve the fit by including KCyOH,1. 
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                                    	𝜃∗ =	
$

$/	
𝐾𝑃ℎ𝑂𝐻,1

1+𝐾′𝑃ℎ𝑂𝐻,3
𝑁𝑃ℎ𝑂𝐻,𝑡𝑜𝑡𝑎𝑙	+	

𝐾𝐶𝑦𝑂,1

1+𝐾′𝐶𝑦𝑂,3
𝑁𝐶𝑦𝑂,𝑡𝑜𝑡𝑎𝑙	

							                                  (A4.23) 

 

As previously mentioned, the surface hydrogenation of phenol and cyclohexanone are 

assumed to be rate-determining steps. Thus, the overall rates of each species are described by 

eq A4.24-26. Here, nPd is the total moles of Pd surface sites.  

    2&-./0,'$'1%
2.

= −𝑛32𝑘3456𝜃3456 = −𝑛32𝑘3456 	
𝐾𝑃ℎ𝑂𝐻,1

1+𝐾′𝑃ℎ𝑂𝐻,3
𝑁3456,.,.89𝜃∗                    

    =
:;-2<-./0	

𝐾𝑃ℎ𝑂𝐻,1
1+𝐾′𝑃ℎ𝑂𝐻,3

&-./0,'$'1%

	$/		
𝐾𝑃ℎ𝑂𝐻,1

1+𝐾′𝑃ℎ𝑂𝐻,3
&-./0,'$'1%/

𝐾𝐶𝑦𝑂,1

1+𝐾′𝐶𝑦𝑂,3
&34/,'$'1%

              (A4.24) 

 

𝑑𝑁=>5,.,.89
𝑑𝑡

= 𝑛32𝑘3456𝜃3456 − 𝑛32𝑘=>5𝜃=>5 

                                      = 𝑛32𝑘3456𝐾3456𝑁3456,.,.89𝜃∗ − 𝑛32𝑘=>5
𝐾𝐶𝑦𝑂,1

1+𝐾′𝐶𝑦𝑂,3
𝑁=>5,.,.89𝜃∗ 

                               =
;-2(<-./0

𝐾𝑃ℎ𝑂𝐻,1
1+𝐾′𝑃ℎ𝑂𝐻,3

&-./0,'$'1%:<34/
𝐾𝐶𝑦𝑂,1

1+𝐾′𝐶𝑦𝑂,3
&34/,'$'1%)

	$/	
𝐾𝑃ℎ𝑂𝐻,1

1+𝐾′𝑃ℎ𝑂𝐻,3
&-./0,'$'1%/

𝐾𝐶𝑦𝑂,1

1+𝐾′𝐶𝑦𝑂,3
&34/,'$'1%

                                (A4.25) 

                                      2&34/0,5
2.

= 𝑛32𝑘=>5𝜃=>5 = 𝑛32𝑘=>5
𝐾𝐶𝑦𝑂,1

1+𝐾′𝐶𝑦𝑂,3
𝑁=>5,A𝜃∗                                                                

=
;-2<34/

𝐾𝐶𝑦𝑂,1

1+𝐾′𝐶𝑦𝑂,3
&34/,'$'1%

	$/	
𝐾𝑃ℎ𝑂𝐻,1

1+𝐾′𝑃ℎ𝑂𝐻,3
&-./0,'$'1%/

𝐾𝐶𝑦𝑂,1

1+𝐾′𝐶𝑦𝑂,3
&34/,'$'1%

                                   (A4.26) 
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Fig. A4.7. (a) The ratio of adsorbed- to solution-phases species during the reaction over the 

Pd-BP catalyst. (b) The ratio of adsorbed- to solution-phases species during the reaction over 

the Pd-T catalyst. 
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Table A4.5. Ratios of adsorbed vs. solution phase species from Fig. A4.7. Values in 

parenthesis represent standard deviations.  

Parameter Pd-BP Pd-T 

KPhOH_support 0.50 (0.08) 0.25 (0.04) 

KCyO_support 0.62 × PhOHfrac + 0.4 0.09 (0.05) 

KCyOH_support 0.65 (0.12) 0.29 (0.05) 

 

 

 

Fig. A4.8. The ratio of adsorbed- to solution-phase cyclohexanone as a function of the fraction 

of phenol during the reaction. 
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Chapter 5. Synergy between solvent and surface polarity effects on Pd-

catalyzed phenol hydrogenation 

 

5.1 Abstract 

The extent of reactant/intermediate adsorption is a critical factor that influences the 

activity/selectivity in heterogeneous catalysis. In this study, the combined effects of solvent 

and surface polarity on phenol adsorption were investigated in phenol hydrogenation 

catalyzed by silica-supported Pd nanoparticles. Correlation of adsorption with solvatochromic 

parameters indicates that, regardless of surface type (hydrophobic or hydrophilic), solvents 

with polarities very different from that of phenol (e.g., water, cyclohexane) adsorb much more 

phenol at room temperature, whereas solvents with polarities similar to phenol result in 

negligible adsorption, presumably due to differences in the degree of phenol solvation. Kinetic 

profiles for phenol hydrogenation indicate that promoting phenol adsorption is correlated with 

a higher phenol hydrogenation rate. For the same solvent, a more hydrophobic organosilica-

based catalyst shows higher affinity for phenol than a more hydrophilic inorganic silica-based 

catalyst, and consequently both increased activity and selectivity to cyclohexanone. Although, 

the effect of surface polarity effect on hydrogenation activity is less significant than the 

solvent effect, the more hydrophobic catalyst can increase the phenol hydrogenation activity 

by a factor of 1.6 – 2 and the cyclohexanone selectivity by 10 – 20 % in water and 

cyclohexane.  

 

5.2 Introduction 
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Catalysts that are active and selective toward biomass conversion are highly sought 

after. Reoptimizing catalysts that were originally designed for gas phase hydrocarbon 

conversion for liquid phase operation with organic oxygenates is a major undertaking. One 

strategy to enhance activity/selectivity in liquid-phase heterogeneous catalytic reactions is to 

modulate surface interactions by the choice of solvent.1–4 For example, the rate of 

acetophenone hydrogenation catalyzed by Ni/SiO2 is lower in polar aprotic solvents (THF, 

acetonitrile, g-butyrolactone) than in non-polar solvents (cyclohexane, toluene, benzene). The 

difference was attributed to stronger acetophenone interactions with the polar aprotic solvents, 

which reduce acetophenone adsorption on the catalyst surface.2 In the same reaction catalyzed 

by Rh/Al2O3, decreasing hydrogen-bond acceptor (HBA) ability of the solvent is correlated 

with increasing hydrogenation rates, since hydroxyl groups on the Al2O3 support interact with 

the solvent, and further limit acetophenone adsorption.1  

A second approach to further enhance catalytic activity/selectivity is to modulate the 

polarity of the catalyst in order to control the extent of reactant adsorption and/or product 

desorption.5–7 For example, a hydrophobic zeolite with a lower Al content shows increased 

activity in sorbitol dehydration and selectivity to isosorbide compared with a zeolite with a 

higher Al content because water molecules formed during the dehydration are rapidly 

rejected.6,7 Thus, the choice of appropriate solvent type as well as surface polarity to maximize 

reactant adsorption and/or product desorption can contribute to optimizing activity and 

selectivity in liquid phase heterogeneous catalysis.  

The present study was undertaken to identify the independent roles of solvent and 

surface polarity for a model reaction over hydrophilic/hydrophobic Pd catalysts, as well as 

any synergies between them. Phenol hydrogenation in the liquid phase was conducted under 
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mild conditions (< 373 K), but selective hydrogenation to cyclohexanone with high phenol 

conversion is challenging. An alternative process to produce cyclohexanone/cyclohexanol is 

cyclohexane oxidation, but it requires harsher reaction conditions (425 K, 2 MPa).8 Many 

liquid-phase phenol hydrogenation studies have been conducted in water. For example, the 

conversion of phenol to cyclohexanone catalyzed by Pd nanoparticles supported on 

mesoporous carbon nitride exceeded 99%, while ethanol and THF solvents gave 95% and 

30% conversion, respectively.9 However, solvent effect studies in phenol hydrogenation 

catalyzed by Pd remain rare;10,11 most focus instead on the effect of the catalyst support and 

additives such as alkali metals, on the cyclohexanone selectivity. 

In order to bridge this knowledge gap, phenol adsorption onto two different Pd 

catalysts (supported on hydrophobic and hydrophilic silica supports) was quantified in seven 

different solvents, ranging from very polar to very non-polar. The hydrogenation activities 

and cyclohexanone selectivities of the Pd catalysts were assessed by operando magic angle 

spinning nuclear magnetic resonance (NMR) and correlated with the extent of phenol 

interaction with the catalyst support.  

 

5.3 Materials and methods 

5.3.1 Chemicals 

All commercial materials were used as received. Tetraethylorthosilicate (T, 98%), 

4,4′-bis(triethoxysilyl)-1,1′-biphenyl (BP, 95%), Pluronic P123, phenol (99%), cyclohexane 

(≥99%), methanol (99.8%), tetrahydrofuran (≥99%), p-dioxane (≥99%), palladium(Ⅱ) acetate, 

n-decane (≥99%), and acetonitrile (≥99.9%) were purchased from Sigma Aldrich. Phenol (1-
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13C, 99%) was obtained from Cambridge Isotope Laboratories, Inc. H2 (5 % in N2) was 

purchased from Airgas, Inc. 

 

5.3.2 Catalyst preparation and characterization 

The Pd-BP and Pd-T catalysts were prepared as indicated in section 4.3.2, and 

characterized as indicated in section 4.3.3. Pd loading for two catalysts were 0.95 and 0.94 

w%. Both catalysts showed similar Pd dispersion, ca. 52 % assuming a chemisorption 

stoichiometry Pd:CO = 2. B.E.T. surface areas were 607 m2/g for the hydrophobic Pd-BP, and 

785 m2/g for the hydrophilic Pd-T. The λmax of Prodan fluorescence were 483 nm for Pd-BP 

and 523 nm for Pd-T, confirming that the organosilica surface is much less polar than the 

silica surface. 

 

5.3.3 Adsorption tests 

The amounts of adsorbed phenol were measured by mixing Pd-BP (20 mg) with a 

phenol solution (1.5 mL, 50 mM) in H2O, methanol, acetonitrile, tetrahydrofuran, p-dioxane, 

n-decane, and cyclohexane). The slurry was agitated in a IKA Vortex 4 digital mixer at 3000 

rpm for 10 min, then centrifuged at 3000 rpm for 5 min to separate the solid. The decanted 

supernatant was analyzed by solution-state 1H NMR (Varian Unity, 500 MHz). A shim map 

was created for each solvent, using solvent peaks as the standard, without the need for another 

internal standard to calculate adsorption amounts.  

 

5.3.4 Operando MAS NMR experiments 
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Magic-angle-spinning (MAS) NMR experiments were performed as indicated in 

section 4.3.4. All the reactions were conducted at 90 °C.  

 

5.4 Results and discussion 

5.4.1 Solvent dependence of phenol adsorption on mesoporous silicas 

Stronger interaction between a reactant and catalyst leads to an increase in surface 

concentration of the reactant, which can result in more efficient catalytic conversion. When 

the reaction involves a liquid phase, the property of the solvent is also important, since 

solvent–reactant and solvent–surface interactions are also affected by reactant adsorption. We 

assessed phenol–catalyst interactions in a variety of solvents by measuring the amount of 

phenol adsorbed onto the surface of a mesoporous silica catalyst. A phenol solution (1.5 mL, 

50 mM) was mixed with the catalyst (20 mg) at room temperature, and the phenol 

concentration remaining in the solution phase was measured. The amount of adsorbed phenol 

was obtained by difference. 

Table. 5.1 shows the results for various solvents and two catalysts: more hydrophobic 

Pd-BP (organosilica, with biphenylene linkers in the framework), and more hydrophilic Pd-

T. From an aqueous solution, ca. 0.9 phenol molecules/nm2 was adsorbed onto Pd-BP. In 

contrast, phenol solutions in non-polar n-decane or cyclohexane resulted in much more (2-3´) 

adsorbed phenol (ca. 2.5 and 2.1 phenol molecules/nm2, respectively). Interestingly, solvents 

of intermediate polarity (methanol, THF, and acetonitrile) led to much smaller amounts of 

adsorbed phenol (0.03-0.1 molecules/nm2).  

Phenol adsorption from water onto more polar Pd-T is much smaller: ca. 0.1 

molecules/nm2, Table. 5.1. Solvents with intermediate polarity also resulted in very little 
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adsorption. In contrast, adsorption from either of the non-polar solvents (n-decane or 

cyclohexane) resulted in similar adsorbed amounts on either Pd-T or Pd-BP (ca. 2 phenol 

molecules/nm2). Considering only these adsorbed amounts, reactions of phenol are expected 

to be fastest in non-polar solvents, slower in water, and slowest of all in intermediate polarity 

solvents. Reactivity for the two catalysts may be similar for each solvent except water, where 

adsorption is much higher on Pd-BP. 

 

Table 5.1. Phenol amounts adsorbed from a 50 mM solution in various solvents (1.5 mL) onto 

either Pd-BP or Pd-T (20 mg), at room temperature. The adsorbed amounts are normalized by 

the surface areas of the catalysts as shown in Table A4.1. 

Materials Phenol adsorbed (molecules/nm2) 

water methanol acetonitrile THF p-dioxane n-decane cyclohexane 

Pd-BP 0.88 0.11 0.04 0.04 0.16 2.49 2.11 

Pd-T 0.08 - 0.03 0.06 0.14 2.16 2.00 

 

To interpret these results in terms of solvation, the solvatochromic parameters12 for 

each solvent were considered (Table 5.1). Phenol is expected to be more readily solvated by 

solvents with relative polarities similar to that of phenol (0.701). In addition, solvents which 

are hydrogen-bond acceptors (HBAs) are expected to interact with phenol via hydrogen 

bonding with the phenolic hydroxyl group.13 Although water is a good HBA, its high 

polarizability index (p*) and relative polarity limit phenol-water interactions. Thus, limited 

interaction between phenol and water results in appreciable phenol adsorption onto the Pd-BP 

surface. Less phenol is adsorbed onto hydrophilic Pd-T from water due to the polar nature of 
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the surface, which results in weaker phenol-surface interactions and stronger water-surface 

interactions.  

 

Table 5.2. Solvatochromic parameters12 for various solvents and phenol 

Solvent H-bond acceptor 

ability 

(b) 

Polarizability 

index 

(p*) a 

Relative polarity b 

water 0.47 1.09 1.000 

methanol 0.66 0.60 0.762 

phenol N/A N/A 0.701 

acetonitrile 0.40 0.66 0.460 

tetrahydrofuran 0.55 0.55 0.207 

p-dioxane 0.37 0.49 0.164 

n-hexane 0.00 -0.11 0.009 

cyclohexane 0.00 0.00 0.006 

a p* scale is derived from solvent effects on the p → p* electronic transitions of a selection 

of seven positively solvatochromic nitroaromatics.12 b Relative polarity is obtained by 

measuring the shift in the absorption spectrum of Reichardt’s dye.12 

 

Methanol is the strongest HBA in the group, and has a lower p* value than water. The 

relative polarity of methanol, 0.762, is very similar to that of phenol. Thus, strong phenol 

solvation in methanol results in negligible phenol adsorption regardless of surface polarity. 

Acetonitrile and THF are moderate HBAs and have intermediate polarities. These solvents 
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are also effective at solvating phenol, resulting in negligible adsorption on either catalyst. Less 

polar p-dioxane solvates phenol less, and gave slightly more phenol adsorption than from 

acetonitrile or THF.  

Extrapolating the solvatochromic parameters of n-hexane to n-decane, and noting the 

similar parameters of cyclohexane, the solvation of phenol by all of these non-polar solvents 

is very limited. Since these solvents also interact weakly with the silica surfaces, it is not 

surprising that their use results in the highest adsorption of phenol. 

 

5.4.2 Kinetics of phenol hydrogenation in cyclohexane 

Phenol hydrogenation catalyzed by Pd-BP was studied in cyclohexane at 90 °C using 

operando NMR to observe changes in chemical species. A typical array is shown in Fig. 5.1. 

Peaks at ca. 155, 202-210, and 68 ppm correspond to phenol-1-13C and its hydrogenated 

analogs cyclohexanone and cyclohexanol, respectively. The concentration of cyclohexanone 

increases rapidly as phenol disappears in the early stages of the experiment. After the phenol 

is consumed, cyclohexanol appears due to cyclohexanone hydrogenation. The peak at 25 ppm 

due to cyclohexane does not change in intensity during the reaction.  
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Fig. 5.1. Time-resolved operando NMR spectra, showing phenol hydrogenation catalyzed by 

Pd-BP in cyclohexane (catalyst 3.8 mg, solvent 0.12 mL, phenol-1-13C 6 mg, H2 50 bar 

(pressure at 23 °C), 90 °C). 

 

Fig. 5.2 shows magnified peaks for the three species involved in the reaction. As the 

phenol concentration decreases, its chemical shift increases from ca. 154.5 to 155.7 ppm. This 

change is caused by hydrogen-bonding between phenol and cyclohexanone, which results in 

deshielding of the phenol-1-13C signal.13,14 The cyclohexanone chemical shift decreases 

dramatically as the phenol concentration decreases. The 13C chemical shift of the carbonyl 

carbon is strongly correlated with the polarity of its environment: an upfield shift represents a 

less polar environment.15–17 Thus, the upfield shift of the cyclohexanone-1-13C signal as 

phenol is consumed arises from the loss of its hydrogen-bonding interaction with phenol. The 

chemical shift increased slightly during cyclohexanone hydrogenation, due to the augmented 

cyclohexanone-cyclohexanol association. The signal for cyclohexanol did not change 

appreciably during the reaction. 
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Fig. 5.2. Operando NMR spectra showing magnified regions for: (a) phenol-1-13C, (b) 

cyclohexanone-1-13C, and (c) cyclohexanol-1-13C. 

 

The NMR peak shape of phenol was unsymmetrical, and deconvolution shows that 

an additional peak with a larger peak width (FWHM) is at a slightly lower chemical shift (Fig. 

A5.1). Deconvolution reveals that the peak width (FWHM) of the shoulder is 64 % larger than 

that of the peak representing phenol in solution (Table A5.1). A larger peak width indicates 

reduced mobility, and is associated with adsorption. The chemical shifts of both solution and 

adsorbed phenol shift downfield due to increasing extent of phenol-cyclohexanone hydrogen 

bonding interaction.13,14 For cyclohexanone, the adsorbed material gives rise to a resolved 

peak downfield of the solution-phase peak (Fig. 5.2b), indicating that the surroundings of the 

adsorbed cyclohexanone are more polar than the solution-phase consisting of hydrophobic 

cyclohexane solvent molecules. During the reaction, the chemical shifts of both solution and 

adsorbed cyclohexanone shift upfield, since increasing cyclohexanone concentration in the 

solution and adsorbed phase makes the surroundings of cyclohexanone less polar. Due to the 

low signal-to-noise ratio, the peak width of the adsorbed cyclohexanone signal was not 

quantified. No clear signal was observed for adsorbed cyclohexanol (Fig. 5.2c), presumably 

because its chemical shift is very similar to that of solution-phase cyclohexanol. 
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Kinetic profiles were obtained by integrating NMR peaks representing each species in 

both the solution-phase and adsorbed. Fig. 5.3a shows that 0.53 M phenol was fully converted 

in ca. 40 min. The reaction appears to be close to zeroth-order, suggesting that the active 

surface is fully covered by phenol. The cyclohexanone concentration reached a maximum 

concentration of ca. 0.48 M, corresponding to 90 mol% selectivity, at 40 min. At this time, 

the cyclohexanol concentration was ca. 40 mM. After phenol was converted, the 

cyclohexanone concentration abruptly decreased. The sharp change indicates that 

cyclohexanone adsorption onto the Pd active sites is effectively inhibited by phenol. The 

cyclohexanone concentration decreased in approximately first-order fashion over the next 3 

h. This behavior suggests that the active surface is not saturated with cyclohexanone. 

Cyclohexanol is formed quantitatively as the final product. 
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Fig. 5.3. Kinetic profiles recorded during phenol hydrogenation in (a) cyclohexane (b) water 

catalyzed by Pd-BP obtained by integrating operando NMR peaks representing solution-

phase and adsorbed phases. Reaction conditions: 0.53 M phenol-1-13C (in 0.12 mL solvent), 

3.8 mg catalyst, 50 bar H2 at 23 °C. Reaction temperature 90 °C. 

 

5.4.3 Kinetics of phenol hydrogenation in water 

The kinetics of phenol hydrogenation was also studied in water. Like cyclohexane, 

this solvent results in an appreciable amount of phenol being adsorbed onto Pd-BP (Table. 

5.1). Operando NMR spectra were collected under the same reaction conditions. The phenol 
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concentration decreases quickly at the beginning of the reaction, yielding cyclohexanone (Fig. 

5.4). When the phenol peak has almost disappeared, the peak for cyclohexanol grows due to 

cyclohexanone hydrogenation.  

 

 

Fig. 5.4. Time-resolved operando NMR spectra, showing phenol hydrogenation catalyzed by 

Pd-BP in water (catalyst 3.8 mg, solvent 0.12 mL, phenol-1-13C 6 mg, H2 50 bar at 23 °C, 90 

°C). 

 

In contrast to the behavior in cyclohexane, the chemical shift of phenol in the solution-

phase changes little under reaction conditions when water is the solvent. This may be because 

phenol solvated by water molecules does not form hydrogen bonds to cyclohexanone. The 

presence of adsorbed phenol was not clear possibly due to only small difference in chemical 

shifts between adsorbed and solution-phase phenol peaks. makes the peak, thus deconvolution 

was not successful. Resolved peaks are again visible for cyclohexanone in solution (ca. 212 

ppm) and on the surface (ca. 209 ppm). However, the chemical shift of adsorbed 

cyclohexanone is lower than in the more polar water phase (compared to the higher chemical 
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shift of adsorbed molecules on the same surface, relative to the less polar cyclohexane phase). 

Thus the surface polarity of Pd-BP is intermediate between those of water and cyclohexane, 

as expected. The chemical shift of adsorbed cyclohexanone changes in a complex way over 

the course of the reaction, caused by varying extents of hydrogen-bonding and dipole-dipole 

interactions as the surface chemical composition changes.15–17 This phenomenon was 

observed even more clearly when the same reaction was conducted at 60 °C (Chapter 4), since 

association by hydrogen-bonding is enhanced at the lower temperature.18 

The kinetic profiles obtained by integrating the NMR regions representing both 

solution and adsorbed chemical species are shown in Fig. 5.3b. There is surprisingly little 

effect of solvent on the kinetics, despite the very different solvating properties of water and 

cyclohexane. The time required to convert all phenol is ca. 50 min, and the reaction is close 

to zeroth-order. Both are similar to the observations made in cyclohexane as solvent. The 

maximum cyclohexanone concentration, ca. 0.44 M, is slightly lower (ca. 8%) than that 

observed in cyclohexane (Fig. 5.3a). Conversion of cyclohexanone to cyclohexanol again 

accelerates abruptly when phenol is fully converted, and proceeds in an exponential decay.  

 

5.4.4 Kinetics of phenol hydrogenation in intermediate-polarity solvents 

Next, we studied the kinetics of phenol hydrogenation catalyzed by Pd-BP in the 

solvents which cause little adsorption of phenol, including methanol, acetonitrile, THF, and 

p-dioxane. Fig. A5.2 shows the operando NMR spectra recorded using methanol as solvent 

under the same reaction conditions. The rate of phenol hydrogenation decreased slowly over 

the course of 3 h, Fig. 5.5. The phenol peak is symmetrical, indicating negligible phenol 

adsorption consistent with the adsorption test (Table 5.1). Thus, a low local concentration of 
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phenol on the catalyst may be responsible for the much lower initial activity, compared to the 

reactions in cyclohexane or water.  

 

 

Fig. 5.5. Kinetic profiles for phenol hydrogenation catalyzed by Pd-BP in methanol, obtained 

by integrating the operando NMR peaks. Reaction conditions: 0.53 M phenol-1-13C (in 0.12 

mL methanol), 3.8 mg Pd-BP, 50 bar H2 at 23 °C. Reaction temperature 90 °C. 

 

Curiously, the reaction slowed to an almost imperceptible rate at ca. 30 % conversion, 

and little change was observed over the next 14 h. Thus the catalyst is deactivated. A previous 

study of phenol hydrogenation catalyzed by Pt reported that the catalyst is poisoned by 

strongly adsorbed CO formed by methanol reforming.19 It is possible that a similar poisoning 

of Pd inhibits phenol adsorption. 

In acetonitrile or THF, even less phenol was hydrogenated (4-5% after ca. 100 min) 

under the same reaction conditions (Fig. 5.6a,b). No signals for adsorbed phenol were 

observed by NMR (Figs. A5.3 and A5.4), consistent with the adsorption measurements 

(Table. 5.1). Thus, the high extent of phenol solvation results in the negligible phenol 
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conversion. In addition, competition between phenol and the coordinating solvent for the 

catalyst surface could be a cause of the very slow reactions. Furthermore, acetonitrile can 

poison the Pd active sites via its Pd-catalyzed conversion to strongly coordinating amines.20  

 

 

Fig. 5.6. Kinetic profiles for phenol hydrogenation catalyzed by Pd-BP, obtained by 

integrating the operando NMR peaks, in (a) acetonitrile, (b) THF, and (c) p-dioxane. Reaction 

conditions: 0.53 M phenol-1-13C (in 0.12 mL solvent), 3.8 mg Pd-BP, 50 bar H2 at 23 °C. 

Reaction temperature 90 °C. 
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The behavior of phenol in p-dioxane was also tested (Fig. A5.5). The kinetic profiles 

shows ca. 17 % phenol conversion after 1 h (Fig. 5.6c). This is an order of magnitude higher 

than the conversion obtained in THF and acetonitrile under similar conditions. The lower 

polarity of p-dioxane leads to slightly increased phenol adsorption, Table. 5.1 Curiously, the 

reaction also shows evidence for acceleration after an induction period, however, the low 

overall reactivity did not merit further investigation. The results show a correlation between 

phenol affinity for Pd-BP and the rate of phenol hydrogenation.  

 

5.4.5 The effect of surface polarity on phenol and cyclohexanone hydrogenation rates 

Phenol hydrogenation in cyclohexane was conducted using the hydrophilic Pd-T 

catalyst under the same reaction conditions, monitored by operando NMR (Fig. A5.6). As in 

the reaction catalyzed by hydrophobic Pd-BP, the main phenol peak shifts downfield by ca. 

1.5 ppm, while the main cyclohexanone peak shifts upfield by ca. 5 ppm as the reaction 

proceeds (Fig. 5.7a,b). At the beginning of the reaction, the cyclohexanol peak shifts upfield 

by ca. 1 ppm, then downfield by ca. 0.3 ppm after phenol was fully converted (Fig. 5.7c).  
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Fig. 5.7. Operando 13C NMR spectra showing magnified regions for: (a) phenol-1-13C, (b) 

cyclohexanone-1-13C, and (c) cyclohexanol-1-13C. Reaction conditions: Pd-T 3.8 mg, 

cyclohexane 0.12 mL, phenol-1-13C 6 mg, H2 50 bar, 90 °C. 

 

The NMR peak shape of phenol was unsymmetrical, and deconvolution shows an 

additional peak with a larger peak width (Fig. A5.7). The peak width (FWHM) for adsorbed 

phenol, ca. 71 Hz (Table A5.1), is ca. 12% higher than solution phase peak, indicating slightly 

reduced mobility for adsorbed phenol. Its peak also shifts downfield as the reaction proceeds 

(Fig. 5.7a), indicating that the ratio of adsorbed phenol to adsorbed cyclohexanone decreases. 

The intensity of adsorbed cyclohexanone peak was too low, but magnified peak region showed 

that the adsorbed cyclohexanone peak appears at a higher chemical shift compared to the peak 

position of solution-phase cyclohexanone (Fig. A5.8). These observations are quite similar to 

those reported above for the Pd-BP catalyst. However, there is a major difference in the 

appearance of the cyclohexanol region. A clear peak for adsorbed cyclohexanol appears at 

higher chemical shift than the solution-phase peak, and the peak intensity gradually increased 

as the reaction proceeds due to the cyclohexanone-cyclohexanol interaction (Fig. 5.7c). 

Kinetic profiles for phenol hydrogenation catalyzed by Pd-T in cyclohexane are shown 

in Fig. 5.8a. All phenol is converted after ca. 1 h, suggesting a slightly lower activity than Pd-
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BP. The maximum cyclohexanone concentration for Pd-T is ca. 0.44 M (80 mol% selectivity) 

with 0.07 M cyclohexanol (20 mol% selectivity). This is ca. 10 mol% lower than found for 

Pd-BP. Subsequent hydrogenation of cyclohexanone is much slower over Pd-T. 

 

 

 

Fig. 5.8. Kinetic profiles recorded during phenol hydrogenation in (a) cyclohexane (b) water 

catalyzed by Pd-T obtained by integrating operando NMR peaks representing solution-phase 

and adsorbed phases. Reaction conditions: 0.53 M phenol-1-13C (in 0.12 mL solvent), 3.8 mg 

catalyst, 50 bar H2 at 23 °C. Reaction temperature 90 °C. 
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Adsorbed phenol is much less mobile on the Pd-BP surface than on Pd-T (FWHM 103 

vs. 71 Hz, respectively, Table A5.1), indicating a stronger interaction between phenol and Pd-

BP. This may be a result of p-p interactions with the biphenylene linkers. Under reaction 

conditions, the fractions of phenol adsorbed on Pd-BP and Pd-T are (27 ± 3) % and (22 ± 3) 

%, respectively, also suggesting stronger interaction with Pd-BP. Thus, the increased 

cyclohexanone selectivity for the Pd-BP catalyst might be attributed to its increased phenol 

affinity, which prevents cyclohexanone from adsorbing onto the Pd active sites. 

13C NMR spectra recorded at the maximum cyclohexanone concentrations show that 

the chemical shifts for adsorbed cyclohexanone are different, and the peak area is larger for 

Pd-BP than Pd-T (ca. 21 and 12%, respectively, Fig. A5.8). Thus, the higher affinity of 

cyclohexanone for the Pd-BP surface is correlated with its increased rate of hydrogenation. 

 The effect of surface polarity was also studied by conducting the reaction catalyzed by 

Pd-T in water (Fig. A5.9). Due to the weaker interactions between the organics and Pd-T, 

compared to Pd-BP, peaks for adsorbed phenol and cyclohexanone are not clearly discernable. 

The kinetic profiles show a decreased rate of phenol conversion and lower cyclohexanone 

selectivity (Fig. 5.8b), compared with Pd-BP. The maximum cyclohexanone concentration, 

ca. 0.35 M, is lower (by 0.09 M). The lower cyclohexanone selectivity may be caused by 

relatively facile cyclohexanone adsorption onto the Pd active sites, due to the weaker 

interaction between phenol and the Pd-T surface. Thus, similar to the results in cyclohexane, 

the stronger interaction of phenol with Pd-BP than with Pd-T accelerates phenol conversion 

and inhibits the cyclohexanone adsorption, resulting in higher cyclohexanone selectivity. 

 

5.5 Conclusion 
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This study shows how selecting the right combination of solvent and surface polarity 

improves activity/selectivity in the phenol hydrogenation reaction. In phenol hydrogenation, 

selectivity may be determined by the extent of cyclohexanone adsorption onto the Pd active 

sites, prior to cyclohexanone hydrogenation. Thus, increased cyclohexanone selectivity at full 

phenol conversion is achieved with a more hydrophobic catalyst, since adsorbed phenol 

effectively inhibits cyclohexanone adsorption onto the active sites of Pd-BP. Solvents with 

extreme polarities (including lack of polarity) such as cyclohexane and water confer much 

superior activity over solvents with intermediate polarity, such as methanol, acetonitrile, THF, 

and p-dioxane. The much higher activity observed in cyclohexane and water is attributed to 

their lower affinity for phenol, leading to increased adsorption. In contrast, phenol is better 

solvated by methanol and polar aprotic solvents, leading to negligible adsorption and much 

lower local phenol concentrations near the active sites. The low activity in these solvents is 

complicated by the apparent poisoning of the catalyst surface, which inhibits adsorption on 

the Pd sites specifically. The real cause merits further investigation. 

This research suggests that solvent choice to promote phenol adsorption is critical, 

modulating molecular adsorption due to support hydrophobicity. The findings should be 

generalized to other types of reactions. An important future research direction is how lignin 

can be more effectively depolymerized by the choice of solvent and surface to promote its 

adsorption and unfolding. 
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5.7 Appendix IV 

 

Fig. A5.1. Deconvolution of phenol peak obtained during the phenol hydrogenation over Pd-

BP in cyclohexane. 

 

Table A5.1. Peak line widths (FWHM) for solution-phase and adsorbed phenol in the 

presence of Pd-BP and Pd-T, obtained by deconvolution of NMR spectra 

Time 

(min) 

Pd-BP Pd-T 

Adsorbed 

(Hz) 

Solution 

(Hz) 

Adsorbed 

(Hz) 

Solution 

(Hz) 

4 107.1 67.6 74.4 69.9 

8 105.0 68.4 75.5 67.5 

14 90.6 65.1 67.5 63.7 

18 93.2 58.8 67.1 62.2 

22 106.9 59.8 71.3 63.5 

26 115.3 57.5 69.6 60.5 

30 - - 71.7 57.0 

34 - - 69.7 63.0 
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Fig. A5.2. Operando MAS 13C NMR array obtained during phenol hydrogenation over the 

Pd-BP catalysts at 90 °C in methanol. 

 

 

Fig. A5.3. Operando MAS 13C NMR array obtained during phenol hydrogenation over the 

Pd-BP catalysts at 90 °C in acetonitrile recorded for 100 min.  
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Fig. A5.4. (a) Operando MAS 13C NMR array obtained during phenol hydrogenation over the 

Pd-BP catalysts at 90 °C in THF recorded for 2 h. (b) NMR spectrum representing phenol 

peak when THF and Pd-BP were used as a solvent and catalyst at 90 °C. 
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Fig. A5.5. Operando MAS 13C NMR array obtained during phenol hydrogenation over the 

Pd-BP catalysts at 90 °C in p-dioxane recorded for 70 min. 

 

 

Fig. A5.6. (a) Operando MAS 13C NMR array obtained during phenol hydrogenation over the 

Pd-T catalysts at 90 °C in cyclohexanane recorded for 5 h.  
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Fig. A5.7. Deconvolution of phenol peak obtained during the phenol hydrogenation over Pd-

T in cyclohexane.  

 

 

Fig. A5.8. Comparison of 13C NMR spectra in the cyclohexanone region, recorded when the 

cyclohexanone concentration was a maximum during phenol hydrogenation catalyzed by Pd-

BP or Pd-T.  
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Fig. A5.9. (a) Operando MAS 13C NMR array obtained during phenol hydrogenation over the 

Pd-T catalysts at 90 °C in water recorded for 4 h.  

  



 

 199 

Chapter 6. Conclusion 

 

In order to investigate the effect of surface and solvent polarity on molecular 

adsorption and heterogeneous catalysis, mesoporous organosilicas with a wide range of 

surface polarities were synthesized via a co-condensation method using organosilica 

precursors. Fluorescence of Prodan dye adsorbed on the mesoporous materials demonstrated 

that the most hydrophilic material has a polarity comparable to methanol, while the most 

hydrophobic surface was similar in polarity to DMSO. The varying surface polarity of each 

mesoporous organosilica was further explored via the mobility of tethered 4-carboxy TEMPO 

radicals. Molecular adsorption on each organosilica from various solvents including water, 

DMSO, and benzene suggests that the extent of adsorption can be precisely tuned by varying 

surface as well as solvent polarity.  

The measurement of translational surface water diffusivity for these organosilicas 

showed a decreasing trend with increasing surface hydrophobicity. By contrast, increasing 

surface water diffusivity was observed for more hydrophobic surface consisting of siloxane 

groups. The results suggest that the relative importance of thermodynamic terms governing 

interfacial hydration can change depending on the surface chemical composition. In particular, 

decreased surface water dynamics on the organosilica surface originate from the decreased 

entropy of surface water molecules that form a more ordered structure. These low-entropy 

spots could provide a way to enhance the extent of molecular adsorption in heterogeneous 

catalysis.  

Phenol hydrogenation over Pd catalysts in water showed increased activity and higher 

selectivity to the intermediate, cyclohexanone, for the more hydrophobic catalyst. 13C MAS 



 

 200 

NMR spectra recorded in operando mode indicate enhanced phenol-catalyst surface 

interactions for the hydrophobic catalyst, resulting in increased local phenol concentration 

around Pd active sites. In addition, the hydrogen bonding interaction between phenol and 

cyclohexanone further promotes the cooperative adsorption of phenol, which might lead to 

the increased cyclohexanone selectivity. Successful simulation of the kinetic profiles requires 

consideration of the interaction of each species with the Pd, as well as with the support. 

The type of solvent used in phenol hydrogenation is also an important factor in 

determining the activity of the Pd catalyst. Using water and cyclohaxane resulted in 

significantly higher conversion compared with other organic solvents such as acetonitrile, 

THF, and p-dioxane. The main cause for the lower activity in the latter group of solvents is 

the higher degree of phenol solvation, which hinders the adsorption of phenol onto the catalyst 

surface. 

In terms of improving selectivity for the intermediate in A→B→C reactions, it is 

necessary to design the surface hydrophobicity and chemistry by considering the 

hydrophobicity of the reactant as well as the intermediate. Activity and selectivity are 

governed by kinetic parameters, i.e., rate and adsorption constants. Thus, studying the effect 

of experimental parameters influencing kinetics, such as temperature, catalyst concentration, 

and H2 pressure, will be helpful in identifying strategies to control activity and selectivity in 

hydrogenation. 

In this research, phenol was used as a reactant to assess the surface and solvent polarity 

effect in heterogeneous catalysis. To direct the research toward a more practical applications, 

lignin oligomers, organosolv lignin, or lignin itself should be studied as reactants in future 

research. Since lignin is typically water-insoluble solvents or co-solvents that promote both 
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dissolution and adsorption onto the catalyst surface are needed. In addition, the effect of 

catalyst surface hydrophobicity and aromaticity on the unfolding of lignin polymer will be 

important in assessing the effectiveness of surface chemistry modifications. 




