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ABSTRACT: Elucidating the nature, strength and siting of acid sites in zeolites is fundamental to fathom their reactivity and
catalytic behavior. Despite decades of research, this endeavor remains a major challenge. Trimethylphosphine oxide (TMPO)
has been proposed as a reliable probe molecule to study the acid properties of solid acid catalysts, allowing the identification
of distinct Brgnsted and Lewis acid sites and the assessment of Brgnsted acid strengths. Recently, doubts have been raised
regarding the assignment of the 3P NMR resonances of TMPO-loaded zeolites. Here, it is shown that a judicious control of
TMPO loading combined with two-dimensional *H-3'P HETCOR solid-state NMR, DFT and ab initio molecular dynamics
(AIMD)-based computational modelling provide an unprecedented atomistic description of the host-guest and guest-guest
interactions of TMPO molecules confined within HZSM-5 molecular-sized voids. 3P NMR resonances usually assigned to
TMPO molecules interacting with Brgnsted sites of different acid strength arise instead from both changes in the probe mol-
ecule confinement effects at ZSM-5 channel system and the formation of protonated TMPO dimers. Moreover, DFT/AIMD
show that the 'H and 3'P NMR chemical shifts strongly depend on the siting of the framework aluminum atoms. This work
overhauls the current interpretation of NMR spectra, raising important concerns about the widely accepted use of probe

molecules for studying acid sites in zeolites.

INTRODUCTION

Zeolites are crystalline nanoporous materials with three-
dimensional frameworks built up of silicon, oxygen and alu-
minum atoms, i.e., aluminosilicates. The diversity of zeolite
topologies combined with high pore volume and adsorption
capacity, shape selectivity and thermal stability enable their
use in the refining and petrochemical industries as solid
acid catalysts. Unfortunately, providing an accurate and
complete characterization of the acid properties of zeolites,
namely acid site density, nature, strength, and accessibility,
remains a major challenge. Spectroscopists have addressed
this issue using several probe molecules that interact spe-
cifically with Brgnsted and Lewis acid sites.! Certain proto-
cols mix diverse probe molecules that selectively populate
the different inner zeolite cavities and elucidate the nature
of the acid sites.??

31P NMR chemical shifts of phosphines have been widely
used to study the acid properties of solid catalysts.** Trime-
thylphosphine oxide (TMPO) has been the most widely used
probe molecule in solid-state NMR studies of zeolites,5®
metal-organic frameworks,>® heteropoly acids,'**? etc.,*
due to its high sensitivity, chemical stability, and because it
is safer than the also used trimethylphosphine.** The small

kinetic diameter of TMPO, ca. 5.5 A, allows its diffusion in
most medium-pore size materials, in contrast with the
larger tributylphosphine oxide and triphenylphosphine ox-
ide molecules, commonly used to study the external surface
of such materials.®® Moreover, TMPO interacts with
Brgnsted and Lewis acid sites, giving 3'P NMR chemical
shifts ranging from ca. 53 to 86 ppm and ca. 55 to 60 ppm,
respectively.’>'* However, the interpretation of 3P NMR
spectra of TMPO-loaded zeolites remains controversial.
While some authors contend that TMPO interaction with
Brgnsted and Lewis acid sites gives rise to 3P NMR reso-
nances in distinct spectral regions,’*> others argue that
they overlap.1®'” Furthermore, recent studies show that two
TMPO molecules may gather at the same acid site, forming
(TMPO):H* dimers.’®*® The diversity of TMPO binding
modes further hinders our understanding of the nature of
the TMPO-acid interaction in microporous materials, re-
quiring the tandem use of spectroscopic and computational
tools.

Alinear correlation between 3P NMR chemical shifts and
Brgnsted acid strength has been derived from computa-
tional modeling of TMPO molecules interacting with zeolite
clusters.? This correlation has been used to both identify
the distribution of Brgnsted acid site strength in zeolites®



and to classify solid acid catalysts according to their acid
strength.® However, calculated deprotonation energies,
considered a true measure of Brgnsted acid site
strength,?>?? provide strong evidence for the homogeneity
of acid strength in high Si/Al ratio zeolites, i.e., the zeolite
Brgnsted acid strength is independent of the acid site loca-
tion®2% and zeolite framework type.?*?? An intriguing ques-
tion is what is actually being measured by means of probe
molecules adsorbed on acid zeolites.?>?% In contrast with
deprotonation energy calculations that afford the intrinsic
acid strength, probe molecule measurements result from an
ensemble of properties, such as the zeolite acid site strength
and probe molecule base strength, and also witness the sta-
bilization of the interacting probe molecule by the sur-
rounding framework (confinement effects). Hence, the
study of zeolite acidity assisted by probe molecules requires
an in-depth description of the host-guest and guest-guest
interactions, which is not available in most studies. Recent
developments in ab initio molecular dynamics (AIMD) pro-
vide new insights on the reaction mechanisms of organic
molecules confined in acid zeolites.?””?® To the best of our
knowledge, the capabilities of these methods have hardly
been exploited to study the interaction of probe molecules
with acid centers in zeolites.?:*
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Figure 1. 'H-decoupled 31P MAS NMR spectra of HZSM-5 sam-
ples loaded with 1 (P/Al=0.21),2 (P/Al = 0.38) and 4 mg (P/Al
=0.75) of TMPO.

Herein, we provide unprecedented insight into the status of
TMPO molecules adsorbed in HZSM-5, challenge certain
widely accepted 3P NMR spectral assignments, and raise

important questions regarding the use of TMPO and other
probe molecules to study zeolite Brgnsted and Lewis acid
sites. We show that changes in 3'P NMR chemical shifts, usu-
ally attributed to differences in acid strengths, may also
arise from distinct stabilization energies of TMPOH* ions re-
sulting from confinement effects in ZSM-5 channels. 2D 'H-
31P heteronuclear correlation (HETCOR) NMR experiments
of HZSM-5 samples carefully loaded with varying amounts
of TMPO per Al framework site, combined with DFT and
AIMD calculations, provide the best description of the
TMPO species formed upon interaction with zeolite acid
sites.

RESULTS AND DISCUSSION

TMPO loading and NMR assessment of acid strength

Previous studies of TMPO-loaded solid acid catalysts have
identified a clear separation of the 3P NMR chemical shift
ranges of Brgnsted and Lewis acid sites interacting with
TMPO, respectively, 60 - 86 ppm and 55 - 60 ppm.t 3P NMR
resonances above 86 ppm were assigned to TMPO molecules
interacting with superacid sites.'*!> Although a linear correla-
tion between TMPO 3P NMR chemical shifts and Brgnsted acid
site strength suggested the presence of heterogeneous acid
strengths in zeolites,?° it is widely accepted that zeolites with
high Si/Al ratios, without defects such as extraframework
Al species (Figure S1), contain acid sites with homogenous
strength, regardless of the acid site siting and the zeolite
framework type.?*3! Although Al pairing, in the form of Al-
0-Si-0-Al moieties, has been identified as the major factor
influencing zeolite acid site strength,3? 29Si MAS NMR shows
that such Al pairs are not present (or are too dilute to be
detected) in the high Si/Al sample used, as Q*(2Al) Si reso-
nances are not observed (Figure S2).

Figure 1 shows 3P MAS NMR spectra of HZSM-5 loaded
with 4 mg (P/Al = 0.75), 2 mg (P/Al = 0.38) and 1 mg (P/Al
= 0.21) of TMPO, corresponding to P/Al ratios of 0.75, 0.38
and 0.21, respectively. These ratios indicate that the sam-
ples (even at the highest TMPO loading) contain less than 1
TMPO molecule per framework Al site, in other words, less
than one TMPO molecule per Brgnsted acid site. Increasing
the amount of TMPO from P/Al = 0.21 to 0.75 mg increases
the 31P NMR resonances at chemical shifts (§) ca. 64 and 50
ppm relatively to the resonances above 69 ppm. While at
the lowest TMPO-loading (P/Al = 0.21) the Brgnsted acid
31P NMR resonances (&r = 87, 84, 76 and 69 ppm) account
for ca. 70% of the overall spectral intensity, at higher TMPO-
loadings these signals comprise only 32 (P/Al = 0.38) and
23% (P/Al = 0.75), see Table S1. According to previous in-
terpretations, increasing 3'P NMR chemical shifts are pro-
portional to increasing acid strengths.>?° Therefore, the
observed signal intensity loss in the Brgnsted region (&p >
69 ppm), due to larger amounts of confined TMPO, would
mean that the sample with the lowest TMPO content (P/Al
= 0.21) should contain a larger number of strong acid sites
than the samples with higher TMPO loadings. In other
words, the acid strength should change with varying
amounts of probe molecules.> However, because the P/Al =
0.21, P/Al = 0.38 and P/Al = 0.75 samples correspond to



exactly the same synthesis batch, with only different
amounts of TMPO (Figure 1), it is clear that different ad-
sorbate loadings strongly affect the spectra, and their inter-
pretation.

Itis known that TMPO excess leads to physisorbed (ca. 29
ppm) and crystallized (ca. 41 ppm) TMPO. Figure 1Error!
Reference source not found. shows, however, that such
TMPO forms remain scarce for all TMPO-loaded zeolite
samples, whereas the 3P NMR resonances at ca. 64 and 50
ppm increase at higher TMPO content. We have previously
suggested the possible formation of higher-order com-
plexes, such as (TMPO)zH* dimers,*® and here we shall show
that these are ascribed to the 60 and 50 ppm peaks.

Although several studies report on TMPO-adsorbed zeo-
lites, the identification of acid site siting is contentious, as
most phosphorous-bearing molecules studies are based
only on 3P NMR chemical shift evidence. Therefore, we en-
deavor to revisit the assignment of the 3P NMR spectra
combining 'H and 3'P chemical shift evidence and both
static DFT and molecular dynamics calculations. To unam-
biguously assign 3P resonances, we performed 2D 1H-31P
HETCOR NMR experiments that afford additional signal dis-
crimination, allowing to map P---H internuclear proximities
between the TMPO phosphorous and the Brgnsted acid
sites (bridging OH group).

The most important information retrieved from 'H-31P
HETCOR NMR is the following: 'H resonances above 10 ppm
are assigned to acid protons interacting with TMPO mole-
cules, while resonances at 1-2 ppm arise from the autocor-
relation between TMPO phosphorus and the methyl pro-
tons thereof.!® The absence of the 'H NMR resonance at 4.3
ppm ascribed to the unperturbed HZSM-5 Brgnsted acid
site,* indicates that these sites are engaged in H-bonds with
TMPO, resulting in the considerable deshielding of this res-
onance to 11 - 16 ppm. The 'H-3'P HETCOR NMR spectra of
the samples P/Al = 0.38 and P/Al = 0.75 exhibit the U-
shaped contour between 40 and 80 ppm observed previ-
ously,'® witnessing the presence of multiple components at
high TMPO-loadings. Atlow TMPO-loadings this spectral re-
gion is dominated by a single cross-peak at 8y = 12 and &p =
76 ppm (Figure 2, P/Al = 0.21). While the P/Al = 0.21 H
NMR resonance at 12 ppm contains a single component, at
higher TMPO-loading this region contains more than a sin-
gle 'H resonance, indicating the presence of distinct 'H
chemical environments.

Increasing the TMPO-loading up to P/Al = 0.75 (4 mg) pop-
ulates the right side of the U-shaped contour, at 6p < 60 ppm.
A projection (Figure 2, right) extracted at §u = 11-16 ppm
shows that the 3P NMR resonances at 60 - 40 ppm increase
at the expenses of the ca. 87, 76 and 69 ppm resonances,
with increasing TMPO loadings. This suggests that when the
TMPO concentration inside the pores threshold is reached,
high-order TMPO complexes (appearing at §p ~ 60 and 52
ppm) form, depleting the initially formed 1:1
(TMPO:Brgnsted) complexes. Although a similar behavior
was reported recently by Feng Deng’s group, they observed
additional correlation peaks due to the use of a wet adsorp-
tion mode, arising from the interaction between TMPO and
dichloromethane.?* The presence of solvent molecules even
after a high-temperature treatment indicates that a subli-
mation method, as reported here, is desirable to avoid
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Figure 2. 1H-31P HETCOR NMR spectra of HZSM-5 samples
loaded with 1 (P/Al = 0.21), 2 (P/Al = 0.38) and 4 mg (P/Al =
0.75) of TMPO and top projections (right side) of relevant spec-
tral regions. The blue area depicts the region associated with 1:1
(TMPOH*-+-Z") and 2:1 complexes (TMPO)z2H*-Z) and the
dashed red line depicts the regions associated only with 1:1
TMPOH*---Z- complexes.

TMPO---solvent interactions, that thwart the interpretation
of the 31P and 'H-3'P NMR spectra.

While most 3'P NMR resonances in Figure 2 correlate
with 'H resonances at high chemical shifts (11 - 16 ppm),
the peak at ca. 85 ppm shows no correlation, other than the
autocorrelation with the TMPO methyl protons. This behav-
ior does not change for all TMPO-loadings suggesting that
this 3'P NMR resonance is ascribed to a TMPO molecule in-
teracting with a Lewis acid site (TMPO---Al), i.e,, not hydro-
gen-bonded to Brgnsted acid sites. This is at odds with most
studies of TMPO-loaded acid catalysts, as the 85 ppm peak
is often assigned to TMPO in interaction with Brgnsted su-
peracid sites.?’ Nevertheless, previous work has also indi-
cated that high 3P NMR chemical shifts may be due to the
interaction of TMPO and Lewis acid sites, thus lending sup-
port to our assignment.’®'’ On the other hand, Figure 2
shows that the 3P resonance at 87 ppm correlates with the
Hresonance at 7.5 ppm, indicating that it arises from a pro-
tonated TMPO. Although this phosphorous environment
has been assigned as the threshold for superacidity,® in the
following section a very distinct interpretation for this
TMPO species will be given.



Locating Bransted sites by 'H-*'P NMR and Al/H site
modeling

According to Boronat and Corma, measurements using
strong bases, such as NHs and pyridine, can lead to the iden-
tification of an apparent heterogeneity of acid strength, aris-
ing from changes in the stabilization of the protonated base
by the surrounding framework, and not changes in the in-
trinsic strength of the acid site.> We believe this statement
is especially important in the context of NMR studies, as the
chemical environment surrounding and stabilizing the
probe molecule will strongly influence the observed chemi-
cal shifts. Note that the TMPO basicity (proton affinity (PA)
0f 909.7 k] /mol) is comparable to other well-known probe
molecules such as NHs (PA = 853.6 kJ/mol) and pyridine (PA
=930 kJ/mol), frequently used to study Bronsted acidity.**®
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Figure 3. HZSM-5 zeolite framework viewed along the crystal-
lographic b-axis (A, B and C). Geometry optimized
TMPO:Brgnsted acid 1:1 models showing the TMPOH* ion at
the (A) 10MR sinusoidal channel, (B) at the 10MR straight
channel, and (C) at the channel intersection. Calculated 'H and
31P NMR chemical shifts are depicted for each model along with
the interatomic distances between the acidic proton and the ze-
olite oxygen (Oz-H) and TMPO oxygen atoms (Op-H).

As with NHs and Pyridine, TMPO should always form a pro-
tonated ion upon interaction with zeolite Brgnsted acid
sites, and is not hydrogen-bonded, as previously thought.?°
In a preceding work, we have also found that models of 1:1
and 2:1 protonated complexes may be used to fit 'H and 31P
NMR experimental data.!®

The MFI structure consists of two 10MR channel systems,
sinusoidal and straight channels (small cavities), forming
large cavities at their intersection that offer, at least, three
distinct confined environments for TMPO adsorbed onto
HZSM-5 acid sites. Herein, we assess the influence of TMPO
confinement on the 'H and 3P NMR chemical shifts by stud-
ying the interaction of one TMPO molecule with Brgnsted
acid sites on the said three cavities. Modeling 1:1 complexes
(1 TMPO per acid site) residing on these cavities was car-
ried out by DFT (Figure S3, path 1), showing that TMPO

captures the acid proton to form a TMPOH*---Z- ion pair, en-
compassing a protonated molecule (TMPOH*) and a nega-
tively charged zeolite framework (Z-). Acid site siting influ-
ences the degree of proton transfer, evaluated by changes in
the distance between the acid proton and both the bridging
hydroxyl oxygen atom (0Oz-H) and the TMPO oxygen atom
(Op-H). At the 10MR sinusoidal (Figure 3A) and straight
(Figure 3B) channels, TMPOH* ions stay closer to the nega-
tively charged framework (Oz-H = 1.48 and 1.43 A, respec-
tively) when compared with TMPOH* at the channel inter-
section (Oz-H = 1.56 A, Figure 3C). The TMPOH* ions at the
10MR sinusoidal channel and channel intersection, exhibit
shorter Op-H bond lengths, 1.04 A, compared to TMPOH* at
the 10MR straight channel, 1.06 A (Figure 3). Previous stud-
ies have correlated the Op-H bond length and the 3P NMR
chemical shifts, showing that shorter Op-H bond lengths re-
sult in larger chemical shifts.2%3° However, our results do
not follow such trend. For example, although the Op-H bond
lengths for the three types of cavities are very similar (in
two cases Op-H bond lengths are identical - 1.04 A, Figure
3), the 3P NMR chemical shifts span a large Brgnsted region
of ca. 15 ppm, that is, modeling TMPOH* ions in these three
cavities yields calculated 3!P chemical shifts 6p = 77.5 ppm
(Figure 3C), 8 = 66.2 ppm (Figure 3B), and &8r = 63.4 ppm
(Figure 3A). These values are in good agreement with the
experimentally observed ca. 77, 69 and 64 ppm, respec-
tively. A similar agreement is found for calculated and ex-
perimental 'H chemical shifts. Table S2 compiles experi-
mental and calculated chemical shifts of TMPO molecules
adsorbed on the distinct cavities.

Hernandez-Tamargo et al, suggested that upon TMPO
protonation the TMPOH* ion can move away from the orig-
inal Brgnsted site to a pure silica channel intersection, and
that this ion could be the origin of the highly deshielded
peak at 6p > 86 ppm.3® However, neither the 'H nor the 31P
NMR chemical shifts were calculated for this species. To test
this hypothesis, we have generated a model in which a
TMPOH* ion at the channel intersection interacting with an
acid site (Figure 3C), is displaced towards the closest chan-
nel intersection with no acid site, i.e., a pure silica channel
intersection (Figure 4). This step was followed by DFT ge-
ometry optimization of the TMPOH* / pure-silica channel
intersection system, which led to the shortening of the Op-H
bond length, from 1.04 to 0.99 A (Figure 3C and Figure 4).
The calculated 'H and 3'P NMR chemical shifts were &p =
85.9 and &8s = 8.07 ppm. These results corroborate the
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Figure 4. HZSM-5 zeolite framework viewed along the crystal-
lographic a-axis, showing the displacement (left) of the
TMPOH* from the channel intersection close to a Brgnsted acid
site (Figure 3C) to a pure-silica channel intersection, prior to
geometry optimization of the TMPOH* ion interacting with a Si-
0-Si moiety. Calculated 'H and 31P NMR chemical shifts are de-
picted along with the interatomic distances between the acidic
proton and the zeolite oxygen (0Oz-H) and TMPO oxygen (Op-H)
atoms.



assignment of the cross peak at §p = 87 ppm; 6u = 7.5 (Figure
2) to TMPOH?* ions hydrogen-bonded to a Si-O-Si moiety at
the zeolite channel intersection with no framework Al sites.

To summarize, DFT shows that the experimental 3P NMR
chemical shifts at 64, 69 and 76 ppm arise from TMPOH*
ions located in the: 10MR sinusoidal channel (Figure 3A),
10MR straight channel (Figure 3B), and channel intersec-
tion close to a Brgnsted acid site (Figure 3C), respectively.
The 3'P NMR chemical shift at 87 ppm is ascribed to
TMPOH* ions at the pure silica channel intersection (Figure
4). The differences in 3P chemical shift expose the distinct
confinement of TMPOH* ions residing in different cavities,
rather than revealing differences in Brgnsted acid
strengths.

TMPO dimerization, (TMPO)2H*

Al-containing and siliceous channel intersections

Using MC methods, a second TMPO molecule was placed
close to a TMPOH* ion interacting with the Brgnsted acid
site at the channel intersection (Figure 3C), followed by DFT
structure relaxation (Figure S3, Path 4). The outcome of
these calculations consists of two non-interacting TMPO
and TMPOH* molecules giving peaks at 6p = 75.8 and 22.4
ppm, respectively (Figure S4A and B). In contrast, if the sec-
ond TMPO molecule is close to TMPOH* at the pure-silica
channel intersection a (TMPO)2H* dimer forms instead with
6pr = 60.3 and 37.3 ppm (Figure S4C and D). In both cases,
the calculated 3'P NMR chemical shifts are outside the ex-
perimental range (&p = 40 to 87 ppm). These findings show
that conventional DFT-based geometry optimization of
(TMPO)2H* species is of limited use in spectral assignment.
A better correlation between theoretical and experimental
data was obtained after performing a 2.5 ps AIMD calcula-
tion at 423 K (temperature of HSZM-5 TMPO adsorption)
using the same starting point of the DFT-based calculation
(Figure S3, Path 6). Increasing the temperature had a strong
impact on TMPO speciation, favoring the formation of a
(TMPO)zH* ion in both channel intersections above-men-
tioned. The trajectories of these AIMD calculations (Video
S1 and S2) show the TMPO molecule approaching the
TMPOH* ion to form a hydrogen bonded (TMPO):H* dimer,
which moves away from the zeolite framework to the center
of the channel intersection, as evidenced by the elongation
of the Oz-H bond (Table S3). Although the formation of a
TMPOH* ion sharing with a free TMPO molecule the same
cavity (Figure S4A and B) is energetically more favorable
than the formation of (TMPO):H* dimers (Figure 5A), only
the calculated 'H and 3'P chemical shifts of the latter (6u =
15.4 ppm; 6p1 = 51.2 and &p2 = 45.2 ppm) are in accord with
the experimental data. Moreover, when two TMPO mole-
cules share a pure silica channel intersection the (TMPO)2H*
dimer also forms (Figure 5B), albeit in the absence of the
Brgnsted acid site, giving calculated chemical shifts &u =
16.9 ppm, &p1 = 57.7 and 6p2 = 53.4 ppm (Table S4). These
values are in fair agreement with the experimental 3P NMR
resonances at 60 and 52 ppm observed at higher TMPO-
loadings (Figure 2), in contrast, with the (TMPO).H* dimer
formed in the same location using DFT-based calculations
(Figure S4C and D, Table S4). These dimer peaks increase as
the 8p = 87 and 76 ppm TMPOH* resonances decrease. This

strongly supports the conversion of 1:1 complexes residing
in these cavities into (TMPO):H* dimers, showing that the
AIMD step is essential to model the higher-order complexes
formed upon high temperature (423 K) TMPO adsorption
on zeolites. However, modeling 1:1 TMPO-Brgnsted acid
complexes with AIMD calculations, followed by a DFT opti-
misation (see flow chart Figure S7), afforded 'H and 3!P
NMR chemical shifts comparable to DFT calculations at 0 K
(Table S5-S8), without prior AIMD.

31P double quantum-filtering (DQF) NMR experiments of
the P/Al=0.21 (1 mg TMPO) and 1.3 (6 mg TMPO) samples
are shown in Figure S7. No signal is observed for the lowest
TMPO loading after more than 40 hours of acquisition. This
is attributed to many factors, including the very small TMPO
amounts, the low excitation efficiency of DQF experiments
and the low amount of (TMPO)2H* dimers. At the highest
TMPO-loading, the 3P DQF spectrum exhibits a resonance
typical of both 1:1 and 2:1 complexes. The 3!P resonances
above 60 ppm, assigned to 1:1 complexes, arise from P-P
proximities involving two neighbor 1:1 complexes and/or
between 1:1 and 2:1 complexes. In fact, due to the small dis-
tance between the center of the 10MR channels and the
channel intersection (~4 AD), TMPO molecules residing in
distinct cavities may also contribute to the DQ signal, hence
precluding the unambiguous identification of the distinct
TMPO complexes.
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Figure 5. HZSM-5 zeolite framework viewed along the crystal-
lographic b-axis (A, B). TMPO:Brgnsted acid 2:1 models, opti-
mized using AIMD followed by DFT geometry optimization,
showing the (TMPO)2H* dimer A) at the channel intersection
and B) at pure-silica channel intersection, i.e., with no frame-
work Al sites. Calculated 'H and 31P NMR chemical shifts are
depicted for each model along with the interatomic distances
between the acidic proton and and the zeolite oxygen (0z-H)
and TMPO oxygen atoms (Op-H).

10MR channels

Adding a second TMPO molecule to the TMPOH* ion at the
10MR straight channels does not result in the formation of
(TMPO)zH* dimers (Figure S5). Instead, a TMPOH* ion and
a free TMPO molecule at distinct channel intersections (Fig-
ure S5C and D) form. Thus, when two TMPO molecules meet
in the 10MR straight channels the AIMD trajectories favor
their separation, placing them at different channel intersec-
tions along the 10MR longitudinal axis. Moreover, the calcu-
lated 'H and 3'P NMR chemical shifts of these TMPO species
are not in accord with the experimental data (Table S9).



Although DFT and AIMD-based calculations indicate that
TMPO dimerizes at the 10MR sinusoidal channels (Figure
S6 and Table S10), 'H and 3'P calculated NMR chemical
shifts are at odds with the experimental evidence. Note that
the (TMPO)2H* dimer forms between the sinusoidal channel
and the channel intersection, not in the 10MR sinusoidal
channel (Figure S6). In practice, we have a higher amount of
TMPO molecules per unit cell as compared to theoretical
calculations, which may hinder TMPO dynamics inside the
zeolite cavities, thus increasing the likelihood of TMPO di-
merization, even in the 10MR channels.

CONCLUSIONS

While TMPO has been widely used as a probe molecule in
NMR studies of zeolite catalysts, the assignment of 31P NMR
resonances remains a matter of considerable debate. The
present work shows that 'H-31P HETCOR NMR combined
with both a careful TMPO zeolite loading and molecular
modeling provide new insight into the nature of the
TMPO---HZSM-5 interactions. At low TMPO-loading, the for-
mation of 1:1 complexes (one TMPO per Brgnsted acid site)
is favored, resulting in 3P NMR resonances at ca. 87, 76, 69
and 64 ppm. DFT-based geometry optimization of such
complexes indicates that these resonances arise from the
different siting of the protonated TMPO in the HZSM-5
pores (confinement effect), namely at the 10MR sinusoidal
(6r = 64 ppm) and straight channels (6r = 69 ppm), and at
the channel intersections in the presence (&r = 76 ppm) or
absence (8p = 87 ppm) of a nearby Brgnsted acid site. Thus,
these 3P NMR resonances are not given by TMPO molecules
interacting with sites of different Brgnsted acid strengths,
corroborating the current tenet that zeolite Brgnsted acid
strength is homogeneous (Figure 2, P/Al = 0.21).

AIMD-based calculations considering the experimental
temperature, 423 K, provide insight into the nature of TMPO
interaction with the HZSM-5 framework and with a second
TMPO molecule, showing that even at low loadings, some
molecules form (TMPO)2H*dimers (3P resonances in the 40
to 60 ppm range). It is worth noting that DFT optimizations,
which can find only the nearest local minimum when start-
ing from a given configuration, were unable to provide evi-
dence for the presence of such dimers. Although DFT could
be used to model 1:1 TMPO-Brgnsted acid complexes, mod-
eling both 1:1 and 2:1 TMPO-Brgnsted acid complexes was
only possible using AIMD calculations followed by DFT op-
timisations to bring the structure to the nearest local mini-
mum.

However, modeling 1:1 TMPO-Brgnsted acid complexes
with AIMD calculations afforded 'H and 3!P NMR chemical
shifts comparable to DFT calculations at 0 K (Table S5-S8).

We believe that high-order complexes are likely to form
in other probe molecules with similar base strengths, such
as NHs and pyridine. Strong bases can easily remove the
proton from zeolite Brgnsted acid sites, forming their re-
spective conjugate acid, that may in turn interact with
neighbor ‘non-protonated’ probe molecules to generate di-
mers and possibly trimers. While the formation of dimers
has been reported for NH3,2%%” pyridine 3%3° and TMPO,840
most studies ignore the formation thereof. The formation of
high-order complexes deserves further investigation, as
many probe molecules are now used routinely to study the

acidity of several solid-acid catalysts. Importantly, the
quantification of Brgnsted acid sites using adsorbed probe
molecules may indeed be compromised if the formation of
high-order complexes is not considered. The degree of
probe molecule dimerization will inevitably change the
Brgnsted:(probe molecule) stoichiometry, thus contrib-
uting to the overestimation in the amount of acid sites.

In summary, the use of P-bearing probe molecules to as-
sess by NMR zeolite Brgnsted acidity has many limitations
and is prone to erroneous conclusions. This is likely to be
the case for other probe molecules exhibiting strong basic-

ity.
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