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Although chemical shift values of triethylphosphine oxide (TEPO) adsorbed on acidic solids have been

considered as an indication of acid strength, in this work we demonstrate that the chemical shift depends

also on the adsorbed amount of TEPO. On silica, the presence of three different adsorbed species,
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physisorbed on non-acidic surface, chemisorbed through a single H bond and chemisorbed through two
H bonds, can be detected by the correlation of the 3P chemical shift with the TEPO adsorbed amount.
TEPO chemical exchange between the different sites is demonstrated by the single NMR signal obtained

in all the cases, and also by the variation of the line width, which is broader at low surface coverage due

rsc.li/pcecp

Introduction

Trialkylphosphine oxides have been recognized as useful
probes for the characterization of the acidity of solid catalysts
by *'P solid state NMR."? Triethylphosphine oxide (TEPO) was
initially used,’ in analogy with the method for the determina-
tion of acceptor number (AN) of solvents.” Later on, other
trialkylphosphine oxides, such as trimethylphosphine oxide
(TMPO) or tributylphosphine oxide (TBPO), have been also
employed, in order to get information not only about acid
strength, but also about the acid type (Brgnsted or Lewis), the
location and the amount of the acid sites.> The *'P chemical
shift (6) of the adsorbed trialkylphosphine oxides has been
used as an indicator of the strength of the Brgnsted acid sites,’
and they have been even predicted by DFT calculations in the
case of zeolites.®”

In the most commonly used method for determination of J,
samples are prepared by adsorption of TEPO from a solution in
a non-polar solvent, usually anhydrous pentane®* "> or
hexane.” However, the adsorbed amount of TEPO varies in
the different published works. The used TEPO/solid ratios
include 0.74 mmol g (9.9 wt%),”> 10 wt%,>'> 15 wt%,>""
and 20 wt%."'® Given the variability in the functionalization of
the different solids, the TEPO/acid ratio was even different from one
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to the slower chemical exchange because of the longer average distance between surface sites.

catalyst to another in each work. For example, in the case of
materials functionalized with sulfonic acids, the ranges of TEPO/
sulfonic sites molar ratios were 0.33-1.96 for SBA15-SO;H,®
0.40-11.18 for carbon-silica composites,” 1.34-5.96 for mesoporous
periodic organosilicas,™ or 1.04-7.99 for sulfonated graphene oxide
and other carbon materials."" As can be seen, the TEPO amount
ranged from below the stoichiometric amount to far over stoichio-
metric ones. In all the cases, the changes in **P chemical shift were
interpreted as differences in the acid strength of the sulfonic sites,
irrespective from this TEPO/acid sites ratio.

In solution, we have recently described the determination of
the *'P ¢ for the acid-TEPO 1:1 species, which is significantly
different from the values used for AN calculation, as they are
measured at infinite dilution, that is extrapolating to zero
TEPO/acid molar ratio. The variation in acid/TEPO molar ratio
in solution produces a variation in *'P chemical shift due to the
contribution of different species, namely free TEPO, acid-TEPO
1:1 and even acid-TEPO 2:1, in rapid exchange."® In the case of
solids with highly dispersed single acid sites on the surface, the
adsorption of an excess of TEPO over the acid sites (TEPO/acid
molar ratio > 1) should produce at least two NMR signals,
corresponding to TEPO-acid species and physisorbed TEPO on
the non-acidic solid surface. In the case of solids without a fully
controlled structure, such as carbon based materials, several
signals were obtained with a difficult interpretation.’™*"'* On
the contrary, on solids with a regular structure, such as sulfo-
nated polystyrene, one single signal was obtained, which was
assigned to the sulfonic-TEPO 1:1 species.”

Silica is a weakly acidic solid which has been also extensively
used as support for strong acid sites. In principle, the only acid
sites present on silica are silanol groups (Si-OH) that should
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produce a single NMR signal of adsorbed TEPO. In previous
papers, the *'P chemical shift of TEPO adsorbed on silica has
been reported at 56 ppm® and 62.3 ppm™ on silica gel, and
58.5 ppm on periodic mesoporous organosilica.’® This quite
important variation in chemical shift, more than 6 ppm (ana-
logous to the variation from acetic to trifluoroacetic acid in
solution®), can hardly be ascribed to variations in the acid
strength of the silanol groups. In this paper we describe the
variation in *'P § with the amount of adsorbed TEPO on
different silicas, together with an interpretation of these differ-
ences based on the possible TEPO-silanol interactions.

Experimental
Materials

Aerosil 200 (non-porous pyrogenic silica) was purchased from
Degussa. MCM-41 (mesoporous crystalline silica) was pur-
chased from Merck. Silia P60 (porous precipitated silica) was
purchased from Silicycle. Pretreatment of silicas at 200 °C or
500 °C were carried out under dry air flow in a tubular furnace
with a temperature ramp of 1 °C min ", followed by a plateau of
4 h at the desired temperature. The hot samples (120 °C) were
quickly transfer to a close glove box and since then they were
handled under Ar atmosphere. Surface area and pore volume
were determined from the N, adsorption—-desorption isotherms
by the BET method in a Micromeritics ASAP 2020 apparatus.
The values are gathered in Table 1.

NMR experiments

To each sample of pretreated silica (30 mg), the volume of
TEPO solution in anhydrous hexane (15 mM) required for the
desired TEPO loading was added. The mixture was stirred for
24 h and then the solvent was evaporated under reduced
pressure.

Solid state NMR spectra were recorded in a Bruker Avance II1
WB400 spectrometer with 4 mm zirconia rotors spun at magic
angle in N, at 10 kHz. *'P NMR spectra (150 to 2000 scans) were
recorded at 162 MHz using a *'P /2 pulse length of 4.3 ps and
30 s recycle delay. Pulses and chemical shifts were calibrated
with (NH,)H,PO,.

Table 1 Silicas used in this work

Pretreatment Surface area Pore volume? Porediameter”

Silica temperature (°C) (m®g™") (em® g™ (nm)
Aerosil 200 207 — —

200 500 199 — —

MCM- 200 979 0.85 2.85
41 500 991 0.88 2.96
Silia 200 423 0.84 5.78
P60 500 463 0.79 5.20

“ BJH desorption value.
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Results and discussion

The study of a large number of silicas pretreated at different
temperatures by different techniques, such as thermogravime-
try and deuterium exchange gave rise to the. Zhuravlev model.®
In this model, the silanol surface density can be considered as a
physico-chemical constant, which is only a function of the
pretreatment temperature and it is not dependent on the origin
and textural properties of the silica. Taking this model into
account, there are three types of silanol groups on the external
surface of silica, namely isolated, geminal and vicinal (Fig. 1),
together with hydrophobic siloxane (Si-O-Si) bonds. The vic-
inal silanols can be eliminated by calcination at 400 °C or
higher, leading to a more uniform surface.

TEPO adsorption on Aerosil 200

Aerosil 200 is a non-porous pyrogenic silica whose surface
properties have been deeply studied by different methods, such
as FTIR,"™*° or MAS '"H NMR.***! Hence it was initially chosen
as the simplest case to study the TEPO adsorption. Aerosil
200 was calcined at 500 °C in order to control the amount of
acidic silanol groups, leaving only isolated and geminal
ones.'®”® The weight loading of TEPO on silica was system-
atically varied from 1 to 30 wt%. The *'P solid state MAS-NMR
spectra were registered using a single-pulse sequence at 10 kHz
spinning speed, as experiments with "H-*'P high power decou-
pling and cross-polarization did not show any advantage and
identical spectra were obtained. As can be seen in Fig. 2, two
interesting features can be observed when comparing the *'P
NMR spectra at different TEPO loading: first, a single signal
was obtained regardless the TEPO weight loading, secondly the
signal showed an increasing linewidth when decreasing
the TEPO loading. This behaviour is completely different from
the effect of TMPO loading in the case of H-ZSM-5 zeolite,
where a large number of signals were obtained in the range of
60-200 wt% loading.**

The presence of a single signal of variable chemical shift
(from 61.2 to 51.5 ppm for TEPO loading from 1 to 30 wt%)
seems to indicate the existence of a fast equilibrium between
different species on the surface, and it cannot be ascribed to
differences in acid strength. This observation leads to a first
important conclusion: a single result of *'P chemical shift
should not be taken as indication of the acid strength of the
site on the solid surface, as variations in é can be produced by
other causes.

Variable temperature experiments were performed in an
attempt to slow down the exchange, allowing the detection of

<o oo | O ToH
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isolated geminal vicinal

Fig. 1 General types of silanol groups on the external surface of silica.
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Fig. 2 Variation of 3P chemical shift and linewidth of adsorbed TEPO at
different loadings on Aerosil 200 calcined at 500 °C.

the isolated species. The decrease in temperature produced an
enlargement of the signal, in agreement with a slower
exchange, but also the appearance of spinning side bands,
due to a hindered rotation of the TEPO molecules (Fig. S3,
ESIT). However, the interference of cooling and spinning made
impossible the MAS at 10 kHz below 200 K, giving rise to
intense and close spinning side bands that precluded the
detection of the isolated species.

Taking into account the BET surface area of Aerosil (200 m?* g~ %)
and considering an evenly distribution of TEPO on the surface, the
TEPO coverage should vary from 0.22 to 6.73 molecules per nm’.
When the *'P § is represented against the surface coverage, two
distinct zones can be observed (Fig. 3). At high coverage, the
chemical shift varies smoothly with a low slope, whereas at low
coverage the variation has a much higher slope. This behaviour
is analogous to that observed in solution with Brensted acids
(Fig. S4, ESIY).
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Fig. 3 Variation of *'P chemical shift (ppm) of adsorbed TEPO at different
surface coverages on Aerosil 200 calcined at 500 °C.
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Both straight lines cross at a coverage of 1.83 molecules per nm”.
Interestingly, the Zhuravlev model'® describes a silanol density
of 1.80 OH nm ™2 at 500 °C, the same value obtained in Fig. 3
for the change of tendency of the *'P § of adsorbed TEPO.
This seems to indicate that the cross point corresponds to the
1:1 silanol/TEPO molar ratio and hence the value of 54.7 ppm
could be considered as the d,.; value for the SiO-H- - -O—PEt;,
in good agreement with the values for different silanol species
determined in solution (in the range of 51.5-53.4 for isolated
silanols).”® Moreover, according to our correlation in
solution,"® the pK, of silanols should be 11.5, similar to TFE
and not too far from the value determined in solution for
triethylsilanol (13.6),>* taking into account the structural differ-
ences and the completely different conditions used for
the measurements. This result contrasts with much stronger
acidity values reported in the literature (from both theoretical
and experimental studies) for silanol groups on silica.>>®

At TEPO loadings below 1.83, the important variation of the
chemical shift seems to indicate the existence of a second
species on the surface, due to the excess of acid sites over
TEPO, in a similar way to the observation in solution that was
assigned to the 2:1 acid-TEPO species. In the case of silica, this
species must be the (Si-OH), - -O—PEt;, whose chemical shift
can be estimated as 62.3 ppm extrapolating at zero coverage.
This value would be comparable with the *'P chemical shift of
TEPO at infinite dilution in liquid phase (method for determi-
nation of AN of solvents®), slightly higher than in methanol
(60.3 ppm) and lower than in acetic acid (65.2 ppm) or
trifluoroethanol (65.6 ppm).

Species with two hydrogen bonds to TEPO has been detected
in the X-ray crystal structure of a complex with bis-dihydro-
tetrazine (H,btzp™©) as double hydrogen bond donor.>® The
distance between the two donor N atoms in H,btzp™® is 4.8 A
(Fig. 4), whereas in models for amorphous silica surface,*
neighbour isolated silanols (with only a siloxane between them)
show a distance of 4.6 A between the two oxygen atoms (Fig. 4),
being then compatible with the formation of the proposed
(Si-OH),- - -O=P species.

According to the Zhuravlev model,”” the calcination of a
silica at 200 °C should leave a fully hydroxylated surface with a
silanol density of 4.6 OH nm™>. Thus, the dependence of the

1’16

Fig. 4 Measurement of the N-N distance in the HubtzpMe.OPEts
complex29 and comparison with the O-0O distance between two neigh-
bour isolated silanols in a model*° of amorphous silica surface.
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Fig. 5 Variation of >'P chemical shift (ppm) of adsorbed TEPO at different
surface coverages on Aerosil 200 calcined at 200 °C. Diamond: result
described for silica gel in ref. 5.

chemical shift with the coverage of adsorbed TEPO on Aerosil
200 calcined at 200 °C should be significantly different from
that of the same silica calcined at 500 °C. On the contrary,
the spectra of TEPO adsorbed with loadings in the range of
1-40 wt% show an analogous trend (Fig. 5) as in the absorption
on Aerosil calcined at 500 °C and with nearly the same line-
width. In the same figure it has been represented one result
reported in the literature,” showing an excellent agreement
with our own measurements.

The calculation of the apparent silanol density using the
cross point leads to a value of 1.83 molecules per nm?, far from
the expected value of 4.6 molecules per nm” according to the
Zhuravlev model. However, if the distribution of the different
types of silanols is taken into account, at 200 °C it includes
1.2 OH nm ™ isolated, 0.6 OH nm > geminal, and 2.8 OH nm >
vicinal silanols, and the apparent silanol density from
TEPO adsorption agrees with the (geminal + isolated) density
(1.8 OH nm?). Vicinal silanols are linked by hydrogen bonds.
The H-bond donor silanol may not react with TEPO, as it
happens with diols and weakly H-bond acceptors,®" but in
principle a H-bond acceptor silanol should be even more acidic
than an isolated one.*? However, it has been described that
silanols can be placed in highly dense zones, called nests. In
the case of zeolites, triads*® and tetrads** have been described,
in which all the silanols are at the same time H-bond donors
and acceptors. In fact, it has been argued that silanols arranged
in this type of structure do not participate in the polarity of the
surface,®* in agreement with our observation in the case of
silica. This kind of regular structures is very unlikely in the case
of amorphous silica, but H-bond donation to siloxane bonds®”
can also be considered for the lack of free silanols in nests.

One method to open the silanol hydrogen bond network would
be the use of a protic solvent such as methanol for TEPO adsorp-
tion. In this way, TEPO should be able to interact with a larger
amount of silanols in competence with the remaining methanol
molecules. In fact, the chemical shifts obtained after adsorption
from methanol solution showed a significant variation, but the

16758 | Phys. Chem. Chem. Phys., 2022, 24,16755-16761
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Scheme 1 Proposed equilibria of adsorbed TEPO species on the silica
surface.

values were not fully reproducible. The lack of reproducibility must
be ascribed to the difficulty in controlling the amount of remaining
methanol after evaporation that influences the results. This hypoth-
esis seems to be confirmed by the fact that a thorough evaporation
and total elimination of methanol leads to the same chemical shift
values as the ones obtained from hexane solution.

As pointed above, the presence of a single *'P NMR points to
a rather fast equilibrium between different surface species
(Scheme 1). At high TEPO loading, the equilibrium would be
stablished between physisorbed TEPO and 1:1 silanol-TEPO
species. At low TEPO loading, the equilibrium present on the
surface would be between 1:1 silanol-TEPO and 2:1 (silanol),-
TEPO species. The broadening of the signal at low TEPO
loading is also in agreement with the equilibrium hypothesis.
Whereas in the studies in solution the exchange rate is usually
controlled by the temperature,®® on a surface the exchange rate
should be controlled by the distance between the species to be
exchanged, which will be longer as the surface density
decreases (low surface coverage). This is fully confirmed by
the dependence (Fig. 6) of linewidth (Full Width at Half
Maximum, FWHM) with surface coverage (¢), showing that
FWHM ~ 1/,/0, that is the average nearest-neighbour distance
between TEPO molecules on the surface.’” The rather high
dispersion of results at low coverage may be due to the presence
of residual hexane, which might increase the mobility on the

1200
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FWHM (Hz)

y =501.19 x 0503

400 .0 L

200

0 2 4 6 8 10
TEPO surface coverage (molec/nm?)

Fig. 6 Dependence of the linewidth of TEPO 3'P signal with the surface
coverage in the case of Aerosil 200.
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surface, speeding up the exchange process in a uncontrolled
manner, this effect being more evident at low TEPO loadings.*®

TEPO adsorption on MCM-41

If the Zhuravlev model is correct and the surface silanol density
is constant at the same temperature for all the types of silicas,
the values of *'P chemical shifts for adsorbed TEPO should be
the same as on Aerosil at the same surface coverage, irrespec-
tive of the surface area. The surface area of MCM-41 is much
larger (near 1000 m> g~ ") than that of Aerosil 200. Furthermore,
it is a crystalline mesoporous solid, allowing then the study of
the effect of porosity on the distribution of TEPO. The ¢ values
for TEPO loadings between 5 and 40 wt% are shown in Fig. 7. As
it corresponds to its much larger surface area, the loading
range is fully included in the high slope part of the graph (low
coverage) and the values fit perfectly with the line obtained with
Aerosil (Fig. 7, grey lines). This result confirms the Zhuravlev
model about the similar nature of the silica surface irrespective
from its nature and textural properties. The nearly identical
values obtained on MCM-41 calcined at 500 and 200 °C (Fig. 7)
show again the lack of interaction of TEPO with the vicinal
silanols linked with hydrogen bonds, and the detection of only
the isolated and geminal ones.

TEPO adsorption on Silia P60

As it was interesting to check a porous non-regular material to
check the effect of this non-periodic structure, a similar study
was performed with Silia P60. Silia P60 is an amorphous
precipitated silica, with irregular surface and porosity. The
surface area is around 450 m> g~ ', that is, an intermediate
value between Aerosil 200 and MCM-41. The pore volume is
similar to that of MCM-41, but the pores are not regular and the
pore size distribution is much wider (Fig. S1, ESIt). These
properties might interfere in the TEPO diffusion and distribu-
tion and it would be interesting to check this point. According
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Fig. 7 Variation of *'P chemical shift (ppm) of adsorbed TEPO at different
surface coverages on MCM-41 calcined at 500 °C (filled squares and dotted

line) and 200 °C (open squares). The tendency lines for TEPO adsorbed on
Aerosil calcined at 500 °C are included in grey for the sake of comparison.
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Fig. 8 Variation of 31p chemical shift (ppm) of adsorbed TEPO at different
surface coverages on Silia P60 calcined at 500 °C (filled symbols) and
200 °C (open symbols). The tendency lines for TEPO adsorbed on Aerosil
calcined at 500 °C are included in grey for the sake of comparison.

to the previous results and the Zhuravlev model, the depen-
dence of *'P § with the surface coverage should be the same as
on Aerosil. However, this is not the case, as can be seen in
Fig. 8. In the case of Silia P60 calcined at 500 °C, the values are
lower than expected, whereas for Silia P60 calcined at 200 °C
they are higher at low coverage. In both cases the tendency lines
show a higher slope than in the case of Aerosil, and they are
nearly parallel for both calcination temperatures, showing the
consistency of the measurements. As a result, the cross point in
Silia P60 calcined at 200 °C appears at nearly the same 6;.4,
55.2 ppm, and surface coverage, 1.82 molecules per nm?, as in
the case of Aerosil (54.7 ppm and 1.83 molecules per nm?).
However, the result is much different for Silia P60 calcined at
500 °C with respect to surface coverage, only 1.27 molecules per nm?,
although the 0;.,; remains constant (54.9 ppm).

This result can be interpreted as a lack of accessibility of
TEPO to part of the silica surface, due to the tortuosity of the
irregular pore system. As the detected silanol density is 70% of
that determined in the Zhuravlev model, it can be considered
that only 70% of the surface is accessible (only 328 of the total
463 m? g~ '). However, the higher slopes and the higher values
of chemical shift at low coverage in Silia P60 calcined at 200 °C
seem to indicate a distribution of the silanol types on the
surface different from that on Aerosil or MCM-41. In fact, the
values of the Zhuravlev model are averages, and the values for
each type of silica show a certain variability. For example, the
silanol density on silicas calcined at 500 °C has shown to be in
the range of 1.45-2 OH nm ™ 2.'® Hence, the variation in TEPO
31p § can be ascribed to this variability.

In spite of this deviation of Silia P60 from the behavior of the
most regular silicas (Aerosil and MCM-41), the relationship of
the linewidth and the surface coverage remains stable within all
the solids tested (Fig. 9). Although with a slightly higher
dispersion of data, the adjust is similar and confirms the
dependence with 1/,/s, that is the average nearest-neighbour
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Fig. 9 Dependence of the linewidth of TEPO *'P signal with the surface
coverage in silicas pretreated at 200 °C (open symbols) and 500 °C (filled
symbols): Aerosil 200 (@), MCM-41 (H), and Silia P60 (A).

distance between TEPO molecules on the surface.’” The longest
distance will imply a slower exchange and hence a wider signal.

Conclusions

The adsorption of different amounts TEPO on silica produces a
significant variation in the *'P chemical shift of a single NMR
signal. This observation demonstrates the existence of a rather
fast equilibrium between different adsorbed species. Moreover,
the dependence of the chemical shift with surface coverage
with TEPO shows two types of equilibria, between physisorbed
TEPO and silanol-TEPO 1:1 species at high coverage, and
between silanol-TEPO 1:1 and 2:1 species at low coverage.
The 2:1 species must come from neighbour silanols, but far
enough to be isolated, given that the vicinal silanols are not
detectable for TEPO, which is not able to break the hydrogen
bond between them. As a general conclusion, the acid strength
of a solid, at least in a weak acidic solid such as silica, cannot be
determined by a single NMR measurement of adsorbed TEPO and
several measurements at different surface coverage are required
for a complete picture of the nature of the surface acid sites. This
behaviour should be general for all the phosphine oxides, such as
TMPO or TBPO, and all the silica-based solids, unless micropor-
osity can limit the access and diffusion to part of the silica surface.
The possibility of exchange between stronger acid sites and
between strong and weak sites is currently under study.
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