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ABSTRACT: Phosphorus-modified siliceous zeolites, or P-zeosils, catalyze the selective dehydration of biomass derivatives to platform chem-
icals such as p-xylene and 1,3-butadiene. Water generated during these reactions is a critical factor in catalytic activity, but the effects of hydrol-
ysis on the structure, acidity, and distribution of the active sites are largely unknown. In this study, the P-sites in an all-silica self-pillared pentasil 
(P-SPP) with a low P-loading (Si/P = 27) were identified by solid-state 31P NMR using frequency-selective detection. This technique resolves 
overlapping signals for P-sites that are covalently bound to the solid phase, as well as oligomers confined in the zeolite but not attached to the 
zeolite. The sensitivity necessary to conduct 29Si-filtered 31P detection and 31P-31P correlation experiments was achieved using dynamic nuclear 
polarization. These techniques distinguish sites with P-O-Si linkages from those with P-O-P linkages. The spectra reveal a previously unappre-
ciated diversity of P-sites, including evidence for surface-bound oligomers. In the dry P-zeosils, essentially all P-sites are anchored to the solid 
phase, including mononuclear sites and dinuclear sites containing the [Si-O-P-O-P-O-Si] motif. The fully condensed sites evolve rapidly when 
exposed to humidity, even at room temperature. Hydrolysis generates more species with a wide range of acidities, inferred from their calculated 
LUMO energies. Initial cleavage of some P-O-Si linkages results in an evolving mixture of surface-bound mono- and oligo-nuclear P-sites with 
increased acidity. Subsequent P-O-P cleavage leads to a decrease in acidity as the P-sites are eventually converted to H3PO4. The ability to 
identify the acidic sites in P-zeosils and describe their structure and stability will play an important role in regulating the water content to control 
activity in microporous catalysts.  

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 un-
selective reactions of biomass intermediates. One approach to im-
prove the selectivity of these catalysts, and thereby enhance their sta-
bility, is to attenuate their strong acidity. Moderate Brønsted acidity 
can be installed in siliceous zeolites by infusing them with ortho-
phosphoric acid (H3PO4). Confinement of the acid in these mi-
croporous 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 al-
kylation.4–6 Recently, an SPA was also reported to steer the fast py-
rolysis 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 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 con-
ditions.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 car-
bohydrate-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 
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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 exist-
ence of such sites was not established. Surface and/or pore confine-
ment 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 establish-
ing 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-crys-
talline 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 anal-
ysis of the differential pair-distribution function. The findings sug-
gest the formation of surface-bound complexes, although the ability 
to resolve structural information when multiple sites are present is 
low.17–19 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 con-
firmed 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 incon-
sistent 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 na-
ture 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 silicophos-
phate gels/glasses,30–32 SPA catalysts,33 phosphates adsorbed on alu-
minum (hydr)oxides,17,26 and partially dealuminated P-modified alu-
minosilicate 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 an-
chored 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 pyro-
phosphoric acid (H4P2O7), acyclic tripolyphosphoric acid 
(H5P3O10), and cyclic metaphosphoric acid (H3P3O9).34,35 Acyclic ol-
igomers with the general formula Hm+2PmO3m+1 dominate the distri-
bution.34–36 They have been identified in the literature using a Pm no-
menclature,37 where m denotes the degree of oligomerization. The 
characteristic 31P NMR signals for H3PO4 (P1) and H4P2O7 (P2) ap-
pear 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 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, P2), it is usually impossible to assign a signal to a particular 
P-site based on its chemical shift alone. Precise identification of oli-
gomers 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. 

 

Scheme 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 Un-
fortunately, 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 
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using techniques based on D-coupling. Such multi-dimensional ex-
periments involving 31P or 29Si are very challenging for dilute P-
zeosils, due to the inherently low NMR sensitivity and low receptiv-
ity of 29Si (4.7% natural abundance, with a gyromagnetic ratio only 
20 % that of 1H). 

Recent advances in NMR that overcome its inherently low sensi-
tivity are generating new opportunities for characterizing connectiv-
ities between 31P and 29Si nuclear spins. In particular, Dynamic Nu-
clear 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 ad-
vanced 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/mi-
croporous Mobil Five (MFI)-type zeolite. Consisting of orthogo-
nally-intergrown single unit-cell MFI nanosheets (Scheme 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 in-
tergrown nanosheets and defined by the external surfaces of the MFI 
nanosheets, which are mostly terminated by (010) planes. The ma-
terial shows a rich P-speciation, which depends strongly on the ex-
tent 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.  

 

Scheme 2. Transmission electron microscopy image of a typical 
Self-Pillared Pentasil (SPP) particle (left), consisting of orthog-
onally-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). 

 

 

RESULTS AND DISCUSSION 
Describing the P-sites in dry P-SPP. To explore the P-sites pre-

sent 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 expo-
sure of the dry material to air, using direct excitation at 18.8 T (Fig-
ure 1a). The spectrum consists predominantly of an isotropic peak 
at -44 ppm and its spinning sideband at 21 ppm, confirmed by com-
parison to the simulation in Figure 1a.  According to Scheme 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 S1). The linewidth, ca. 3.5 kHz at νr = 
20 kHz, suggests that it is dominated by isotropic chemical shift dis-
persion, arising from the superposition of multiple, structurally het-
erogeneous 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 signal and its spinning sidebands are the dominant spectral fea-
tures, minor Qn signals (n ≠ 3) may also be present, and could ac-
count for the additional signal intensity not predicted by the simu-
lated spinning sidebands of the Q3 signal. However, the poor spectral 
resolution and low signal-to-noise ratio (SNR) preclude more defin-
itive characterization of the material on the basis of this spectrum 
alone. 

 

  

Figure 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 ex-
posure 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 pre-
vious studies of SPA4,36,58 and P-modified zeolites59 show that both P-
speciation and/or activity are very sensitive to the hydration state, 
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 appar-
ent at -25 ppm (Figure 1b). 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 mini-
mally hydrolyzed state reflects a reduced CSA, (-160 ± 9) ppm, 

20 nm 
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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 side-
band manifold may be distorted by the non-uniform excitation, in-
creasing the uncertainties in the CSA parameters (see Table S1). 
Nevertheless, the changes in the overall spectral intensity and side-
band patterns confirm a reduction in CSA after just 1 min ambient 
exposure (see Figure S1). The reduction in CSA occurs concur-
rently 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.   

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 observed by 31P 
NMR (Figure 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 am-
bient exposure (9 min), four distinct groups of signals are present  

 

 

Figure 2. The effect of ambient exposure time (correlated approxi-
mately 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 tem-
perature 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, respec-
tively. (b) Approximate time profile of the integrated peak intensities 
(including spinning sidebands) for each group of Qn signals. 

 

(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 succes-
sively less intense and all peaks narrow as the extent of hydration in-
creases, presumably due to higher mobility and/or greater homoge-
neity in the remaining P-site structures. 

Trends in the various Qn peak areas with ambient exposure time 
(Figure 2b) reflect on the relative hydrolytic stabilities of each group 
of P-sites (spectra for all ambient exposure times are shown in Figure 
S2). The Q3 signals, which dominate the spectrum of the dry mate-
rial, decrease gradually in intensity, disappearing completely after ca. 
25 min. Over the same time period, the Q2 signal intensity first in-
creases and then decreases, suggesting that hydrolysis of some P-
sites, initially responsible for Q3 signals gives new sites with Q2 sig-
nals. The intensities of the Q1 and Q0 signals increase monotonically, 
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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 sig-
nals). A 31P NMR spectrum recorded after many days of ambient ex-
posure (Figure S3) 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 sensitivity to hydrolysis of the various 
groups of P-sites follows the general (and expected) order Q3 > Q2 > 
Q1.  

Overall, NMR measurements in the presence of variable water 
content reveal that multiple types of P-sites, with different sensitivi-
ties 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 pre-
sent. 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). 

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 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 polariz-
ing agent such as the TEKPOL biradical to solvent protons, and then 
(by cross-polarization) to 31P nuclei. The resulting signal enhance-
ments shorten the times required for 31P-29Si and 31P-31P correlation 
experiments significantly, and also facilitate the selective 1D detec-
tion of the various Qn signals.  

The DNP-enhanced 1H-31P CP-MAS spectrum of nearly-dry P-
SPP shown in Figure 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 S4 for 
comparison). The DNP-enhanced spectrum exhibits two major iso-
tropic peaks, at -42 and -25 ppm, both with intense spinning side-
bands. Based on their chemical shifts, these isotropic peaks corre-
spond to P-sites with Q3 and Q2 signals, respectively. In contrast to 
the 31P MAS-NMR spectrum in Figure 2a, the intensities of both sig-
nals 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 1). The 
spinning sidebands are also stronger in Figure 3a compared to Fig-
ure 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 S5. Unfortunately, the intense spinning side-
bands resulting from the slower MAS rate preclude the observation 
of any Q1 or Q0 signals in the 1H-31P ramped-CP-MAS spectrum. 

 

 

Figure 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, re-
spectively. 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 Ta-
ble 1. 

 

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 spec-
tra recorded in this way are shown in Figure 3.  

Setting the RF offset frequency in the Q3 region (-42 ppm) en-
hances the Q3 signals, while suppressing others. In the RESPIRATIONCP 
spectrum, the main isotropic peak has a shoulder (Figure 3b), re-
flecting a second P-site with a chemical shift in this region. The cor-
responding simulation requires two isotropic signals in the Q3 re-
gion, with chemical shifts Ciso of -43 and -36 ppm (Table 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 2). 
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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, unam-
biguous confirmation of such linkages requires 29Si-31P correlation 
experiments (see below). 

 

Table 1. CSA parameters for nearly-dry P-SPP, obtained by fit-
ting a simulated spectrum to its RESPIRATIONCP data  

RF offset a 
ppm 

CSiso 
b,c 

ppm  
CSAc 
ppm 

𝜼𝜼 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 correspond-
ing Qn region is shown in parentheses.  c The CSiso and CSA uncertainties 
represent the variation in each parameter that causes a 1 % decrease in 
fit quality, defined as the overlap between the simulated and experi-
mental spectra (see Methods section for details).   

 

To observe signals in the Q2 region, a second RESPIRATIONCP spec-
trum 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 3c, and a CSA of (-127 ± 9) ppm (Table 1). A third 
RESPIRATIONCP spectrum was recorded with an RF offset frequency set 
at -11 ppm, in the Q1 region. The spectrum in Figure 3d contains two 
peaks within 2 kHz of the RF frequency (i.e., both in the 
RESPIRATIONCP range). According to the simulated spectrum, the ma-
jor 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 isotropic 
Q1 signals are completely obscured by spinning sidebands in the 
ramped-CP spectrum (Figure 3a). Finally, setting the RF frequency 
to 0 ppm revealed no new isotropic signals, Figure 3e. In this region, 
Q0 signals overlap directly with Q3 spinning sidebands. The spec-
trum is well-simulated using only CSA parameters for the Q3 signals 
(Table 1). All four RESPIRATIONCP experiments were repeated at a dif-
ferent MAS frequency (5 kHz) to confirm the positions of the iso-
tropic peaks (Figure S7). 

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 corre-
sponds 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. 

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 
Qm

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 1). The lower index (m) 
indicates the number of P-O-Si bonds. Thus, the signal for the sur-
face-bound site (SiO)3P=O is denoted Q3

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, Q2

3  precisely 
identifies the Q3 signal corresponding to the surface-bound P-site 
(underlined) in (SiO)2P(O)OP(O)(OX)2, where X denotes H or Y 
(Si or P). Moreover, this notation is readily adapted to describe mul-
tinuclear sites. For example, a dinuclear site with two P-sites con-
nected via a P-O-P linkage could be represented by Q2

3-Q2
3. Similarly,  

 

Scheme 3. Some of the P-sites possible in P-SPP, including sur-
face-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. 

a trinuclear site could be denoted Q2
3 -Q0

2 -Q2
3 . The Qm

n  notation 
identifies signals with different n values that have distinct chemical 
shifts, regardless of m. A corollary is that Qm

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. Q0

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 cate-
gories are shown in Scheme 3. 
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Impact of hydrolysis on Brønsted acidity in P-SPP. Before at-
tempting 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 rela-
tive acidities of a subset of individual P-sites using gas phase elec-
tronic structure calculations instead. Due to the complexity of the 
SPP structure (Scheme 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 Q3

3 , 
Q2

2, Q1
1 and Q0 cluster models, i.e., the series corresponding to pro-

gressive hydrolysis of a Q3
3 cluster model, according to Scheme 3. 

In general, even proton transfers involve the nuclear motion of 
several atoms. We simplified the problem by limiting our prelimi-
nary analysis to a comparison of electronic structures, using a fron-
tier 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 su-
perposition of several contributions, including ionic (D-…HA+) and 
polar (D-…H+…A) resonance forms.65–69 The polar resonance struc-
ture is particularly important when the transferring H-in-flight is sta-
bilized electrostatically by the donor and acceptor, especially when 
there is no activation barrier for proton transfer.70,71 The D-H heter-
olytic 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 initio calculations confirm the im-
portance 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 
S14-S17 and the geometric coordinates are given in Table S2. Its en-
ergy determines the HOMO-LUMO gap, where a smaller gap cor-
responds to a more acidic proton. A corollary is that the LUMO en-
ergies 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 chemi-
cally equivalent OH groups.  

The LUMO energies are given in Figure 4 and Table S3. Of the 
mononuclear P-site models, the Q2

2 model is the least acidic, while 
the Q1

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 de-
fect 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 Q1

1 site might become 
less acidic than a Q2

2 site, if one of the OH groups of Q1
1 is H-bonded. 

The impact of H-bonding on acidity is clearly evident in the di-
nuclear P-site models Qm

n -Qm´
n´  (all with a single P-O-P linkage), 

shown in Figure S15. For each optimized geometry, the number of 
H-bonds in maximized, and the LUMO is delocalized over the pro-
tons that do not participate in H-bonds. The regions of LUMO de-
localization correspond to areas of more positive electrostatic poten-
tial, where a base would bind more strongly. For example, in the di-
nuclear Q0

1 -Q0
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 Q1

2 -Q0
1 and Q2

3 -
Q0

1 models each have a single non-H-bonded OH, located on the Q0
1 

P-site. In the Q1
2 -Q1

2 and Q2
3 -Q1

2 models, all OH groups are engaged 
in H-bonds in the lowest energy structures. 

 

 
Figure 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 en-
ergies for minimum-energy geometries; gray bars represent higher en-
ergy structures with fewer H-bonds. (c) Comparison of structures de-
pict geometries with different numbers of H-bonds, for two of the dinu-
clear models. 

 

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 Q2

3 -Q1
2  < 

Q2
3 -Q0

1 < Q1
2 -Q0

1  < Q0
1-Q0

1, (Figure 4b and Scheme S1). The predicted 
acidity of the Q1

2 -Q1
2 model is anomalously low, likely because it has 

no hydroxyl groups free of H-bonding in the minimum-energy ge-
ometry. The prediction for the Q2

3 -Q0
1  model may be affected by 

partly delocalization of its LUMO over a silyl H atom, increasing the 
acidity of its free OH.  
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We investigated the impact of H-bonding on acidity in the dinu-
clear models. Conformations close to the global minimum-energy 
geometry, but with fewer intramolecular H-bonds, are shown in the 
gray bars in Figure 4b; some structures are compared in Figure 4c. 
For example, the Q0

1 -Q0
1 conformer with one H-bond has a higher to-

tal 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 Q1

2 -Q0
1 and Q2

3 -
Q1

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 be-
tween minimum energy conformers for the dinuclear structures. For 
example, the higher energy Q1

2 -Q0
1  conformer is noticeably more 

acidic than the minimum-energy Q2
3 -Q0

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-en-
ergy geometries (kB is Boltzmann’s constant). Although H-bonding 
with silanol groups or framework oxygen atoms is possible in the ze-
olite, 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 com-
plete 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 4 further reveals that P-O-P hydrolysis generally results in 
reduced acidity. For example, the OH group of the Q0

1 side of the Q1
2 -

Q0
1 site is slightly more acidic than Q0 itself. Similarly, breaking the P-

O-P bond in dinuclear Q0
1 -Q0

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 Q2

3 -Q0
2 -Q0

1 is higher than that of dinuclear Q2
3 -Q0

1, 
formed by P-O-P hydrolysis (Table S3). 

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 so-
phisticated 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 to-
wards such insight, we applied 2D MAS NMR techniques to estab-
lish P-O-Si and P-O-P connectivity by resolving Qm

n  signals corre-
sponding to structures with different m values.  

Spectroscopic evidence for surface-bound P-sites. P-O-Si 
linkages have been identified in well-defined, crystalline silicophos-
phates, 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 amor-
phous 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 chem-
ical shift overlap for species with P-O-P and/or P-O-Si linkages 
(Scheme 1).  

Since we ruled out P4O10 as the origin of Q3 signals based on com-
parison of their CSA values, the signals must arise from sites that 
contain P-O-Si linkages. Candidates include Q3

3  and Q2
3 − Q2

3  sites. 
With DNP-induced signal amplification, it becomes feasible to es-
tablish the presence of P-O-Si linkages based on through-space di-
polar 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 effi-
ciency 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 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 ev-
idence is only qualitative. 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 cou-
pling strength was sought for each group of P-sites by acquiring 
buildup curves. Figure 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 nu-
clear 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 diffi-
cult to interpret quantitatively, therefore we will not discuss the re-
fined 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, indi-
cating 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 5a).  

Thus nearly-dry P-SPP contains at least two major P-sites with 
signals in the Q3 region (differing in chemical shifts and CSAs), nei-
ther of which is P4O10, and at least one major site with a signal in the 
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Figure 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 mate-
rial to air for 2 or 10 min, respectively. Both were recorded with a 40 ms 
mixing time (𝜏𝜏DCP). Spinning sidebands for Q1, Q2, and Q3 signals are 
indicated by * in red, green, and black, respectively. (c) 31P DCP peak 
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). Exper-
imental spectra for all mixing times, and the regions used to obtain the 
peak areas, are shown in Figure S8. 

 

Q2 region. P-sites with signals in the Q1 region make a minor con-
tribution. P-O-Si linkages are present in all major sites, but are rela-
tively more abundant in those with Q3 signals. Table 2 shows the 
minimum number of structures required to account for the experi-
mental observations for dry/nearly-dry P-SPP. The slower buildup 
of the Q2 signals is consistent with Q2

3 -Q1
2 sites formed by hydrolysis 

of Q2
3 -Q2

3 , or with non-surface-bound Q0
2  sites, possibly as part of 

more complex, trinuclear P-sites such as Q2
3-Q0

2-Q2
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 5b) relative to that of the nearly-dry material (domi-
nated by Q3 signals). The signal intensities in both the Q2 and Q1 
regions are comparable, and higher than in the Q3 region. Further-
more, 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 S8b. Given the low peak intensity, the TDNP value 
could not be measured. Nevertheless, the persistence of a Q3 signal 
suggests that some surface-bound Q3 P-sites (e.g., Q3

3  and/or Q2
3) re-

main.  

 

Table 2. Spectroscopic evidence for proposed structures of ma-
jor mononuclear and dinuclear P-sites present in P-SPP, in 
three different hydration states 

Label Structure Hydration state 

  
Nearly 

dry 
Partly 

hydrolyzed 
Fully 

hydrolyzed 

Q3
3 

P

O

O

Si

O
O

Si
Si

 

DCP   

Q2
3-Q2

3 P

O

O

Si

O
O

P

O

O
O

Si Si
Si

 

DCP DCP  

Q1
2-Q1

2 P

O

O

Si

O
OH

P

O

O
OH

Si  

DCP DCP  

Q2
2 

P

O

O

Si

OH
O

Si  

 DCP  

Q0
1-Q0

1 
P

O

HO O
OH

P

O

OH
OH  

 

 DCP DCP 

Q0  
HO OHP

O

OH  

  DCP 

Q2
3-Q1

2 P

O

O

Si

O
O

P

O

O
OH

Si Si  

RFDR RFDR  

Q1
2-Q0

1 P

O

O O
OH

P

O

OH
OH

Si  

 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., 
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Q2
2 and/or Q1

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 Q2

2, aris-
ing from hydrolysis of Q3

3 (Scheme 4 and Scheme S2). Finally, the 
suppression of the Q1 signal in the 29Si-filtered 31P DCP spectrum is 
consistent with its assignment to Q0

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 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 
S8c). Both NMR spectra are dominated by the signal corresponding 
to H3PO4 (Q0), which remains associated with the zeolite but lacks 
P-O-Si linkages. The overall SNR of the 29Si-filtered 31P DCP spec-
trum 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 S9), com-
pared to the Q3 and Q2 buildup rates in the nearly-dry and partly-hy-
drolyzed states.   

These DCP experiments provide direct evidence for P-O-Si link-
ages in dry P-SPP, and their hydrolysis with increasing exposure to 
water. However, a coherent explanation for the spectroscopic obser-
vations requires P-species containing P-O-P as well as P-O-Si link-
ages. The minimum number of structures required therefore in-
cludes the dinuclear P-sites shown in Table 2. To verify this hypoth-
esis, 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 stabil-
ities.  

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, us-
ing a radio-frequency-driven recoupling (RFDR) pulse sequence.76 
Polarization is transferred from one P-site to a nearby P-site via di-
polar (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 S10). 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 6a shows the 2D homonuclear 31P-31P correlation spec-
trum for nearly-dry P-SPP, recorded with DNP enhancement. It in-
cludes isotropic self-correlations (along the main diagonal) and cor-
relations 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 the Q2 and Q3 sig-
nals, 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 sig-
nals and their spinning sidebands.  

The key new information in these data is contained in the off-di-
agonal peaks, or cross-peaks, which indicate proximity between P-
sites with different chemical shifts. They reveal proximal P-sites  
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Figure 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. Solid circles denote Q3-Q2 (black) and Q2-Q1 (purple) cross-peaks, respectively. Dashed circles indicate 
cross-peaks involving a spinning sideband.  

 

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 pro-
jections of the regions for different Qn signals. Figure 6b compares 
these projections for the Q3 and Q2 regions with the 1H-31P CP spec-
trum (blue). The row from the Q3 region (black) clearly contains the 
Q2 signal, while the row from the Q2 region (green) also clearly con-
tains 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 Q2

3 -Q2
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 Q2

3 -Q1
3, are in principle observa-

ble, 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. 

To confirm that the cross-peaks in the RFDR spectra of the 
nearly-dry material arise due to intramolecular P-O-P´ linkages, ra-
ther than intermolecular correlations, the same 2D experiment was 
repeated with a longer mixing time (Figure S11). The optimum mix-
ing 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 dou-
bling τRFDR from 714 to 1428 μs (see Figures S11-S13). Thus, the Q3-
Q2 cross-peaks arise from strongly-correlated (P-O-P´-linked) dinu-
clear sites. This observation is consistent with the presence of Q2

3 -Q1
2 

sites, as shown in Table 2. Their presence in nearly-dry P-SPP was 
suggested by the RESPIRATIONCP results (Figure 3b), which revealed a 
second type of Q3 site (in addition to mononuclear Q3

3). The postu-
lated Q2

3 -Q2
3 sites should generate Q2

3 -Q1
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-diag-
onal peaks for all four Qn regions (Figure 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 
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cross-peaks at (-2, +18) and (+18, -2) ppm correlates Q3 and Q2 
spinning sidebands. A cross-peak at (-23, -2) ppm relates the  

Scheme 4. Proposed structures for the major P-sites in P-SPP and their corresponding Qm
n  signal designations, as well as their likely hydrol-

ysis pathways.  

 
 

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 (Ta-
ble 2). The 1D projections of the corresponding rows in the Q2 
(green) and Q1  (red) regions show the appropriate cross-peaks 
(Figure 6d). In combination with the 29Si-filtered 31P DCP NMR re-
sults, this finding suggests two kinds of dinuclear P-sites in partly-
hydrolyzed P-SPP, depicted in Table 2 as Q2

3 -Q1
2 and Q1

2 -Q0
1. 

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 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.  

In the top row of Scheme 4, surface-bound Q3
3 sites reflect con-

densation of H3PO4 with silanol nest defects in the SPP micropores 
and/or external (mesopore) silanols. These sites should be con-
verted by hydrolysis to Q2

2, Q1
1, and finally, Q0 sites. Both Q3

3 and Q2
2 

signals are present in the spectrum of the partly-hydrolyzed material. 
However, the NMR signature of surface-bound Q1

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 4, dinuclear surface-bound Q2
3 -Q2

3 
sites reflect reactions of H4P2O7 with silanol nests. Hydrolysis of one 

of the P-O-Si bonds would result in formation of Q2
3 -Q1

2 sites (con-
sistent with the DCP results reported above, and confirmed by 
RFDR). Further P-O-Si hydrolysis would account for our observa-
tions of several mixed P-sites: Q2

3 -Q0
1 , Q1

2 -Q1
2 , and Q1

2 -Q0
1  as well as 

free pyrophosphoric acid ( Q0
1 -Q0

1 ). The intermediate hydrolysis 
products Q1

2 -Q1
2 and Q0

1 -Q0
1, while expected, cannot be observed by 

RFDR. However, the presence of Q0
1 -Q0

1 sites can be inferred from 
the observation of a Q1 signal in the 1H-31P CP spectrum of partly 
hydrolyzed P-SPP (Figure 5b), combined with the finding that these 
are not Q1

1 sites based on analysis of the 29Si-filtered 31P DCP spec-
trum. Thus we conclude that the Q1 signals represent Q0

1 -Q0
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 ex-
pected greater hydrolytic instability of P-O-Si relative to P-O-P.  

CONCLUSIONS 
Phosphorus-modified self-pillared pentasil (P-SPP) is highly se-

lective 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 na-
ture of the P-sites, including how they interact with the zeolite frame-
work 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 
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types of fully-condensed P-sites: mononuclear (Q3
3) and oligomeric 

(most likely dinuclear, Q2
3 -Q2

3). Although neither is acidic, the NMR 
results confirm that both are surface-bound. Their presence was con-
firmed by 29Si-filtered 31P DCP correlation NMR spectroscopy. The 
mononuclear site undergoes hydrolysis of a P-O-Si linkage to form a 
Q2

2 site, before eventually being converted to H3PO4 (Q0), presuma-
bly via an unstable Q1

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 
Q2

3 -Q2
3. It is rapidly converted to a Q2

3 -Q1
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 Q1

2 -Q0
1 

site, leading eventually to non-surface-bound H4P2O7 (Q0
1 -Q0

1). The 
P-O-P linkage is the last to hydrolyze, finally forming H3PO4 (Q0).  

This study reveals that the Brønsted acidity in P-SPP arises from 
a diverse mixture of partly-hydrolyzed surface-bound and non-sur-
face-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 con-
ditions, this work represents a step toward the rational design of sup-
ported acid catalysts with improved activity and selectivity.  

METHODS 
Sample preparation. P-modified self-pillared pentasil (P-SPP), with Si/P = 
27, was synthesized following a previously described procedure.19 The mate-
rial 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 ob-
tain 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 2 were per-
formed on consecutive days, when the relative humidity varied between 74 
and 78 % during the measurement time.  
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 fre-
quencies 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 acqui-
sition. A single 90 ° excitation pulse of length 7 μs was used on the 31P chan-
nel. An aqueous phosphoric acid solution (1 M) provided the chemical shift 
reference.  
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. Experi-
ments 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 rec-
tangular 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-
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 param-
eters, |δzz – δiso| ≥ |δxx – δiso| ≥ |δyy – δiso|, where the isotropic CS is de-
fined as δiso = (δ11 + δ22 + δ33)/3, the CSA is ∆δ =  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 exper-
imental 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 S18) contact time, prior to the DCP block for the 
29Si-31P polarization transfer. The 1H-29Si mixing time was optimized to max-
imize 29Si peak intensities. During DCP, the RF amplitude on the 29Si chan-
nel 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 am-
plitude and 3.8 µs pulse length) on the 1H channel . The RF amplitudes dur-
ing 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 trans-
fer via DCP) was shown to be optimal for detecting P-O-Si linkages in pre-
vious studies of silicophosphates.74 To record buildup curves of nearly-dry 
and hydrolyzed 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 sum-
ming 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, re-
spectively, at 7 kHz MAS. 2D experiments were performed using 160 incre-
ments 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 ir-
radiation (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 po-
larization transfer.  
The numerical simulations for determining the optimum RFDR mixing time 
were performed using SIMPSON-4.0.82 A spin system was constructed with 
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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 dipo-
lar couplings of 1200, 900, 600, and 300 Hz (Figure S10). 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.  
Electronic structure calculations. All electronic structure calculations 
were performed with Gaussian 0983 at the M062X/aug-cc-pvtz level of the-
ory. The SCF cycle convergence was set at 10-8, and optimized geometries 
were converged to 0.0003 Ha/Bohr. Stationary points were verified by vi-
brational frequency analysis (zero imaginary frequencies). 
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