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ABSTRACT 

 

Applying Magnetic Resonance Spectroscopic Techniques to Elucidate Structure-Property 

Relationships in Silica-Based Surfaces 

 

by 

 

Tarnuma Tabassum 

 

Obtaining molecular-level structural information about heterogeneous catalysts and 

catalyst supports such as silicas and all-silica zeolites (zeosils) is critical for the rational design 

of new catalysts. Magnetic resonance techniques, including solid-state magic angle spinning 

nuclear magnetic resonance (MAS-NMR) and electron paramagnetic resonance (EPR) 

spectroscopies, are powerful and non-invasive tools, which were used to acquire detailed 

structural and dynamic information about these silica-based systems.  

Thermal dehydroxylation reduces the number of silanol sites on silica surfaces and is 

typically used to increase the fraction of non-interacting silanols for well-defined active sites, 

however, several studies have suggested that pairs or clusters of silanols persist even upon 

extreme heat treatment. The spatial distribution of these silanols was investigated using VCl4 

as a paramagnetic probe molecule. EPR signals for the grafted V(IV) were absent at room 

temperature, but a Lorentzian lineshape characteristic of spin-spin coupled centers was 

observed below 20 K. The latter finding indicates strong electron spin-spin coupling and 

implies that the silanols are clustered. 1H double-quantum single-quantum MAS NMR also 



 

 x 

suggests that many silanols are closely spaced. Varying the V-loading combined with an 

analysis of the contribution of the coupled V(IV) component to the total EPR spectrum led to 

the finding that silanols are clustered in groups of 7 or more, and consequently cannot be 

described as isolated.   

Zeosils modified with H3PO4, referred to as P-zeosils, selectively catalyze the 

dehydration of biomass-derived alcohols, but are unstable in the presence of water. The nature 

of the active P-sites in these catalysts, and how they are impacted by water is not known. The 

P-site distribution in a P-modified self-pillared pentasil (P-SPP) was probed using solid-state 

31P MAS NMR with frequency-selective detection, dynamic nuclear polarization-enhanced 

29Si-filtered 31P detection and 31P-31P correlation experiments. The P-sites in the dehydrated 

material are surface-bound via hydrolytically sensitive P-O-Si linkages, while some are also 

oligomers containing hydrolytically robust P-O-P linkages. The P-sites evolve rapidly when 

exposed to water, even at room temperature.  Initial cleavage of some P–O–Si linkages results 

in an evolving mixture of surface-bound mono- and oligonuclear P-sites with acidity due to 

the generation of POH groups. Eventually all are converted to H3PO4. The effect of the zeosil 

framework on the stability of the P-sites was determined by comparing the solid-state 31P and 

ultrafast 1H MAS-NMR of P-SPP to that of a hydrophobic P-modified BEA zeosil (P-BEA). 

P-BEA contains a higher fraction of hydrolytically-stable P-O-P bonds and a lower 

accessibility to water compared to P-SPP. Thus, both the water content and the framework 

play a role in the P-site distribution, which in turn impact the acidity and hence, catalytic 

activity of P-zeosils. However, elucidating the precise nature of the active P-sites under 

reaction conditions requires the use of operando NMR. At elevated temperatures (140 °C) and 

in the presence of 2-propanol, 31P and 13C operando MAS NMR spectra suggest the POH sites 
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are converted to phosphate esters. The ability to identify acidic sites in P-zeosils, and to 

describe their structure and stability, by combining insights using conventional and operando 

NMR, will play an important role in controlling the activity of microporous catalysts.  
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 1 

Chapter 1: Introduction 

 

1.1 Characterization of solid acid catalysts and challenges 

Highly porous solids, both amorphous and crystalline, are widely used as 

heterogeneous catalysts and catalyst supports. Catalytic activity depends in part on the nature 

of specific “active” sites which are attached to the external and internal surfaces, or located 

within the pore channels or cages.1,2 The structures and dynamics of these active sites as well 

as their relationship to the surrounding environment are critical information for the rational 

design of new catalysts with improved activity, selectivity and stability. Obtaining molecular-

level information is non-trivial, since the active sites are often present at low concentration, 

and exist as a distribution that evolves in response to the environment.3 Consequently, it is 

important to characterize active sites under reaction conditions. A battery of physicochemical 

and spectroscopic techniques, such as magnetic resonance, vibrational, and X-ray 

spectroscopies, are generally deployed to understand the structure of the active sites in 

heterogeneous catalysts.  

Magnetic resonance techniques, including nuclear magnetic resonance (NMR) and 

electron paramagnetic resonance (EPR) spectroscopies, are powerful, non-invasive tools for 

probing solid catalysts at the atomic/molecular level.3,4 Dynamic nuclear polarization (DNP) 

merges the high sensitivity of EPR with the resolution of NMR.5 NMR (sometimes in 

combination with DNP for improved sensitivity) probes the local chemical environments and 

dynamics of diamagnetic sites. EPR probes paramagnetic sites, which may be present in 

catalytic systems either as active sites or intermediates and are frequently associated with 
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transition metal ions. Furthermore, both NMR and EPR techniques can be used to study 

catalysts under reaction conditions.6,7 

 

1.2 The role of silica in heterogeneous catalytic systems   

Silica is widely used as a support in heterogeneous catalysis, due to its highly tunable 

properties, including surface area, pore volume, pore size and particle size.8,9 Its surface is 

terminated by hydroxyl groups, also known as surface silanols. They are weakly Brønsted 

acidic, and may serve as anchoring sites for further chemical tailoring of the surface. In 

particular, a strategy to disperse metal precursors and form isolated, well-defined sites, is 

ligand protonolysis by isolated silanols. The latter are presumed to be formed by thermal 

pretreatment temperature of the silica, which causes the fraction of non-interacting silanols to 

increase.10 Deactivation of metal sites due to aggregation of the grafted sites is suppressed by 

isolating the sites.11–13 Generating spatially isolated silanols is therefore believed to be a 

prerequisite for creating well-defined functionalized silica surfaces. Typically, IR14–16 and 1D 

NMR (1H and 29Si)17–19 spectral signatures are presented as evidence for the predominance of 

isolated silanols on thermally pretreated SiO2. Although these techniques can differentiate 

between hydrogen-bonded and non-hydrogen-bonded silanols, they are not sensitive to spatial 

proximity of more than two silanols, or silanols that are not hydrogen-bonded but still close 

to one another.  

Knowledge about the surface silanol distribution is imperative in understanding their 

reactivities towards metal complexes. Studies probing the surface of SiO2 indirectly have 

suggested that truly isolated silanols may not be generated even upon extreme thermal 

treatment, and have proposed silanol pairs20,21 and clusters.22–24 Nevertheless, the vast 
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majority of studies still assume the predominance of isolated silanols on silicas thermally 

treated above 700 °C.25–28 Thus, more direct approaches that investigate the proximity of 

silanols, covering longer range distances than IR, NMR or EXAFS, are required.  

The silanol distribution is also an important factor in determining the behavior of 

orthophosphoric acid (H3PO4), which is used in combination with silica to generate 

industrially important catalysts such as “solid phosphoric acids” (SPAs).29–31 The SPAs have 

been used since the 1930s in large-scale catalytic processes such as propene oligomerization 

and benzene alkylation.31 The active sites in SPAs are suggested to be free phosphoric acid 

oligomers,32 but their interactions with the silica surface may shift oligomerization equilibria, 

thereby altering catalytic activity. Moderate Brønsted acidity can be installed in siliceous (all-

silica) zeolites (aka zeosils) by infusing them with H3PO4. P-zeosils catalyze two noteworthy 

reactions: the Diels-Alder coupling of carbohydrate-derived 2,5-dimethylfuran with ethylene 

to give p-xylene,33 and the tandem dehydration-ring opening of tetrahydrofuran to give 1,3-

butadiene.34 Surface and/or pore confinement in a siliceous materials may promote the 

condensation of H3PO4 with itself (leading to oligomeric sites containing P-O-P linkages) 

and/or the silica framework (forming P-O-Si linkages). Thus, acquiring direct evidence on the 

environment-dependent speciation of the P-sites is a necessary step towards establishing 

structure-activity relationships for P-based solid acid catalysts. 

Many reactions relevant to degradation of biomass derivatives to obtain high value 

chemicals generate water, which is known to play an important role in enhancing or 

suppressing catalytic activity as well as stability of the catalyst (and in particular, zeosil) 

framework.35,36 For instance, Brønsted acidic zeolites functionalized with organosilanes that 

cap silanol defects have been used as a strategy to increase hydrolytic stability compared to 
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their hydrophilic unfunctionalized analogs.37,38 Thus, elucidating the effect of water on the 

zeosil framework is critical in controlling P-site distribution and stability. Furthermore, 

investigating structure-property relationships of P-zeosils and reaction mechanisms in 

dehydration reactions requires characterization tools with molecular level precision, and the 

ability to study catalysts under reaction conditions, i.e., at elevated temperatures and 

pressures.  

 

1.3 Nuclear interactions in solid state NMR   

 Obtaining an NMR spectrum depends on the Zeeman splitting of the nuclear spin 

energy levels in the presence of an external magnetic field and a perturbation using radio 

frequency (RF) pulses. The gap between the nuclear spin energy levels is sensitive to spin-

spin and spin-lattice interactions. Most of these interactions, such as dipole-dipole coupling 

among spatially proximal spins (both homo- and hetero-nuclear), and quadrupolar coupling 

between the nuclear quadrupole moment (for nuclear spins, I>1/2) and the surrounding 

electric field gradient, depend on internuclear distances and orientations. The chemical shift 

anisotropy, which is reflective of the symmetry and/or the mobility of I=1/2 nuclei, also affects 

the energy gap of the nuclear spins.  

Molecular tumbling averages orientation-dependent interactions, leading to sharp 

peaks in the solution-state NMR spectrum. NMR signals for heterogeneous catalysts are 

typically much broader, due to orientation-dependent internal spin interactions in the solid 

state. This results in lower resolution, as well as a loss of sensitivity. If multiple sites are 

present, their isotropic chemical shifts may overlap due to the broadening. To average these 

strong interactions, solid samples are typically spun at thousands of Hz at an angle of 54.74° 
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with respect to the external magnetic field B0. This is known as Magic Angle Spinning (MAS). 

It results in narrower linewidths by attenuating orientation-dependent interactions (or even 

eliminating them, when the spinning frequency is faster than the magnitude of the anisotropic 

interactions, at ultra-fast spinning frequencies), thereby simplifying the analysis of complex 

spectra. Improved resolution aids in attributing signals to sites with similar characteristic 

chemical shifts.  

Anisotropic interactions contain structural and dynamic information on the systems 

that are lost by using MAS. Spinning at a frequency lower than the magnitude of the coupling 

interactions results in a spinning sideband pattern, Figure 1.1a, from which information about 

chemical shift anisotropy and quadrupolar coupling can be extracted. These parameters are 

correlated with the symmetry and the mobility, respectively, of the nuclei. To extract more 

information, sophisticated RF pulse sequences can be used to reintroduce interactions 

selectively during the evolution of the spin-states. For instance, frequency-selective NMR 

techniques such as RESPIRATIONCP provide the opportunity of acquiring site-specific 

information on multiple types of sites even when the spectrum is crowded by spectral overlap 

of the isotropic chemical shifts and their spinning sidebands (Figure 1.1b).39 This involves 

applying the RF pulse at the frequency (chemical shift) the specific site of interest, which 

results in suppression of the other peaks visible in the spectrum.  
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Figure 1.1 Simulated 31P MAS NMR spectra. a) The effect of MAS at different spinning 

frequencies is shown. An isotropic chemical shift of -43 ppm and chemical shift anisotropy 

(Δ) of -160 ppm were considered. b) The direct 31P MAS NMR spectrum (black) showing two 

sites and their corresponding sidebands, indicated with asterisks (*). RESPIRATIONCP spectra, 

31P (ppm) 

a 

b 
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acquired by setting the RF frequency at 0 (blue) and -28 ppm (green) gives the selective 

sideband pattern for 31P spins corresponding to the two signals. 

  

In favorable cases, solid-state NMR spectroscopy can be used for in-situ analysis. 

Since it is sensitive to the chemical environment of the nuclei in the reacting system,40,41 it 

does not require separation of molecules in complex mixtures.42,43 However, observing 

multiphase systems, at elevated temperatures and pressures, is challenging for solid-state 

MAS NMR experiments, in which samples spin at several thousand Hz in a strong magnetic 

field. The development of operando MAS NMR technology has made it possible to probe 

catalytic systems over a wide range of pressures, temperatures and chemical 

environments.6,44,45 Time-resolved interactions between molecules and active sites can reveal 

the nature of the active sites under catalytic conditions,46–48 and allows monitoring of chemical 

transformations if/when side-products, such as water, are generated.  

Despite its many advantages, the intrinsically low sensitivity of NMR is further 

aggravated in solid catalysts when NMR-active nuclei have low gyromagnetic ratios, low 

natural abundance, or make up a small fraction of the bulk solid material. DNP, which merges 

both NMR and EPR, combats these sensitivity issues by enhancing the polarization of NMR-

active nuclei via unpaired electron spins with much larger gyromagnetic ratios (γ) (Figure 

1.2).5 Unpaired electrons are typically present as exogenously introduced stable organic 

radicals. The technique relies on saturation of the EPR signal by microwave irradiation, and 

subsequent transfer of polarization to less sensitive nuclei of interest. DNP has shown 

improvements in sensitivity of up to 2-3 orders of magnitude, shortening experimental times 
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dramatically and broadening the scope of NMR spectroscopy to allow correlation experiments 

with insensitive nuclei.5 

 

 

Figure 1.2. Dynamic nuclear polarization of solid catalysts. (a) Microwave irradiation 

(μwave) excites electrons, which transfer their polarization to nearby protons (H) through 

electron-nuclear interactions (e-n). The protons further transfer polarization to other protons 

through nuclear spin diffusion (nSD), eventually reaching the nuclei of interest (X) via cross 

polarization (CP). (b) The composition of a DNP sample, in which the solid catalyst is infused 
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with solution of paramagnetic centers in a solvent that freezes at 90 K. (c) A typical 

paramagnetic center (TEKPOL) and solvent (1,1,2,2-tetrachloroethane, TCE) used in DNP 

characterization of heterogeneous catalysts.  

 

1.4 Probing paramagnetic sites in solid catalysts  

When the catalytic cycle involves paramagnetic sites directly, the geometric and 

electronic structures of these sites can be investigated using EPR techniques. The method can 

also provide insight into their interaction with the local environment, dynamic processes, and 

spatial proximities.4,7 The role of EPR in the characterization of solid catalysts and surfaces 

has been long recognized, however, its scope has been greatly expanded by the development 

of pulsed methods and operando techniques.7,49 The advantages of EPR include its high 

sensitivity, the ability to investigate longer distance interactions (from 5 to 20 Å via 

continuous wave (CW) EPR, and up to 80 Å via pulsed EPR), and information about the 

spatial distribution of paramagnetic species. Isolated and clustered sites show distinct EPR 

signatures, making it an attractive technique to investigate solid catalysts with paramagnetic 

centers.50  

As in NMR, a static magnetic field B0 splits the energy levels of the electron spin 

(Zeeman splitting). In CW-EPR, a weak oscillating magnetic field with a frequency in the 

microwave range is also applied. It induces transitions between electron spin energy levels. 

Thus, EPR provides information on the interaction of the electron spin with the external 

magnetic field, with nuclear spins associated with the electron spin (hyperfine interactions) as 

well as with other electron spins (isotropic exchange, dipole-dipole interaction, anisotropic 

and antisymmetric exchange). Most of these interactions (except for the isotropic exchange 
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interaction) are anisotropic, and depend on the electronic structure, molecular structure, and 

bonding of the paramagnetic center. Employing MAS (as is routinely done in solid-state 

NMR) is not an effective strategy, because the strength of the anisotropic interactions in EPR 

is significantly higher than currently achievable sample spinning frequencies. 

In spite of the lower spectral resolution relative to NMR, EPR spectra are highly 

informative. Although anisotropic interactions are averaged in the solution-state, solid-state 

EPR spectra of powders and single crystals (and even frozen solutions) are much more 

complex, and consequently richer in information. For example, randomly oriented 

microcrystals in solid materials result in a powder-averaged spectrum, which reflects the 

molecular symmetry of the paramagnetic center. Thus, for a magnetically dilute sample with 

an unpaired electron not interacting with other nearby spins, the symmetry of the molecule is 

manifested in the EPR spectrum. Hyperfine interactions between nuclear and electron spins 

result in multiple resonance lines, depending on the nuclear spin, molecular symmetry, 

electron-nuclear distance and local dynamics. Moreover, electron spins that are nearby one 

another experience spin-spin interactions. The resulting spectral broadening can provide direct 

evidence of clustering in the system.  

To gain more precise information on electron-electron and electron-nuclear distances, 

many pulsed EPR experiments (similar to RF pulse sequences in NMR) have been designed. 

Microwave pulses with specific phases and inter-pulse delays to induce oscillations in signal 

intensities as a function of experimental parameters (total evolution time or delay or pulse 

length) can provide precise hyperfine or dipole-dipole coupling information. Such 

experiments are powerful tools for studying solid catalysts, yielding information on 
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paramagnetic sites and their interactions with the framework, as well as their evolution under 

reaction conditions.51,52  

 

1.5 Objectives 

This thesis aims to use magnetic resonance spectroscopies to develop a deeper 

fundamental understanding of silicas and siliceous zeolites. The purpose is to acquire 

molecular-level information to describe the spatial distribution of surface silanols as well as 

to identify the precise nature of the active sites due to P-modification of siliceous zeolites. To 

achieve these goals, experiments were designed to take advantage of the broad scope of 

information available from magnetic resonance spectroscopic techniques, using a 

combination of advanced capabilities coupled with existing and novel pulse sequences.  

In Chapter 2, we probe the distribution of silanols on silica by grafting paramagnetic 

VCl4 and probing its interaction with the silica using EPR and NMR in combination with other 

characterization techniques. EPR signals are absent at room temperature, but show a distinct 

Lorentzian lineshape at temperatures less than 20 K characteristic of spin-spin coupling. 

Addition of a coordinating base regenerates the EPR signals at room temperature by 

increasing the relaxation time. Based on the behavior of the EPR signals, and supported by 

NMR experiments, we infer that silanol pairs exist. Spin dilution distinguishes the EPR 

signatures of spin-spin coupled and isolated centers, leading to an estimate of the silanol 

cluster size (~ 10).  

In Chapter 3, we probe the P-site distribution in P-modified zeosils, using solid-state 

31P NMR with frequency-selective detection, DNP enhanced 29Si-filtered 31P detection and 

31P-31P correlation experiments. The spectra reveal a previously unappreciated diversity of P-
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sites, including evidence for surface-bound oligomers. The dry P-zeosil consists of P-sites that 

are anchored to the solid phase, including mononuclear sites and dinuclear sites containing 

the [Si-O-P-O-P-O-Si] motif. These P-sites evolve rapidly when exposed to humidity, even at 

room temperature, through hydrolysis of P-O-Si and ultimately P-O-P bonds. 

In Chapter 4, we elucidate the effect of the framework zeosil on the P-site distribution 

in P-modified zeosils, using solid-state 31P and ultrafast 1H MAS NMR. The stability of the 

P-sites is higher in P-BEA than in P-SPP, as seen in the evolution of the P-sites as a function 

of moisture content using 1H and 31P MAS NMR. POH sites in P-SPP are in fast exchange 

with water, suggesting that they are readily water-accessible. In contrast, the majority of POH 

sites in P-BEA exchange slowly with water, making the P-sites more stable to hydrolysis.  

In Chapter 5, we investigate the P-site evolution under reaction conditions, i.e., at 

elevated temperatures and in the presence of a reactant, using 31P and 13C variable temperature 

and operando MAS NMR. The dehydration of 13C-labelled 2-propanol at 140 °C was 

investigated while monitoring changes in the 31P and 13C MAS NMR spectra, which suggest 

the formation of phosphate esters.  
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Chapter 2: EPR Evidence for Silanol Clustering on Silica Surfaces 

 

2.1 Introduction 

The tunable properties of silica, SiO2, including its surface area, pore volume, pore size 

and particle size make it suitable for its broad use as support in heterogeneous catalysis.1,2 

Silica is also widely used for other applications as dielectric materials in microelectronic 

devices,3 stationary phase packing material in liquid-liquid and size exclusion 

chromatography to perform separations,4 intravenous drug delivery vectors,5 and as enzyme 

immobilization carriers to facilitate glucose biosensors.6 In all of these applications, the 

Brønsted acid sites i.e. hydroxyls on its surface known as surface silanols, tune the silica 

surface property and/or act as points of attachment for further chemical tailoring of the surface 

to generate sites that in turn determine its activity.7 There are three types of silanols on the 

SiO2 surface: isolated, vicinal and geminal. Heterogeneous catalysts are commonly prepared 

by immobilizing metal complexes on the surface of SiO2 via a protonolysis reaction (Figure 

2.1a). Spatially dispersed isolated hydroxyl sites are thought to generate well-defined and 

stable active sites.8,9 The spatial isolation of these surface-immobilized metal sites is key to 

the activity and enhanced selectivity of the catalyst, e.g. to prevent deactivation reactions by  

unwanted reactions such as oligomerization as of the grafted sites, as well as for the rational 

design and computational modeling of catalysts.10–12 Hence, generating spatially isolated 

hydroxyl groups is a prerequisite for well-defined silica-based functionalized surfaces.  
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Figure 2.1 The surface of silica and its surface hydroxyls. a)  The grafting of a metallic 

precursor, ML4 via a protonolysis reaction with the surface hydroxyls. b) The commonly 

accepted model of a silica surface, in which heating drives the condensation of hydrogen-

bonded vicinal species, releasing water, and forming spatially dispersed silanol groups as the 

silica is treated at 200, 500 and 700 oC (SiO2-200, SiO2-500, SiO2-700).  c) In situ transmission 

IR spectra of a self-supporting disk of silica after partial dehydroxylation corresponding to 
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SiO2-200, SiO2-500, SiO2-700. Spectra are normalized to the intensity of the silica lattice 

overtone at 1863 cm-1 and are offset vertically for clarity.  

 

The density of silanols continually decreases with increasing thermal treatment 

temperature of SiO2, and is presumed to be accompanied by an increase in the ratio of isolated 

silanols.7,13,14 Heating fully hydroxylated SiO2 to temperatures above 150 °C results in the 

elimination of water via condensation of hydrogen-bonded vicinal silanols to form siloxane 

bridges (Figure 2.1b). When the temperature of the thermal treatment of SiO2 exceeds 450 °C, 

predominantly isolated hydroxyls are thought to remain, a prerequisite to achieve site isolation 

in supported catalysts.8,9,15  

Experimentally, changes in infra-red (IR) spectra are commonly used as evidence for 

the exclusive presence of isolated hydroxyls.16–18 SiO2 heated at 200 °C shows a broad IR 

signal centered at 3660 cm-1 and a narrow, sharp one at 3747 cm-1, assigned to ν(O-H) modes 

for hydroxyls that are vicinal and unperturbed by hydrogen bonding, respectively (Figure 

2.1c). As the SiO2 is heated to higher temperatures (such as 500 and 700 °C), the broad signal 

disappears and the narrow one at 3747 cm-1 becomes increasingly more pronounced such that 

the latter dominates at 700 °C. Furthermore, characteristic 1H and 29Si NMR signals are used 

to differentiate between hydrogen-bonded vicinal and isolated silanols. For instance, the 1H 

NMR peak at 3.5 ppm is assigned to hydrogen-bonded silanols that has been found to 

disappear when SiO2 is pre-treated above 500 °C, while the peak at 1.8 ppm, assigned to 

isolated silanols, persists.19,20 These IR and 1D NMR spectral signatures are widely used as 

evidence for the dominance of isolated silanols on thermally treated SiO2. While these 

spectroscopic techniques can differentiate between hydrogen-bonded and non-hydrogen 
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bonded silanols, neither of these strategies are sensitive to spatial proximity of two or more 

silanols or silanol-grafted functional groups, and hence cannot differentiate whether non-

hydrogen bonded silanols can still be spatially proximal. This differentiation matters when 

co-located silanols lead to spatially proximal, i.e. non-isolated, silanol-grafted functional 

groups.   

In fact, studies in the literature on metallic precursors grafted onto SiO2 suggest the 

presence of a much more complex spatial topology for sianols than is generally presumed for 

silica subjected to thermal treatment. Stoichiometric studies of reactive halides grafted onto 

SiO2 gel by Peri et al suggested that a significant fraction of the surface hydroxyl groups exist 

pair-wise on SiO2 that has been thermally treated under vacuum at 600 °C.21 More recently, 

the reaction of Ga(CH3)3 with amorphous and mesoporous SiO2 treated at 500 °C22 and 800 

°C23 was characterized by Ga K-edge EXAFS, and a prominent Ga-Ga scattering path at ~3 

Å was observed that proves the existence of bridged digallium species. In that study, two 

thirds of the hydroxyl species was consumed by the reaction of Ga(CH3)3 requiring two 

adjacent silanol groups spaced ~3 Å apart. This demonstrates that even after thermal treatment 

of SiO2 at 800 °C that is thought to be sufficient to generate spatially isolated silanols, they 

instead contain predominantly proximal silanols. Another systematic study of surface water 

diffusivity on SiO2 nanoparticles revealed a sharp transition in surface water diffusivity 

around an intermediate silanol density regime achieved with a pre-treatment temperatures 

between 700 to 800 °C, suggesting that silanols on the SiO2 surface are spatially clustered.24 

An earlier study noted that the functionalization of Cabosil SiO2 annealed at 700 °C and 

reacted with paramagnetic VCl4 yields a broad EPR signal, which was attributed to exchange-

coupled VCl4 species, again arising from silanol clusters.25 All of these studies identified non-
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isolated silanols on the surface of thermally treated SiO2 at temperatures where isolated 

silanols are presumed to dominate, illustrating that the spatial distribution of the surface 

hydroxyls of SiO2 is still a matter of current debate. Furthermore, the observation that 

digallium species form across proximal silanols does not rule out the presence of clusters (>2) 

of silanols, as suggested in previous studies. Elucidation of the number of silanols that form a 

cluster, whether it is a random distribution, as well as the relative fraction of the silica surface 

that is unoccupied by the clusters, is important in understanding the reactivity of metallic 

precursors on silica.  

To answer this question, a technique that is sensitive to longer range spatial proximity 

than a few Å is required. Electron paramagnetic resonance (EPR) affords the characterization 

of the entire ensemble property of grafted paramagnetic species on silanols, regardless of 

structural disorder, thereby allowing us to extrapolate these findings to the overall topology 

of the silica surface of silica. EPR offers direct insight into the spatial distribution of grafted 

paramagnetic species, since isolated and clustered sites have distinct spectroscopic signatures 

due to their spin-spin interactions, provided the relaxation times of the paramagnetic centers 

are sufficiently long to be detectable by EPR. EPR is sensitive to longer distance regimes 

(from 5 to 20 Å via continuous wave EPR and up to 80 Å via pulsed EPR) than EXAFS (only 

sensitive up to 5 Å), permitting a longer-range perspective of the spatial distribution of 

silanols. The goal of this study is therefore to determine whether the surface silanols are 

spatially proximal, and if so, whether these surface silanols exist in clusters larger than pairs, 

relying on EPR lineshape analysis that is also insensitive to disorder.  

In this study, EPR characterization of paramagnetic VCl4 grafted onto SiO2 was 

performed, aimed at distinguishing between isolated and clustered species. The spatial 
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interactions between silanol-tethered paramagnetic V(IV) centers and their spin dynamics 

properties were investigated by varying the sample temperature and adding a coordinating 

base. EPR line broadening of silanol-tethered paramagnetic V(IV) with systematic spin 

dilution was used to calculate an approximate value of a silanol cluster size. The findings are 

harmonized from data derived from EPR measurements, elemental analysis, IR spectroscopy, 

as well as EXAFS to explore whether a bridging structure of the grafted species exists. This 

study seeks an understanding of the spatial distribution of surface silanols on SiO2, and 

challenges well-accepted strategies to generate isolated catalyst sites on amorphous silica 

surfaces. 

 

2.2 Results and Discussion   

2.2.1 CW EPR spectroscopy investigation of grafted VCl4 

To investigate the spatial distribution of silanols on SiO2, the surface was functionalized 

with a paramagnetic probe molecule, VCl4. Three silicas were investigated: a non-porous, 

fumed silica (Aerosil-380, A380 383 m2/g) and two types of mesoporous precipitated silicas 

(Sylopol 952, S952, 300 m2/g and Santa Barbara Amorphous type 15, SBA-15, > 550 m2/g). 

The 3d1 valence electron configuration of V(IV) ions is responsible for a net electron spin S = 

1/2. Interaction of the unpaired electron with the 51V nucleus (I = 7/2, natural abundance 99.5 

%) is expected to give a distinctive eight-line spectrum, in which the lineshape reflects both 

the molecular symmetry and interactions with nearby paramagnetic species. However, the 

tetrahedral symmetry of VCl4, as well as its Jahn-Teller distortion, result in a small ligand 

field splitting. The resulting energy separation between the ground and excited states is small, 
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leading to a short spin-lattice relaxation time (T1).
  Consequently, dilute VCl4 is EPR-silent 

above 9 K.26  

Interaction of VCl4 with an oxide surface should lower the symmetry at V, resulting 

in a longer T1 and an observable EPR signal above 9 K.27 Indeed, deposition of excess VCl4 

onto the surface of γ-Al2O3 (followed by the desorption of volatiles) that had been thermally 

treated at 500 °C (IR spectrum shown in Figure A2.1) gives a material with 2.2 wt % V 

displaying a high-intensity continuous wave (CW) EPR signal at room temperature (Figure 

2.2a). In contrast, when excess VCl4 is deposited onto silica A380, also pre-treated at 500 °C, 

with approximately twice the surface area yielding 4.2 wt% V, no EPR signal was detected 

(Figure 2.2b). Similarly, the EPR spectrum of VCl4 deposited onto silica A380 treated at 700 

°C (Figure 2.2c) and mesoporous silicas SBA-15 and S952 treated at 500 °C (Figure 2.2d and 

2.2e) also do not show significant signals relative to VCl4 on γ-Al2O3.  

We considered whether the unexpected lack of signal for the V(IV)-modified silica 

could be a consequence of unintended conversion of V(IV) to an EPR-inactive oxidation state, 

for example, via oxidation of V(IV) to V(V), or disproportionation of V(IV) to V(III) and 

V(V). Grafted V(V) sites should be observable via their 51V NMR signals. In the 51V MAS 

NMR spectrum of VCl4-modified A380 SiO2 (treated at 500 °C) (4.2 wt % V), a signal was 

detected at -297 ppm (Figure A2.2) corresponding to ≡SiOVOCl2 sites.28 The 51V NMR signal 

was quantified by comparing the area of the peak with that of an external standard (prepared 

by grafting VOCl3 onto the same A380 SiO2 (treated at 500 °C). The V(V) fraction in VCl4 

modified-SiO2 was estimated to be just 10 % of total V. The NMR signal presumably arises 

due to contamination of commercial VCl4 by VOCl3, and/or adventitious oxidation of VCl4 

during sample preparation or during the NMR measurement itself. We further note that the 
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fraction of V(V) sites in VCl4-modified SiO2 could be underestimated if the presence of 

nearby paramagnetic sites broadens and/or shifts their NMR signals. Precise quantification of 

paramagnetic effects on the nuclear spins near a transition metal center requires information 

on g-anisotropy, spin-orbit coupling, electron spin-spin coupling and hyperfine interactions, 

and is beyond the scope of this study. However, since we observe neither shifted V(V) peaks 

nor broadened components in the NMR spectrum, we assume that paramagnetic effects do not 

influence the NMR signal appreciably.   

 

 

Figure 2.2 CW X-band EPR spectra of VCl4 modified (a) γ-Al2O3 (2.2 wt % V), (b) A380 

SiO2 (4.2 wt% V) dehydroxylated at 500 °C, (c) A380 SiO2 dehydroxylated at 700 °C, (d) 

SBA15 SiO2 dehydroxylated at 500 °C, (e) S952 SiO2 dehydroxylated at 500 °C. All spectra 
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were collected at room temperature using the same parameters (time constant = 40.96 ms, 

receiver gain = 1 x 104, attenuation = 20 dB, modulation frequency = 100 kHz, modulation 

amplitude = 5.45 G) and are reported on the same intensity scale.  

 

2.2.2 Reactions of surface silanols.  

The VCl4 treated SiO2 was further probed by IR. The sharp band at 3747 cm-1 in the IR 

spectrum of Aerosil-380 SiO2 pretreated at 500 °C (Figure 2.3a) corresponds to the O-H 

stretch of non-hydrogen-bonded silanols,17–19 which are often described as isolated.9,31 Upon 

exposure to excess VCl4 vapor at room temperature, the band almost completely disappears, 

leaving only a weak, broad band representing inaccessible silanols (Figure 2.3b).32 This result 

demonstrates that non-hydrogen-bonded silanols readily react with VCl4.  

 

 

Figure 2.3 In situ transmission IR spectra of a self-supporting disk of silica: (a) after partial 

dehydroxylation in vacuo at 500 °C, and (b) after reaction with excess VCl4 vapor at room 
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temperature, followed by desorption of volatiles at the same temperature. The difference 

spectrum is shown in (c). Spectra are offset vertically for clarity.  

 

 Scheme 2.1 shows several possible reactions of VCl4 with surface silanols. The 

reaction between an isolated silanol and VCl4 to form site A is represented in Scheme 2.1a. 

Reactions between VCl4 and nearby silanols were also considered, shown in Scheme 2.1b. 

Site B represents reaction of VCl4 with a vicinal silanol pair that will yield a visible EPR 

signal. In sites C and D, two VCl4 molecules react with a vicinal silanol pair and interact via 

a bridging ligand (chloride or silanolate). In site E, there is no bridging ligand but the V(IV) 

centers are nevertheless in close proximity. 

 

 

Scheme 2.1 Possible reactions of VCl4 with (a) an isolated silanol, and (b) vicinal silanols.  
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According to elemental analysis, the V-modified Aerosil-380 SiO2 contains (4.2 ± 

0.2) wt% V, or 1.3 V/nm2. Since thermal treatment of the silica at 500 °C results in a surface 

silanol density of 1.2 OH/nm2 as reported in previous studies,33 the V uptake corresponds to 

a molar ratio V:≡SiOH = 1.1. This reaction stoichiometry is shown in eq 2.1: 

≡SiOH + VCl4  “≡SiOVCl3” + HCl      (2.1) 

The reaction stoichiometry of Eq. 2.1 is consistent with the formation of any of sites shown 

in A, C, D, and E in Scheme 2.1. Of these, site A in Scheme 1 that represents an isolated site 

is inconsistent with the absence of an EPR signal at room temperature. Eq 1 is not consistent 

with site B (furthermore, site B is also inconsistent with the absence of an EPR signal).  

The proximity of grafted V sites was assessed by acquiring the V K-edge EXAFS of 

“≡SiOVCl3”. The prominent feature at ca. 1.8 Å in R-space, shown in Figure 2.4, reflects 

scattering by Cl and O atoms directly bonded to V. The curvefit obtained using a model for 

“≡SiOVCl3” returned V-O and V-Cl distances of 1.75 and 2.15 Å, respectively (Table 2.1), 

which are consistent with those of VOCl3, vanadyl silanolates and vanadyl chlorides.34 The 

EXAFS, in conjunction with the IR and elemental analysis, is consistent with site A as the 

principal outcome of the reaction between VCl4 and SiO2, despite the absence of EPR signals. 

There is no evidence for coherent V-V scattering (expected at ca. 2.6 Å in R-space), ruling 

out a significant contribution from ligand-bridged sites such as C and D in Scheme 2.1.  
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Figure 2.4 V K-edge EXAFS for VCl4-modified silica, in (a) k3-weighted k-space, and (b) 

non-phase-corrected R-space (bottom: imaginary component; and top: FT magnitude). Data 

is shown as red points; the curvefit is represented by the black lines. Fit parameters are given 

in Table 1. 

 

Table 2.1 Curvefit parametersa for V K-edge EXAFS of VCl4/SiO2 

Path N R / Å σ2 / Å2 d / Å 

V-O 1b 1.76(2) 0.002(1) 1.745 c 

V-Cl 3b 2.15(1) 0.002(1) 2.145 d 
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a Global fit parameters: S0
2 = 0.83(9), ΔE0 = 1(1) eV.  Data ranges: 3.0 ≤ k ≤ 13.5 Å-1, 1.0 

≤ R ≤ 3.0 Å. The total number of variable parameters used in the fit is 5, out of a total of 13 

independent data points. b Fixed at integer values. cDistance for V-O path is from the crystal 

structure of V(O)(OSiPh3)3
35. d Distance for V-Cl path is from Material project computed 

VCl4 structure (ID 1205372).f The R-factor for this fit is 0.025. 

 

Thermodynamic stabilities of different structures for the grafted vanadium sites were 

also calculated using DFT (see SI for details on the modeling of the silica surface). The free 

energy of sites A-E were calculated. In site E, without bridging atoms, the V-V distance is 

long, 4.9 Å. In site D the vanadium atoms are linked via a chloride bridge at a V-V distance 

of 4.1 Å. Site E is 278.3 kJ/mol more stable than D. Furthermore, D is 7.1 kJ/mol more stable 

than that of the initial SiO2 and 13.0 kJ/mol more stable than A (where V:≡SiOH = 2). 

Therefore, the most stable site that arises from the reaction between VCl4 and SiO2 is E.  

None of the sites A-D are fully consistent with the experimental observations, 

therefore we return to site E as a viable and plausible candidate. Although the EXAFS 

provides no positive evidence for site pairing, the absence of a coherent V-V scattering path 

does not preclude spatial proximity between the V sites. Since E consists of a pair of V(IV) 

sites that are spatially close but not linked via a bridging ligand, it would not be expected to 

show a V-V scattering path in the EXAFS. Strong spin-spin interactions between grafted 

V(IV) sites as schematically shown in E may result in extensive EPR line broadening, making 

the signal difficult to detect at room temperature. In a previous report, a similar suppression 

of the EPR signal was attributed to the reaction of two VCl4 with geminal silanols.36,37 

However, the fraction of geminal silanols on silica-500 is expected to be minimal (~ 1-6 % 
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according to reports on MCM-41 and silica gel with a surface area of 466 m2/g).37,38 For 

isolated silanols, a surface density of 1.2 OH/nm2 would result in a mean interhydroxyl 

distance of ca. 9 Å.16 Considering this distance, and in the absence of exchange coupling 

(occurring at less than 3 Å) dipolar interactions between between unpaired electrons of the 

V(IV) centers equals only 25 G (700 MHz), and would be manifested on the V(IV) EPR 

spectrum in form of splittings of the spectral features. The interactions between unpaired 

electrons of V(IV) centers at 9 Å is insufficient for broadening beyond detection. The 

remaining possibility is that silanols are predominantly vicinal. On amorphous silica, vicinal 

grafted sites such as E should exhibit a range of through-space V-V distances, and this 

structural disorder would lead to destructive interference in (therefore, absence of) the EXAFS 

signal. In contrast, a distribution of V(IV)-V(IV) distances would manifest itself in broadened 

EPR lines. The analysis of the temperature dependence of the spin-spin coupling as manifested 

in the EPR linewidth can provide insight about spatial proximity of V(IV) sites. If V(IV) sites 

form a coupled network, i.e., multiple V(IV) sites are spatially proximal, a homogeneously 

broadened EPR line because of the dominance of spin-spin coupling is observed. Thus, a 

homogenous EPR line indicates clustered nature of the silanols. An inhomogeneously 

broadened lineshape, is dominated by contributions from static anisotropic interactions, 

making it difficult to assess whether the broadening is arising from V(IV) grafted onto silanols 

that are clustered. 

 

2.2.3 Temperature dependence of the EPR spectrum 

Spin-spin coupling between V(IV) sites can shorten the electron spin relaxation times 

and broaden the EPR line widths. Such EPR characteristics therefore are indicative of the 
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presence of proximal V(IV) centers.38–40 When the EPR signals of coupled V(IV) sites are not 

visible at room temperature, their spectra may still be detected at lower temperatures where 

relaxation times should be increased, resulting in narrower linewidths.41,42 To test this 

hypothesis, EPR spectra of VCl4-modified SiO2 were collected at temperatures between 293 

to 4 K, Figure 2.5. The material remains “EPR-silent” at temperatures between 293 K and 

down to 100 K, but an observable EPR signal begins to emerge at 60 K and below (albeit with 

low signal-to-noise ratio). Decreasing the temperature further from 60 to 4 K resulted in higher 

overall signal intensity as expected due to a greater population of ground-state spin energy 

levels at low temperature (Figure 2.5b). As the temperature is lowered from 60 to 4 K, the 

estimated peak-to-peak EPR linewidth also decreased from 64 to 22 mT. This systematic and 

gradual narrowing of the EPR lines with the decreasing temperature further supports the 

hypothesis that the EPR line is homogeneously broadened due to spin-spin coupling between 

the V(IV) sites. In contrast, static anisotropic interactions should broaden EPR lines at low 

temperatures. To quantitatively characterize whether the EPR line is homogeneously or 

inhomogeneously broadened, the following Tsallian function Y shown in eq 2.2, was used. It 

describes the shape of the integrated EPR spectrum as a function of the q parameter (a measure 

of the Lorentzian/Gaussian characteristics of the EPR lineshape):42 

Y = Ymax [1 + (2
q-1

-1) (
B-xr

Γ
)

2

]

-1

q-1

       (2.2) 

where B is the strength of the applied magnetic field, xr is the central resonance position while 

Γ is the linewidth (full-width half maximum). A q parameter of 1 represents a Gaussian EPR 

lineshape indicating inhomogeneous line broadening. A q parameter of 2 represents a 

Lorentzian EPR lineshape that is characteristic of homogeneous line broadening dominated 

by spin-spin coupling. 
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Figure 2.5 Low temperature X-band CW EPR spectra of VCl4/SiO2: (a) spectra recorded as 

the temperature was lowered from 60 to 4 K. All spectra were collected using the same 

parameters (time constant = 40.96 ms, receiver gain = 1 x 104, modulation frequency = 100 

kHz, modulation amplitude = 4 G, attenuation = 20 dB) and normalized to the Q (quality) 

factor of the resonator (see Methods for details). Visible hyperfine features are marked by the 

dotted lines (b) Changes in the estimated peak-to-peak linewidth as a function of temperature. 

(c) Integrated EPR spectra acquired at 4 K (black) and its curvefit modelled using a Tsallian 

function (eq 2.2). The fitted q parameter is 1.7, and the linewidth from the curvefit is also 

indicated.   
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Incomplete detection of the EPR spectrum due to the broad linewidth can introduce 

error into the assessment of the EPR lineshape. Therefore, EPR spectra acquired at lower 

temperatures (< 20 K) with narrower linewidths (Figure 2.5b, Figure A2.4) are better suited 

for lineshape analysis. At these temperatures, the value of the q parameter is 1.7 ± 0.05, 

indicating a predominantly Lorentzian lineshape and therefore confirming that the EPR line 

is homogeneously broadened by strong spin-spin coupling between proximal V(IV) centers. 

The remaining Gaussian contribution is attributed to inhomogeneous broadening due to g-

anisotropy and hyperfine interactions. This is supported by the observation that below 50 K, 

hyperfine features superimposed to the broad signal, originating from coupling of the electron 

spin to 51V, become increasingly resolved. Thus spin-spin coupling between proximal V(IV) 

centers results in fast relaxation and broadening of the EPR signals that evade detection at 

room temperature. However, the signals may be regenerated at room temperature if the spin-

spin coupling interactions are reduced.  

 

2.2.4 Regeneration of signals at room temperature with a base  

Lineshape analysis at low temperature showed that the EPR line is homogeneously 

broadened. To further establish that the EPR lineshape is dominated by spin-spin interaction 

due to V(IV) coupling, the coordination environment of the V(IV) center was changed and its 

lineshape evaluated. This strategy is effective when electron spin relaxation leads to line 

broadening, and was implemented by adding a coordinating base, CH3CN to the VCl4 grafted 

on SiO2 which results in a signal at room temperature (Figure 2.6). This indicates that the 

electron spin relaxation is increased due to the addition of the base through a change in the 

coordination environment. The unresolved signal, similar to that observed at low 
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temperatures, was modelled using the Tsallian function in Eq 2.2 to obtain a Lorentzian 

lineshape having a q parameter of 1.6 (Figure A2.6). Its linewidth is narrow (32 mT) and thus 

detectable at room temperature.  

 

 

Figure 2.6 CW EPR spectra of VCl4 on SiO2 and its changes due to the addition of dry 

CH3CN. The spectrum was collected at room temperature with the following parameters: time 

constant = 40.96 ms, receiver gain = 1 x 104, attenuation = 20 dB, modulation frequency = 

100 kHz, modulation amplitude = 5.45 G).  

 

When CH3CN coordinates to the paramagnetic center, an increase in the ligand field 

splitting likely regenerates EPR signals, allowing the observation of the EPR signals at room 

temperature. Direct confirmation of the coordination of the CH3CN to the V(IV) center was 

sought using pulsed EPR, specifically two-dimensional hyperfine sublevel correlation 

(HYSCORE) spectroscopy, a technique that provides correlations between nuclear 

frequencies of different spin manifolds that interact with the unpaired electron.43,44 This 

technique relies on electron-nuclear interactions between directly interacting paramagnetic 
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centers and nearby nuclei (see SI, Figure A2.7) and shows that the CH3CN is directly 

interacting with the V(IV) center. Thus, the EPR line, which was invisible at room 

temperature, reappears due to a change in the coordination environment of the V(IV) center, 

which reduces the electron-relaxation time, but still is homogeneously broadened. The results 

so far show that there are V(IV)-V(IV) interactions, suggesting the presence of a significant 

population of closely associated silanols. Next, the proximity of silanols on the surface of 

silica was directly investigated by solid-state 1H MAS NMR. 

 

2.2.5 Spatial proximity of surface silanols 

The resolution of solid-state 1H MAS NMR spectra can be lowered by strong dipolar 

broadening between proximal 1H nuclear spins. To increase resolution, a 1D 1H MAS 

spectrum of SiO2, partially dehydroxylated at 500 °C, was acquired using fast MAS spinning 

(50 kHz) at a high magnetic field (18.8 T). Fast MAS and high magnetic fields enable the 

detection of 1H NMR peaks which may have been obscured due to incompletely averaging of 

anisotropic interactions in previous studies that relied on slower MAS speeds in the range of 

2 – 7 kHz.20,45,46 The spectrum in Figure 2.7a shows a peak at 1.7 ppm assigned to protons of 

the non-H-bonded silanols, and a broad peak centered at 3.5 ppm assigned to hydrogen-

bonded silanols.20,45 The upfield peaks at 1.1 and 0.8 ppm were previously observed in silicas 

using high magnetic field (18.8 T) and 30 kHz,47 and assigned to non-hydrogen-bonded 

silanols that are inaccessible to fluorination and deuteration at room temperature. Faster 

spinning speeds of 62.5 kHz have also revealed that these silanols are inaccessible to water at 

room temperature (unpublished work).  
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Figure 2.7 1H MAS NMR spectrum of SiO2 pretreated at 500 °C: (a) 1D 1H NMR spectrum, 

acquired using a DEPTH pulse sequence48 to suppress background signals from the probe; (b) 

1H−1H DQ-SQ spectrum, showing an autocorrelation peak assigned to silanol pairs; (c) 1D 

slice, extracted from the DQ-SQ spectrum, corresponding to the peak at 3.4 ppm in the indirect 

(DQ) dimension. All data were acquired at 18.8 T, using 50 kHz MAS spinning frequency. 

 

The spatial proximity of silanols in non-porous SiO2 pretreated at 500 °C was 

investigated using 1H-1H Double Quantum-Single Quantum (DQ-SQ) MAS NMR 

spectroscopy. This technique uses dipolar interactions to reveal proximity between nuclei 

which have similar or even identical chemical shifts. Signals from pairs of nuclei with similar 

chemical shifts δ appear on the diagonal at (δ, 2δ), where δ and 2δ correspond to the SQ 

(direct) and DQ (indirect) dimensions. The SQ frequencies are filtered and only the DQ 
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frequencies, resulting from sites that are nearby one another interacting through dipolar-

coupling, are observed in the 2D spectrum. The 1H-1H DQ-SQ MAS NMR spectrum of SiO2 

is shown in Figure 2.7b. The peak at (1.7, 3.4) ppm is a DQ resonance which demonstrates 

that non-H-bonded, accessible silanols are present at 1H-1H distances of 5 Å or less which are 

associated with one another.49 Interestingly, the inaccessible silanols are not nearby one 

another.  

To approximately quantify the fraction of non-hydrogen bonded silanols in pairs, a 1D 

1H slice (Figure 2.7c) was extracted from the peak in the 2D 1H-1H DQ-SQ spectrum (Figure 

2.7b), which is representative of the non-hydrogen bonded silanols in proximity with one 

another. Its peak area was compared with that of the 1D 1H NMR spectrum, obtained via direct 

detection (Figure 2.7a). Comparison of the two peak areas shows that 30 % of the non-

hydrogen bonded silanols in the 1D 1H NMR spectrum appear in the slice from the 2D NMR 

spectrum, which is the fraction of silanols that exist in pairs. Since the efficiency of the pulse 

sequence used for acquiring the DQ-SQ spectrum is typically only 50 %,49 at least 60 % of 

the non-hydrogen bonded silanols thus exist in pairs.  

This semi-quantitative assessment of the silanol distribution on the surface of SiO2 by 

1H DQ-SQ NMR demonstrates that a large fraction of non-H-bonded silanols exist in pairs at 

distances ≤ 5 Å. This finding agrees with a previous study of the reaction of Ga(CH3)3 with 

SiO2 thermally treated at 500 °C, which concluded that two-thirds of the resulting grafted 

[Ga(CH3)2(μ-OSi≡)]2 sites are formed predominantly by reaction of Ga(CH3)3 with vicinal 

surface silanols.24 Mesoporous MCM-41 silica, pretreated at 350 °C (and therefore with a 

much higher overall silanol density than the non-porous silica in this study) showed separate 

DQ contributions from hydrogen-bonded OH groups and pairs of non-H-bonded SiOH, 
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however quantification was not attempted.50  In a recent 1H DQ-SQ MAS NMR study of a 

non-porous amorphous SiO2, partially dehydroxylated at 550 °C, a much weaker DQ 

coherence was observed relative to that of a zeotype-silicate prepared by the delamination of 

a borosilicate precursor followed by B3+ removal to form silanol defects. Based on these 

measurements, these authors concluded that the silanols in non-porous amorphous silica are 

randomly distributed on the silica surface.51 While the silanol of such a surface may be less 

proximal than in crystalline delaminated zeotype-silicate, the latter is known to have a higher 

silanol density due to the removal of B3+. Thus, the origin of V(IV) spin-spin coupling arises 

from surface silanols that are nearby one another. However, these measurements do not show 

presence of clusters of silanols (i.e. greater than pairs). To investigate the presence of clusters 

of silanols, strong spin-spin coupling was reduced by decreasing the V(IV) loading and their 

EPR spectra were recorded.  

  

2.2.6 Dilution of the V(IV) sites to assess silanol cluster sizes 

The silica modified with an excess amount of VCl4 shows a homogeneously broadened 

lineshape, arising from spin-spin coupled V(IV) centers grafted onto closely associated 

silanols. To explore the effect of spin-spin coupling of V(IV) on the EPR signal, and determine 

the silanol cluster sizes, the silica sample was exposed to a reduced and known, as opposed to 

excess, amounts of VCl4 vapor (see Methods). One of the resulting modified silicas has a V 

content of 0.2 wt% (0.04 mmol/g), corresponding to a V/≡SiOH ratio of 0.06. Its room 

temperature EPR spectrum shows a resolved eight-line hyperfine signal typical of coupling to 

isolated V(IV) sites (Figure A2.5). Again, and as expected, the signal intensity further 

increased when the sample was cooled to 100 K (Figure 2.8a). Lowering the temperature also 
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revealed a broad signal superposed on the resolved eight-line EPR signal that was broadened 

beyond detection at room temperature. The observation of a broad signal that appears at 100 

K suggests that a significant fraction of the V(IV) sites remain clustered.  

The EPR spectrum of this sample was deconvoluted into its two broad and narrow 

components (Figure 2.8). The narrow component, which represents approx. 55 % of the EPR 

signal at 100 K, was simulated using a spin Hamiltonian corresponding to a single 3d1 

electron, and is shown in Figure 2.8, in a dark red shade. Isolated ≡SiOVCl3 sites are expected 

to have C3v (i.e., axial) symmetry. Simulation of this narrow EPR line was achieved with an 

axially symmetric g-tensor, yielding g∥ = gzz =1.945 and g⊥ = gxx = gyy = 1.925, as well as an 

axially symmetric hyperfine (A) tensor, yielding A∥ = Azz = 90 MHz and A⊥ = Axx = Ayy. = 

410 MHz. These values are larger than those reported for neat VCl4 (g∥ = 1.920, g⊥  = 1.899, 

A∥ = 72, and A⊥  = 120 MHz), which also has axial symmetry due to Jahn-Teller distortion.27 

The larger g and A values are due to the substitution of the -Cl ligand with the -OSi≡. An 

increase in the g and A parameters was observed for V(NeMe2)4 when it was grafted onto 

SiO2, Al2O3 and TiO2 through protonolysis reactions.52 The remaining 45 % of the signal 

detected is broad thus showing that V(IV) remains clustered even at this low V loading.  
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Figure 2.8 CW EPR spectra of VCl4-modified SiO2 with increasing V loading, corresponding 

to reaction of 8, 15 and 34 % of the silanols. All spectra were recorded at 100 K using the 

same parameters (time constant = 40.96 ms, receiver gain = 1 x 104, modulation frequency = 

100 kHz, modulation amplitude = 5.45 G, attenuation = 15 dB). Experimental spectra are 

shown in black, and their simulations in red. The deconvoluted components of the spectra are 

also shown in different shades of red.  

 

Considering the scenario in which all silanols exist in pairs, the EPR spectrum would 

not show any narrow component. However, the appearance of the narrow component indicates 

the presence of V(IV) centers that do not experience spin-spin coupling. This suggests that 

approximately half of the VCl4 preferentially reacts with silanols that are nearby one another 

even though there are unreacted silanols remaining on the silica surface. The remaining half 

do not experience spin-spin coupling. If there are indeed clusters containing m silanols, and if 
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the VCl4 reacts randomly with them, we investigated whether changing the V(IV) loading on 

silica and the corresponding contributions from the broad and narrow components could be 

used to obtain information on the sizes of the silanol clusters. 

Other samples were prepared at a range of low to moderate V(IV) loadings 

corresponding to V:≡SiOH of 0.16, 0.35, and 0.54 (Figure 2.8, Table 2.2). The values of V 

content in wt % and mmol/g are also provided in Table 2.2. Their EPR spectra were acquired 

at 100 K and simulated using an isolated and broad component as done for the silica with 

V:≡SiOH of 0.06. The EPR parameters of the isolated component were constrained and only 

the relative contributions from each component were varied. Increasing the V(IV) loading 

results in an increased contribution of the broad component. At 15 % V(IV) loading of the 

original silanol content, the broad signal comprises 80 % of the EPR spectrum, and increases 

to 95 and 98 % as the V(IV) content is increased, indicating that spin-spin coupling 

interactions become stronger. 

 

Table 2.2 Approximate silanol coverage of the V sites on silica and the corresponding 

contributions of the narrow and the broad components.  

approx. silanol 

reacted (%) 

V  

(wt %) 

V 

(mmol/g) 

V:≡SiOH broad component 

contribution (%) a  

5 0.2 0.04 0.06 55 

15 0.6 0.12 0.16 88 

35 1.3 0.26 0.35 95 

50 2.1 0.41 0.54 98 

100 4.2 0.82 1.1 N/A 



 

 45 

a The ratio of the narrow and broad components were obtained from the EPR spectra shown 

in Figure 2.8.  

 

The distribution of silanols in clusters of different sizes and their reaction with VCl4 

was modeled using the contribution from the broad and narrow components in Table 2.2, to 

estimate the population of silanol clusters of different sizes. fm is defined as the fraction of 

silanols in clusters of size m. For example, if 10% of the total silanols occur in clusters of size 

5, then f5=0.1. It was further assumed that silanols react randomly with VCl4. Hence, if a 

limiting amount of VCl4 is used and x out of n total silanols react to give [SiOVCl3], then a 

silanol chosen at random will have a probability of p=x/n of reacting. Alternatively, 1-p will 

be the probability of it not reacting. Accordingly, the number of clusters of size m with exactly 

o (o<m) V atoms using the binomial distribution was calculated as 

Nm,o=
nfm

m
(
m

o
) po(1-p)

m-o      (2.3) 

Here, (
𝑚
𝑜

) accounts for the different ways of choosing o reacted silanols out of a total of 

m silanols in the cluster and po(1-p)m-o accounts for the probability that exactly o silanols react.  

A statistical model to calculate the fraction of EPR active V atoms as a function of V 

loading. Two V atoms are EPR silent if they are separated by a distance less than 5 Å. For our 

model we define this distance as l. To calculate the fraction of EPR active V atoms, the fraction 

of V atoms with no other V atom closer than l was calculated. It was assumed that all clusters 

with two or more V atoms are EPR silent. This assumption may not be valid for large clusters, 

where the distance between two V atoms can be more than l. With this assumption, only 
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clusters with one V atom can be potentially EPR active. The total population of single V 

clusters can be calculated using eq. 2.3 as  

  Nm,1=
nfi

i
p(1-p)

i-1
.       (2.4) 

Furthermore, only those single V clusters will be EPR active which have no other V 

atoms closer than l. Such clusters are defined as isolated V atoms from now on. A few more 

simplifying assumptions to obtain an analytical expression for the fraction of isolated V atoms 

were made. First, it was assumed that all silanol clusters are point particles, randomly 

distributed on a 2D plane. Furthermore, clusters were classified into different categories 

characterized by the cluster size (m) and the number of reacted silanols (o). Henceforth, we 

refer to these categories using a tuple as (m, o). 

With these assumptions, Poisson statistics can be used to calculate the fraction of 

isolated V atoms. For randomly distributed points on a 2D plane, the probability of finding q 

points inside a circle of radius l centered on a randomly chosen point is given by the Poisson 

distribution as 

  P(q)= exp(-λ) (
λ

q

q!
)        (2.5) 

Here, λ=πl2σ, and σ is the number density of points per unit area. The probability that 

there are no points within a distance l is given by 

 P(0)= exp(-πl
2
σ)        (2.6) 

P(0) for each (m, o) can be calculated using eq 2.6. For this, the number density (number 

per unit area) of each (m,o) is required. The surface density of clusters of size m with exactly 

o reacted silanols can be expressed in terms of the total silanol density as 

σm,o=
fm

m
(
m

o
) po(1-p)

m-o
σs     (2.7) 
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Here, σm,o is the density of clusters of size m with exactly o reacted silanols and σs is the 

total surface density of silanols (number of silanols per unit area). Accordingly, the probability 

that there are no clusters with one or more V atoms at a distance less than l from a randomly 

chosen point is given by 

P(0,l)= ∏ ∏ exp [ -πl
2
σj,i]

j

i=1
N
j=1       (2.8) 

The outer product iterates over clusters of size 1 to N and the inner product iterates over 

number of reacted silanols for a given cluster size. Finally, we can calculate the fraction of 

EPR active V atoms by summing over isolated V atoms that have no V atoms closer than l as 

follows: 

fraction of EPR active V= [∑
fi

i
p(1-p)

i-1N
i=1 ] P(0,l)   (2.9) 

Here, the first term is the total number of clusters with only one V atom (eq. 4) and the 

second term is the probability that no V atoms are closer than l from these clusters (eq. 8). 

When eq. 9 is fit to the experimental data in Table 2, the population of different silanol clusters 

(fi) is obtained. The fits are shown in Figure 2.9. 

The blue line shows a scenario where all silanols occur in cluster sizes of 1. This curve 

has no fitting parameters. Clearly, this scenario cannot explain the data point with maximum 

Vanadium loading (case where all silanols react). It predicts that ca. 33% V are EPR active at 

maximum loading. But experimental measurements estimate that all V are EPR silent at 

maximum loading. Hence, we can rule out the scenario where all silanols occur in cluster sizes 

of 1.  
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Figure 2.9 The statistical model with different cluster sizes fit to experimental data from Table 

2.2. 

Since there are only 5 data points, it is not possible to fit more than 5 parameters. 

Therefore, models with just two cluster sizes were fit at a time. For example, the 1+2 curve 

indicates a scenario where silanols only occur in cluster sizes of 1 and 2. The plot also shows 

fits with cluster sizes of 2 and 3, 3 and 4, 4 and 5, and 5 and 6. The populations of different 

cluster sizes cannot be conclusively determined because of the uncertainty in the experimental 

measurements and the small number of data points. Nevertheless, large cluster sizes are 

required to explain the experimental measurements. The fits indicate that the surface of silica 

has silanols clustered in patches of at least more than 7 silanols.   

 

2.3 Conclusions 

Dehydroxylation of non-porous Aerosil silica at 500 oC results in surface hydroxyl 

groups that are closely associated with one another. When VCl4 is reacted with these 

hydroxyls, spatially coupled ≡SiOVCl3 sites are formed. These spatial interactions lead to an 

increased rate of relaxation of the electrons, which can be decreased by reducing the 



 

 49 

temperature and confirming that the lineshape is predominantly Lorentzian. Dilution of the 

paramagnetic center also regenerates the signals, however, it shows that even at low loadings 

of V (0.2 wt % V), approximately 50 % of the EPR spectrum arises from a broad component, 

indicating clustered V(IV) sites. Increasing the loading further increases the contribution from 

the clustered V(IV) sites. Using Poisson statistics, it was determined that the surface of silica 

has silanols clustered in patches of at least more than 7 silanols. 

 Consequently, the hydroxyl groups on this silica cannot be described as well-isolated 

under these treatment conditions. The spatial proximity of the surface silanols was also 

confirmed by 1H-1H DQ-SQ correlations. The absence of the EPR signals is observed for silica 

treated at 700 °C, as well as other mesoporous silicas such as Sylopol and SBA-15. These 

findings bring into attention that widely-accepted site isolation strategies used for silica simply 

may not suffice to generate species that are unperturbed by one another. Furthermore, they 

also underscore the complexity of the surface of silica. 

 

2.4 Experimental 

2.4.1 Sample Preparation 

Aerosil-380, a nonporous, fumed silica, was obtained from Evonik. Sylopol 952, a 

nonordered mesoporous silica gel, was obtained from Grace-Davison. γ-Al2O3 was obtained 

from Strem. The silicas were thermally treated at 500 °C or 700 °C for at least 12 h under 

dynamic vacuum (<10−4 Torr) to give partially dehydroxylated SiO2. The Al2O3 was calcined 

in air at 500 °C for 4 h, followed by evacuation (<10–4 Torr) at 500 °C for 12 h. VCl4 (Acros 

Organics, 99.9 %+), VOCl3 (Sigma-Aldrich, 99.9 %), CH3CN (Acros Organics, 99.9 %, Extra 

Dry over Molecular Sieves, AcroSeal™) were stored under vacuum in glass reactors sealed 
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with high-vacuum Teflon stopcocks (Chemglass). All reagents were degassed by three 

freeze−pump−thaw cycles prior to use. Silica-supported VCl4 and VOCl3 were prepared by 

condensing an excess of the appropriate volatile metal complex as vapor via a high-vacuum 

manifold into a Pyrex reactor containing the partially dehydroxylated silica, immersed in a 

liquid N2 bath. After warming to room temperature, the reaction was allowed to proceed for 

30 min. Where indicated, smaller amounts of VCl4 were transferred by measuring the change 

in the length of reactors attached with capillaries (2 mm OD). Volatiles were desorbed at room 

temperature for 1 h by condensing into a liquid N2 trap. The silica-supported vanadium 

complexes were transferred to glass ampules in a N2-filled glovebox and sealed for storage 

under an inert atmosphere. The ampules were broken and small amounts were removed for 

further characterization.   

 

2.4.2 Infrared Spectroscopy 

IR experiments were performed in a Pyrex in situ IR cell equipped with a quartz 

bottom and sealed with a high-vacuum ground-glass stopcock greased with Krytox (Varian). 

Polished KCl windows (32 × 2 mm, International Crystal Laboratories) were affixed to the 

cell with TorrSeal (Varian). Approximately 30 mg silica was pressed into a self-supporting 

disk of diameter 1.6 cm and mounted in a quartz sample holder. The silica was heated at 500 

°C and <10−4 Torr for at least 12 h. VCl4 vapor was transferred onto the silica disk from a 

liquid reservoir, using a liquid N2 bath. The reactor was allowed to warm to room temperature 

over a period of 30 min. Transmission IR spectra were recorded on a Shimadzu Prestige IR 

spectrometer equipped with a DTGS detector and purged with CO2-free dry air. Background 

and sample spectra were recorded by adding 36 scans at 4 cm−1 resolution. 
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2.4.3 Vanadium Analysis 

Vanadium was extracted from the silica or alumina at the end of each experiment. 

Each sample was weighed in air and stirred in 1.0 M H2SO4 to which 3.5% aqueous H2O2 

(0.03 mL/mL sample solution). The solution was filtered before recording its UV-vis spectrum 

in a 1-cm square quartz cuvette, using a H2SO4/ H2O2 solution containing the same 

concentration of H2O2 as the reference. The orange peroxovanadium complex has a well-

resolved peak at λmax = 453 nm. A calibration curve was prepared using standard solutions of 

ammonium metavanadate.  

 

2.4.4 Solid-state NMR Spectroscopy 

Silica-supported vanadium materials were packed and sealed in 3.2-mm zirconia 

rotors inside a N2-filled glovebox. The rotors were then sealed in glass ampules and transferred 

to the spectrometer. MAS (magic-angle spinning) NMR spectra were recorded on a Bruker 

AVANCE III Ultrashield Plus 800 MHz (18.8 T) spectrometer. The 51V NMR spectra 

(frequency 210.458 MHz) were collected using a solid-echo pulse sequence with a π/2 pulse 

(90.91 kHz) of duration 2.75 µs, and an inter-pulse delay corresponding to one rotor period. 

The relaxation delay was 0.25 s. The samples were spun at 19 kHz using liquid N2 boiloff. 

The spinning rate was varied to identify spinning side bands. The amount of NMR-active V 

was quantified by comparing the absolute integral of the NMR signal with that of the standard, 

neat liquid VOCl3. The direct 1H NMR spectrum (frequency 800.130) was collected using a  

π/2 pulse (125 kHz) of duration 2 μs, with a relaxation delay of 3 s and a DEPTH pulse 

sequence using a π/2 pulse (125 kHz) of duration 2 μs, followed by two π pulses (62.5 kHz) 
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of duration 4 μs with a relaxation delay of 3 s. The sample was spun at 50 kHz using N2 

boiloff. 

 

2.4.5 Electron Paramagnetic Resonance Spectroscopy 

Continuous wave (CW) EPR spectra were recorded on a Bruker EMXplus 

Spectrometer, operating at microwave frequencies of 9.0-9.8 GHz and equipped with a liquid 

Helium cryostat (Oxford Inc.) Spectra were recorded at 1 mW microwave power, 100 kHz 

modulation frequency, and 0.5-0.7 mT modulation amplitude. Spectra were simulated using 

the Easyspin package in MATLAB.50  

Pulsed EPR experiments were conducted on a Bruker E580 FT/CW spectrometer at 

10 K. Hyperfine Sublevel Correlation (HYSCORE) experiments were carried out using the 

pulse sequence π/2 − τ − π/2 − t1 − π − t2 − π/2 − τ – echo, with microwave pulse lengths tpπ/2 = 

16 ns and tpπ = 32 ns. The time intervals t1 and t2 were varied in steps of 20 ns, with a sequence 

repetition delay rate of 1 kHz. An eight-step phase cycle was used to eliminate unwanted 

echoes. The time traces of the HYSCORE spectra were baseline-corrected with a third-order 

polynomial, apodized with a Hamming window, zero-filled, and Fourier transformed. 

HYSCORE spectra were also simulated using the Easyspin package in MATLAB.  

 

2.4.6 X-Ray Absorption Spectroscopy 

Spectra were recorded at the V K-edge (5,465 eV) on beamline 4-3 of the Stanford 

Synchrotron Radiation Lightsource (SSRL), which operates at 3.0 GeV with a ring current of 

500 mA. Data were acquired in fluorescence mode, using a PIPS detector. For energy 

calibration, a vanadium foil was placed after the second ionization chamber following the 
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incident beam direction. The energy of the first maximum in the first derivative of its XANES 

was defined to be 5,465 eV. 

XAS data were processed and analyzed using the Demeter software package.51 A 

linear function was subtracted from the pre-edge region, then the edge jump was normalized 

using Athena software. The χ(k) data were isolated by subtracting a smooth, third-order 

polynomial approximating the absorption background of an isolated atom. The k3-weighted 

χ(k) data were Fourier-transformed after applying a Hanning window function. The amplitude 

reduction factor (S0
2), coordination numbers (Ni), distances to the scattering atoms (Ri), and 

mean-squared displacements (σi
2) were obtained by nonlinear fitting, with least-squares 

refinement, of the EXAFS equation to the Fourier-transformed data in R-space, using Artemis 

software. EXAFS spectra of individual paths were simulated using FEFF6, using imported 

crystallographic information files of model compounds.  
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2.6 Appendix 

 

 

Figure A2.1 IR spectra of self-supporting disk of a) Al2O3 and b) SiO2 after partial 

dehydroxylation in vacuo at 500 °C (blue), and after reaction with excess VCl4 vapor at room 

temperature (black), followed by desorption of volatiles at the same temperature.  

 

 

 

Figure A2.2 Investigation of presence of V(V) in VCl4/SiO2 using solid-state 51V MAS 

NMR spectrum, showing an isotropic peak at -297 ppm (single-pulse spectrum acquired 

with a pulse length of 2.75 μs and a delay of 2.5 s, at 18.8 T with a spinning speed of 19 

kHz). 
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Figure A2.3 The gas-phase IR spectrum of neat VCl4, zoomed in to show the band 

corresponding to ν(V=O). 
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Figure A2.4 Representative CW EPR spectra of VCl4 modified SiO2 showing the 

experimental spectra (black) acquired at 4, 20, 40 and 60 K, and their simulated spectra (blue) 

using the Tsallian function in equation 2 of the main text.  
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Figure A2.5 CW EPR spectra of VCl4-modified SiO2 with increasing V loading, 

corresponding to reaction of 8 and 34 % of the silanols. All spectra were recorded at 293 and 

100 K, as indicated, using the same parameters (time constant = 40.96 ms, receiver gain = 1 

x 104, modulation frequency = 100 kHz, modulation amplitude = 5.45 G, attenuation = 15 

8 

% 

34 

% 
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dB). Experimental spectra are shown in black, and their simulations in red. The deconvoluted 

components of the spectra are also shown in different shades of red.  

 

 

Figure A2.6 CW EPR spectrum of VCl4 modified SiO2 exposed to CH3CN (black) and its 

simulated fit (blue) using the Tsallian function in equation 2 of the main text.  

 

Table A2.1 Parameters obtained from modelling of the EPR lineshapes of VCl4 modified 

SiO2 acquired at different temperatures. a 

Temperature 

(K) 

Ymax l q xr 

4 0.99 20.9 1.7 349 

10 0.99 19.5 1.7 349 

15 0.99 21.0 1.7 348 

20 0.99 22.8 1.7 348 
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25 0.98 25.6 1.6 348 

30 0.98 28.1 1.6 349 

35 0.98 30.5 1.5 349 

40 0.98 33.2 1.5 349 

45 0.97 36.8 1.4 349 

50 0.97 40.1 1.3 349 

60 0.98 46.0 1.1 348 

a The Tsallian function Y = Ymax [1 + (2
q-1

-1) (
B-xr

Γ
)

2

]

-1

q-1

was used to model the lineshape 

using the Curve Fitting Toolbox of MATLAB, with 95 % confidence bounds. 

 

DFT calculations. The silica surface was modeled using a vicinal silanol pair with parallel 

silanols (O-Si-Si-O dihedral angle = 0 °) according to a previously described procedure.XX 

The Si atoms are capped by peripheral hydroxyl groups (transparent in Figure A2.7) whose 

positions were fixed in all calculations to mimic the rigidity of the silica support and to prevent 

unintended hydrogen-bonding interactions. However, one of the reactive silanols in the vicinal 

pair is allowed to engage in a hydrogen bond to the other reactive silanol. The O-H bond of 

the former stretches very slightly (from 0.956 to 0.960 Å), suggesting that this interaction is 

weak. 
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Figure A2.7 Optimized vicinal silanol cluster with parallel reactive hydroxyls (O-Si-Si-O 

dihedral angle = 0 °) and fixed peripheral hydroxyls (transparent). Color scheme: O (red), H 

(white), Si (purple).  

 

14N HYSCORE Spectroscopy. To directly probe the coordination between the V(IV) center 

and the CH3CN, 14N HYSCORE spectroscopy was used. This technique relies on electron-

nuclear interactions and thus V(IV) centers directly coordinating with 14N nuclei in CH3CN 

result in cross-peaks at (-7.6, 3.3) and (-3.3, 7.6) on the HYSCORE spectrum in the strong 

coupling regime i.e. left (+ -) quadrant on the EPR spectrum which correspond to DQ 

transitions (ΔmI = ±2). In VCl4 grafted on SiO2 modified with CH3CN, intense peaks are 

observed are in the strong coupling regime.  The diagonal ridge is due to artifacts that can 

occur when the spins have not had sufficient time to relax between each cycle of the pulse 

sequence, often an issue with 14N due because of its quadrupolar nature. 

The experimental 14N HYSCORE spectra were simulated using the MATLAB Easyspin 

package with the “saffron” function. The  experimental  parameters,  such  as  magnetic  field,  

excitation  frequency,  number  of  points, dwell time, pulse width, and pulse delay, were taken 
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directly from the HYSCORE experiments. The positions and intensities of the DQ transitions 

were used to simulate the general features of the spectrum and extract the hyperfine coupling 

parameters (isotropic hyperfine coupling Aiso and dipolar coupling T) and the quadrupolar 

coupling constant Q. Simulations of the spectra were iteratively done until a set of parameters 

was obtained that could reproduce the general features of the experimental spectra. The fit 

was performed using one type of 14N species, where each of the three parameters (Aiso, T, Q) 

were varied until a reasonable fit was observed. A Q value of 2.5 MHz was found, close to 

the expected values for the quadrupolar coupling constant of 14N in CH3CN. Aiso was 

determined to be 5 MHz while the T was 0.25 MHz. The observations from HYSCORE 

confirm that the CH3CN is coordinating with the V(IV) center, and increasing the relaxation 

time, making the EPR spectrum visible at room temperature.  

 

Figure A2.8. The effect of the addition of CH3CN. 2D pulsed EPR, 14N HYSCORE spectra 

showing the (+,+) and (+,-) quadrants, obtained at B0 = 3340 G magnetic field position using 

the parameters described in Methods. Experimental data is shown in black while the 

simulation in blue. 
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Chapter 3: P-site Structural Diversity and Evolution in a Zeosil Catalyst 

 

Reproduced with permission from S.K. Jain, T. Tabassum, L. Li, L. Ren, W. Fan, M. 

Tsapatsis, S. Caratzoulas, S. Han, and S.L. Scott. “P-site Structural Diversity and Evolution 

in a Zeosil Catalyst”. J. Am. Chem. Soc. 2021, 143, 1968-1983. DOI: 

doi/10.1021/jacs.0c11768. Copyright 2021 American Chemical Society. 

 

3.1 Introduction  

Robust catalysts that can transform lignocellulose into fuels and chemicals will be 

needed to shift chemical manufacturing towards the use of biomass as a source of renewable 

carbon. Aluminosilicate zeolites are already well-established as catalysts for the conversion 

of fossil carbon due to their high acidity and stability, and they are poised to play similar roles 

for biomass-derived carbon.1,2 However, these zeolites are rapidly deactivated by side-

products formed in unselective reactions of biomass intermediates. One approach to improve 

the selectivity of these catalysts, and thereby enhance their stability, is to attenuate their strong 

acidity. Moderate Brønsted acidity can be installed in siliceous zeolites by infusing them with 

orthophosphoric acid (H3PO4). Confinement of the acid in these microporous materials may 

also confer shape-selectivity.3 The resulting P-zeosils are related compositionally to 

amorphous H3PO4-modified silicas, known as “solid phosphoric acids” (SPAs). The SPAs 

have been used commercially since the 1930s in large-scale catalytic processes such as 

propene oligomerization and benzene alkylation.4–6 Recently, an SPA was also reported to 

steer the fast pyrolysis of cellulose toward levoglucosenone.7,8 The active sites in SPAs are 

suggested to be free phosphoric acid oligomers, whose proximity to the silica surface shifts 
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the oligomerization equilibria and alters the catalytic activity. Introducing phosphorus also 

changes the acidity of crystalline aluminosilicates,9–12 and is widely used to improve zeolite 

stability under hydrothermal reaction conditions.13 Yet despite decades of study, it is still 

unclear whether the catalytic activity of P-modified silicas and zeolites is due to free H3PO4, 

various polyphosphoric acid oligomers, or P-sites covalently bonded to the solid phase.  

Recently, a self-pillared pentasil (SPP) and a dealuminated Beta (BEA) zeolite, both 

modified with phosphorus, were reported to catalyze two noteworthy reactions: the Diels-

Alder coupling of carbohydrate-derived 2,5-dimethylfuran with ethylene to give p-xylene, and 

the tandem dehydration-ring opening of tetrahydrofuran to give 1,3-butadiene.14,15 Both 

zeosils are all-silica materials (i.e., containing no aluminum) and, in the absence of 

phosphorus, show no activity for either reaction. Their enhanced activity and selectivity 

relative to H3PO4 was attributed to surface-bound P-sites,14 although the existence of such 

sites was not established. Surface and/or pore confinement in a siliceous material could 

promote H3PO4 condensation with itself and/or the silica framework, leading to formation of 

P-O-P and/or P-O-Si linkages.16 Describing the environment-dependent speciation of these P-

sites is a necessary first step towards establishing structure-activity relationships for P-based 

solid acid catalysts. 

X-ray diffraction (XRD) cannot be used to study structures of P-sites in amorphous 

materials, or the disordered phases of semi-crystalline materials like P-modified aluminum 

(hydro)oxides and P-zeosils. However, total X-ray scattering has recently been applied to the 

structural analysis of adsorbed (poly)phosphates, through analysis of the differential pair-

distribution function. The findings suggest the formation of surface-bound complexes, 

although the ability to resolve structural information when multiple sites are present is low.17–
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19 The sites in P-containing silica glasses, aluminophosphate and aluminosilicate molecular 

sieves, as well as silicophosphates, have been probed using a variety of spectroscopic 

techniques.20 In principle, the presence of P-O-Si and P-O-P linkages can be confirmed by 

their characteristic IR21–23 and Raman vibrations,24,25 but here too precise assignments are 

elusive in the presence of multiple types of P and Si species. Linear combination analysis of 

the P K-edge XANES suggested the formation of various adsorbed (poly)phosphates on γ-

Al2O3.
26 Shifts in the P L2,3-edge XANES were correlated with polyphosphate chain length in 

SiO2-P2O5 and Na2O-SiO2-P2O5 glasses,27 but the presence of P-O-Si linkages could not be 

confirmed. Various computational studies reached inconsistent conclusions regarding the 

thermodynamic stabilities of such linkages in different materials.28,29 To-date, there are no 

comparable studies on P-zeosils.  

Solid-state NMR spectroscopy is a powerful way to probe the nature of P-sites directly, 

and can be used to study both crystalline and amorphous materials. In particular, 31P Magic-

Angle Spinning NMR (MAS-NMR) has been used extensively to investigate silicophosphate 

gels/glasses,30–32 SPA catalysts,33 phosphates adsorbed on aluminum (hydr)oxides,17,26 and 

partially dealuminated P-modified aluminosilicate zeolites.13 Replacement of H by Si gives 

rise to surface-bound P-sites with structures described as O=P(OH)2(OSi), O=P(OH)(OSi)2, 

and O=P(OSi)3. The last member of the series, P(OSi)4, is observed in crystalline 

silicophosphate phases. Adopting a nomenclature conventionally used for 29Si NMR signals, 

the anchored P-sites are labeled Qn, where n denotes the number of Si next-nearest neighbors 

(i.e., P-O-Si linkages). 

In aqueous solution, H3PO4 exists in concentration-dependent equilibria with several 

linear and cyclic oligomers, including pyrophosphoric acid (H4P2O7), acyclic 
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tripolyphosphoric acid (H5P3O10), and cyclic metaphosphoric acid (H3P3O9).
34,35 Acyclic 

oligomers with the general formula Hm+2PmO3m+1 dominate the distribution.34–36 They have 

been identified in the literature using a Pm nomenclature,37 where m denotes the degree of 

oligomerization. The characteristic 31P NMR signals for H3PO4 (P
1) and H4P2O7 (P

2) appear 

at 0 and -12 ppm, respectively.33 Trimetaphosphoric acid (P3) has a single type of P-site with 

a chemical shift of -22 ppm,38 while tripolyphosphoric acid has one internal and two terminal 

P-sites, with chemical shifts similar to those of trimetaphosphoric and pyrophosphoric acids, 

respectively.33 Solid, fully condensed P4O10 (phosphoric anhydride, P4) gives rise to a signal 

at -46 ppm.39 

Scheme 3.1 depicts the overlap of the 31P NMR chemical shift ranges for Qn sites with 

those of the corresponding Pn+1 sites.30,31 For amorphous siliceous materials, assignments are 

further complicated by the low 31P NMR spectral resolution. These materials generally show 

fast nuclear spin relaxation arising from inhomogeneity in the local magnetic fields of the 31P 

nuclei, dipolar interactions, and large 31P chemical shift anisotropies (CSAs). The size of the 

CSAs relative to the MAS frequency also results in strong spinning sidebands that make the 

crowded 31P NMR spectra more difficult to analyze. For sites with the same total number of 

Y substituents (Y = P or Si), but different chemical identities for Y (e.g., O=P(OH)2(OSi), Q1, 

vs. H4P2O7, P
2), it is usually impossible to assign a signal to a particular P-site based on its 

chemical shift alone. Precise identification of oligomers with P-O-P linkages, or surface-

anchored sites with Si-O-P linkages, or mixed sites that contain both types of linkages,40 

remains an unsolved problem. Indeed, framework-anchored sites in siliceous materials have 

yet to be observed experimentally. Yet the ability to distinguish them is necessary to describe, 

model, and eventually tune the catalytic activity of P-modified materials. 
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Scheme 3.1 Structures of typical Qn sites and their reported chemical shift ranges14,31,40–48 

(colored horizontal bars), as well as Pm sites and their discrete chemical shifts33,38,39 (black 

vertical bars within each chemical shift range). The labels follow the principal naming 

conventions found in the literature for solid phases (Qn) and aqueous solutions (Pm). 

 

For crystalline siliceous materials, the presence and relative abundance of P-O-P and 

P-O-Si linkages can be established using multi-dimensional NMR experiments. For example, 

P-O-Si linkages in crystalline silicophosphates were observed using J-coupling-based 2D 

29Si-31P NMR correlation spectroscopy.32,49 Interactions between P-sites were assessed by 31P-

31P correlation experiments, which probe through-bond (J-) or through-space (D-) coupling.50–

53 Unfortunately, J-coupling based approaches are not readily applied to the characterization 

of disordered P-sites in P-zeosils, due to the rapid relaxation of the 31P and 29Si nuclear spin 

coherence. Instead, the nature of the linkages in such materials must be demonstrated using 

techniques based on D-coupling. Such multi-dimensional experiments involving 31P or 29Si 
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are very challenging for dilute P-zeosils, due to the inherently low NMR sensitivity and low 

receptivity of 29Si (4.7% natural abundance, with a gyromagnetic ratio only 20 % that of 1H). 

Recent advances in NMR that overcome its inherently low sensitivity are generating 

new opportunities for characterizing connectivities between 31P and 29Si nuclear spins. In 

particular, Dynamic Nuclear Polarization (DNP) can boost the sensitivity of MAS-NMR by 

several orders of magnitude,54 making it possible to conduct multi-dimensional solid-state 

NMR studies of siliceous materials even with natural abundance 29Si. Specifically, 29Si-31P 

and 31P-31P correlation experiments can be performed using DNP-enhanced MAS NMR with 

reasonable experimental times (a few hours). In this study, DNP-enhanced MAS-NMR 

spectroscopy was combined with advanced NMR pulse sequences to identify the P-sites 

present in a P-zeosil. 

P-modified SPP, with an atomic ratio Si/P of 27, is a meso/microporous Mobil Five 

(MFI)-type zeolite. Consisting of orthogonally-intergrown single unit-cell MFI nanosheets 

(Scheme 3.2), it is hydrothermally stable at moderate temperatures.55–57 Its framework 

encompasses both conventional MFI micropores located within the 2 nm-thick nanosheets, as 

well as mesopores formed between the intergrown nanosheets and defined by the external 

surfaces of the MFI nanosheets, which are mostly terminated by (010) planes. The material 

shows a rich P-speciation, which depends strongly on the extent of hydration. We aim to 

identify the surface-bound and near-surface phosphoric acid oligomers and monomers, 

including those in which P-O-P and P-O-Si linkages are present simultaneously in the same 

P-sites. 
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Scheme 3.2 Transmission electron microscopy image of a typical Self-Pillared Pentasil (SPP) 

particle (left), consisting of orthogonally-intergrown MFI nanosheets of single-unit-cell (2 

nm) thickness, and a schematic of the basic unit, showing two 2 nm-thick intergrown MFI 

nanosheets (right). 

 

3.2 Results and discussion   

3.2.1 Describing the P-sites in dry P-SPP 

To explore the P-sites present in the absence of water, P-SPP (Si/P = 27) was dried in 

vacuo at 450 °C. Its 1D 31P MAS NMR spectrum was recorded without exposure of the dry 

material to air, using direct excitation at 18.8 T (Figure 3.1a). The spectrum consists 

predominantly of an isotropic peak at -44 ppm and its spinning sideband at 21 ppm, confirmed 

by comparison to the simulation in Figure 3.1a.  According to Scheme 3.1, it is either a P4 or 

a Q3 signal. From this point forward, we will use only the Qn-nomenclature for simplicity. 

The chemical shift anisotropy (CSA), also obtained from the simulation of the 31P 

MAS NMR spectrum, is (-205 ±29) ppm (i.e., 66 ± 9 kHz at 18.8 T, Table A3.1). The 

linewidth, ca. 3.5 kHz at r = 20 kHz, suggests that it is dominated by isotropic chemical shift 

dispersion, arising from the superposition of multiple, structurally heterogeneous P-sites with 

distinct isotropic chemical shifts. Such sites may include surface-bound O=P(OSi)3, non-

surface-bound P4O10, and components of more complex mixed sites. Although the broad Q3 
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signal and its spinning sidebands are the dominant spectral features, minor Qn signals (n ≠ 3) 

may also be present, and could account for the additional signal intensity not predicted by the 

simulated spinning sidebands of the Q3 signal. However, the poor spectral resolution and low 

signal-to-noise ratio (SNR) preclude more definitive characterization of the material on the 

basis of this spectrum alone.  

 

 

 

Figure 3.1 31P MAS-NMR spectra (black) of P-SPP (Si/P = 27), in (a) its fully dry state (i.e., 

0 min ambient exposure), and (b) after 1 min exposure to the laboratory ambient. Both spectra 

were recorded at room temperature and 18.8 T, with 20 kHz MAS and a 5s repetition delay. 

The number of scans for the dry and 1 min air-exposed samples was 1024 and 256, 

respectively. Asterisks indicate spinning sidebands. Simulations (red) were performed using 

the CSA model in Topspin 4.0.6. 

 

Many catalytic reactions involving biomass are conducted in the presence of water, 

and/or generate water as a by-product. Since previous studies of SPA4,36,58 and P-modified 

zeolites59 show that both P-speciation and/or activity are very sensitive to the hydration state, 
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we investigated the effect of water on the P-site distribution in the P-zeosil. The 31P NMR 

spectrum of dry P-SPP was recorded again after removing the rotor cap to effect a brief (ca. 1 

min) air exposure at room temperature in the laboratory ambient (we will refer to this 

operation as “ambient exposure” throughout the rest of the paper). Although the chemical shift 

of the major isotropic peak at -44 ppm did not change, another small, isotropic peak became 

clearly apparent at -25 ppm (Figure 3.2). Its chemical shift is typical of a Q2 signal. At the 

same time, the absolute area of the NMR spectrum increased by a factor of 10 and the SNR 

increased 12-fold, resulting in a better-resolved sideband pattern. The higher NMR sensitivity 

in this minimally hydrolyzed state reflects a reduced CSA, (-160 ± 9) ppm, compared to (-205 

± 29) ppm for the dry material. This change leads to increased efficiency of the RF excitation. 

Since the CSA values are larger than the RF amplitude (~35 kHz) used for the 

excitation pulse, the appearance of the spinning sideband manifold may be distorted by the 

non-uniform excitation, increasing the uncertainties in the CSA parameters (see Table A3.1). 

Nevertheless, the changes in the overall spectral intensity and sideband patterns confirm a 

reduction in CSA after just 1 min ambient exposure (see Figure A3.1). The reduction in CSA 

occurs concurrently with a decrease in linewidth of the isotropic Q3 peak, from 3.5 to 3.0 kHz. 

This indicates that the isotropic chemical shift dispersion is also lower in ambient air-exposed 

P-SPP. These observations are consistent with an increase in average mobility and/or a 

reduced structural heterogeneity of the P-sites relative to the fully dry state. 

 

3.2.2 Gradual changes in P speciation upon exposure to moisture  

The extent of P-zeosil hydration was increased by prolonging the ambient exposure 

(by removing the NMR rotor cap for longer times). The resulting changes in P speciation were 
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observed by 31P NMR (Figure 3.2a). After 4 min ambient exposure, the peak at -25 ppm 

became more intense and a new peak appeared at -11 ppm. These signals correspond to 

chemical shifts in the Q2 and Q1 ranges, respectively. Thus, exposure to a very small amount 

of water vapor for even a brief duration (4 min) is sufficient to convert some of the P-sites 

with signals in the Q3 region to new P-sites. After further ambient exposure (9 min), four 

distinct groups of signals are present (Qn, where n = 0-3), including a new peak at 0 ppm (Q0) 

assigned to H3PO4. A second isotropic Q3 peak at -38 ppm emerges, distinct from spinning 

sidebands. The spinning sidebands become successively less intense and all peaks narrow as 

the extent of hydration increases, presumably due to higher mobility and/or greater 

homogeneity in the remaining P-site structures. 

Trends in the various Qn peak areas with ambient exposure time (Figure 3.2b) reflect 

on the relative hydrolytic stabilities of each group of P-sites (spectra for all ambient exposure 

times are shown in Figure A3.2). The Q3 signals, which dominate the spectrum of the dry 

material, decrease gradually in intensity, disappearing completely after ca. 25 min. Over the 

same time period, the Q2 signal intensity first increases and then decreases, suggesting that 

hydrolysis of some P-sites, initially responsible for Q3 signals gives new sites with Q2 signals. 

The intensities of the Q1 and Q0 signals increase monotonically, but only after an induction 

period (which is shorter for Q1 than for Q0). The P-sites responsible for these two groups of 

signals must therefore be mostly secondary hydrolysis products, formed from P-sites 

associated with the Q2 signals (although some could be formed directly by hydrolysis of the 

more stable sites associated with Q3 signals). A 31P NMR spectrum recorded after many days 

of ambient exposure (Figure A3.3) shows that most P-sites are eventually converted to H3PO4 

(responsible for the Q0 signal), while only a small residual Q1 signal remains. Thus, the 
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sensitivity to hydrolysis of the various groups of P-sites follows the general (and expected) 

order Q3 > Q2 > Q1. 

 

 

Figure 3.2 The effect of ambient exposure time (correlated approximately with the amount of 

adsorbed water) at room temperature, on the P speciation in P-SPP: (a) 31P MAS NMR spectra 

recorded after each ambient exposure time, as noted. All spectra were recorded at room 

temperature in an 18.8 T magnet using 20 kHz MAS. Spinning sidebands for Q1, Q2, and Q3 

signals are indicated by * in red, green, and black, respectively. (b) Approximate time profile 

of the integrated peak intensities (including spinning sidebands) for each group of Qn signals. 
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Overall, NMR measurements in the presence of variable water content reveal that 

multiple types of P-sites, with different sensitivities to water, coexist in partly hydrolyzed P-

SPP. Under reaction conditions, P-SPP is neither completely dry nor fully hydrolysed, hence 

a distribution of P-sites with different Qn signals will be present. More insightful methods are 

needed to assess the nature of these P-sites, in particular, the identities of the sites responsible 

for the different Q3 signals, and whether any of the sites are surface-bound (via P-O-Si 

linkages). 

 

3.2.3 Resolving P-speciation using DNP-enhanced MAS NMR 

In principle, overlapping signals arising due to P-sites with either P-O-P or P-O-Si 

linkages can be distinguished via their 31P-31P and 31P-29Si correlations. However, 

conventional 1D 31P MAS-NMR spectra such as those shown in Figure 3.1 already require 

tens of minutes of acquisition times (78 min for the fully dry material, and 22 min after 1-min 

ambient exposure). Hence, several days would be required to conduct the corresponding 2D 

measurements. Dynamic Nuclear Polarization (DNP) enhances NMR sensitivity dramatically 

by transferring electron spin polarization from a paramagnetic polarizing agent such as the 

TEKPOL biradical to solvent protons, and then (by cross-polarization) to 31P nuclei. The 

resulting signal enhancements shorten the times required for 31P-29Si and 31P-31P correlation 

experiments significantly, and also facilitate the selective 1D detection of the various Qn 

signals. 
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The DNP-enhanced 1H-31P CP-MAS spectrum of nearly-dry P-SPP shown in Figure 

3.3a (recorded after ambient exposure time of ca. 2 min) could be acquired in less than 1 min 

using a ramped-CP pulse sequence (see Methods). The spectrum has a much higher SNR than 

a spectrum of the same material recorded for 22 min without DNP (i.e., with the microwave 

source turned off, see Figure A3.4 for comparison). The DNP-enhanced spectrum exhibits 

two major isotropic peaks, at -42 and -25 ppm, both with intense spinning sidebands. Based 

on their chemical shifts, these isotropic peaks correspond to P-sites with Q3 and Q2 signals, 

respectively. In contrast to the 31P MAS-NMR spectrum in Figure 3.2a, the intensities of both 

signals are similar. 1H-31P CP detection is expected to enhance the Q2 signal intensity relative 

to Q3, since the abundance of nearby 1H should be higher for sites that give rise to Q2 signals 

(Scheme 3.1). The spinning sidebands are also stronger in Figure 3.3a compared to Figure 

3.2a. This is a consequence of the slower MAS rate in the DNP experiment (7 kHz, vs. 20 

kHz in the absence of DNP). The direct 31P spectra recorded at 9.4 T with DNP, and 18.8 T 

without DNP, are compared in Figure A3.5. Unfortunately, the intense spinning sidebands 

resulting from the slower MAS rate preclude the observation of any Q1 or Q0 signals in the 

1H-31P ramped-CP-MAS spectrum. 
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Figure 3.3 DNP-enhanced 1H-31P CP/MAS spectra (solid black lines) of nearly-dry P-SPP 

(after 2 min ambient-exposure), recorded using (a) ramped CP, and (b-e) RESPIRATIONCP. In the 

RESPCP experiments, the RF frequency was set to (b) -42 ppm, (c) -25 ppm, (d) -11 ppm, or 

(e) 0 ppm. All spectra were acquired at 9.4 T, 7 kHz MAS, and 95 K. Spinning sidebands for 

Q2 and Q3 signals are indicated by * in green and black, respectively. Simulated spectra (sum: 

dotted black lines) were obtained with a CSA model, using either a single component (a, c; 

filled purple spectrum), or two-components (b, d, e; filled spectra in two shades of purple). 

See Methods section for details. Fit parameters are given in Table 3.1  
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To better resolve the Q1 and Q0 signals, we performed frequency-selective CP 

detection using the RESPIRATIONCP pulse sequence.60 This approach reveals the distinct 

sideband pattern of each region. The RF offset frequency was centered sequentially in each of 

the four Qn regions (0 ≤ n ≤ 3). The series of DNP-enhanced RESPIRATIONCP spectra recorded 

in this way are shown in Figure . 

Setting the RF offset frequency in the Q3 region (-42 ppm) enhances the Q3 signals, 

while suppressing others. In the RESPIRATIONCP spectrum, the main isotropic peak has a 

shoulder (Figure 3.3b), reflecting a second P-site with a chemical shift in this region. The 

corresponding simulation requires two isotropic signals in the Q3 region, with chemical shifts 

Ciso of -43 and -36 ppm (Table 3.1). This result is consistent with the observation of two 

isotropic Q3 signals at -43 and -38 ppm by direct 31P MAS NMR at 18.8 T (Figure 3.2). Their 

CSA values of (-147 ± 9) and (-135 ± 30) ppm, respectively), are significantly lower than that 

reported for P4O10, -300 ppm.39 We infer from this comparison that both Q3 signals arise from 

P-sites linked to the zeosil framework by P-O-Si linkages. However, unambiguous 

confirmation of such linkages requires 29Si-31P correlation experiments (see below). 

To observe signals in the Q2 region, a second RESPIRATIONCP spectrum was recorded 

with the RF offset frequency set at -25 ppm. The resulting spectrum contains a single isotropic 

signal with Ciso of (-28 ± 1) ppm, Figure 3.3c, and a CSA of (-127 ± 9) ppm (Table 3.1). A 

third RESPIRATIONCP spectrum was recorded with an RF offset frequency set at -11 ppm, in the 

Q1 region. The spectrum in Figure 3.3d contains two peaks within 2 kHz of the RF frequency 

(i.e., both in the RESPIRATIONCP range). According to the simulated spectrum, the major peak 

is a spinning sideband of the Q3 signal at (-46 ± 2) ppm, while the minor peak is an isotropic 

Q1 signal at (-8 ± 1) ppm with a relatively small CSA, (-78 ± 14) ppm. For comparison, the 
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isotropic Q1 signals are completely obscured by spinning sidebands in the ramped-CP 

spectrum (Figure 3.3a). Finally, setting the RF frequency to 0 ppm revealed no new isotropic 

signals, Figure 3.3e. In this region, Q0 signals overlap directly with Q3 spinning sidebands. 

The spectrum is well-simulated using only CSA parameters for the Q3 signals (Table 3.1). All 

four RESPIRATIONCP experiments were repeated at a different MAS frequency (5 kHz) to 

confirm the positions of the isotropic peaks (Figure A3.7). 

 

Table 3.1 CSA parameters for nearly-dry P-SPP, obtained by fitting a simulated spectrum to 

its RESPIRATIONCP data 

RF offset a 

ppm 

CSiso 
b,c 

ppm  

CSAc 

ppm 

𝜼 LB  

kHz 

-42 (Q3) -43 ± 1 (Q3) 

-36 ± 2 (Q3) 

-147 ± 9 

-135 ± 30 

0.1 

0.1 

1.2 

1.1 

-25 (Q2) -28 ± 1 (Q2) -127 ± 9 0.1 1.3 

-11 (Q1) -8 ± 1 (Q1) 

-46 ± 2 (Q3) 

-78 ± 14 

-140 ± 45 

0.0 

0.1 

1.4 

0.7 

0 (Q0) -44 ± 1 (Q3) 

-39 ± 1 (Q3) 

-149 ± 16 

-142 ± 15 

0.1 

0.1 

0.9 

1.1 

 

a Spectra were recorded at 9.4 T with 7 kHz MAS, using a radiofrequency (RF) offset 

frequency (in ppm) corresponding in turn to each Qn region (shown in parentheses). b Isotropic 

chemical shift (in ppm) derived from simulation of the experimental NMR spectrum. The 

corresponding Qn region is shown in parentheses.  c The CSiso and CSA uncertainties represent 
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the variation in each parameter that causes a 1 % decrease in fit quality, defined as the overlap 

between the simulated and experimental spectra (see Methods section for details).   

 

Overall, the frequency-selective RESPIRATIONCP spectra show that nearly-dry P-SPP 

contains predominantly P-sites with chemical shifts in the Q3 and Q2 regions, with a minor 

contribution from P-sites with chemical shifts in the Q1 region. There is no evidence for a 

significant Q0 signal in the nearly-dry state. Furthermore, although there are at least two 

distinct types of P-sites with chemical shifts in the Q3 region, the observed CSA values suggest 

that neither corresponds to P4O10. To be sure that they are covalently bound to the zeosil, the 

existence of P-O-Si connectivity must be established by direct experiments. 

 

3.2.4 Introducing a more precise nomenclature for P-speciation 

The appearance of multiple types of sites with signals in the same Qn category suggests 

the need for a more descriptive notation. Here we introduce a more precise nomenclature for 

P-species using the label Q
m

n
, where the upper index (n) represents the total number of P-O-Y 

bonds. Y can either be Si or P (note that this definition differs from the original definition of 

n used in Scheme 3.1). The lower index (m) indicates the number of P-O-Si bonds. Thus, the 

signal for the surface-bound site (SiO)3P=O is denoted Q
3

3
. This notation enables us to 

distinguish between signals for exclusively surface-bound P-sites (m = n), free 

(poly)phosphoric acid oligomers (m = 0) and surface-bound polyphosphoric acid species (0 < 

m < n). It is especially useful for describing “mixed” sites in which a surface-bound P-site is 

also part of a polyphosphoric acid oligomer. For example, Q
2

3
 precisely identifies the Q3 signal 

corresponding to the surface-bound P-site (underlined) in (SiO)2P(O)OP(O)(OX)2, where X 
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denotes H or Y (Si or P). Moreover, this notation is readily adapted to describe multinuclear 

sites. For example, a dinuclear site with two P-sites connected via a P-O-P linkage could be 

represented by Q
2

3
-Q

2

3
. Similarly, a trinuclear site could be denoted Q

2

3
-Q

0

2
-Q

2

3. The Q
m

n
 notation 

identifies signals with different n values that have distinct chemical shifts, regardless of m. A 

corollary is that Q
m

n
 signals with different m values have similar chemical shifts if they have 

the same n. Therefore, the simpler Qn designation includes all signals for distinct P-sites with 

m ≤ n, i.e., with the same number of P-O-H bonds. Q
0

0
 is, of course, synonymous with Q0, 

because only m = 0 is possible. Some of the possible structures for P-sites belonging to the 

same Qn categories are shown in Scheme 3.3. 

 

 

Scheme 3.3 Some of the P-sites possible in P-SPP, including surface-bound sites, free 

polyphosphoric acid oligomers, and mixed sites.a The sites (indicated with colored circles) are 

grouped horizontally according to chemical shift, and ranked vertically in order of their 

mobility. a X denotes H, Si or P.  
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3.2.5 Impact of hydrolysis on Brønsted acidity in P-SPP 

Before attempting to identify P-sites spectroscopically, we explored local P-site 

structure variations and their potential impact on the Brønsted acidity of P-SPP. Experimental 

investigations of acidity differences via titration and/or probe reactions are convoluted with 

changes in site distribution, therefore we undertook an assessment of the relative acidities of 

a subset of individual P-sites using gas phase electronic structure calculations instead. Due to 

the complexity of the SPP structure (Scheme 3.2), we constructed simple cluster models of 

mono-, di- and trinuclear sites capped with silyl groups (-SiH3). For example the mononuclear 

P-sites in P-SPP are represented by Q
3

3
, Q

2

2
, Q

1

1
 and Q0 cluster models, i.e., the series 

corresponding to progressive hydrolysis of a Q
3

3
 cluster model, according to Scheme 3.3. 

In general, even proton transfers involve the nuclear motion of several atoms. We 

simplified the problem by limiting our preliminary analysis to a comparison of electronic 

structures, using a frontier orbital approach. In Mulliken’s charge transfer theory, proton 

transfer starts with formation of a hydrogen-bond between a Brønsted acid (H-bond donor, D) 

and a base (H-bond acceptor, A), in an acid-base adduct [DH…A].61–64  In the process, electron 

density is transferred from a non-bonding pair on the base to an antibonding orbital on the 

acid. The wavefunction of the acid-base adduct is a superposition of several contributions, 

including ionic (D-…HA+) and polar (D-…H+…A) resonance forms.65–69 The polar resonance 

structure is particularly important when the transferring H-in-flight is stabilized 

electrostatically by the donor and acceptor, especially when there is no activation barrier for 

proton transfer.70,71 The D-H heterolytic bond strength (i.e., the deprotonation energy) is 

therefore a potential descriptor of acidity. However, Keeffe et al.72 demonstrated that these 

bond strengths correlate poorly when the reaction has an activation barrier. In such cases, ab 
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initio calculations confirm the importance of the ionic form to charge transfer between the H-

bond donor and acceptor, and the constancy of partial charge on the H-in-flight (0.3-0.5 e, 

depending on the charge localization method).61,63–65   

For the series of P-acids represented by cluster models here, each interacting with the 

same base, the relevant antibonding orbital is the lowest unoccupied molecular orbital 

(LUMO), shown in Figures A3.14-A3.17 and the geometric coordinates are given in Table S2. 

Its energy determines the HOMO-LUMO gap, where a smaller gap corresponds to a more 

acidic proton. A corollary is that the LUMO energies reflect the relative abilities of each acid 

site to accept electron density, and relinquish a proton, even without explicit reference to a 

specific base. For sites with more than one acidic proton, the LUMO of the geometry-

optimized structure is delocalized over all chemically equivalent OH groups.  

The LUMO energies are given in Figure 3.4 and Table A3.3. Of the mononuclear P-

site models, the Q
2

2
 model is the least acidic, while the Q

1

1
 and Q0 models have similar acidities. 

Initial hydrolysis of a P-O-Si linkage therefore results in increased acidity. We note that when 

the P-sites are embedded in the zeosil, some of their POH groups may engage in H-bonding 

with silanol groups of nearby defect sites. Such interactions will alter the shape of the LUMO 

and its relative energy, resulting in increased acidity of the remaining (i.e., non-H-bonded) 

POH groups. For example, a Q
1

1
 site might become less acidic than a Q

2

2
 site, if one of the OH 

groups of Q
1

1
 is H-bonded. 

The impact of H-bonding on acidity is clearly evident in the dinuclear P-site models 

Q
m

n
-Q

m´

n´
 (all with a single P-O-P linkage), shown in Figure A3.15. For each optimized 

geometry, the number of H-bonds in maximized, and the LUMO is delocalized over the 

protons that do not participate in H-bonds. The regions of LUMO delocalization correspond 
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to areas of more positive electrostatic potential, where a base would bind more strongly. For 

example, in the dinuclear Q
0

1
-Q

0

1
 model cluster with four acidic hydroxyl groups, the minimum 

energy structure has two hydroxyls H-bonded to O=P groups and two that are free from H-

bonding (one on each of the two P-sites). The minimum energy structures for the Q
1

2
-Q

0

1
 and 

Q
2

3
-Q

0

1
 models each have a single non-H-bonded OH, located on the Q

0

1
 P-site. In the Q

1

2
-Q

1

2
 

and Q
2

3
-Q

1

2
 models, all OH groups are engaged in H-bonds in the lowest energy structures. 

 

 

Figure 3.4 Comparison of calculated energies for the lowest unoccupied molecular orbital 

(LUMO) in model clusters, for representative P-sites which are (a) mononuclear, and (b) 

dinuclear. Purple bars represent energies for minimum-energy geometries; gray bars represent 

higher energy structures with fewer H-bonds. (c) Comparison of structures depict geometries 

with different numbers of H-bonds, for two of the dinuclear models. 
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Similar to the mononuclear models, the overall pattern that emerges for many of the 

dinuclear models is enhanced acidity as the P-O-Si linkages are progressively hydrolysed, in 

the order Q
2

3
-Q

1

2
 < Q

2

3
-Q

0

1
 < Q

1

2
-Q

0

1
 < Q

0

1
-Q

0

1
, (Figure 3.4b and Scheme A3.1). The predicted 

acidity of the Q
1

2
-Q

1

2
 model is anomalously low, likely because it has no hydroxyl groups free 

of H-bonding in the minimum-energy geometry. The prediction for the Q
2

3
-Q

0

1
 model may be 

affected by partly delocalization of its LUMO over a silyl H atom, increasing the acidity of its 

free OH.  

We investigated the impact of H-bonding on acidity in the dinuclear models. 

Conformations close to the global minimum-energy geometry, but with fewer intramolecular 

H-bonds, are shown in the gray bars in Figure 3.4b; some structures are compared in Figure 

3.4c. For example, the Q
0

1
-Q

0

1
 conformer with one H-bond has a higher total energy (by 11.5 

kJ/mol), and a lower LUMO energy (indicating stronger acidity), compared to the global 

minimum structure with two H-bonds. Disrupting one H-bond in each of the Q
1

2
-Q

0

1
 and Q

2

3
-

Q
1

2
 models likewise increases the conformer energies, while lowering the corresponding 

LUMO energies, hence increasing their acidity. We note that the predicted differences in 

acidity caused by such changes in conformation are similar in magnitude to differences 

between minimum energy conformers for the dinuclear structures. For example, the higher 

energy Q
1

2
-Q

0

1
 conformer is noticeably more acidic than the minimum-energy Q

2

3
-Q

0

1
 

conformer (for the latter, no higher energy structure without the H-bond was located).  

The higher energy dinuclear conformers (computed as gas phase models) all appear to 

be readily accessible at finite temperatures. For example, at ca. 100 °C, they lie within 3 kBT 

of their minimum-energy geometries (kB is Boltzmann’s constant). Although H-bonding with 
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silanol groups or framework oxygen atoms is possible in the zeolite, causing the minimum-

energy geometries of the P-sites to differ from its gas phase geometry, the situation is expected 

to be similar (with the caveats that confinement may restrict conformational changes, or 

modulate the time scales over which they occur). The acidity of an individual P-site is, 

therefore, dynamic, and a more complete assessment require a statistical model to predict the 

average acidity for a distribution of species and conformations.  

A comparison of the dinuclear and mononuclear model energies in Figure 3.4 further 

reveals that P-O-P hydrolysis generally results in reduced acidity. For example, the OH group 

of the Q
0

1
 side of the Q

1

2
-Q

0

1
 site is slightly more acidic than Q0 itself. Similarly, breaking the 

P-O-P bond in dinuclear Q
0

1
-Q

0

1
 yields two mononuclear Q0 sites that are less acidic than the 

dinuclear site as reported experimentally73. Similar trends are seen in the LUMO energies of 

trinuclear model sites: the acidity of Q
2

3
-Q

0

2
-Q

0

1
 is higher than that of dinuclear Q

2

3
-Q

0

1
, formed 

by P-O-P hydrolysis (Table A3.3). 

Thus, our calculations predict that the presence of water will change P-site acidity in 

complex ways. In general, we expect an initial increase due to faster hydrolysis of the P-O-Si 

linkages, followed by a decrease due to slower hydrolysis of the P-O-P linkages. More 

sophisticated models capable of predicting the evolution of acidity will require a more precise 

identification of the P-sites present in the P-zeosil as a function of environmental conditions. 

As a first step towards such insight, we applied 2D MAS NMR techniques to establish P-O-

Si and P-O-P connectivity by resolving Q
m

n
 signals corresponding to structures with different 

m values.  
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3.2.6 Spectroscopic evidence for surface-bound P-sites 

P-O-Si linkages have been identified in well-defined, crystalline silicophosphates, via 

their 29Si and 31P NMR spectroscopic signatures.32,41,74 For example, the 29Si signal at ca. -210 

ppm for six-coordinate Si atoms in crystalline Si5O(PO4)6 was associated with a 31P signal at 

-44 ppm using J- and D- based 2D correlation spectroscopy.32 Mixed-phase materials such as 

silicophosphate gels, consisting of the crystalline phases Si5O(PO4)6, Si(HPO4)2•H2O and 

SiP2O7 as well as amorphous phases, have also been studied by 29Si and 31P NMR.30,31,40 While 

P-O-Si linkages were identified in the crystalline phases, peak assignments for the amorphous 

phase were ambiguous due to chemical shift overlap for species with P-O-P and/or P-O-Si 

linkages (Scheme 3.1).  

Since we ruled out P4O10 as the origin of Q3 signals based on comparison of their CSA 

values, the signals must arise from sites that contain P-O-Si linkages. Candidates include Q
3

3
 

and Q
2

3 − Q
2

3
 sites. With DNP-induced signal amplification, it becomes feasible to establish 

the presence of P-O-Si linkages based on through-space dipolar coupling between 29Si and 

31P. Specifically, a Double CP (DCP) pulse sequence75 can selectively detect 31P NMR signals 

from sites that are spatially proximal to 29Si. Since the DCP transfer efficiency depends on 

through-space dipolar coupling from 1H to 29Si to 31P, only 31P sites connected to nearby 29Si 

sites (e.g., surface-bound P-sites) yield strong intensities, while P-sites that interact weakly 

with 29Si atoms in the zeosil framework should result in low or no intensity.  

DNP-enhanced 31P MAS-NMR spectra recorded for nearly-dry P-SPP, with and 

without 29Si-filtering, are compared in Figure 3.5a. The strong signal intensities observed for 

both the Q3 and Q2 regions of the 29Si-filtered DCP spectrum suggest that these include P-sites 

with P-O-Si linkages. Due to the low overall DCP efficiency, the evidence is only qualitative. 
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Even so, the total intensity of the Q3 signals (including their spinning sidebands) relative to 

the Q2 signals is higher in the 29Si-filtered 31P DCP spectrum compared to the ramped 1H-31P 

CP spectrum. This finding implies that P-sites with signals in the Q3 region have, on average, 

more P-O-Si linkages than P-sites with signals in the Q2 region. The minor Q1 signal observed 

via RESPIRATIONCP is not resolved in the CP and DCP spectra, and hence will not be discussed 

further here. 

More quantitative information about the average 29Si-31P coupling strength was sought 

for each group of P-sites by acquiring buildup curves. Figure 3.5c shows how the peak 

intensity for each type of Qn signal in the 29Si-filtered 31P DCP spectra (IDCP) varies relative to 

its intensity in the 31P CP spectrum (ICP), as a function of the DCP mixing time, τDCP. A mono-

exponential equation, IDCP/ICP = a(1-exp(-τDCP/TDCP)), was refined to the data to obtain the 

buildup time constant TDCP. IDCP/ICP is the ratio of the peak intensities in the DCP and CP 

spectra for a given value of τDCP, and the constant a is the asymptotic value of the 

corresponding ratio. In the absence of nuclear spin relaxation, the latter corresponds to the 

fraction of 31P sites with at least one P-O-Si linkage, assuming 100 % DCP efficiency. (Since 

in practice the DCP efficiency is lower, the value of a is difficult to interpret quantitatively, 

therefore we will not discuss the refined values further.)  

For nearly-dry P-SPP, the value of TDCP for the Q3 signals is (20.0 ± 0.9) s. This is 

shorter than for the Q2 signals, (32.8 ± 7.1) s, indicating that the P-sites responsible for the Q3 

signals are more strongly coupled to Si relative to those responsible for the Q2 signals. This 

finding is consistent with the relative intensities of the signals in the 29Si-filtered 31P DCP 

spectra (Figure 3.5a).  
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Figure 3.5 Comparison of DNP-enhanced 1H-31P CP and 29Si-filtered 31P DCP MAS-NMR 

spectra (a,b), and the corresponding DCP buildup curves (c), for nearly-dry and partly-

hydrolyzed P-SPP. Both 1H-31P CP spectra (black) were acquired in 16 scans. The DCP spectra 

(colored) were acquired for (a) nearly-dry material (2048 scans), and (b) partly-hydrolyzed 

material (768 scans), prepared by exposure of the dry material to air for 2 or 10 min, 

respectively. Both were recorded with a 40 ms mixing time (𝝉DCP). Spinning sidebands for Q1, 

Q2, and Q3 signals are indicated by * in red, green, and black, respectively. (c) 31P DCP peak 
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intensity relative to CP intensity (both normalized by number of scans), for various signals as 

a function of mixing time. The solid lines are curvefits obtained using a mono-exponential 

model (see below). Experimental spectra for all mixing times, and the regions used to obtain 

the peak areas, are shown in Figure A3.8. 

 

Thus nearly-dry P-SPP contains at least two major P-sites with signals in the Q3 region 

(differing in chemical shifts and CSAs), neither of which is P4O10, and at least one major site 

with a signal in the Q2 region. P-sites with signals in the Q1 region make a minor contribution. 

P-O-Si linkages are present in all major sites, but are relatively more abundant in those with 

Q3 signals. Table 3.2 shows the minimum number of structures required to account for the 

experimental observations for dry/nearly-dry P-SPP. The slower buildup of the Q2 signals is 

consistent with Q
2

3
-Q

1

2
 sites formed by hydrolysis of Q

2

3
-Q

2

3
, or with non-surface-bound Q

0

2
 

sites, possibly as part of more complex, trinuclear P-sites such as Q
2

3
-Q

0

2
-Q

2

3
. 

To probe the sensitivity of the P-O-Si linkages to water, P-SPP was partly-hydrolyzed 

by increasing the ambient exposure time to 10 min. In the 1H-31P CP spectrum (without 29Si-

filtering), the signal intensity in the Q3 region of the partly-hydrolyzed material is much lower 

(Figure 3.5b) relative to that of the nearly-dry material (dominated by Q3 signals). The signal 

intensities in both the Q2 and Q1 regions are comparable, and higher than in the Q3 region. 

Furthermore, a small Q0 signal representing H3PO4 that was absent in the spectrum of the 

nearly-dry material becomes visible for the partly-hydrolyzed material. For all τDCP values 

tested, the residual Q3 signal is weak in the 29Si-filtered DCP spectrum of the partly-

hydrolyzed material, Figure A3.8b. Given the low peak intensity, the TDNP value could not be 
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measured. Nevertheless, the persistence of a Q3 signal suggests that some surface-bound Q3 

P-sites (e.g., Q
3

3 and/or Q
2

3
) remain.  

 

Table 3.2. Spectroscopic evidence for proposed structures of major mononuclear and 

dinuclear P-sites present in P-SPP, in three different hydration states 

Label Structure Hydration state 

  

Nearly 

dry 

Partly 

hydrolyzed 

Fully 

hydrolyzed 

Q
3

3
 

 

DCP   

Q
2

3
-Q

2

3
 

 

DCP DCP  

Q
1

2
-Q

1

2
 

 

DCP DCP  

Q
2

2
 

 

 DCP  

Q
0

1
-Q

0

1
  

 

 DCP DCP 

Q
0

 

 

  DCP 

Q
2

3
-Q

1

2
 

 

RFDR RFDR  
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Q
1

2
-Q

0

1
 

 

 RFDR  

 

The most intense signal, in the Q2 region, arises from surface-bound P-sites with lower 

CSA relative to the nearly-dry state (i.e., Q
2

2
 and/or Q

1

2
). Moreover, the buildup time for this 

signal, (19.2 ± 2.2 s), is much shorter than for the nearly-dry material (32.8 ± 7.1 s), suggesting 

that partial hydrolysis leads to a new type of surface-bound P-site in the Q2 region. The most 

likely candidate is Q
2

2
, arising from hydrolysis of Q

3

3
 (Scheme 3.4 and Scheme A3.2). Finally, 

the suppression of the Q1 signal in the 29Si-filtered 31P DCP spectrum is consistent with its 

assignment to Q
0

1
, arising from P-sites that are not surface-bound. The poor SNR for signal in 

the Q1 region precludes measurement of an accurate buildup time for this signal. Table 3.2 

shows the minimum number of structures required to account for the spectra of the P-sites in 

partly-hydrolyzed P-SPP. 

The CP and DCP experiments were repeated after exposure of P-SPP to air for 10 d to 

generate a fully-hydrolyzed material (Figure A3.8c). Both NMR spectra are dominated by the 

signal corresponding to H3PO4 (Q
0), which remains associated with the zeolite but lacks P-O-

Si linkages. The overall SNR of the 29Si-filtered 31P DCP spectrum is significantly lower 

compared to spectra of the nearly-dry or partly-hydrolyzed material, consistent with cleavage 

of all P-O-Si linkages. As expected, the DCP buildup time for the Q0 peak in the fully-

hydrolyzed material is very slow, (50 ± 11) s (Figure A3.9), compared to the Q3 and Q2 buildup 

rates in the nearly-dry and partly-hydrolyzed states.   

These DCP experiments provide direct evidence for P-O-Si linkages in dry P-SPP, and 

their hydrolysis with increasing exposure to water. However, a coherent explanation for the 
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spectroscopic observations requires P-species containing P-O-P as well as P-O-Si linkages. 

The minimum number of structures required therefore includes the dinuclear P-sites shown in 

Table 3.2. To verify this hypothesis, we investigated the presence of P-O-P´ linkages in P-

SPP using 2D 31P-31P correlation spectroscopy. The results allow us to assess the relationships 

between sites containing P-O-P linkages and those with P-O-Si linkages, and to evaluate their 

relative hydrolytic stabilities.  

 

3.2.7 Spectroscopic evidence for P-O-P´ linkages 

The existence of oligomers in concentrated phosphoric acid solutions is well-known.4 

To investigate the presence of oligomers containing P-O-P linkages in P-SPP, we acquired 

homonuclear 31P-31P correlation spectra, using a radio-frequency-driven recoupling (RFDR) 

pulse sequence.76 Polarization is transferred from one P-site to a nearby P-site via dipolar 

(through-space) coupling. For P-sites directly linked via a  bridging oxygen (P-O-P), the 

coupling was reported to be ca. 900 Hz (described as “strongly-correlated”).39 Numerical 

simulations based on quantum mechanics suggest that an RFDR mixing time (τRFDR) of ca. 

700 μs is optimal to detect strongly-correlated P-sites (Figure A3.10). Adjacent P-sites not 

connected by P-O-P linkages, i.e., “weakly-correlated” sites with dipolar couplings <900 Hz, 

require a longer τRFDR for efficient polarization transfer.  

Figure 3.6a shows the 2D homonuclear 31P-31P correlation spectrum for nearly-dry P-

SPP, recorded with DNP enhancement. It includes isotropic self-correlations (along the main 

diagonal) and correlations between each isotropic signal and its sidebands (along the 

secondary diagonals, parallel to the main diagonal but separated from it by the spinning 

frequency). The main on-diagonal peaks at (-29, -29), (-43, -43) ppm are self-correlations of 
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the Q2 and Q3 signals, respectively; the self-correlation of a Q3 spinning sideband is visible at 

(-1, -1) ppm. Peaks on the secondary diagonals at (-1, -43) and (-43, -1) ppm are self-

correlations between the isotropic Q3 signals and their spinning sidebands.  

 

Figure 3.6 DNP-enhanced 31P-31P correlation spectra and their 1D projections for: (a,b) 

nearly-dry P-SPP, and (c,d) partly-hydrolyzed P-SPP. Both spectra were recorded at 9.4 T and 

7 kHz MAS, with an RFDR mixing time of 714 μs. For reference, the corresponding 1H-31P 

CP spectra are shown to the left of the 2D plots, and below the 1D projections in blue. The 

gray, green and red shaded stripes highlight the Q3, Q2, and Q1 regions, respectively. The 

corresponding sideband regions are shown by the dashed (unshaded) stripes (same color 

codes). Asterisks denote spinning sidebands for Q3 (gray) and Q2 (green) signals, respectively. 
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Solid circles denote Q3-Q2 (black) and Q2-Q1 (purple) cross-peaks, respectively. Dashed 

circles indicate cross-peaks involving a spinning sideband. 

 

The key new information in these data is contained in the off-diagonal peaks, or cross-

peaks, which indicate proximity between P-sites with different chemical shifts. They reveal 

proximal P-sites whose Qn signals correspond to different n values (i.e., P-O-P´ linkages). Off-

diagonal cross-peaks are located at (0, -30), (-30, 0), (-30, -43) and (-43, -30) ppm. Their 

chemical shift values indicate a correlation between a Q3 signal (or its spinning sideband) and 

a Q2 signal. These cross-correlations can also be observed in the 1D projections of the regions 

for different Qn signals. Figure 3.6b compares these projections for the Q3 and Q2 regions with 

the 1H-31P CP spectrum (blue). The row from the Q3 region (black) clearly contains the 

Q2 signal, while the row from the Q2 region (green) also clearly contains the Q3 signal. This 

result confirms a strong correlation between Q3 and Q2 signals, arising from dinuclear P-sites.  

Even if present, proximal P-sites whose Qn signals correspond to the same n and m values 

(i.e., identical P-sites linked by P-O-P, such as Q
2

3
-Q

2

3
), cannot be distinguished from self-

correlations in the 2D RFDR spectra. Although cross-peaks for signals with the same n value 

but different m values, such as Q
2

3
-Q

1

3
, are in principle observable, they will appear near the 

broad on-diagonal peaks and may be difficult to resolve. Double quantum-single quantum 

(DQ-SQ) NMR experiments77 could be used to obtain correlations between such sites with 

similar chemical shifts. However, our attempts to conduct such experiments with P-SPP using 

the supercycled POST C5 (SPC5) pulse sequence78 were unsuccessful, most likely due to the 

large 31P CSA and/or rapid 31P relaxation. 
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To confirm that the cross-peaks in the RFDR spectra of the nearly-dry material arise 

due to intramolecular P-O-P´ linkages, rather than intermolecular correlations, the same 2D 

experiment was repeated with a longer mixing time (Figure A3.11). The optimum mixing time 

for weakly-coupled P-sites (i.e., those not linked via P-O-P´) should be significantly longer. 

However, the intensities of the cross-peaks relative to the diagonal peaks did not increase upon 

doubling τRFDR from 714 to 1428 μs (see Figures A3.11-A3.13). Thus, the Q3-Q2 cross-peaks 

arise from strongly-correlated (P-O-P´-linked) dinuclear sites. This observation is consistent 

with the presence of Q
2

3
-Q

1

2
 sites, as shown in Table 3.2. Their presence in nearly-dry P-SPP 

was suggested by the RESPIRATIONCP results (Figure 3.3b), which revealed a second type of Q3 

site (in addition to mononuclear Q
3

3
). The postulated Q

2

3
-Q

2

3
 sites should generate Q

2

3
-Q

1

2
 sites 

upon hydrolysis. Such a transformation is consistent with the greater susceptibility of the P-

O-Si linkage relative to the P-O-P linkage.  

The RFDR spectrum of partly-hydrolyzed P-SPP shows on-diagonal peaks for all four 

Qn regions (Figure 3.6c). A pair of cross-peaks at (-12, -26) and (-26, -12) ppm correlates Q1 

and Q2 signals, and hence implies a P-O-P´ relationship between them. A second pair of cross-

peaks at (-2, +18) and (+18, -2) ppm correlates Q3 and Q2 spinning sidebands. A cross-peak 

at (-23, -2) ppm relates the isotropic Q2 signal to a Q3 spinning sideband, while a cross-peak 

at (+15, -38 ppm) relates a Q2 sideband to the isotropic Q3 signal. These correlations confirm 

the existence of P-O-P´ linkages in two kinds of dinuclear P-sites, giving rise to Q2-Q1 and 

Q3-Q2 signals (Table 3.2). The 1D projections of the corresponding rows in the Q
2
 (green) 

and Q
1
 (red) regions show the appropriate cross-peaks (Figure 3.6d). In combination with the 

29Si-filtered 31P DCP NMR results, this finding suggests two kinds of dinuclear P-sites in 

partly-hydrolyzed P-SPP, depicted in Table 3.2 as Q
2

3
-Q

1

2
 and Q

1

2
-Q

0

1
. 
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3.2.8 Origin of the P-site distribution in P-SPP 

Based on all the spectroscopic information presented thus far, the P-sites and their 

hydrolysis pathways are summarized in Scheme 3.4. Due to the low P-loading (Si/P = 27), we 

consider only mononuclear and dinuclear P-sites in this minimal model. However, the co-

existence of larger oligomers in P-SPP cannot be ruled out. Certain trinuclear mixed species, 

shown in the SI, would also give signals consistent with the experimental observations.  

 

 

Scheme 3.4 Proposed structures for the major P-sites in P-SPP and their corresponding Q
m

n
 

signal designations, as well as their likely hydrolysis pathways.  

 

In the top row of Scheme 3.4, surface-bound Q
3

3
 sites reflect condensation of H3PO4 

with silanol nest defects in the SPP micropores and/or external (mesopore) silanols. These 
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sites should be converted by hydrolysis to Q
2

2
, Q

1

1
, and finally, Q0 sites. Both Q

3

3
 and Q

2

2
 signals 

are present in the spectrum of the partly-hydrolyzed material. However, the NMR signature 

of surface-bound Q
1

1
 was not observed in the 29Si-filtered 31P DCP spectrum of partly-

hydrolyzed P-SPP, suggesting that this site is particularly unstable towards hydrolysis, and 

hence evades detection. 

In the second row of Scheme 3.4, dinuclear surface-bound Q
2

3
-Q

2

3
 sites reflect reactions 

of H4P2O7 with silanol nests. Hydrolysis of one of the P-O-Si bonds would result in formation 

of Q
2

3
-Q

1

2
 sites (consistent with the DCP results reported above, and confirmed by RFDR). 

Further P-O-Si hydrolysis would account for our observations of several mixed P-sites: Q
2

3
-

Q
0

1
, Q

1

2
-Q

1

2
, and Q

1

2
-Q

0

1
 as well as free pyrophosphoric acid (Q

0

1
-Q

0

1
). The intermediate 

hydrolysis products Q
1

2
-Q

1

2
 and Q

0

1
-Q

0

1
, while expected, cannot be observed by RFDR. 

However, the presence of Q
0

1
-Q

0

1
 sites can be inferred from the observation of a Q1 signal in 

the 1H-31P CP spectrum of partly hydrolyzed P-SPP (Figure 3.5b), combined with the finding 

that these are not Q
1

1
 sites based on analysis of the 29Si-filtered 31P DCP spectrum. Thus we 

conclude that the Q1 signals represent Q
0

1
-Q

0

1
 sites. Eventually, all surface-bound P-sites are 

converted to Q0 sites in the fully-hydrolyzed state. However, the persistence of P-O-P linkages 

and the late appearance of the Q0 signal, is consistent with the expected greater hydrolytic 

instability of P-O-Si relative to P-O-P. 
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3.3 Conclusions  

Phosphorus-modified self-pillared pentasil (P-SPP) is highly selective in the formation 

of biomass-derived commodity chemicals such as p-xylene and butadiene.14,15 The origin of 

the catalytic activity lies in the structures of its confined P-sites, whose moderate Brønsted 

acidity (P-OH) promotes selective transformations aided by the shape- and size-constraints of 

the zeolite micropores. The nature of the P-sites, including how they interact with the zeolite 

framework and with each other, was explored using DNP-enhanced solid-state NMR 

spectroscopy, including RESPIRATIONCP NMR, 29Si-filtered 31P DCP NMR, and 2D 31P-31P 

correlation NMR, in combination with DFT calculations. Dry P-SPP contains predominantly 

two types of fully-condensed P-sites: mononuclear (Q
3

3
) and oligomeric (most likely dinuclear, 

Q
2

3
-Q

2

3
). Although neither is acidic, the NMR results confirm that both are surface-bound. 

Their presence was confirmed by 29Si-filtered 31P DCP correlation NMR spectroscopy. The 

mononuclear site undergoes hydrolysis of a P-O-Si linkage to form a Q
2

2
 site, before eventually 

being converted to H3PO4 (Q
0), presumably via an unstable Q

1

1
 intermediate.  

Frequency-selective detection using RESPIRATIONCP suggests the presence of additional 

dinuclear P-sites with both P-O-Si and P-O-P linkages in dry P-SPP. The most likely candidate 

is surface-bound Q
2

3
-Q

2

3
. It is rapidly converted to a Q

2

3
-Q

1

2
 site, detected by 2D 31P-31P 

correlation NMR, via selective hydrolysis of a P-O-Si linkage when the zeolite is briefly 

exposed to moisture. Further hydrolysis leads to the formation of other surface-bound 

dinuclear sites such as a Q
1

2
-Q

0

1
 site, leading eventually to non-surface-bound H4P2O7 (Q0

1
-Q

0

1
). 

The P-O-P linkage is the last to hydrolyze, finally forming H3PO4 (Q
0).  



 

 105 

This study reveals that the Brønsted acidity in P-SPP arises from a diverse mixture of 

partly-hydrolyzed surface-bound and non-surface-bound mononuclear and dinuclear sites, 

even at low P-loadings (P/Si = 27). The presence of trinuclear and higher oligomers cannot be 

excluded, and are presumably even more important for zeosils with higher P contents. The P-

site distribution is determined by the extent of hydrolysis, and has important consequences for 

the Brønsted acidity. Although the precise identities of the active sites in P-zeosils have yet to 

be established, and must be under reaction conditions, this work represents a step toward the 

rational design of supported acid catalysts with improved activity and selectivity. 

 

3.4 Experimental 

3.4.1 Sample Preparation 

P-modified self-pillared pentasil (P-SPP), with Si/P = 27, was synthesized following 

a previously described procedure.19 The material was dried by dehydration at 450 °C and <10-

4 Torr for 12 h, then packed and sealed in a 3.2-mm zirconia NMR rotor in a N2-filled glove-

box. To obtain partially hydrolyzed materials, the rotor cap was removed manually for a short 

period of time (timed with a stopwatch), then replaced. Air-exposure times are approximate. 

The experiments reported in Figure 3.2 were performed on consecutive days, when the relative 

humidity varied between 74 and 78 % during the measurement time. 

 

3.4.2 Direct excitation solid-state MAS-NMR spectroscopy 

31P MAS-NMR measurements were performed at room temperature on a Bruker 

AVANCE III Ultrashield Plus 18.8 T Spectrometer (corresponding to 1H and 31P frequencies 
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of 800 and 323.85 MHz, respectively) at a MAS frequency of 20 kHz. The sample was packed 

in a 3.2 mm zirconia rotor with N2 gas as both bearing and drive gas to ensure a no exposure 

to moisture during data acquisition. A single 90 ° excitation pulse of length 7 μs was used on 

the 31P channel. An aqueous phosphoric acid solution (1 M) provided the chemical shift 

reference. 

 

3.4.3 DNP-enhanced MAS-NMR spectroscopy 

  To acquire DNP-enhanced MAS-NMR spectra, 1,1,2,2-tetrachloroethane (TCE, 

Sigma-Aldrich) was dried using standard procedures79 and stored over molecular sieves in a 

Schlenk flask equipped with a Teflon stopcock. The TEKPOL biradical (Cortecnet) was 

dissolved in TCE under N2 atmosphere to give a 16 mM solution. In a N2-filled glove-box, 

dehydrated P-SPP (30 mg) was mixed with 60 μL of the biradical solution. The resulting paste 

was packed into 3.2-mm sapphire rotor and sealed in a glass ampule for transfer to the 

spectrometer. No radical quenching was observed within one week of rotor packing, as judged 

by the lack of apparent change in the 31P NMR intensities. Experiments were performed on a 

Bruker 400 MHz MAS-DNP-NMR system at 9.4 T and -178 °C, using as MAS frequency 

either 5 or 7 kHz. The latter is the maximum spinning rate we can achieve under DNP 

conditions. Ramped Cross-polarization (ramped-CP), with a ramp on the 1H channel and a 

rectangular shape on the X (31P or 29Si) channel, was applied to accomplish both 1H-31P and 

1H-29Si polarization transfers. The CP efficiency was optimized by varying the RF amplitude 

(power level) on the X channel while fixing the proton RF amplitude at 68 kHz, with a ramp 

from 70 to 100 % power. For 1H-31P CP, a contact time of 2 ms was used, with SPINAL-64 

decoupling (RF amplitude 110 kHz and 3.8 μs pulse length) during acquisition. Frequency-
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selective 1H-31P cross-polarization was achieved using the Rotor Echo Short Pulse Irradiation 

Cross-Polarization (RESPIRATIONCP) pulse sequence,60 with short pulse length of 5 μs. CSA 

parameter fitting was performed using the Solid Line Shape Analysis (SOLA) toolbox in 

Topspin-4.0.6 (Bruker), which uses the Haeberlen convention80 for the chemical shift tensor 

parameters, |δzz – δiso| ≥ |δxx – δiso| ≥ |δyy – δiso|, where the isotropic CS is defined as δiso = (δ11 

+ δ22 + δ33)/3, the CSA is Δδ =  δzz – (δxx + δyy)/2, and the asymmetric parameter is η = (δyy - 

δxx)/( δzz - δiso). The program uses a simplex algorithm to optimize the overlap between 

simulated and experimental spectra by varying the chemical shift tensor parameters, and line-

broadening in each iteration. The uncertainties in the fit parameters were determined by 

manually varying the CSA and CSiso  one by one from the optimum values until the overlap 

decreased by ±1 %. This change resulted in a visually detectable decrease in fit quality. 

Reported parameter values are the average of the values in the two error limits.    

  29Si-filtered 31P DCP spectra were recorded by exciting the 29Si sites using 10 ms of 

1H-29Si CP (Figure A3.18) contact time, prior to the DCP block for the 29Si-31P polarization 

transfer. The 1H-29Si mixing time was optimized to maximize 29Si peak intensities. During 

DCP, the RF amplitude on the 29Si channel was varied adiabatically using a tangential shape,81 

while a square pulse was used on the 31P channel and SPINAL-64 decoupling (110 kHz RF 

amplitude and 3.8 μs pulse length) on the 1H channel . The RF amplitudes during the DCP 

block were optimized by varying the power level on the 31P channel while keeping the 29Si 

power level fixed. The optimum amplitudes were found to be 39.5 and 31.5 kHz on the 29Si 

and 31P channels, respectively. Previously, the mixing time τDCP = 40 ms (used for 29Si-31P 

polarization transfer via DCP) was shown to be optimal for detecting P-O-Si linkages in 

previous studies of silicophosphates.74 To record buildup curves of nearly-dry and hydrolyzed 
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materials, τDCP was varied from 10 to 50 ms in steps of 10 ms. For the partly-hydrolyzed 

material, τDCP was varied from 10 to 40 ms in steps of 5 ms. Peak intensities for the nearly-

dry material were determined by summing the areas under the isotropic peaks in the region -

20 to -65 ppm, as well as the areas under the most intense of the corresponding spinning 

sidebands, i.e., in the region from +30 to -15 ppm. For the partly-hydrolyzed material, only 

the isotropic peak intensities were considered because the sidebands are much weaker. To 

obtain IDCP/ICP and plot the buildup curves, the area under each peak and its corresponding 

sidebands was normalized by the number of scans, then divided by the normalized 1H-31P CP 

peak area in the same region. The buildup time TDCP was obtained from each buildup curve 

using a simple mono-exponential model, IDCP/ICP = a(1-exp(-τDCP/TDCP)).  

  31P-31P correlation spectra were recorded using a Radio Frequency Driven Recoupling 

(RFDR) pulse sequence. DNP-enhanced 1H-31P ramped-CP was used with the aforementioned 

parameters to increase sensitivity. RFDR was performed using 180 ° pulses of length 5.6 μs 

on the 31P channel for two mixing times: 714 and 1428 µs, corresponding to 5 and 10 rotor 

periods, respectively, at 7 kHz MAS. 2D experiments were performed using 160 increments 

in the indirect dimension, with 8 scans per increment. 1H decoupling was achieved with 

SPINAL-64 decoupling (110 kHz RF amplitude and 3.8 μs pulse length) during the acquisition 

and the indirect delay, while CW irradiation (110 kHz amplitude) was used during RFDR 

mixing period. The 1D projections were calculated in Topspin-4.0.6 by summing the rows of 

the 2D spectrum in the range -49 to -34 ppm for Q3, -32 to -21 ppm for Q2 and -6 to 7 ppm 

for * (spinning sideband of Q3). The ratio of the areas of the off-diagonal peaks to the diagonal 

peaks was used to determine the extent of polarization transfer.  
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The numerical simulations for determining the optimum RFDR mixing time were 

performed using SIMPSON-4.0.82 A spin system was constructed with two 31P spins, 

corresponding to Q2 and Q3 signals with appropriate chemical shift tensor parameters 

(isotropic chemical shifts of -43 and -29 ppm, and anisotropies of -190 and -125 ppm, 

respectively). The MAS frequency of 7 kHz and proton frequency of 400 MHz were used in 

the simulations to mimic the experimental conditions. Buildup curves were simulated for 

dipolar couplings of 1200, 900, 600, and 300 Hz (Figure A3.10). For a P-P dipolar coupling 

typical of a P-O-P linkage (ca. 900 Hz), maximum polarization transfer using RFDR was 

achieved after ca. 700 μs. 

 

3.4.4 Electronic structure calculations 

All electronic structure calculations were performed with Gaussian 0983 at the 

M062X/aug-cc-pvtz level of theory. The SCF cycle convergence was set at 10-8, and optimized 

geometries were converged to 0.0003 Ha/Bohr. Stationary points were verified by vibrational 

frequency analysis (zero imaginary frequencies). 
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3.6 Appendix 

 

 

Figure A3.1 The effect of ambient exposure time (correlated with the amount of adsorbed 

water), on the P speciation in P-SPP at room temperature. 31P MAS NMR spectra were 

recorded after each air exposure time, as noted. All spectra were recorded at room temperature 

in an 18.8 T magnet using 20 kHz MAS. Spinning sidebands for Q1, Q2, and Q3 signals are 

indicated by * in red, green, and black, respectively. Each 31P NMR spectrum corresponds to 

a data point in Figure 3.2b (main text). 
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Figure A3.2 31P MAS NMR spectrum of P-SPP, recorded after extended ambient exposure 

(several days). The spectrum was recorded at room temperature in an 18.8 T magnet, using 

20 kHz MAS. 

 

 

Figure A3.3 Comparison of MAS-NMR spectra (direct and CP) for nearly-dry P-SPP: (a) 31P 

MAS-NMR, and (b) 29Si MAS-NMR, acquired with (black and red) or without (green and 

blue) DNP. The spectra were recorded at 9.4 T with MAS frequency 7 kHz and at temperature 

95 K (i.e., DNP conditions). The experimental acquisition time for each spectrum is noted in 
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the legend on the right. The DNP-enhanced CP spectra show a significant sensitivity boost, 

which is helpful in performing the advanced NMR spectroscopy experiments shown in the 

main text. 

 

 

Figure A3.4 A comparison of direct 31P spectra of P-SPP recorded (a) at 9.4 T under DNP 

conditions, 95 K with 7 kHz MAS, for a nearly-dry (after 2 mins of ambient exposure) sample, 

and (b) at 18.8 T and room temperature with 20 kHz MAS, for a similarly nearly-dry (after 1 

min of ambient exposure) sample. The isotropic peaks are better resolved at 18.8 T, but cannot 

be directly compared to the spectrum at 9.4 T, given the slightly different state of the sample 

determined by different experimental conditions.  
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Figure A3.5 Pulse sequences used to record (a) RESPIRATIONCP, (b) DCP and (c) RFDR 

experiments under DNP conditions. 
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Figure A3.6 Comparison of DNP-enhanced 1H-31P CP-MAS spectra of nearly-dry P-SPP, 

recorded using (a) ramped CP, and (b-e) RESPIRATIONCP. All spectra were acquired at 9.4 T and 

95 K, using either 7 kHz (solid) or 5 kHz (dashed) MAS frequency. (The spectra recorded 

with 7 kHz MAS are also shown in Figure 3 in the main text.) The isotropic peak positions 

were confirmed by comparing the spectra at the two MAS frequencies. Spinning sidebands at 

7 and 5 kHz are denoted by * and ˟, respectively. The RF frequency for RESPIRATIONCP was set 

at (b) 0 ppm, (c) -11 ppm, (d) -25 ppm, or (e) -42 ppm. The spectra in (b) show evidence for 

Q3 signals (with 7 kHz MAS) and for a Q2 signal (with 5 kHz MAS) because, at their 

respective MAS frequencies, the spinning sidebands of both signals appear at 0 ppm. In (c), 

the spectrum recorded with 5 kHz MAS shows a Q1 signal, but no Q3 signal is observed unlike 



 

 126 

7 kHz MAS. This is expected because at 5 kHz MAS the rotor period to short pulse length of 

the RESPIRATIONCP becomes longer compared to MAS 7 kHz, which make it more narrow 

banded such that the Q3 sideband goes out of the optimum RESPIRATIONCP frequency range. In 

(d) and (e), isotropic peaks are observed in the Q2 and Q3 regions with their spinning 

sidebands, as expected and discussed in the main text. 

 

 

Figure A3.7 DCP spectra for (a) nearly-dry, (b) partly-hydrolyzed, and (c) fully-hydrolyzed 

P-SPP. All spectra were acquired using DNP at 9.4 T, 7 kHz MAS, and 95 K. The DCP spectra 

in (a) and (c) were acquired using mixing times of 10, 20, 30, 40 and 50 ms, and in (b) using 

8, 16, 24, 32 and 40 ms, increasing from bottom to top. The 1H-31P CP spectra (brown) are 

shown for reference. The grey, green and red bars indicate regions used for calculating peak 

areas for Q3, Q2 and Q1 signals. Buildup curves for 29Si to 31P polarization transfer using DCP 

are shown in Figure 4 of the main text and Figure A3.6. Spinning sidebands are denoted by *. 
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Figure A3.8 The DCP vs. CP buildup curve for the Q0 signal of hydrolyzed P-SPP, for various 

mixing times (𝜏m). The solid line is the curvefit obtained using a mono-exponential model. 

 

Figure A3.9 Numerical simulations of 31P-31P polarization transfer curves, assuming a two-

spin system with chemical shift tensors in the Q2 and Q3 regions, shown as function of mixing 

time, τM (ms). The simulations were performed on SIMPSON,12 a simulation program for 

solid-state NMR experiments, using 180° pulses of length 7.04 μs. Dipolar couplings with 
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300, 600, 900 and 1200 Hz ,corresponding to the relative distances of 4.03, 3.20, 2.80 and 

2.54 Å between the two 31P spins, were considered.  

 

 

Figure A3.10 DNP-enhanced 31P-31P correlation spectra, probing the existence of P-O-P′ 

linkages and types of P-site oligomers for: (a) dry P-SPP-27, and (b) partially hydrolyzed P-

SPP-27. Both spectra were recorded at 9.4 T and 7 kHz MAS frequency, with a RFDR mixing 

time of 1428 µs. (RFDR spectra acquired at a mixing time of 714 µs are shown in Figure 3.5 

in the main text.) The dashed lines indicate self-correlations of the isotropic peaks and their 
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spinning sidebands. The “+” symbols indicate cross-peaks for Q
m

3
–Q

m

2
 signals. Asterisks 

indicate cross-peaks for Q
2
–Q

1
 signals. 

 

 

 

Figure A3.11 Comparison of the 1H-31P CP spectrum (top row) of nearly-dry P-SPP with the 

1D projections from RFDR spectral analysis (4 bottom rows). Black and green spectra 

correspond to Q3 and Q2 regions, respectively. The solid lines belong to the 2D RFDR plots 

in Figure 3.6a of the main text. It was recorded with a short mixing time (τM = 0.714 ms). The 

dashed lines are from the 2D spectra shown in Figure A3.8a, acquired using a long mixing 

time (τM =1.428 ms). The comparable intensities of the Q2 and Q3 signals (corresponding to 

short and long τM values, respectively) indicate that the 31P-31P coupling is less than 900 Hz 

(see simulations in Figure A3.7).   

 



 

 130 

 

Figure A3.12 Comparison of the 1H-31P CP spectrum (top row) for partly-hydrolyzed P-SPP 

with the 1D projections from RFDR spectral analysis (6 bottom rows). Black, green and red 

spectra correspond to Q3 (black), Q2 (green) and Q1 (red) regions. The solid-lines belong to 

the 2D RFDR plots in Figure 3.6b of the main text. It was recorded with a short mixing time 

(τM = 0.714 ms). The dashed lines are from the 2D spectra shown in Figure A3.8b,a acquired 

using a long mixing time (τM =1.428 ms). The intensities of the Q2 and Q3 signals 

corresponding to short and long τM values, respectively, are comparable or lower, indicating 

that the 31P-31P coupling is less than 900 Hz (see simulations in Figure A3.7).    
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Figure A3.13 DFT-optimized geometries of Q
0
, Q

1

1
 and Q

2

2
 cluster models: (a), (c), and (e) 

Lowest occupied molecular orbital (LUMO, anti-bonding), showing equal distribution of the 

amplitude over the three equivalent hydrogen atoms. (Color code: H: white; O: red; P: orange.) 

Energies are summarized in Table A3.3. (b), (d) and (f) show the chemical structures 

corresponding to (a), (c) and (e), with acidic hydroxyls shown in red. 
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Figure A3.14 DFT-optimized geometries of the dinuclear cluster models Q
0

1
-Q

0

1
, Q

1

2
-Q

0

1
, Q

2

3
-

Q
0

1
, Q

1

2
-Q

1

2
 and Q

1

3
-Q

1

2
 in their lowest energy structures. (a), (c), (e), (g), and (i) are depictions 

of the LUMO, showing the distribution of the amplitude over the acidic H atoms. (Color code: 

H: white; O: red; P: orange; Si: grey.) Energies are summarized in Table A3. (b), (d), (f), (h) 

and (j) are the chemical structures corresponding to (a), (c), (e), (g), and (i), respectively, with 

acidic hydroxyls are shown in red.   

  



 

 133 

 

Figure A3.15 DFT-optimized geometries of higher energy conformers for the dinuclear 

cluster models Q
0

1
-Q

0

1
, Q

1

2
-Q

0

1
, Q

1

2
-Q

1

2
 and Q

1

3
-Q

1

2
, each with one less intramolecular H-bond 

compared to the minimum-energy geometries shown in Figure A3.12. (a), c), e) and (g) depict 

LUMOs, showing the distribution of the amplitude over the acidic H atoms that do not 

participate in intramolecular hydrogen bonds. (Color code: H: white; O: red; P: orange; Si: 

grey.) Energies are summarized in Table A3. (b), (d), (f), and (h) are the chemical structures 

for (a), (c), (e), and (g), respectively, with acidic hydroxyls shown in red.   
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Figure A3.16 DFT-optimized geometries of the trinuclear cluster models Q
2

3
-Q

0

2
-Q

0

1
 and Q

1

2
-

Q
0

2
-Q

1

2
. (a) and (b) depict LUMOs, showing the distribution of the amplitude over the acidic 

H atoms. (Color code: H: white; O: red; P: orange; Si: grey.) Energies are summarized in 

Table A3.3. (c) and (d) are the chemical structures corresponding to (a) and (b) respectively. 
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Figure A3.17 DNP-enhanced 1H-31P and 1H-29Si CP-MAS NMR spectra of P-SPP in three 

hydrolysis states, recorded at 9.4 T and 95 K with 7 kHz MAS.  

 

Table A3.1 Parameters obtained by fitting the simulated spectrum of the CSA model in 

Topspin to experimental spectra of P-SPP a  

Air 

exposure time 

(min) 

CSiso 

(ppm) 

CSA 

(ppm) 

η LB (kHz) 

0 -44 ±2 -205±29 0.1 3.5 

1 -44±2 -160±9 0.1 3.0 

a The spectra were recorded at 18.8 T, using 20 kHz MAS. 
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Table A3.2 Optimized Geometries 

Geometries of optimized models, at the M062X/aug-cc-pvtz theory level. 

 

Q0 (Electronic energy: -644.21035549 Ha): 

 P   -0.37284100    0.50212300    0.03518800 

 O   -1.94859600    0.39462200   -0.12252200 

 H   -2.40257700    1.18178300    0.19564600 

 O    0.07632000    1.02594300   -1.39440500 

 H    0.94118200    1.44849200   -1.37328500 

 O    0.07617600   -1.01988500   -0.00315100 

 H    0.18182700   -1.39129000    0.87881200 

 O    0.10501400    1.28145500    1.18151700 

 

 

Q
1

1
  (Electronic energy: -934.92785612 Ha): 

 P    -0.36897400    0.70845800    0.23784300 

 O    -1.94219900    0.81480400    0.06314400 

 H    -2.30786000    0.24917600   -0.62459200 

 O     0.22561800    0.94157800   -1.22575700 

 H     0.63126500    1.81110200   -1.30693100 

 O    -0.10742400   -0.83034400    0.45026600 

 O     0.16093700    1.59827100    1.27088200 

 Si    0.92028200   -1.53836900    1.58052900 
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 H     0.88090200   -2.97660100    1.27284000 

 H     2.27797000   -0.99706900    1.40352300 

 H     0.41161100   -1.27219000    2.93477000 

 

 

Q
2

2
  (Electronic energy: -1225.64798458 Ha): 

 P     -0.21291900    0.65451900   -0.18939900 

 O     -1.75258100    0.83337000   -0.45229400 

 O      0.41965400    0.55978700   -1.64505200 

 H      1.04314000    1.27649800   -1.80046600 

 O     -0.09754400   -0.81628800    0.35106300 

 O      0.38767800    1.68562600    0.67184300 

 Si     0.76718300   -1.34983600    1.68974300 

 H      0.60307100   -2.81166800    1.68933900 

 H      2.18350400   -0.97762700    1.53581800 

 H      0.19326300   -0.75495700    2.90774400 

 Si    -2.76957000    2.00077900    0.20121200 

 H     -2.32218000    3.33582300   -0.22848800 

 H     -4.10058800    1.69143900   -0.34365700 

 H     -2.76134900    1.88736000    1.66927500 

 

 

Q
0

1
-Q

0

1
  (Electronic energy: -1211.99762558 Ha): 
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 P    -1.36945800    0.04902300   -0.00247200 

 O     0.00000000    0.00000000    0.86169300 

 O    -2.51038400    0.08733100    1.07596100 

 H    -2.92388700    0.95489500    1.14613500 

 O    -1.50817700   -1.39888400   -0.58519400 

 H    -0.66478200   -1.69843500   -0.97770000 

 P     1.36945800   -0.04902300   -0.00247200 

 O     2.51038400   -0.08733300    1.07596100 

 H     2.92388400   -0.95489800    1.14613500 

 O     1.50817800    1.39888500   -0.58519200 

 H     0.66478400    1.69843700   -0.97769900 

 O     1.31372500   -1.18501800   -0.93803600 

 O    -1.31372600    1.18501900   -0.93803400 

 

 

Q
1

2
-Q

0

1
  (Electronic energy: -1502.71616999 Ha) 

 P     1.33773600   -0.17173500    0.00784800 

 O     0.09295600    0.72020300    0.53781500 

 O     2.38662000   -0.10466600    1.17656200 

 H     2.46171900   -0.94049100    1.64986300 

 O     2.00490700    0.71445500   -1.09754200 

 H     1.32828700    1.06796600   -1.70948900 

 P    -1.15845000    0.84019300   -0.48907400 
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 O    -2.16475400    1.76573300    0.24228300 

 O    -1.84528400   -0.58092100   -0.41172800 

 H    -1.19085000   -1.29373100   -0.54336200 

 O    -0.67025900    1.28467400   -1.80048600 

 O     0.85700800   -1.51555500   -0.35634800 

 Si   -3.29223300    1.48264700    1.46621100 

 H    -4.46745700    0.82974600    0.87142100 

 H    -2.66170600    0.62819500    2.48608500 

 H    -3.62142800    2.81083200    2.00002100 

 

 

Q
2

3
-Q

0

1
  (Electronic energy: -1793.43151111 Ha): 

 P    1.63208900   -0.20886000   -0.42427900 

 O    0.55303500    0.97550900   -0.15694100 

 O    0.65259500   -1.42724800   -0.78085900 

 H    0.81049100   -1.75441700   -1.67329000 

 O    2.19146800   -0.53879500    0.99842600 

 H    1.50669400   -0.46861200    1.69904600 

 P   -0.61187500    0.90660400    0.94322800 

 O   -1.85456700    0.33584200    0.17660000 

 O   -0.96231000    2.40081300    1.18146000 

 O   -0.18800900    0.13599600    2.12283700 

 O    2.59765000    0.11586800   -1.46248800 
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 Si  -2.47638700   -1.21995000   -0.03382900 

 H   -3.91259400   -1.11058100    0.26781100 

 H   -2.27574800   -1.58763500   -1.44395300 

 H   -1.79594600   -2.14254500    0.88405600 

 Si  -1.84625000    3.53444700    0.30225300 

 H   -3.27678200    3.28098200    0.53726800 

 H   -1.43775400    4.84386200    0.82586400 

 H   -1.50834200    3.38154900   -1.12258700 

 

 

Q
1

2
-Q

1

2
 (Electronic energy: -1793.43489736 Ha) 

P       0.69255800   -1.24195400    0.13267500 

O     -0.14671800    0.04454700    0.65903200 

O       1.46268400   -1.73224700    1.38775300 

O       1.82535800   -0.61076200   -0.76856700 

H       1.44329700    0.01412100   -1.41647400 

P       -1.08078900    0.75716500   -0.46197300 

O       -1.73612400    1.94609000    0.29014500 

O       -2.27625800   -0.25601400   -0.65709400 

H       -1.94045100   -1.16099100   -0.81364300 

O       -0.26660500    1.08155800   -1.64017900 

O      -0.22560400   -2.19693300   -0.50085600 

Si       -3.06270500    2.03396800    1.32977600 
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H       -4.29139900    1.95033900    0.52693600 

H       -2.97149000    0.92295600    2.29149700 

H      -2.94013600    3.33740000    1.99652100 

Si       2.89516100   -1.21009300    2.11152700 

H       2.86996000    0.26035800    2.18043300 

H       2.88883600   -1.81439900    3.45071000 

H      4.02715400   -1.69126900    1.30634000 

 

Q
2

3
-Q

1

2
  (Electronic energy: -2084.15131312 Ha): 

P   1.65958700   -0.04419300   -0.50049100 

O   0.54177700    1.09040900   -0.18555400 

O   0.73287900   -1.27799900   -0.87055200 

O   2.27966600   -0.37316600    0.90046600 

H   1.60084100   -0.39840900    1.60755200 

P   -0.61271600    0.92041200    0.91586200 

O   -1.84625500    0.37106400    0.11741300 

O   -1.00342800    2.38635500    1.24985000 

O   -0.16325100    0.08964300    2.04285300 

O    2.59498100    0.34248200   -1.54743800 

Si  -2.37693000   -1.16799300   -0.31852800 

H   -3.83413800   -1.14824700   -0.11771300 

H   -2.06003800   -1.35983000   -1.74443200 

H   -1.72150400   -2.17401900    0.52831200 
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Si  -1.90140500    3.55713700    0.43667600 

H   -3.32880000    3.25392000    0.62799700 

H   -1.53496400    4.83611500    1.05776400 

H   -1.53735400    3.51309100   -0.98927600 

Si   0.87682600   -2.26676500   -2.23043900 

H    2.25467800   -2.77056500   -2.32317700 

H   -0.07681800   -3.36201500   -1.98501500 

H    0.49348000   -1.49961400   -3.42643800 

 

  

Q
1

2
-Q

0

2
-Q

1

2
  (Electronic energy: -2361.21673235 Ha): 

 

 P                 -1.33068300    0.63491000    0.85770800 

 O                  0.14428700    0.86460300    0.12733800 

 O                 -0.97664300   -0.15505500    2.15275400 

 H                 -0.23364900   -0.81625800    2.11908400 

 O                 -2.02631600   -0.35006000   -0.13541000 

 P                  1.08466000   -0.00182300   -0.77666000 

 O                  2.28876700   -0.44497000    0.19745900 

 O                  1.75639100    1.03641200   -1.73842700 

 H                  1.68841400    1.95772800   -1.46253300 

 O                  0.50537600   -1.18771500   -1.42480200 

 O                 -1.98144700    1.91988500    1.03931200 
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 P                  2.18399200   -1.83306000    1.02874700 

 O                  1.03910100   -1.80397000    1.95023600 

 O                  3.57450800   -1.97193000    1.69011100 

 O                  2.17404500   -2.95282900   -0.07826700 

 H                  1.49637100   -2.77252500   -0.75903000 

 Si                 5.08075000   -2.48721300    1.11676100 

 H                  6.05280700   -1.98851700    2.09713400 

 H                  5.06644500   -3.95537100    1.05383800 

 H                  5.28545100   -1.89055000   -0.21332500 

 Si                -2.21809000   -2.00594800   -0.33824700 

 H                 -3.52590800   -2.35657800    0.24249000 

 H                 -2.20014800   -2.27269900   -1.78126400 

 H                 -1.14059700   -2.71524600    0.37439500 

 

 

Q
2

3
-Q

0

2
-Q

0

1
 (Electronic energy: -2361.21612668 Ha): 

 

 P                 -1.02945600    0.31009600    0.57546800 

 O                  0.51723100    0.38833500   -0.04083500 

 O                 -0.88422100   -0.70351300    1.75330200 

 H                  0.01485300   -0.84766700    2.14910200 

 O                 -1.82022500   -0.47590000   -0.54054600 

 H                 -1.44872000   -1.35506600   -0.71584200 
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 P                  1.32727100   -0.77491500   -0.72665000 

 O                  2.62819300   -0.94684300    0.19817500 

 O                  1.91566000   -0.14909600   -2.03895900 

 H                  1.98609700    0.81239300   -2.04250500 

 O                  0.59373800   -2.03501100   -0.89707600 

 O                 -1.51847100    1.65379200    0.82572300 

 P                  2.61226600   -1.75583000    1.60398300 

 O                  1.55407400   -1.26965300    2.50209500 

 O                  4.05989000   -1.53888200    2.10932500 

 O                  2.51954500   -3.25130200    1.19409100 

 Si                 5.59300200   -1.62101200    1.41127100 

 H                  6.51654600   -1.90436900    2.51636900 

 H                  5.58114000   -2.70107300    0.41061200 

 H                  5.87163100   -0.31890600    0.78684700 

 Si                 1.22577400   -4.33672400    0.98929000 

 H                 -0.02224900   -3.66572600    1.37452200 

 H                  1.24965600   -4.78612000   -0.40620600 

 H                  1.53598900   -5.45038800    1.90185300 
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Table A3.3 LUMO energies for various model sites 

Model site 

LUMO Energy (mHa) 

Equilibrium geometry Non-equilibrium 

geometrya,b 

Q0 -18.2 - 

Q
1

1
 -18.0 - 

Q
2

2
 -11.9 - 

Q
0

1
-Q

0

1
 -21.0 -26.1 (11.6) 

Q
1

2
-Q

0

1
 -18.7 -22.3 (11.0) 

Q
1

2
-Q

1

2
 -13.1 -20.6 (16.3) 

Q
2

3
-Q

0

1
 -17.2 -17.2 (n/a)c 

Q
2

3
-Q

1

2
 -14.7 -19.3 (17.1) 

Q
2

3
-Q0

2
-Q

0

1
 -26.3 (for Q

0

2
) - 

Q
1

2
-Q

0

2
-Q

1

2
 -24.6 (for Q

0

2
) - 

a Low-lying non-equilibrium geometries with broken intramolecular hydrogen bonds 

were isolated from relaxed scans in the direction of a P-O-P=O torsion and then re-

optimized to the nearest local minimum. 

b Energies of the local minima relative to the equilibrium geometry, in kJ/mol. 

c Local minimum with fewer intramolecular hydrogen bonds not found. 
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Scheme A3.1  Relative acidities of P-site models, for (a) mononuclear and (b) dinuclear sites, 

according to DFT calculations of LUMO energies. The acidic hydroxyls are shown in red.     
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Scheme A3.2 Hydrolysis pathways consistent with NMR observations. Paths a and b are 

described and shown in the main text. Path c considers the trimeric Q
2

3
-Q

0

2
-Q

2

3
 structure. It is 

proposed based on the DCP buildup curves, which suggest Q3 sites are strongly coupled to 

the 29Si of the P-SPP relative to the Q2 sites. Hydrolysis of Q
2

3
-Q

0

2
-Q

2

3
 gives rise to multiple 

possibilities, including Q
1

2
-Q

0

2
-Q

1

2
. Their presence cannot be confirmed by multi-quantum 

NMR, due to the short relaxation times of the 31P spins in the P-SPP material.  
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Chapter 4: Stabilization of P-sites in P-zeosils by Increased Framework 

Hydrophobicity 

 

4.1 Introduction 

The tunable micropores and acid site densities of zeolites make them powerful as 

shape-selective catalysts for upgrading biomass-derived molecules to higher value 

chemicals.1–6 However, biomass conversion frequently involves reactants that entrain water, 

and/or dehydration reactions that generate it. This is a concern because zeolites tend to be 

unstable in hot water, and in the presence of steam.7 When zeolite frameworks, such as ZSM-

5 are exposed to hot water or steam, dealumination and hydrolysis of Si-O-Si and Si-O-Al 

bonds results in a partially amorphous material, which can lead to deactivation of the catalyst 

and lower yields of desired products such as H2, CH4, and coke precursors.8–10 Zeolite stability 

can be enhanced by dealumination, which increases hydrophobicity, and by P-modification.11–

14 Brønsted acidic zeolites functionalized with organosilanes that cap silanol defects also have 

higher hydrolytic stability compared to their hydrophilic unfunctionalized analogs,11 and are 

therefore more stable catalysts for alcohol dehydration and alkylation of 2-propanol and m-

cresol, respectively.9  

Al-free zeolites (aka zeosils) are more hydrophobic and therefore more stable towards 

hydrolysis than materials with low Si/Al ratios. P-modification of zeosils installs P-OH sites 

with moderate Brønsted acidity. These P-zeosils are reported to catalyze the selective 

conversion of glucose-derived DMF to p-xylene,15 and of furfural-derived THF to 1,3-

butadiene.16 In our recent solid-state NMR investigation of a P-modified self-pillared pentasil 

(P-SPP), we discovered a diverse group of P-sites, whose relative abundance and acidity 
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varies as a function of water content due to progressive hydrolysis of first P-O-Si and then P-

O-P linkages.17 Since the local water concentration depends on the hydrophobicity of the 

zeolite framework, the evolution of the P-site distribution is likewise expected to be vary with 

the zeolite.  

The amount of water near the active site can also affect the outcome of zeolite-

catalyzed reactions.18,19 For instance, water generated by the acid-catalyzed condensation in 

the methanol-to-olefin (MTO) transformation competes with methanol for adsorption on 

Brønsted acid sites.20 Water also catalyzes the formation of formaldehyde, an MTO 

intermediate responsible for suppressing initiation and termination rates in the hydrocarbon 

pool mechanism.21 Water clustering also affects acidity, by converting protons associated with 

the zeolite framework to (H2O)nH3O
+ ions.22,23 Nevertheless, their confinement in the zeolite 

micropores confers higher acidity than homogeneous solutions at the same proton density.24–

26 Magic-angle spinning nuclear magnetic resonance (MAS NMR) is a powerful tool to probe 

water interacting with zeolites.27,28 In HZSM-5, distinct 1H NMR signals were reported for 

Brønsted acid sites (BAS) in the micropores, water strongly adsorbed at BAS, and extra-

crystalline water.29 Silane-treatment of the external zeolite surface prevented liquid-phase 

water from accessing BAS in the micropores.29  

In this study, solid-state NMR methods are used to probe the P-site distribution and its 

water-sensitivity in two P-zeosils: hydrophilic SPP and hydrophobic BEA. Differences in the 

SPP and BEA architectures presumably confer different hydrophobicities: SPP has an open, 

house-of cards architecture with abundant SiOH defects that are readily accessible to water, 

while dealuminated BEA has SiOH nests that are buried inside the pores. Since resolution is 

limited in conventional 1H MAS NMR, ultrafast MAS (in excess of 50 kHz) was used to 
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investigate the nature and abundance of hydroxyl groups in the two zeosils, before and after 

P-modification. 31P MAS NMR was used to observe the P-site distribution as a function of 

water content, and to assess the role of the zeolite framework on P-site accessibility and 

hydrolytic stability.  

 

4.2 Results and Discussion   

4.2.1 Effect of the zeosil framework on the distribution of P-sites in dehydrated zeosils  

To observe the impact of the framework on the types of P-sites formed by post-

synthetic modification with H3PO4, the 31P MAS NMR spectrum of dehydrated P-BEA was 

acquired (Figure 4.1a). It is compared with the previously reported17 spectrum of dehydrated 

P-SPP in Figure 4.1b. The latter shows a broad isotropic peak at -43 ppm. This signal and its 

strong spinning sidebands were assigned to rigid, surface-bound Q3-sites which lack POH 

groups (Scheme 4.1, dotted box). Although signals from other Qn (n ≠ 3) sites may be present, 

their intensities are low enough for the dehydrated zeolite to make their contributions 

undetectable in this poorly-resolved spectrum. In contrast, the spectrum of dehydrated P-BEA 

clearly contains signals for multiple Qn (n = 1, 2, 3) sites. The isotropic peak at -45 ppm 

corresponds to Q3 sites, while the peaks at -28 and -10 ppm are assigned to Q2 and Q1 sites, 

respectively. Thus, dehydrated P-BEA has a higher fraction of acidic P-sites (i.e., with POH 

groups) relative to dehydrated P-SPP. 
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Figure 4.1 31P MAS NMR spectra (black) of dehydrated P-zeosils: (a) P-BEA, and (b) P-SPP, 

both with Si/P = 27, and the corresponding simulations (red) that include contributions for 

each Qn component. Both materials were handled under strictly inert conditions. Their spectra 

were recorded at room temperature and 18.8 T, using 20 kHz MAS. Asterisks (*) indicate 

spinning sidebands. Simulations were performed using the CSA model in Topspin 4.0.6. 

Deconvolution of the spectrum of P-BEA into its Qn components is shown in the shaded 

spectra, which are offset vertically.  

 

The relative proportions of each type of P-site in dehydrated P-BEA were estimated 

by spectral deconvolution (shaded spectra in Figure 4.1a). Fitting the simulated spectrum to 

the experimental data (shown in red and black, respectively) yields the results in Table 4.1. 

Despite the uncertainty due to the low SNR, both visual inspection and deconvolution show 

that the areas decrease in the order Q3 > Q2 >> Q1. The linewidths of the Q3 and Q2 signals are 

broadened by chemical shift heterogeneity, which are not averaged out by MAS. They may 
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arise from sites that are framework-bound via P-O-Si linkages, oligomeric polyphosphoric 

acids containing P-O-P linkages, or mixed sites containing both P-O-Si and P-O-P linkages. 

It is difficult to assess whether this is true for the Q1 signals, as their contribution to the 31P 

MAS NMR spectrum is small (4 %). 

 

 

Scheme 4.1 Proposed structures for mononuclear (top row) and dinuclear (middle and bottom 

rows) P-sites present in the P-zeosils. The two types of Q3 sites previously proposed1 to give 

distinct signals in the 31P MAS NMR spectrum of dehydrated P-SPP are indicated by the 

dashed box. 

 

Table 4.1 Comparison of chemical shift parameters for dehydrated P-SPP and P-BEA, 

obtained by fitting simulated spectra to the experimental data a 

air exposure 

time (min) 

material region CSiso 

(ppm) 

CSA c 

(ppm) 

fractional 

contribution b 

0 P-BEA Q3 -45 -130 ± 17 0.65 

  Q2 -28 -100 d 0.31 
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  Q1 -10 -80 d 0.04 

 P-SPP Q3 -44 -205 ± 29 c - 

1 P-BEA Q3 -42 -119 0.31 

  Q3 -35 -140 0.31 

  Q2 -25 -124 0.22 

  Q2 -19 -113 0.10 

  Q1 -10 -72 0.05 

 P-SPP Q3  -160 ± 9 - 

a Spectra were recorded at 18.8 T using 20 kHz MAS. b The fractional contribution is the 

contribution of each component to the total spectrum intensity. c Uncertainties in the fit 

parameters were determined by varying each CSA value manually in turn from its optimum 

value, until the spectral overlap of the simulated and experimental data decreased by ±1%. 

This change resulted in a visually detectable decrease in fit quality. Reported parameter values 

are the average of the values at the (±) error limits. d Error bars for the CSA values of the Q2 

and Q1 signals could not be determined, due to poor SNR.  

 

Since several structures can give rise to multiple signals in the same Qn region, we will 

use the more precise naming convention introduced in our previous work:17 Q
m

n
, in which the 

upper index (n) represents the total number of P–O–Y bonds (where Y can either be Si or P), 

while the lower index (m) indicates only the number of P–O–Si bonds. This notation enables 

us to distinguish signals for exclusively surface-bound P-sites (m = n), free (poly)phosphoric 

acid oligomers (m = 0), and surface-bound polyphosphoric acid species (0 < m < n). Thus, a 

Q2 signal may have contributions corresponding to sites that only contain P-O-Si linkages 
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(Q
2

2
) or mixed dinuclear sites such as Q

1

2 − Q
0

1
 containing both P-O-Si and P-O-P linkages 

(Scheme 4.1). Dinuclear Q
1

2 − Q
0

1
 sites would contribute to the Q1 signal as well. It is evident 

that the Q2 and Q1 signals observed in dehydrated P-BEA must arise from P-sites that are not 

present in P-SPP.  

Simulation of the spinning sideband pattern yields the chemical shift anisotropy (CSA) 

for each site, reflecting on their mobility and/or symmetry. CSA values corresponding to each 

isotropic chemical shift (CSiso) are listed in Table 4.1. Interestingly, the CSA value for the Q3 

site in P-BEA (-130 ppm) is significantly smaller than for the related site in P-SPP (-205 ppm). 

In our previous study, we observed larger CSAs for more rigid, framework-bound monomeric 

Q
m

n
 (m = n) sites than for more mobile oligomeric Q

m

n
 (m < n) sites that have the same value 

of n but are not framework-bound. The latter are formed as the framework-bound monomeric 

sites of P-SPP hydrolyze.17 We hence suggest that the Q3 sites with smaller CSA in P-BEA 

are also more mobile compared to those in P-SPP. Compared to the rigid framework-bound 

Q3 sites in P-SPP (Q
3

3
 and Q

2

3
, Scheme 4.1a), P-BEA framework likely includes more mobile 

Q3 sites with P-O-P linkages, e.g., Q
1

3
 or Q

0

3
. The CSA values for the Q2 and Q1 signals in 

dehydrated P-BEA are comparable to those reported previously for slightly hydrolyzed P-SPP 

(oligomeric Q
2

3 − Q
1

2
 and Q

0

1 − Q
0

1
 sites). Taken together,17 we can conclude that dehydrated 

P-BEA contains a greater population of P-O-P linkages while P-SPP contains a greater 

population of P-O-Si linkages. 

Since water is present or is a product of many acid-catalyzed reactions, the stability of 

the P-zeosils in the presence of water is of interest. According to our previous study, the Q3 

sites in dehydrated P-SPP hydrolyze rapidly upon exposure to ambient moisture, resulting in 

their conversion to Q2, Q1, and eventually Q0 sites. Furthermore, we have previously 
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established that P-O-Si linkages hydrolyze faster than P-O-P linkages. Since the P-sites in 

dehydrated P-BEA have fewer P-O-Si linkages and more P-O-P linkages compared to P-SPP, 

we expect the hydrolytic stability of P-sites of P-BEA to be greater compared to P-SPP. 

 

4.2.2 Comparative hydrolytic stability of P-sites 

  Next, the hydrolytic stability of P-BEA was assessed, and compared with P-SPP. A 

sample of dehydrated P-BEA in an NMR rotor was briefly exposed to the laboratory ambient 

by opening the rotor cap for short periods of time. 31P NMR spectra were recorded as the 

extent of zeosil hydration increased.  

 The 31P NMR spectrum of dehydrated P-BEA changes gradually upon exposure to 

small amounts of water vapor (Figure 4.2). Air exposure lasting just 1 min resulted in the 

emergence of a new Q3 peak at -37 ppm, in addition to the original peak at -45ppm in the Q3 

region. The CSA values of the two types of Q3 sites are -141 and -129 ppm, respectively, 

indicating they are both more mobile than Q
3

3 sites (simulated spectrum shown in Figure 

A4.1). Two distinct Q3
 sites with different CSAs were also observed in P-SPP after 2 min 

exposure to ambient conditions.17 Q3 signals with lower CSAs could arise from Q
2

3 − Q
1

2
 or 

Q
2

3 − Q
0

1
 sites shown in Scheme 4.1. 1 min exposure of P-BEA to air also causes signals in 

the Q2 and Q1 regions to increase in intensity, at the expense of signal intensity in the Q3 

region. Furthermore, the poorly resolved signal at -28 ppm in the Q2 region is replaced by two 

signals at -19 and -25 ppm. Thus, the briefly air-exposed material contains multiple types of 

Q2 sites (e.g., Q
2

3 − Q
1

2
, Q

1

2 − Q
1

2
 and/or Q

1

2 − Q
0

1
). The CSA values of the two Q2 signals are 

-123 ppm (peak at -25 ppm) and -112 ppm (peak at -19 ppm), while that of the Q1 signals is 
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estimated to -75 ppm, respectively, consistent with the expected increase in mobility upon 

partial hydrolysis.  

 

 

Figure 4.2 The effect of air exposure time (and hence, increasing hydration), on the 31P MAS 

NMR spectrum of initially dehydrated P-BEA. All spectra were recorded at room temperature 

in an 18.8 T magnet using 20 kHz MAS. Spinning sidebands for the Q1, Q2 and Q3 signals are 

indicated by * in red, green, and black, respectively. 

 

 After 4 min ambient exposure of P-BEA, peaks in the Q2 and Q1 regions become more 

prominent, while the intensity in the Q3 region continues to decrease. After 9 min ambient 

exposure, a Q0 signal is observed. As hydrolysis proceeds, all Qn signals become narrower 

and their spinning sidebands become less intense. These observations indicate increasing 

mobility, and are qualitatively similar to trends reported for P-SPP.17 
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 To assess changes in the Qn distribution quantitatively, the integrated peak areas were 

tracked as a function of ambient exposure time, starting from the initial dehydrated state. The 

results are compared for the two P-zeosils in Figure 4.3 (spectra corresponding to all ambient 

exposure times are shown in Figure A4.2). Their behaviors are visibly different between P-

SPP and P-BEA. As previously reported,17 the P-sites in P-SPP undergo hydrolysis stepwise, 

Q3 → Q2 → Q1 → Q0, and the Q3 signals disappear entirely after approx. 30 min ambient 

exposure. In contrast, the Q3 signals in P-BEA these sites decline from 60 % to about 12 % of 

total P-sites within 30 min, then do not change significantly upon longer exposure (up to 120 

min, Figure A4.3). The fraction of Q2 sites in P-BEA remains largely unchanged, suggesting 

these sites are stable, while the Q1 and Q0 signals increase slowly. In other words, all P-sites 

in P-BEA are considerably more stable towards hydrolysis than those in P-SPP. The fully 

hydrolyzed spectrum of both P-BEA and P-SPP show predominantly Q0 and Q1 sites (Figure 

A4.4 and A4.5). 

Thus, the differences in the initial distribution, as well as stabilities of P-sites in the 

two different zeosils are evident. The abundance and stability of P-O-Si and P-O-P linkages 

in the P-modified zeosils is expected to be a function of both the number and accessibility of 

the hydroxyl groups that are present in the unmodified zeosil, prior to the introduction of 

phosphorus. To understand the role of the framework in stabilizing P-sites towards hydrolysis, 

we investigated the distribution of hydroxyl groups and water in the unmodified zeosils, and 

compared to that in P-zeosil by 1H NMR spectroscopy. 
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Figure 4.3 Evolution of P-sites quantified by their integrated peak intensities (including 

spinning sidebands) for different groups of P-sites in (a) P-SPP, and (b) P-BEA, as a 

function of water content. The areas of the peaks in each Qn region are normalized to the 

total peak area at each time point. 

 

4.2.3 Silanol distribution in the unmodified zeosils 

Protons associated with hydroxyl groups and water in zeolites experience significant 

1H-1H dipole coupling, resulting in line broadening and severe spectral overlap. Assessing 

their distribution by 1H NMR requires sufficiently high spectral resolution. The spectrum of 

dehydrated SPP acquired at νR =16 kHz consists of a broad peak spanning from 4 to -2 ppm 

(Figure 4.4a). To increase the resolution, 1H MAS NMR spectra were acquired using ultrafast 

MAS (frequency νR = 62.5 kHz) to average the dipole-dipole coupling interactions more 
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effectively.30 Figure 4.4b shows the considerable improvement in resolution afforded by 

ultrafast MAS.  

In the 1H MAS NMR spectra of dehydrated zeolites, non-H-bonded SiOH groups that 

arise from crystallite lattice termination typically give rise to peaks in the range 1.8-2.2 

ppm.31,32 In studies of BEA and ZSM zeolites, a peak even further upfield peak (1.2 ppm) has 

been observed and also assigned to non-H-bonded SiOH groups.31,32 The broad shoulder 

extending downfield from 2.2 ppm, as far as 8 ppm in some cases, is assigned in zeosils to H-

bonded SiOH groups, as well as water H-bonded to SiOH.33–35 The exact locations and 

linewidths of the broad signals depend on the extent of H-bonding, rate of chemical exchange, 

and relative amounts of water and SiOH present. We will refer to them simply as exchange-

averaged SiOH/H2O resonances. 

The 1H NMR spectrum of dehydrated SPP, recorded using ultrafast MAS, was 

integrated (see Experimental for details). The total OH content, (6.9 ± 1.1) mmol/g, 

determined from the same material measured twice, is considerably larger than values 

reported for silicalite, 0.2-0.4 mmol/g depending on crystallite size.36 The increase is due to 

the house-of-cards architecture of SPP (Figure A4.6), which results in a much larger number 

of SiOH defects. The spectrum of dehydrated SPP reveals resonances for non-H-bonded SiOH 

groups at 0.8, 1.2, and 1.8 ppm. According to the spectral deconvolution, they are superposed 

on a very broad peak, centered at 1.8 ppm. Since this broad feature spans a chemical shift 

range of ca. 2.5 ppm, it represents SiOH groups with considerable chemical shift 

heterogeneity. Broad signals are often observed in disordered systems such as amorphous 

silicas. The peak, which represents the majority of silanols (59 %), is also likely broadened 
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due to H-bonding interactions. The fractional contributions of all the silanol signals are 

summarized in Table 4.2.  

 

 

Figure 4.4 1H MAS NMR spectra (black solid line) of two zeosils in their dehydrated forms: 

(a), (b) SPP and (c) dealuminated BEA (both handled under a strictly inert atmosphere). The 

spectra were recorded at room temperature and 18.8 T with spinning frequencies (νR) of (a) 

16 kHz, and (b), (c) 62.5 kHz. Dry N2 was used as both bearing and spinning gases. Samples 

were packed under N2 in 3.2-mm (16 kHz MAS) and 1.3-mm (62.5 kHz) rotors, and therefore 

represent different zeosil masses. The peak heights in (a) and (b) are normalized to highlight 

the improvement in resolution. Spectra were simulated (sum: red dotted line) using the 
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Gaussian/Lorentzian model in TopSpin 4.0.6. The deconvoluted contributions are shown as 

shaded spectra. Peaks shared by the two zeosils are labeled in black; peaks unique to BEA are 

labeled in purple.  

 

Table 4.2 Types and relative amounts of silanols present in dehydrated SPP and BEA, 

classified according to their peak widths 

1H (ppm) SPP BEA 

Narrow Broad 

FWHM 

(Hz) 

Fraction 

FWHM 

(Hz) 

Fraction 

0.8  580 0.12 470 0.10 

1.2  315 0.09 280 0.09 

1.8  360 0.19 235 0.07 

 1.8 1950 0.59   

2.2    430 0.13 

2.5    240 0.18 

 2.5   1030 0.43 

 

The ultrafast 1H MAS NMR spectrum of dehydrated, dealuminated BEA zeolite is 

shown in Figure 4.4c. Its total hydroxyl content, (2.7 ± 1.5) mmol/g, is about half that of SPP. 

This finding is consistent with the expectation that BEA is more crystalline and more 

hydrophobic. 1H NMR resonances associated with non-H-bonded SiOH groups appear at 1.8, 

1.2 and 0.8 ppm, similar to the peaks observed for SPP. In addition, there are two sharp peaks 

at 2.2 and 2.5 ppm. Narrow 1H signals at or above 2.2 ppm are typically assigned to bridging 
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hydroxyls associated with extra-framework alumina, Al(OH)Al.37 However, the Al content 

determined by ICP analysis is negligible (Al content = 0.0145 μmol/g, Si/Al ~1600), 

consistent with the very weak signals in the 27Al NMR (Figure A4.7). Furthermore, there are 

no 1H NMR peaks corresponding to either Si(OH)Al sites (3.8 - 5.2 ppm) or terminal AlOH 

groups (-0.2 ppm).32,37–39 Consequently, the narrow resonances above 2 ppm are assigned to 

non-H-bonded SiOH groups present in BEA, but not SPP. They may be associated with SiOH 

nests created by dealumination. The broad peak centered at 2.5 ppm is assigned to silanols in 

an amorphous phase and/or H-bonded silanols. It represents the largest fraction of silanols in 

BEA (43 %, Table 4.2). Notably, all 1H resonances in BEA, both broad and narrow, have 

smaller FWHMs compared to those in SPP, consistent with crystalline BEA having more 

uniform silanol sites than disordered SPP.  

To compare accessibility of the silanol sites to water in the two zeosil frameworks, 

each was exposed to the laboratory ambient by briefly opening the NMR rotor. For SPP, a 

few minutes of ambient exposure resulted in no significant differences in its 1H NMR 

spectrum. However, after 20 min, the total 1H content of the zeosil increased, corresponding 

to the adsorption of ~2 mmol H2O/g (Figure 4.5a). The intensities of the narrow 1H NMR 

peaks at 0.8 and 1.2 ppm changed little (Figure A4.9, Table A4.2), suggesting that they 

represent SiOH groups not readily accessible to water. A similar attribution was made for 

silanols associated with amorphous silica nanoparticles, where 1H resonances in this chemical 

shift range were unaffected by exposure to aqueous NH4F, or liquid D2O (1 d at room 

temperature).40 In contrast, the narrow silanol peak at 1.8 ppm in the spectrum of SPP 

decreased slightly in intensity upon exposure to water and a new peak appeared at 2.9 ppm, 

indicating silanols undergoing exchange-averaging with H2O. A much longer (~15 h) ambient 
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exposure resulted in a tripling of the adsorbed water content, to ~6 mmol/g, and the 

disappearance of the narrow peak centered at 1.8 ppm (Figure A4.9, Table A4.3). The 

exchange-averaged shifted further downfield to 4.2 ppm, approaching the expected chemical 

shift of bulk water (4.8 ppm).41 There is a shoulder at 4.3 ppm on the main water peak 

indicating water in a different location, perhaps in zeolite pores of a different size where it 

does not exchange readily with silanols and the main population of water. The peaks at 0.8 

and 1.1 ppm persist, and thus remain water-inaccessible. A broad signal is also present, which 

is slightly upfield shifted at 1.4 ppm, the origin of which is unknown.  

Brief (20 min) ambient exposure of dehydrated BEA resulted in adsorption of 2 mmol 

H2O/g zeosil (Figure 4.5b). The non-H-bonded SiOH peaks at 0.7 and 1.1 ppm remain visible, 

confirming that these SiOH groups are largely water-inaccessible (Figure A4.9, Table A4.5). 

The intensities of the downfield peaks (above 2 ppm) decreased, and a new, intense peak at 

3.1 ppm with a shoulder at 3.6 was observed. The downfield shifted peak is due to exchange-

averaging between accessible SiOH sites and adsorbed H2O. A further shift to 3.9 ppm, in the 

direction of the chemical shift of bulk water (4.8 ppm), was observed upon longer ambient 

exposure (~15 h). The water peak has shoulders at 3.3 and 4.5 ppm (Figure A4.9, Table A4.6), 

presumably caused by adsorption of water into pores not in fast exchange with the main water 

peak. The areas of the 1H NMR peaks for exchanged-averaged SiOH/H2O increase as a 

function of water content, while the water-inaccessible SiOH signals are largely unaltered 

(Figure A4.9). The broad signal at 2.5 ppm appears to move upfield, eventually stabilizing at 

1.8 ppm.  
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Figure 4.5. 1H MAS NMR spectra of (a) SPP, and (b) dealuminated BEA, showing the 

evolution of as a function of adsorbed water content (introduced by ambient exposure of the 

dehydrated zeolite). The amount of adsorbed H2O was quantified using an external spin-

counting reference. All spectra were recorded at room temperature and 18.8 T, using 62.5 kHz 

MAS. The expected position of the bulk H2O signal is indicated with a dashed line.  
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4.2.4 Effect of P-modification on zeosil silanols 

H3PO4 was incorporated into the zeosils by wetness impregnation at room temperature, 

followed by calcination in flowing air at 600 °C.15 According to the 1H MAS-NMR spectrum 

of fully dehydrated P-SPP (Si/P = 27), P-modification resulted in suppression of the original 

SiOH signals (both water-accessible and -inaccessible), Figure 4.6a. After calcination, only a 

small peak at 1.7 ppm with a shoulder at ~2 ppm remains. Thus, H3PO4 reacts with all types 

of SiOH in SPP, including those which are inaccessible to water upon brief exposure to the 

laboratory ambient, to form P-O-Si linkages to the zeolite framework. Considering that the 

initial SiOH content of SPP is 6.9 mmol/g, and the P-content in the material is 0.57 mmol/g 

(because of Si/P = 27), SiOH/P = 12, which is much higher than the expected value of 3 (for 

a material containing predominantly Q3 sites). This means that the decrease in the SiOH 

content by 95 % cannot only be explained by the formation of P-O-Si linkages, and likely is 

due to condensation of H-bonded SiOH to form ≡SiOSi≡. Similarly, P-modification of BEA 

also resulted in dramatic changes in the 1H NMR spectrum, Figure 4.6b. The signals for all 

types of SiOH are attenuated by 92 %, however, the value of SiOH/P (=5) is higher than 

expected in this case too, suggesting that condensation of H-bonded SiOH occurs. Variability 

in amount of P added to the materials also results in differences in the consumption of surface 

SiOH. 

Qualitatively, combining insights from 1H and 31P NMR, the predominantly 

framework-bound nature of P-sites in dehydrated P-SPP is consistent with the higher SiOH 

density in the SPP framework, which allows the formation of more P-O-Si linkages. In 

contrast, the lower SiOH density in BEA, as well as the structural differences between BEA 
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and SPP, likely contributes towards more sites with mixed P-O-Si and P-O-P linkages, 

Scheme 4.2.  

 

 

Figure 4.6 Comparison of 1H MAS NMR spectra for dehydrated SPP and BEA zeolites, with 

and without P-modification (Si/P = 27). The intensities are normalized to the number of scans 

to allow with direct comparison of the intensities. All spectra were recorded at room 

temperature at 18.8 T, using 62.5 kHz MAS. Liquid N2 boiloff was used as both bearing and 

spinning gases.  
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Scheme 4.2 Formation of P-sites in the zeosils: (a) SPP, and (b) BEA, by condensation of 

H3PO4 and H4P2O7 with SiOH groups.  

 

In addition to residual unreacted SiOH signals, the 1H NMR spectra of dehydrated P-

zeosils also contain new signals at ca. 7 ppm (Figure 4.6). We assign them to POH groups.  In 

silicophosphate glasses and phosphates, their 1H chemical shifts appear over a large range, 

from 15.8 to 6.6 ppm depending on the synthesis procedure and thermal treatment.42,43 The 

intensity of the peak in the two P-zeosils should depend on the number of POH groups present. 

In addition, the position and intensity may depend on the presence of residual water in 

exchange with POH. The POH 1H signal in this material is far more intense in P-BEA than in 

P-SPP, however we have observed that it is dependent on the synthesis procedure which can 

lead to different amounts of P in the material, thus impacting the amount of POH sites (Figure 

A4.10).  

In dehydrated P-SPP, the POH peak appears at 7.2 ppm. The signal is broad (FWHM 

~1000 Hz) even when acquired under conditions of ultrafast MAS. There is presumably an 

inhomogeneous distribution of rigid POH groups, arising from the chemical shift dispersion 
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in the SPP framework that renders the local environment of POH heterogeneous. The POH 

signal in dehydrated P-BEA is significantly narrower (FWHM 270 Hz), and appears slightly 

upfield, at 6.8 ppm. The narrower linewidth in P-BEA is likely due to the lower structural 

heterogeneity in the BEA framework, which is also reflected in the relatively narrower 1H 

MAS NMR resonances of the SiOH groups (Figure 4.4b and Table 4.2). The differences in 

the zeosil P-site distribution observed by both 1H and 31P MAS NMR are expected to impact 

their stability in the presence of water, as discussed in the next section. 

 

4.2.5 Assessment of hydrolytic stability 

To compare the stability of P-sites in the two zeosils towards hydrolysis, 1H MAS 

NMR spectra were recorded after the introduction of small amounts of water, by timed 

exposure of the dehydrated samples to the laboratory ambient. In P-SPP, several brief (few 

min) exposures caused the peak at 7.2 ppm assigned to POH to increase in intensity and to 

move gradually upfield towards the chemical shift of bulk water at 4.8 ppm (Figure 4.7a). 

These changes are consistent with bulk water accessing the P-OH and moving the chemical 

shift towards it (Scheme 4.3).  

After a long ambient exposure (~18 h) of P-SPP, the position of the POH peak 

stabilizes at approx. 5.9 ppm. It has two shoulders, at approx. 6.3 and 5.4 ppm. They may arise 

from differences in the pore filling mechanisms of the zeosil cages. Mesoporous silicas such 

as MCM-41 and SBA-15, with pore diameters of 3 and 8 Å, respectively, show differences in 

the 1H NMR chemical shifts as the amount of adsorbed water increases, due to their different 

pore filling mechanisms.44 For MCM-41, the chemical shifts show a bimodal distribution for 

the adsorbed water layer in fast exchange with surface SiOH groups, and absorbed water in 
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the pores. In contrast, water in SBA-15 shows a single 1H NMR peak with a continuously 

varying chemical shift. It is hence plausible that water absorbed to different pores in P-SPP 

can give rise to the shoulders, as a consequence of the different pore filling mechanisms.  

 

  

Figure 4.7 The effect of increasing room temperature ambient exposure, and hence water 

content, on the 1H MAS NMR spectra of (a) P-SPP, and (b) P-BEA. The zeosils were initially 

dehydrated under vacuum at 450 °C. Spectra were recorded at room temperature and 18.8 T, 

using 62.5 kHz MAS.   
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Scheme 4.3 Simplified schematic of a Q
2

3
-Q

2

3
 site undergoing hydrolysis to form a Q

2

3
-Q

1

2
  

site. The 1H NMR signal is composed of contributions from protons in POH, SiOH and H2O 

(dotted grey circle) all hydrogen-bonded to one another and in fast chemical exchange. With 

the addition of more water that can access the P-sites, the chemical shift further decreases.  

 

The hydrolysis behavior of P-BEA differs dramatically from that of P-SPP. According 

to the 1H MAS NMR spectrum, ambient exposure does not cause the initial intensity of the 

POH peak at 6.8 ppm to change at all for the first 89 min, even though water is clearly visible 

in the spectrum, as a broad peak at 5.5 ppm, after just 1 min exposure (Figure 4.7b). After 12 

min, its position stabilizes at 5.2 ppm, but it continues to increase in intensity. After 12 min, 

a second broad peak appears at 6.2 ppm, then shifts to 5.4 ppm as it increases in intensity upon 

further ambient exposure. Much later (after 234 min), a third broad signal appears at 4.5 ppm. 

It shifts to 4.7 ppm and increases in intensity upon further ambient exposure. Upon ambient 

exposure over even longer times (~2 days), all three peaks begin to coalesce at 5.1 ppm, 

suggesting that the fast exchange limit is finally reached. Similar to P-SPP, the resolved water 

signals are suggested to arise from H2O in different pore locations (i.e., pore types) within the 

zeosil.  

The majority of the P-sites in P-BEA, reflected in the POH peak at 6.8 ppm, therefore 

appear to resist hydrolysis despite increasing water content for ~ 90 min. This finding is 

consistent with the 31P MAS NMR observations on the greater stability of the P-site 
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distribution in P-BEA relative to P-SPP, Figure 4.3b. After 234 min exposure, the POH peak 

begins to increase in intensity, but its chemical shift still does not change significantly, in 

sharp contrast to the behavior observed for P-SPP (Figure 4.7a). Thus, adsorbed H2O to P-

BEA does not interact with the P-sites or exchange protons with POH groups. Eventually 

(after ~2 days), the POH peak intensity increases significantly, presumably due to P-O-P 

and/or P-O-Si hydrolysis. However, there is no apparent accompanying shift in the peak 

position, and therefore no exchange with the protons of free water or nearby SiOH, and thus 

we speculate that the peak intensity increases due to P-O-P hydrolysis. The peak areas of the 

two regions have been plotted as a function of ambient exposure in Figure A4.15. Similar 

overall behavior was observed for a separately prepared batch of the two materials, however 

the hydrolysis occurred at a faster timescale, likely due to the higher relative humidity and the 

variability in P-content (Figure A4.11 and A4.12).   

These results suggest that most of the P-sites in P-BEA are difficult for water to access 

(Scheme 4.4a). The hydrophobic zeosil may also contain some hydrophilic domains where 

POH groups are in fast exchange with H2O, indicated by the small fraction of sites that are 

moving towards the chemical shift of water i.e. water-accessible. In contrast, the more open 

architecture in P-SPP results in most regions being readily accessible to water (Scheme 4.4b) 

since exchange is evident in the gradually shifting 1H chemical signal. Eventually, all P-sites 

in both P-SPP and P-BEA hydrolyze to become Q0 and Q1 sites. When water is present in 

large excess, the 1H MAS NMR spectra of both P-zeosils show a single peak at approx. 5.2 

ppm (Figure A4.9). For P-BEA, the 1H NMR peak appears to be unsymmetrical and broader, 

suggesting that the zeosil has different types of well-defined pores. The chemical shift is 

slightly different from that expected for water in zeolites (5.1 ppm).29  
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Scheme 4.4 Proposed distribution of P-sites in (a) P-BEA, and (b) P-SPP, and the 

consequences for the appearance of the 1H MAS NMR signals.  

 

These experiments show that P-site accessibility differs significantly in the two P-

zeosils, likely due to architectural differences between SPP and BEA. Although the initial 

proton content in dehydrated P-BEA is larger than in P-SPP, BEA appears to have domains 

that are not readily accessible to water. This difference, as well as the greater abundance of 

hydrolytically robust P-O-P linkages, results in higher hydrolytic stability of the P-sites in P-

BEA relative to P-SPP where the linkages are dominated by hydrolytically sensitive P-O-Si 

and the open framework which allows ready access to water. 

 

 

 

 

 



 

 173 

4.3 Conclusions 

P-modified self-pillared pentasil (P-SPP) and dealuminated zeolite BEA (P-BEA) having 

different hydroxyl contents were investigated. Upon P-modification, dehydrated P-BEA has 

less framework-bound sites, on average, with more POH groups (such as Q
2

3 − Q
1

3, Q
1

2 − Q
0

1
 

and Q
0

1 − Q
0

1
) and are thus acidic, in contrast to the Q

3

3
 and Q

2

3 − Q
2

3
 sites which are the 

majority of P-sites in dehydrated P-SPP (which do not contain POH).  

The impact of water on the two frameworks and their P-site distribution was compared 

using 31P and ultra-fast 1H MAS NMR. P-sites in P-BEA are more resistant to hydrolysis and 

persist over longer timescales compared to those in P-SPP. Quantification of the hydroxyl 

content confirms that SPP contains more SiOH groups. Ultra-fast 1H MAS NMR affords 

improved resolution, which shows a distribution of different types of SiOH groups present in 

the two zeosils. The accessibility of the P-sites to water differs. The BEA framework results 

in a population of P-sites which are in slow exchange with water. On the other hand, the open 

architecture of the SPP framework results in more water-accessible P-sites. Additionally, P-

BEA contains a greater fraction of sites with P-O-P linkages that undergo slower hydrolysis 

compared with P-O-Si linkages that are predominant in P-SPP, as a consequence of the 

different architectures of the two frameworks. Thus, the framework plays a role in the 

accessibility of H2O to P-sites, which in turn is likely to influence the stability of the active P-

sites in the catalytic conversion of oxygenated species from biomass. 
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4.4 Experimental 

4.4.1 Sample Preparation 

All-silica self-pillared pentasil (SPP), dealuminated zeolite BEA, and their P-modified 

analogs (P-SPP and P-BEA, each with a Si/P ratio of 27), were synthesized following 

previously described procedures.15,45 Each material was dried at 450 °C under dynamic 

vacuum (<10-4 Torr) for 12 h before use. NMR samples were packed and sealed in either a 

1.3- or 3.2-mm zirconia rotors inside a N2-filled glove-box. The rotors were flame-sealed in 

glass ampoules for transfer to the spectrometer. To minimize ambient exposure, the ampoules 

were opened immediately prior to insertion of the rotor into the probe. Liquid N2 boiloff was 

used as both bearing and drive gas, to ensure that samples were protected from exposure to 

moisture during data acquisition. 

To obtain partially hydrolyzed materials, the rotor cap was removed manually for a 

short period of time (timed with a stopwatch), then replaced. Air-exposure times are 

approximate, due to human error. These experiments were conducted on days during which 

the relative humidity was 74-78 % for P-SPP, and 71-73 % for P-BEA (for the 31P 

experiments), and 52-56 % (for the 1H experiments) unless otherwise indicated. 

  

4.4.2 Direct excitation solid-state MAS-NMR spectroscopy 

1H, 27Al and 31P MAS-NMR measurements were performed at room temperature on a 

Bruker AVANCE III Ultrashield Plus 18.8 T Spectrometer (corresponding to 1H, 27Al and 31P 

frequencies of 800.130, 208.489 and 323.85 MHz, respectively) at MAS frequencies of 20 

kHz or 62.5 kHz, as indicated. 31P NMR measurements were made in 3.2-mm rotors using a 

single π/2 excitation pulse of length 7 μs on the 31P channel. An aqueous phosphoric acid 
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solution (1 M) provided the chemical shift reference. 27Al NMR measurements were made in 

3.2-mm rotors using a single π/2 excitation pulse of length 1.9 μs on the 27Al channel. An 

aqueous Al(NO3)3 solution (1 M) provided the chemical shift reference. 1H NMR 

measurements were made in 1.3-mm rotors using a single π/2 excitation pulse of length 1.9 

μs on the 1H channel. Adamantane was used as the chemical shift reference. 

 

 

4.4.3 Quantitative analysis of 1H NMR spectra 

A precisely weighed amount of tetrakis(trimethylsilyl)silane (TKS, 1.5 mg) was 

loaded into a 1.3-mm rotor inside a N2-filled glovebox and used as an external standard. The 

areas of the peaks of the zeosils (unmodified and P-modifed) were obtained from spectral 

deconvolutions using the Gaussian/Lorentzian model in TopSpin 4.0.6. These were compared 

with that of the external TKS standard. The amount of H2O introduced by ambient exposure 

of each sample was determined from the subsequent increase in total peak area.  
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4.6 Appendix 

 

 

Figure A4.1 31P MAS NMR spectra (black) of dehydrated P-BEA with Si/P = 27, and the 

corresponding simulation (red) that includes contributions for each Qn component after 1 min 

of ambient exposure. The spectrum was recorded at room temperature and 18.8 T, using 20 

kHz MAS. Asterisks (*) indicate spinning sidebands. Simulations were performed using the 

CSA model in Topspin 4.0.6. Deconvolution of the spectrum of P-BEA into its Qn components 

is shown in the shaded spectra.  
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Figure A4.2 The effect of ambient exposure time (correlated with the amount of adsorbed 

water), on the P speciation in P-BEA (Si/P) at room temperature. 31P MAS NMR spectra were 

recorded after each air exposure time, as noted. All spectra were recorded at room temperature 

in an 18.8 T magnet using 20 kHz MAS. Each 31P NMR spectrum corresponds to a data point 

in Figure 4.3b (main text). 
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Figure A4.3 Evolution of P-sites quantified by their integrated peak intensities (including 

spinning sidebands) for different groups of P-sites in (a) P-SPP, and (b) P-BEA, as a function 

of water content. The areas of the peaks in each Qn region are normalized to the total peak 

area at each time point. 
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Figure A4.4 31P MAS NMR spectrum of P-SPP, recorded after extended ambient exposure 

(several days). The spectrum was recorded at room temperature in an 18.8 T magnet, using 

20 kHz MAS. 

 

Figure A4.5 31P MAS NMR spectrum of P-BEA, recorded after extended ambient exposure 

(several days). The spectrum was recorded at room temperature in an 18.8 T magnet, using 

20 kHz MAS. 
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Figure A4.6 Comparison of 27Al MAS NMR spectra of dehydrated and hydrolyzed BEA and 

P-BEA (Si/P = 27). All spectra were recorded at room temperature on 18.8 T spectrometer, 

using 20 kHz MAS. Spectra of the dehydrated materials were recorded while using N2 as both 

bearing and spinning gases.  
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Figure A4.7 1H MAS NMR spectra of (a) SPP and (b) dealuminated BEA zeosil, showing the 

evolution of the spectra as a function of water content (introduced by ambient exposure of the 

dehydrated zeolite). The amounts of absorbed H2O were determined using an external 

reference. All spectra were recorded at room temperature and 18.8 T, using 62.5 kHz MAS. 

Spectra of the dry materials were recorded under N2, while using N2 as both bearing and 

spinning gases. Estimated 1H peak areas showing the evolution of the spectra as a function of 

the inaccessible and the exchanged-averaged SiOH/accessible SiOH peaks of c) SPP and d) 

BEA.  
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Figure A4.8 1H MAS NMR spectra of SPP and dealuminated BEA zeosil (black) and their 

spectral deconvolutions (red) containing different water content as indicated. All spectra were 

recorded at room temperature and 18.8 T, using 62.5 kHz MAS. Spectra of the dry materials 

were recorded under N2, while using N2 as both bearing and spinning gases.   
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Figure A4.9 1H MAS NMR spectra of dehydrated P-SPP and P-BEA showing differences in 

POH signal intensities due to variability in the P-content. All spectra with directly comparable 

intensities were recorded at room temperature at 18.8 T, using 62.5 kHz MAS. Liquid N2 

boiloff was used as both bearing and spinning gases.  
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Figure A4.10 The effect of increasing room temperature ambient exposure, and hence water 

content, on the (a) 1H and (b) 31P MAS NMR spectra of a different batch of P-SPP recorded 

at a relative humidity of 76 %. The zeosil was initially dehydrated under vacuum at 450 °C. 

Spectra were recorded at room temperature and 18.8 T, using 62.5 kHz MAS.   
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Figure A4.11 The effect of increasing room temperature ambient exposure, and hence water 

content, on the (a) 1H and (b) 31P MAS NMR spectra of a different batch of P-BEA recorded 

at a relative humidity of 76 %. The zeosil was initially dehydrated under vacuum at 450 °C. 

Spectra were recorded at room temperature and 18.8 T, using 62.5 kHz MAS.   
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Figure A4.12 Evolution of P-sites quantified by their integrated peak intensities for different 

groups of P-sites in another batch of P-SPP (right), and P-BEA (left), as a function of water 

content when the relative humidity was 76 %. The spectra were acquired using ultrafast 31P 

MAS at 62.5 kHz under an 18.8 T magnetic field, and are shown in Figures S10 and S11. The 

areas of the peaks in each Qn region are normalized to the total peak area in the final 

hydrolyzed state. The top panels show the evolution for a period of 45 min, and the bottom 

panels show evolution upon longer exposure.  
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Figure A4.13 1H MAS NMR spectra of hydrolyzed P-SPP and P-BEA. All spectra with 

directly comparable intensities were recorded at room temperature at 18.8 T, using 62.5 kHz 

MAS. Liquid N2 boiloff was used as both bearing and spinning gases.  
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Figure A4.14 1H MAS NMR peak areas of the water accessible and water difficult regions of 

the   of P-SPP (a) and P-BEA (b). The areas of each data point were normalized to the peak 

area of the first spectrum of P-SPP and P-BEA, respectively.  
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Table A4.1 Silanols present in dehydrated SPP, according to their peak widths, and their 

relative contributions, normalized to the total peak area in SPP containing 6 mmol/g H2O. 

 

Narrow Broad FWHM (Hz) Fraction 

0.8  580 0.04 

1.2  315 0.03 

1.8  360 0.06 

 1.8 1950 0.18 

 

Table A4.2 Silanols present in SPP after 20 min of ambient exposure, according to their peak 

widths, and their relative contributions, normalized to the total peak area in SPP containing 6 

mmol/g H2O. 

Narrow Broad FWHM (Hz) Fraction 

0.8  580 0.04 

1.2  315 0.03 

1.8  410 0.05 

 1.5 1960 0.16 

 2.9 700 0.08 
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Table A4.3 Silanols present in SPP after 15 h of ambient exposure, according to their peak 

widths, and their relative contributions, normalized to the total peak area in SPP containing 6 

mmol/g H2O. 

Narrow Broad FWHM (Hz) Fraction 

0.8  580 0.03 

1.2  315 0.04 

1.8  x x 

 1.4 1650 0.16 

4.2  500 0.51 

4.3  475 0.25 

 

Table A4.4 Silanols present in dehydrated BEA, according to their peak widths, and their 

relative contributions, normalized to the total peak area in BEA containing 10 mmol/g H2O. 

 

Narrow Broad FWHM (Hz) Fraction 

0.8  470 0.02 

1.2  280 0.02 

1.8  235 0.01 

2.2  430 0.02 

2.5  240 0.03 

 2.5 1030 0.08 
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Table A4.5 Silanols present in BEA after 20 min of ambient exposure, according to their peak 

widths, and their relative contributions, normalized to the total peak area in BEA containing 

10 mmol/g H2O. 

Narrow Broad FWHM (Hz) Fraction 

0.8  470 0.02 

1.2  280 0.02 

1.8  280 0.01 

2.1  80 0.01 

 2.1 1640 0.10 

3.1  570 0.20 

3.6  560 0.05 
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Table A4.6 Silanols present in BEA after 15 h of ambient exposure, according to their peak 

widths, and their relative contributions, normalized to the total peak area in BEA containing 

10 mmol/g H2O. 

Narrow Broad FWHM (Hz) Fraction 

0.8  470 0.02 

1.2  280 0.02 

 1.8 1780 0.10 

2.1  60 0.01 

3.3  640 0.07 

3.9  665 0.80 

4.5  810 0.14 
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Table A4.7 Estimated hydroxyl contents (mmol/g) in the dry zeosils, with and without P-

modificationa  

 
water-

inaccessible SiOH 

water-

accessible SiOH 

POH 

SPP 1.0 3.6 0 

P-SPP 0 0.3 1.5 

BEA 0.4 1.8 0 

P-BEA 0.2 0.2 3 

a Hydroxyl contents were determined by deconvolution of the 1H NMR spectrum using 

Topspin, and comparison of the deconvoluted peak areas to an external standard (see 

Methods). 
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Chapter 5: Dehydration of 2-propanol on a P-modified Zeosil: An Investigation by 

Operando NMR 

 

5.1 Introduction 

Chemical transformations of lignocellulosic biomass derivatives into fuels and 

chemicals requires stable, active and selective catalysts with optimal acidities.1–7  

Orthophosphoric acid (H3PO4) modified siliceous zeolites (P-zeosils) have moderate Bronsted 

acidities, optimal for the selective catalysis of two noteworthy reactions: the Diels-Alder 

coupling of carbohydrate-derived 2,5-dimethylfuran with ethylene to give p-xylene, and the 

tandem dehydration-ring opening of tetrahydrofuran to give 1,3-butadiene.8,9 The enhanced 

activity and selectivity of the P-zeosils compared to H3PO4 was attributed to surface-bound 

P-sites. However, our study on a P-modified self-pillared pentasil zeosil (P-SPP) using solid-

state NMR revealed the diverse nature of the P-sites and how they interact with the zeolite 

framework and one another.10 Dehydrated P-SPP contains predominantly two types of fully-

condensed P-sites: mononuclear and oligomeric, which are both surface-bound. In the 

presence of water, both sites undergo hydrolysis through the breakage of  

P-O-Si and ultimately P-O-P linkages to ultimately result in predominantly H3PO4. This study 

shows that the Brønsted acidity in P-SPP arises from a diverse mixture of partly-hydrolyzed 

surface-bound and non-surface-bound mononuclear and dinuclear sites, even at low P-

loadings (P/Si = 27). The P-site distribution is determined by the extent of hydrolysis, and has 

important consequences for the Brønsted acidity.  

The water released in the reaction as a by-product may impact the P-site distribution. 

Water is known to destabilize the zeolite framework, and consequently also the catalytic 
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reactions that it participates in.11–14 A strategy to mitigate water induced instability of the 

zeolite framework is to hydrophobize the framework.15,16 Thus, the effect of the zeosil 

framework on the stability of P-sites was also explored. A dealuminated BEA zeolite 

framework, containing fewer surface hydroxyls than SPP, impacts the P-site distribution in its 

dehydrated state, resulting in more oligomeric sites. Upon exposure to water, the SPP 

framework, which has a more open architecture, allows facile accessibility, resulting in rapid 

hydrolysis of the P-sites. On the other hand, the BEA framework results in P-sites that are less 

accessible to water, and therefore, slower hydrolysis of P-sites relative to those in SPP. The 

BEA framework also generates more oligomeric sites containing P-O-P linkages, that 

hydrolyze slower than P-O-Si. Thus, controlling the hydrophobicity of the framework may be 

a strategy to control P-site distribution, and consequently, the acidity of the P-sites under 

reaction conditions. However, investigating structure-property relationships of P-zeosils and 

reaction mechanisms in dehydration reactions requires characterization tools with molecular 

level precision, combined with the ability of studying the catalysts under reaction conditions, 

i.e. at elevated temperatures and pressures.  

NMR spectroscopy is well suited for in-situ analysis, since it does not require 

separation of molecules in complex mixtures,17,18 while being sensitive to the chemical 

environment of the nuclei in the reaction system.19,20 Solid-state magic angle spinning (MAS) 

NMR has the additional advantage of being able to study heterogeneous systems comprising 

of solids, liquids and gases, in which interactions between molecules and solid catalysts can 

be elucidated. However, observing multiphase systems, at elevated temperatures and 

pressures, is challenging for designing solid-state MAS NMR experiments, in which samples 

spin at several thousands of Hz in a strong magnetic field. The development of operando MAS 
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NMR technology has enabled probing catalytic systems over a wide range of pressures, 

temperatures and chemical environments.21–23 Time-resolved interactions between molecules 

and active sites can be used to reveal the nature of the active site under catalytic conditions.24–

26 This also enables monitoring chemical transformations if/when side products, such as water, 

are generated.  

In this study, we investigated P-site speciation of a P-zeosil using 31P and 13C variable 

temperature and operando MAS NMR at high temperatures and in the presence of a reactant. 

P-site distribution in P-modified dealuminated zeolite BEA (P-BEA) with Si/P = 27 was 

explored from room temperature to 200 °C. To explore the catalysts under reaction conditions, 

P-BEA with a higher Si/P ratio (Si/P = 3) was chosen, which has relatively higher catalytic 

activity. The dehydration of 13C labelled 2-propanol at 140 °C, used as a probe reaction, was 

investigated in operando by monitoring changes in the 31P and 13C MAS NMR spectra. The 

insights from this study demonstrate that P-site distribution is dependent on both temperature 

as well as the reactant, thus taking a step towards identification of the active sites in the P-

zeosils.      

 

5.2 Results and Discussion 

5.2.1 Effect of temperature on the distribution of P-sites 

Prior to investigating the P-site distribution under reaction conditions, the evolution of 

P-sites at elevated temperatures was explored. The 31P MAS NMR spectrum of hydrolyzed P-

BEA (Si/P = 27) predominantly shows signals at 0 ppm and a minor fraction of signals at – 

11 ppm (Figure 1a) at room temperature. Ortho- (H3PO4) and pyro-phosphoric (H4P2O7) acid 

sites are referred to as Q0 and Q1 and they typically show signals at 0 and -12 ppm, 
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respectively,27 and, as established in our previous studies, are predominant in the hydrolyzed 

state of the P-zeosil. When the temperature is increased to 100 °C, the intensity of the Q0 sites 

decreases, while that of the Q1 sites slightly increases. Their chemical shifts move slightly 

upfield. Further increasing the temperatures to 125, 150, 175 and 200 °C results in a consistent 

decrease of the peak intensity in the Q0 and Q1 regions. Analysis of the peak areas of the 

signals shows that Q1 site formation plateaus off after 100 °C (Figure 2a, S1 and Table A5.1).  

 

Figure 5.1 31P MAS NMR spectra of hydrolyzed P-BEA (Si/P = 27) (a) acquired at variable 

temperatures as indicated. (b) and (c) show the peaks corresponding to Q0 and Q1 sites, 

respectively. The spectra were recorded at 11.75 T under 4 kHz MAS.  
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Figure 5.2 Evolution of the (a) peak area (normalized to that of the spectrum acquired at 293 

K), (b) chemical shift anisotropy and (c) linewidths (full-width half maximum) of signals 

corresponding to Q0 (blue) and Q1 (red) sites in P-BEA-27 as a function of temperature. The 

CSA model in the SOLA program in TopSpin 4.0.6 was used to obtain simulated spectra and 

the corresponding parameters (normalized peak areas, chemical shift anisotropy and 

linewidths) at each temperature.  
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The conversion of Q0 to oligomeric Q1 sites occurs through the condensation between 

two Q0 sites containing POH, or to framework-bound Q1 sites by the condensation of POH 

with framework SiOH, releasing H2O (Scheme 5.1). A POH in H3PO4 can condense with 

nearby SiOH to form O=P(OH)2(OSi), which also gives rise to a signal in the same region as 

H4P2O7. Further condensation (presumably at temperatures above 200 °C) results in 

O=P(OH)(OSi)2 and O=P(OSi)3 which results in signals in the Q2 and Q3 regions. However, 

it should be noted that several structures (oligomeric and “mixed”) result in multiple signals 

in the same Qn region. H2O is released through condensation, which is known to affect the P-

site distribution by hydrolyzing P-O-Si and P-O-P linkages at room temperature. For instance, 

H2O can hydrolyze the P-O-P or P-O-Si linkages in Q1 sites to generate Q0. Thus, the increase 

in Q1 sites at elevated temperatures suggest that condensation is preferred over hydrolysis at 

these temperatures.  

 

 

Scheme 5.1 Reaction of the orthophosphoric acid sites (Q0) to (a) pyrophosphoric acid or (b) 

framework-bound sites (both of which show signals in the Q1 region). 
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Spectral deconvolutions of each spectrum of P-BEA-27 collected different 

temperatures showed that the linewidths of the peaks increase (Figure 5.2b). Additionally, the 

chemical shift anisotropy (CSA) of Q1 is also increasing shown by the more intense spinning 

sideband patterns at elevated temperatures (Figure 5.2c). The decrease in the linewidth and 

the CSA values both indicate lower mobility at higher temperatures, which is counterintuitive. 

The decrease in the mobility is a consequence of condensation of the POH groups in Q0 and 

Q1 with the SiOH in the framework to form framework-bound and “mixed” sites, described 

in previous studies on P-SPP-27 and P-BEA-27.10 Thus, more condensed sites form at higher 

temperatures, which have lower mobility and higher CSAs. In this case, a framework bound 

Q1 site has lower mobility than oligomeric Q1, and therefore results in a stronger CSA pattern 

and broader linewidth. Signals may also appear in the Q2 region, however, they overlap with 

the spinning sidebands of Q1.  

At temperatures relevant to reaction conditions (~150 °C), the amount of Q1 is greater 

than Q0. This likely has consequences for the activity of the catalyst since Q1 is more acidic 

than Q0. Thus, P-site distribution as a function of water, as well as temperature, and may also 

be dependent on the reaction conditions, which was explored using operando NMR. However, 

in previous studies on the catalytic activity and selectivity, P-BEA (Si/P = 3) showed optimal 

results, likely because of the higher stability of P-sites in the framework and the higher P 

content. Therefore, for the operando NMR studies, P-BEA-3 was chosen as the catalyst.  

 Initial P-site speciation in dehydrated P-BEA-3 (thermally treated at 450 °C for 12 h 

under dynamic vacuum <10-4 Torr) is different than that of dehydrated P-BEA-27 (Figure 

5.3a). The most striking difference lies in the appearance of a sharp peak at -43 ppm 

superposed on the broad Q3 signals. The sharp peak does not have spinning sidebands. In 
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previous studies this sharp peak was attributed to a silicophosphate phase Si5O(PO4)6 which 

was associated with three 29Si resonances at -217.0, -213.3 and -119.1 ppm using 31P-29Si 

HMQC and 31P-29Si CP MAS NMR measurements.28,29 Thus, higher P-loading results in the 

formation of a crystalline silicophosphate phase. In its hydrolyzed state, P-BEA-3 in also 

shows predominantly Q0 and a minor fraction of Q1 sites (Figure 5.3b), indicating that the 

silicophosphate phase also hydrolyzes. When the temperature is increased to 50 °C, as 

observed in P-BEA-27, the fraction of Q0 sites decreases while Q1 sites increase and plateau 

off after 150 °C is reached. The relative proportions of the Q0 and Q1 sites differ, i.e. P-BEA-

3 contains a higher ratio of Q0/Q1, which could be likely due to its state of hydrolysis in the 

beginning. The linewidths of the peaks corresponding to sites in this material are relatively 

narrower compared to P-BEA-27, likely to the formation of more P-O-P oligomers at a higher 

P-loading. P-site distribution is thus dependent on the water content, temperature as well as 

the P-content.  
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Figure 5.3. 31P MAS NMR spectra of P-BEA. (a) changes in the P-site distribution as an effect 

of P-loading observed in dehydrated P-BEA-27 and P-BEA-3. The spectra were recorded at 

18.8 T at 20 kHz MAS using liquid N2 boiloff for both bearing and spinning gases. (b) 31P 

MAS NMR spectra of hydrolyzed P-BEA (Si/P = 27) (a) acquired at variable temperatures as 

indicated. (c) and (d) show the peaks corresponding to Q0 and Q1 sites, respectively. The 

spectra were recorded at 11.75 T under 4 kHz MAS.  

 

 

 

a 
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5.2.2 Changes in P-site distribution in the presence of a reactant   

P-site distribution was investigated under operando conditions. 13C labelled-2-

propanol was transferred by vapor phase onto hydrolyzed P-BEA and the resulting sample  

was sealed in a WHiMS rotor under inert conditions and its 31P NMR spectrum recorded.22 At 

25 °C, Q0 and Q1 sites are both observed (Figure 5.4), which at elevated temperatures, broaden 

as observed previously in Figure 5.1 and 5.2.  In this case, sharp upfield shifted shoulders are 

also observed. The upfield shifted shoulders at -2.5 and -14 ppm are likely due to the presence 

of 2-propanol, and it was hypothesized that 2-propanol could undergo a reaction with the 

phosphoric acid sites to form phosphate esters, resulting in the sharp signals. For instance, 

isopropyl phosphate esters typically show sharp peaks between 0 to -2.6 ppm (Scheme 5.2b). 

30,31 

 

Scheme 5.2 (a) The conversion of 2-propanol to propene at 140 °C with the release of H2O 

as a byproduct. (b) Suggested phosphate esters that may be forming during the reaction (left: 

isopropyl dihydrogen phosphate, right: diisopropyl hydrogen phosphate).  
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Figure 5.4. 31P MAS NMR spectra of hydrolyzed P-BEA (Si/P = 3) at 25 (bottom) and 140 

(top) °C mixed with 13C labelled-2-propanol. The spectra were recorded at 11.75 T under 4 

kHz MAS.  

 

As the reaction progresses, sharp new peaks emerge in the Q0 region (Figure 5.5a), 

while the peaks in the Q1 region become more resolved. Assessing the changes in the peak 

areas, sites in the Q0 region decrease over the reaction time, while those in Q1 sites off after 

the first 100 min of the reaction (Figure 5.5b). The peak areas of the Q2 signals remain 

constant, although the resolution improves. The contributions of different components to the 

Q0 and Q1 signals are plotted as a function of reaction time in Figure 5.5c. Three peaks are 

eventually observed in the Q0 region at 0, -1.5 and -2.5 ppm. The peak at -1.5 ppm increases 

at first, and decreases after 150 min. Simultaneously, the peak at -2.5 ppm decreases, and 

plateaus off after the first 100 min. On the other hand, the peak at 0 ppm increases as the 

reaction progresses. These changes likely suggest the conversion of the phosphate ester giving 

rise to the peak at -1.5 ppm to that corresponding to the peak at -2.5 ppm, for instance, the 

conversion of isopropyl dihydrogen phosphate to diisopropyl hydrogen phosphate). In the case 

of Q1 signals, two peaks are observed at -12.5 and -14 ppm. The peak at -14 ppm which has 
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very low intensity to begin with, remains constant, while the peak at -12.5 ppm also does not 

change significantly in intensity, and in fact remains constant after the first 100 min, 

suggesting that this phosphate ester does not undergo any further changes. 
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Figure 5.5 31P MAS NMR spectra of 100 μL of 2-propanol transferred by vapor phase onto 

40 mg hydrolyzed P-BEA (Si/P = 3) at increasing reaction times from 0 to 300 min. The 

spectra were recorded at 140 °C, in a magnetic field of 11.75 T under 4 kHz MAS spinning 

conditions. (a) 31P MAS NMR spectra showing evolution of the P-site distribution. (b) 

Changes in the peak areas of the signals corresponding to Q0, Q1 and Q2. (c) Changes in the 

peak areas of each component in the Q0 and Q1 signals. Representative spectral 

deconvolutions are shown in Figure A5.2. 

 

5.2.3 Monitoring the evolution of reactants and products under reaction conditions 

As the reaction progresses, the P-site distribution varies and phosphate esters are likely 

formed. The changes in the reactant and product distribution, enabled by 13C MAS NMR was 

also investigated (Figure 5.6). 2-propanol dehydration results in the formation of propene and 

H2O and could also form 2-propan-2-yloxypropane as a side-product. In the beginning of the 

reaction, two peaks (a broad one at 62 ppm and a narrow one at 59 ppm) in the region of 2-

propanol appear. The two peaks may indicate different environments of the 2-propanol, i.e. a 

more confined 2-propanol site could give rise to a broad peak. Another broad peak is observed 

at 69 ppm, which has been assigned to methylene carbons participating in a phosphate-ester 

linkage in the polymerization of ethylene isopropyl phosphate.31  
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Figure 5.6. Representative 13C MAS NMR (a) spectra and (b) peak areas obtained from each 

signal, of 40 mg hydrolyzed P-BEA (Si/P = 3) onto which 100 μL of 2-propanol was 

transferred via vapor phase at increasing reaction times from 0 to 300 min. The spectra were 

recorded at 140 °C, in a magnetic field of 11.75 T under 4 kHz MAS using a recycle delay of 

10 s. The sites corresponding to each signal are also indicated.  

 

After several minutes of the reaction, a peak at -136 ppm is observed which increases 

linearly. Another peak at 64.5 ppm, which increases with reaction time is also observed, and 

it corresponds to 2-propan-2-yloxypropane, a side-product observed in this reaction.32 The 

peak at 69 ppm increases and plateaus off, indicating that the sites corresponding to this peak, 

i.e. the phosphate esters remain stable over time. Thus, operando NMR enables monitoring of 
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the 2-propanol dehydration reaction and the evolution of reactants, products and side-

products.  

 

5.3 Conclusions 

P-distribution evolves under reaction conditions, which occurs at elevated 

temperatures and releases water as a by-product. At elevated temperatures, more condensed 

sites form, although water is also released as a by-product. Under reaction conditions, a more 

complex distribution of P-sites is observed and the 31P and 13C NMR both suggest the 

formation of phosphate esters. Thus, operando NMR enables the observation of the 

consumption of liquid-phase 2-propanol and evolution of gas-phase propene, in the presence 

of a solid P-zeosil catalyst.  

 

5.4 Experimental 

5.4.1 Sample preparation and handling 

All-silica self-pillared pentasil (SPP), dealuminated zeolite BEA, and their P-modified 

analogs (P-SPP and P-BEA, each with a Si/P ratio of 27), were synthesized following 

previously described procedures.8,33 Each dehydrated material was dried at 450 °C under 

dynamic vacuum (<10-4 Torr) for 12 h before use. NMR samples were packed and sealed 3.2-

mm zirconia rotors inside a N2-filled glove-box.  
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5.4.2 Direct excitation solid-state MAS-NMR spectroscopy 

31P MAS-NMR measurements were performed at room temperature on a Bruker 

AVANCE III Ultrashield Plus 18.8 T Spectrometer (corresponding to 31P frequency of 323.85 

MHz) at MAS frequencies of 20 kHz 31P NMR measurements were made in 3.2-mm rotors 

using a single 90 ° excitation pulse of length 7 μs on the 31P channel. An aqueous phosphoric 

acid solution (1 M) provided the chemical shift reference.  

 

5.4.3. 13C and 31P Operando MAS NMR spectroscopy 

13C and 31P MAS NMR experiments were performed on Bruker AVANCE III 

Ultrashield Plus 11.7 T Spectrometer operating at 125.7747 MHz for the 13C channel and xx 

for the 31P channel, equipped with a 5 mm triple resonance HXY probe from Revolution NMR. 

A 40 mg portion of the sample was loaded into a 5 mm ZrO2 rotor customized for high-

temperature experiments and spun at 4 kHz. The ramp from room temperature to the desired 

reaction temperature usually required ca. 10 min. To perform experiments under reaction 

conditions, 100 μL of 2-Propanol-2-13C was transferred by vapor phase onto 40 mg of the 

sample.  

 In 13C direct polarization experiments, a 35 kHz 1H decoupling field was employed 

with an acquisition time of 300 ms. The 13C spectral width was 50 kHz, and 15008 data points 

were acquired per transient, using a relaxation delay of 15 s to ensure quantitative analysis. 

Each transient spectrum was acquired by averaging 64 scans. Temperature calibration of the 

high-pressure system was accomplished by acquiring 207Pb NMR spectra of lead nitrate in the 

rotor as a function of spectrometer temperature setting.13C chemical shifts were referenced to 
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TMS via a secondary standard, adamantane (37.48 ppm). Spectrum deconvolution was 

performed using the CSA model in TopSpin 4.0.6.  
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5.6 Appendix 
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Figure A5.1 31P MAS NMR of hydrolyzed P-BEA with Si/P = 27 acquired at different 

temperatures as indicated (black) and the corresponding simulations (purple) that include 

contributions for Q0 and Q1 components. Spectra were recorded at 11.7 T, using 4 kHz MAS. 

Simulations were performed using the CSA model in Topspin 4.0.6. Deconvolution of the 

spectrum of P-BEA into its Qn components is shown in dotted spectra, which are offset 

vertically.  

 

Table A5.1 Chemical shift parameters obtained for P-BEA, acquired by fitting simulated 

spectra to the experimental data at each temperature a 

Temperature Q0 Q1 

(°C) csiso 

(ppm) 

CSA 

(ppm) 

FWHM 

(Hz) 

csiso 

(ppm) 

CSA 

(ppm) 

FWHM 

(Hz) 

25 -3.3 x 285 -14.6 -37 250 

100 -3.8 x 240 -15.1 -40 340 

125 -2.9 x 420 -15.1 -35 450 

150 -3.6 x 700 -14.5 -42 700 

175 -5.0 x 1240 -13.2 -50 1140 

200 -4.2 x 900 -13.5 -50 1300 
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Figure A5.2 31P MAS NMR of hydrolyzed P-BEA with Si/P = 3 (40 mg) with 13C labelled-

2-propanol acquired at different reaction times as indicated (black) and the corresponding 

simulations (purple) that include contributions for Q0, Q1 and Q2 components. Spectra were 

recorded at 11.7 T, using 4 kHz MAS, at 140 °C. Simulations were performed using the CSA 

model in Topspin 4.0.6. Deconvolution of the spectrum of P-BEA into its Qn components 

which are shown in different shades of blue (Q0) and red (Q1) and a shade of green (Q2).  
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Chapter 6: Conclusions  

 

6.1 Major findings  

Dehydroxylation of non-porous and mesoporous silicas at 500 oC, results in surface 

hydroxyl groups that are closely associated with one another. When VCl4 is reacted with these 

hydroxyls, spin-spin coupled ≡SiOVCl3 sites are formed, which results in increased electron 

relaxation and EPR signals that are broadened beyond detection at room temperature. At 

temperatures below 20 K, the lineshape is predominantly Lorentzian, confirming the 

dominance of spin-spin interactions. Changing the coordination number of the V(IV) center 

results in regeneration of the EPR signals at room temperature. Dilution of the V(IV) center 

also regenerates the signals, however, even at low loadings of V (8 % surface silanol 

coverage), approximately 50 % of the EPR spectrum arises from a broad component, 

indicating clustered V(IV) sites. Increasing the loading further increases the contribution from 

the clustered V(IV) sites. This insight can be used to approximately determine that the silanols 

exist in cluster sizes of approximately 10, which are still present after thermal treatment of the 

silica at 500 °C. The absence of EPR signals at room temperatures is also observed in other 

mesoporous silicas as well non-porous silica treated at 700 °C. 

DNP-enhanced solid-state NMR spectroscopy, including RESPIRATIONCP NMR, 29Si-

filtered 31P DCP NMR, and 2D 31P-31P correlation NMR, in combination with DFT 

calculations was used to probe the nature of P-sites in a phosphorus-modified self-pillared 

pentasil (P-SPP). Two types of fully-condensed P-sites are present in dry P-SPP: mononuclear 

(Q
3

3
) and oligomeric (most likely dinuclear, Q

2

3
-Q

2

3
). Although neither is acidic, the NMR 

results confirm that both are surface-bound, confirmed by 29Si-filtered 31P DCP correlation 
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NMR spectroscopy. The mononuclear site undergoes hydrolysis of a P-O-Si linkage to form 

a Q
2

2
 site, before eventually being converted to H3PO4 (Q

0), presumably via an unstable Q
1

1
 

intermediate. Frequency-selective detection using RESPIRATIONCP suggests the presence of 

additional dinuclear P-sites containing both P-O-Si and P-O-P linkages in dry P-SPP. The  

P-O-Si linkages in this type of site also hydrolyze first, converting surface bound Q
2

3
-Q

2

3
 to 

non-surface-bound Q
0

1
-Q

0

1
, in which the P-O-P linkage eventually hydrolyses to form Q0. This 

study reveals that the Brønsted acidity in P-SPP arises from a diverse mixture of partly-

hydrolyzed surface-bound and non-surface-bound mononuclear and dinuclear sites, even at 

low P-loadings (P/Si = 27).  

The impact of water on the zeosil frameworks and the P-site distribution was compared 

in P-SPP and P-modified dealuminated zeolite BEA (P-BEA). SPP has a higher hydroxyl 

content relative to BEA, as determined by quantification using ultra-fast 1H MAS NMR, and 

is thus more hydrophobic. Improved resolution achieved through ultra-fast MAS shows a 

distribution of different types of SiOH groups in the two zeosils. 31P MAS NMR of dehydrated 

P-BEA shows that it has fewer framework-bound sites, on average, (such as Q
2

3 − Q
1

3, Q
1

2 −

Q
0

1
 and Q

0

1 − Q
0

1
) which are acidic, in contrast to the Q

3

3
 and Q

2

3 − Q
2

3
 sites predominantly 

present in dehydrated P-SPP. Ambient exposure of the material shows that P-sites in P-BEA 

are more resistant to hydrolysis and persist over longer timescales compared to those in P-

SPP. 1H MAS NMR shows that this is likely due to the nature of the zeosil framework. The 

BEA framework results in a population of P-sites which are in slow exchange with water as 

observed. On the other hand, the open architecture of the SPP framework results in more 

water-accessible P-sites. Thus, the accessibility of the water to P-sites as well as the higher 
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fraction of P-O-P linkages in P-BEA, makes the sites less susceptible to hydrolysis; P-SPP 

hydrolyzes faster. 

Investigation of P-sites under reaction conditions demonstrates that they condense to 

form framework-bound and/or oligomeric sites at elevated temperatures between 25 to 200 

°C. Under reaction conditions, i.e. at 140 °C and in the presence of a 2-propanol as a reactant, 

phosphate esters are generated in the reaction as suggested by the 31P and 13C operando NMR. 

 

6.2 Future directions 

Site-specific information on the silanol distribution in silicas and siliceous zeosils is 

important in determining structure-property relationships. Grafted paramagnetic probe 

molecules on the surface of silica experience spin-spin coupling due to the spatial proximity 

of surface silanols which are likely in pairs or form clusters. Thus, these silanols cannot be 

described as well-isolated. Expanding the scope of the study to other materials (such as 

organic mesoporous silicas with systematically varying hydrophobicities, and all- and high-

silica zeolites) containing different silanol densities would help address the question on 

whether all types of silicas, regardless of the synthesis procedure and the presence of micro- 

and mesopores contain silanol pairs or clusters. Furthermore, spin dilution studies on these 

silicas would provide insight on whether the cluster sizes vary for each silica. For instance, 

observing whether the cluster size varies as a function of hydrophobicity in organic 

mesoporous silicas would be interesting, and thus shed light onto controlling the isolation of 

catalytically active grafted metallic precursors which could impact their stability, selectivity 

and activity.   
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The studies on P-zeosils have demonstrated using existing and novel NMR techniques, 

such as advanced pulse sequences, DNP, ultra-fast and operando capabilities, to probe the 

nature of P-sites. The precise identities of the active sites in P-zeosils are yet to be 

established, and must be evaluated under reaction conditions. The formation of stable 

phosphate esters and its effect on the 2-propanol dehydration reaction can be further explored 

by observing the effect of the reaction temperature, catalyst amount and reactant 

concentration, in addition to the hydration state of the catalyst in the beginning of the reaction. 

The formation of the phosphate esters, as well as the release of water, obscures determination 

of the precise identity of the active P-site. Therefore, the evolution of P-sites using a simpler 

probe reaction, such as the Hofmann elimination of tert-butylamine generating isobutene and 

ammonia, can be explored, and used to determine the active P-site.  

An important attribute that must be investigated is the Brønsted acid site distribution 

in the P-zeosils, which determines the activity and selectivity of the catalysts. The Brønsted 

acid site distribution and strength, as a function of the different hydration states of the P-

zeosils, can be quantified by using trimethylphosphine oxide as a probe molecule, which is 

known to adsorb preferentially on the acid sites on solid catalysts. By using advanced 2D 

NMR correlation experiments (31P- 31P) in combination with selective detection of P-sites 

using selective 31P RESPIRATIONCP, the acidity as a function of the hydration state can be 

correlated. The findings from the operando NMR experiments can be related with the acid site 

distribution. The scope of these experiments can be further broadened to other P-modified 

silicas (such as crystalline silicophosphates and solid phosphoric acid catalysts) and zeolites 

(containing Al) with different P-content, that show differences in catalytic activity, selectivity 

and stability.  




