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46 ABSTRACT

50 ""Sn CPMG MAS NMR was applied to study the adsorption of acetonitrile, methanol,
52 isopropanol, isobutanol and water over Sn-BEA enriched with '"’Sn isotope. Two signals
54 observed at ca. -422 and -443 ppm over dehydrated samples were attributed to tetracoordinated

57 framework tin sites with strong and weak Lewis acidity, respectively. The adsorption of
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acetonitrile and methanol resulted in observation of pentacoordinated tin species, due to the
formation of 1:1 adsorption complexes over both Sn-sites. Water adsorption led first to formation
of pentacoordinated tin species, which were further converted into hexacoordinated species at
longer reaction times. The latter transformation was found to be kinetically limited and was
attributed to chemical interaction of tin sites with water, such as hydrolysis of Si-O-Sn bonds.
The adsorption of isopropanol and isobutanol was accompanied by the formation of
pentacoordinated Sn species in the case of weak sites and hexacoordinated Sn over sites with
strong Lewis acidity, pointing to the possibility of dissociative adsorption of secondary alcohols

over strong Sn-sites.

INTRODUCTION

Sn-BEA zeotypes are promising heterogeneous catalysts for the conversion of sugars into
methyl lactate'?, the isomerization of glucose into fructose” and other important reactions such
as Baeyer-Villiger oxidations®’, Meerwein-Ponndorf-Verley-Oppenauer redox reactions®, ring-
opening hydration of epoxides’ etc. The exceptional catalytic properties of Sn-BEA are due to
the combination of their Lewis acidity, the hydrophobic microenvironment around active sites
and the ability to catalyze reactions in aqueous media. These properties make Sn-BEA especially
relevant for biomass processing3 A0

It is generally accepted that tin atoms, which isomorphously substitute silicon in the zeolite
framework, are the catalytically active sites in Sn-BEA'*'2. However, the exact configuration of
these sites has not yet been unambiguously determined although numerous techniques including

quantum-chemical calculationsl3'16, DR-UV-Vile, FTIRIZ’”'ZO, Mdéssbauer’! and NMR

spectroscopy” ' ** have been applied for this purpose.
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Among the different approaches, the application of probe molecules was shown to be the most

8,11,12,14,17-20,23,25-30 .
. Besides

fruitful for characterization of tin sites and their local environment
that, probe molecules were particularly useful in deducing the catalytic behavior by providing
insights into the interaction of the active site with solvents, reactants, intermediates and products
in reactions catalyzed by Sn-BEA. Different types of probe molecules including pyridine

(Py)8’18’25, alkyl substituted pyridinesg, ammonia'*'*%°, deuterated acetonitrile (CD;CN)'*'*!%

2028 - cyclohexanone®™, alkyl substituted cyclohexanone®, dimethyl ether®, n-propylamine'®,

14,20,27 14,17,19,20,23,27

alcohols , glucose® and water were applied to characterize tin sites.

It should be noted that most studies involving probe molecules has been monitored by FTIR

and TPD techniques™'*!720-2628-30

. Both these techniques provide comprehensive information on
the state of the adsorbed probe molecule, indirectly providing information on the nature of the
Sn-sites. The direct detection of Sn-sites interacting with probe molecules, however, is highly
desirable to confirm the conclusions made from indirect methods as well as to get deeper insight
into the structure and environment of Sn-sites interacting with different probe molecules.

This direct information can be best obtained by ''’Sn MAS NMR, a reliable method for
probing "9Sn nuclei and their environment™*'2**'* In particular, 19Sn MAS NMR allows for
distinguishing between framework and extraframework tin nuclei formed during the synthesis,
and provides information on tin coordination and T-site distribution in the material. Thus,
extraframework SnO, species were shown to exhibit a signal at ca. -604 ppm, whereas
tetrahedral Sn-sites were characterized by a number of signals in the range of -420 to -450 ppm
when dehydrated and in the range of -650 to -730 ppm when hydrated®****!. However, recording

of "”Sn MAS NMR spectra of tin-containing zeolites with sufficient resolution is time-

consuming, even in samples enriched with the ''”Sn isotope, due to low tin content in Sn-BEA
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(about 1-2 wt.%). Sophisticated NMR techniques help to overcome this problem. The use of
DNP-NMR is a good example?'**. In this case, the sensitivity is enhanced by 28 — 75 times by
exploiting the transfer of electron spin to the investigated nucleus. However, the specific
biradical molecules used as polarizing sources and solvents in combination with low-temperature
requirements (T = 100 K)) do not allow the use of probe molecules for sample characterization.

In the present work, we focus on applying a different strategy to optimize the use of '"’Sn
MAS NMR spectroscopy to study the interaction of Sn-sites with relevant probe molecules and
solvents. Specifically, the adaptation of the Carr-Purcell-Meiboom-Gill (CPMG) echo train
acquisition®® used to enhance the signal-to-noise ratio combined with the application of ''’Sn
enrichment allows a detailed study of the interaction between Sn-sites and the probe molecules
within a reasonable timeframe. To assess the nature of different Sn sites and their reactivity,

acetonitrile, methanol, isopropanol, isobutanol and water are used as probe molecules.

EXPERIMENTAL METHODS

Synthesis of ''’Sn-BEA

Labelled and unlabeled Sn-BEA materials were synthesized using non-seeding procedure
developed by Tolborg et al.**. In the case of unlabeled Sn-BEA, SnCly-*5H,0 was used as a tin
source. For the preparation of the labeled tin source, metallic tin enriched with 198 isotope was
dissolved in HCI as proposed by Renz et al.”. To avoid any undesirable oxidation states of tin, in
this work an excess of H,O, was added after dissolution of tin in HCI. The resulting tin source
thereby comprised an aqueous solution of H,'"’SnCls. The molar composition of the gel after the
addition of H,'"”SnCls was as described in 35. The details of preparation are given in Supporting

Information.

ACS Paragon Plus Environment
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Pretreatment conditions

As-synthesized samples were calcined under static conditions in air. A small amount of the
sample powder was placed in a porcelain crucible in a muffle furnace. The calcination procedure
involved: 1) heating to 550 °C, 4 °C/min; and 2) maintaining at 550 °C for 15 h.

The typical dehydration procedure before adsorption experiments involved treatment of the
calcined sample at 250 °C under vacuum conditions for 3 h. In some experiments, the
dehydration temperature was varied within 100 — 400 °C. To study the interaction of probe
molecules with Sn-sites the molecules were adsorbed on the dehydrated sample at ambient
temperature under vacuum conditions.

Acetonitrile, methanol, isopropanol, isobutanol and water were used as probe molecules.
Acetonitrile and alcohols were dosed volumetrically in the range of 0.5 — 4 molecules per Sn
atom. After the adsorption, the sample was transferred into the NMR rotor in a glovebox and
sealed; then NMR spectrum was measured. The kinetics of the interaction of water with Sn-sites
was studied directly in the NMR spectrometer after the adsorption of 4 molecules of water per Sn
site at ambient temperature. The duration of the experiment was 67 hours. NMR spectra were
acquired at 7 h intervals. After that, the sample was removed from the NMR spectrometer and
kept in a closed rotor for 1 month whereafter a final NMR spectrum was measured.

Characterization

X-ray diffraction analysis was performed on a D2 PHASER (Bruker) diffractometer, Tube
power: 30 kV (10 mA). XRD patterns were measured in the range of 26 = 5-50° using filtered
CuKa (A = 0.154060 nm) radiation. SEM images were obtained with an electron microscope
Hitachi TM-3030. The studies were carried out with an accelerating voltage of 15 kV; all

samples were coated by Au before analysis.
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9Sn MAS NMR spectra were recorded on AVANCE-II 400WB (Bruker) spectrometer (9.4
T). Triple-resonance 4 mm MAS DVT probe (BRUKER) was used for detection, MAS
frequency being 12 kHz. Direct polarization combined with CPMG echo-train acquisition (DP-
CPMG) was used as a main pulse sequence®’. Spectra of dehydrated samples were measured
applying 600 echoes without any proton decoupling. For the hydrated samples and samples with
adsorbed probe molecules, high-power 'H decoupling was used (SW-TPPM, 1 = 8 us, ¢ = 15°,
o(B1) = 105 kHz) with only 25 echo in CPMG echo-train. For some samples, cross-polarization
combined with CPMG echo-train acquisition (CP-CPMG) was applied. The 9%Sn NMR
chemical shifts were calibrated by SnO, as secondary external reference (-604.3 ppm)*°. For
spectra processing, the TopSpin 2.1 (Bruker) program was used. Parameters of line shape were
calculated using DMFIT software’’. The main parameters of NMR experiments are given in

Table S1 (Supporting Information).

RESULTS AND DISCUSSION

Preparation and characterization of '9$n-BEA

Structural and morphological characteristics of Sn-BEA synthesized with labeled ('"Sn-BEA)
and unlabeled (Sn-BEA) tin sources are compared in Figs. S1 and S2 (Supporting Information).
The results show that the different tin source did not affect the main characteristics of the
samples. Overall, the labeled and unlabeled materials show the same structure, crystallinity,
crystal size and morphology typical for Sn-BEA materials with Si/Sn = 200 ratio”*.

The '"”Sn MAS NMR spectra of calcined hydrated and dehydrated samples are illustrated in

Fig. 1. Similar spectra are observed for "9Sn-BEA and Sn-BEA samples, again pointing to an

identical tin environment in labeled and unlabeled materials. In the spectra of the hydrated
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samples two signals at ca. -689 and -703 ppm are observed. These signals were reported by other

groups™’ #3231 and  were attributed in the literature to hexacoordinated tin atoms,

corresponding to “closed” Sn-sites with two water molecules in the first coordination sphere (I),
“open” Sn-sites with two water molecules in the first coordination sphere (II) or “hydrolyzed-

open” Sn-sites with one water molecule in the first coordination sphere (II1)>*'"":

0Si= osis H osi=
=8I0 S!n/ose ESiO\S!n/OHE | ESio\\S! _-08iz
o] H n
=si0”” 1 o, =sio” § on Tsis o7 | Sho,
OH, OH, | oH
=5i
M am am

However, no unambiguous assignment of the resonances at ca. -689 and -703 ppm has been
made so far.

It should be noted that no extra framework Sn or Sn connected with fluoride ions are present in
the studied material as confirmed by the absence of a narrow peak at ca. -604 ppm7’26’38 and -730

ppm? in the Sn-NMR spectrum, respectively.

a Hydrated

1195n-BEA

-400 =500 -600 -700
&('"9Sn), ppm
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Figure 1. '’Sn CP-CPMG MAS NMR spectra of hydrated (a) and ''”Sn DP-CPMG MAS NMR

spectra of dehydrated (b) Sn-BEA and "9Sn-BEA samples. Sidebands are marked with asterisks.

Upon dehydration of the samples, the signals corresponding to hexacoordinated tin disappear
and two signals at -422 and -443 ppm appear in agreement with the literature data®’***°,
Bermejo-Deval ef al’ have shown that the signal at ca. -420 ppm is amenable to cross-
polarization. Based on the argumentation that this is the only site with a proton source in its

proximity they assigned this signal to the so-called “open” site (IV); and as a consequence the

signal at -443 ppm was assigned to “closed” sites (V):

OH 0sis
N Sn
=50 \\‘ose =sio”” \\‘OSiE
osi=s osis
(v) V)

In this work, we tried to confirm this assignment by applying cross-polarization conditions to
our samples. However, we were not able to get any signal after sample dehydration at 250°C
under vacuum (Fig. S3, Supporting Information). Comparing the pre-treatment conditions in our
experiments with those applied in the work of Bermejo-Deval ef al.’, it can be noticed that the
authors used a dehydration pre-treatment at 120 °C, whereas 250 °C were used in our
experiments. The decrease of the pre-treatment temperature of our sample to 150 °C revealed
the appearance of signals at ca. -418 and -403 ppm (Fig. S3, Supporting Information). The
intensity of these signals increased further when the temperature was decreased to 100 °C. This
result confirms the presence of small amount of defect sites, however they are shown to
condense and thereby disappear at higher dehydration temperatures. Since the signal at -422
ppm was not amenable to cross-polarization in our experiments we cannot attribute it to “open”

sites based on our data.
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At present, no direct correlation has been established between the different signals in the
spectra of hydrated and dehydrated samples. The quantification of the NMR signals of hydrated
"Sn-BEA sample obtained in this study points that the ratio between integral intensities of the
signals at ca. -689 and -703 ppm corresponds to 87/13. For a dehydrated sample of ''*Sn-BEA
the ratio between the integrated signals at ca. -422 and -443 ppm is 15/85. This suggests that the
signal obtained at ca. -703 ppm upon dehydration leads to the signal found at -422 ppm with a
similar correlation existing for the signals at -689 and -443 ppm. Further studies are required,
however, to confirm this hypothesis.

Adsorption of acetonitrile

The adsorption of acetonitrile is commonly used for the analysis of different Sn-sites and their
Lewis acid strength'>'"?3_ In most cases, the adsorption of deuterated acetonitrile is monitored
by FTIR spectroscopy. Additionally, some reports on the application of temperature programmed
desorption (TPD) techniques are also available'"’. Application of this probe molecule allows for

12,20
", Furthermore, based on

the differentiation between framework and extraframework tin sites
the FTIR spectroscopy of deuterated acetonitrile displaying two bands at ca. 2316 and 2308 cm™,
Boronat et al.'? suggested the existence of two different framework sites in Sn-BEA, namely
“open” and “closed” sites as mentioned earlier. The first band was assigned to the “open” Sn-site
(IV) with three oxygen bonds connected to the zeolite framework and one to an —OH group. The
second band was attributed to a closed site (V) with four oxygen bonds connected to the zeolite
framework. In the same study it was shown that acetonitrile interacts more strongly with the site
giving 2316 cm™ vibration and that there is a correlation between the acetonitrile adsorption band
at 2316 cm™ and the catalytic activity in the Bayer-Villiger oxidation of adamantanone. The

17,20

assignment of the two bands was however not supported by other (more recent) reports . Roy
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et al. observed a single band at ca. 2310 cm™, suggesting that the observation of the additional
line at 2316 cm™ was associated with solvent effects due to the presence or absence of additional
acetonitrile molecules in the vicinity”. Therefore, the information on the state of Sn atoms
during the adsorption of acetonitrile is highly desirable.

In this study, we aimed to clarify the state of various Sn atoms during acetonitrile adsorption
by "”Sn MAS NMR techniques. Different amounts of acetonitrile in the range of 0.5 — 4
molecules per tin atom were loaded onto the ''’Sn-BEA sample and the changes in the state of
tin were monitored by ''’Sn DP-CPMG/MAS NMR. The results are shown in Fig. 2.

Upon adsorption of the first aliquot of acetonitrile (CH3CN/Sn = 0.5) both signals at -422 and -
443 ppm disappear. Instead, two new signals appear at -480 and -587 ppm with similar ratio of
integrated peak intensity as for the initial peaks at -422 and -443 ppm. This leads us to assume
that the weak signal at ca. -422 ppm shifts to -587 ppm, whereas the intensive resonance at -443
ppm yields a broad signal centered at -480 ppm. Upon further dosing of acetonitrile, the two sites
behave differently. The position of the weak signal at ca. -590 ppm practically does not change
with higher loadings (Fig. 2b). Conversely, the signal with the larger integral intensity continues
to move to higher field and reaches a chemical shift of -570 ppm at acetonitrile loadings of four
molecules per tin site. At the same time the line shape of the signal changes, becoming sharper

and well-defined. Further increase of loadings does not affect the peak position and shape.
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34 Figure 2. '"’Sn DP-CPMG/MAS NMR spectra of dehydrated ''*Sn-BEA zeolite before and after
37 loading of acetonitrile in different amounts (a) and variation of chemical shift of signals at ca. -

39 422 and -443 ppm with acetonitrile loading (b). Sidebands are marked with asterisks.

The variation of the chemical shift and the line shape with increased loadings could be due to
45 fast exchange between different adsorption sites or between adsorbed and gaseous phases. This
47 phenomenon has been described in detail by Bain®. At low loadings, the population of sites is
rather low and only strong Sn-sites are permanently occupied. The rest of the adsorbate can
52 exchange between the adsorbed and gaseous phases or between the different weak sites related to
54 and not related to tin (for instance, weak Sn Lewis sites and silanol groups). As a result, of this

exchange a weighted average of the chemical shift between occupied and pristine Sn-sites is

ACS Paragon Plus Environment
11



OCoONOOOPR~WN =

The Journal of Physical Chemistry Page 12 of 46

observed. At high loadings, all sites become occupied and the chemical shift observed after
saturation corresponds to Sn-sites with adsorbed acetonitrile (Fig. 2b).

The position and parameters of the shape of NMR signals at ca. -570 and -594 ppm are similar
to those calculated for pentacoordinated closed Sn-sites by Wolf er al*'?'. Although their
calculations were performed for the adsorption of water molecules, the chemical shift should not
change drastically in the case of acetonitrile adsorption. No lines around ca. -703 ppm are
observed in the NMR spectra even at high loadings, suggesting that no hexacoordinated Sn is
formed upon the adsorption of acetonitrile. Thus, only one molecule of acetonitrile binds to the
Sn-sites despite the high dosage of up to 4 molecules of acetonitrile per Sn site. These findings
confirm the conclusion on equimolar stoichiometry of acetonitrile adsorption made by Harris et

18
al.

using FTIR spectroscopy of adsorbed deuterated acetonitrile. Furthermore, our results
suggest that the Sn-site that gives a signal at -422 ppm binds acetonitrile stronger than the site at
-443 ppm, which is in excellent agreement with previous observations made by the groups of
Corma'? and Davis’. In this contribution, we, however, cannot comment on the assignment of

these signals to “open” and “closed” sites, respectively.

Adsorption of alcohols

Alcohols, especially methanol, are used as solvents and often substrates in reactions catalyzed
by Sn-BEA'?** making it essential to study adsorption of alcohols over Sn-BEA in order to
understand the state of tin directly during the catalytic reaction mixture. Roy er al.* studied the
adsorption of 2-methyl-2-propanol and diethyl ether with Sn-BEA using TPD-TGA techniques.
It was shown that 2-methyl-2-propanol and diethyl ether interact differently with Sn-BEA.
Diethyl ether yields a 1:1 adsorption complex with tin and desorbs intact. On the contrary, 2-

methyl-2-propanol gives coverages of more than twice the tin content in the analyzed sample.
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Besides that, part of 2-methyl-2-propanol molecules desorbs as butene and water. This work
impelled us to monitor the adsorption of alcohol molecules with smaller (methanol) and larger
sizes (isopropanol, isobutanol).

Fig. 3a shows the comparison of 'Sn DP-CPMG/MAS NMR spectra recorded after
adsorption of alcohol molecules over dehydrated ''”Sn-BEA together with the spectrum obtained
for acetonitrile. In all the experiments, the adsorbate loadings were close to 4 molecules per Sn
atom. The results show that the adsorption of methanol gives a spectrum very similar to that of
acetonitrile: two lines corresponding to pentacoordinated Sn-sites are observed at -576 and -588
ppm.

In the case of isopropanol and isobutanol, a slightly different picture is observed (Fig. 3a). In
particular, only intensive NMR line is detected in the range of -582 to -586 ppm, while the weak
resonance at ca. -590 ppm corresponding to the adsorption on sites with strong acidity is not
seen. To further assess this behavior, the adsorption of small aliquots of isobutanol was
monitored. The adsorption of small amounts of isobutanol reveals the presence of this signal
(Fig. 3b) at ca. -589 ppm, however the increase of isobutanol loadings leads to its vanishing. The
decrease of the signal at ca. -589 ppm is accompanied by the appearance of a small resonance at
ca. -703 ppm, which is more pronounced with cross-polarization. The latter signal can be
attributed to hexacoordinated tin atoms. The reasons for the observation of hexacoordinated tin

as a result of interaction of secondary alcohols with strong tin sites will be discussed later.
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Figure 3. '"”Sn DP-CPMG MAS NMR spectra of acetonitrile, methanol, isopropanol and
isobutanol adsorbed over ''”Sn-BEA in the ratio of adsorbate/Sn = 4(a); variation of ''*Sn DP-
CPMG MAS NMR spectra with isobutanol loadings (b). Spectrum 4.0 (CP) is recorded using

9Sn CP-CPMG MAS NMR. Sidebands are marked by asterisks.
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Adsorption of water

The interaction with water is of special interest, since aqueous phase reactions are an integral
part of biomass processing. Furthermore, even when alcohol is used as solvent, water is often

. . . . . . 30.40
present in the reaction mixture either as an impurity or as a by-product™

. Finally, tin sites in
the catalyst are usually in a hydrated state as the catalyst is seldom dried prior to use. Changes in
catalysts structure as a result of hydration could be responsible for a number of observations
responsible for catalytic activity. Therefore, one cannot consider tin sites in Sn-BEA catalysts
inseparably from water in most reactions.

17,19,20,23,27,31
7,19,20,23,27, _ The

The adsorption of water on Sn-BEA has been studied in several reports
comparison of the isotherms of water adsorption over various hydrophobic zeolites obtained in
fluoride media showed that the amount of water adsorbed over Sn-BEA was higher than on Ti-
BEA and Si-BEA by a factor of 2*’. Theoretic calculations suggested stronger adsorption of

water on Sn-BEA as compared to other substrates, such as NHs, alcohols and acetonitrile!>°,

17.192033 "Eyrthermore, Courtney ef al.'” revealed that the

This was also confirmed experimentally
adsorption of water is accompanied by the formation of SiOH groups. The process was found to
be very slow (requiring several days), nevertheless shown to occur even at mild relative humidity
and ambient temperature. At 98 °C in liquid water SiOH formation was found to happen in less
than 1 h. These silanol groups were stable at temperatures as high as 400 °C and found to
condense in the range of 400 — 700 °C. Based on these results the authors concluded that
dissociative adsorption of water occurs over Sn-BEA. Additionally, it was found out that the

extent of hydroxylation is proportional to the Sn content. This conclusion was further supported

by the results of Otomo ez al."”’ by studying the ion exchange of Sn-BEA with different alkali
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cations. They found out that not only “open” but also “closed” sites without adjacent silanol
groups could be ion-exchanged through the hydrolysis of Si-O-Sn bonds. In the case of Cs', K"
and NH,"  cations, the ratio of cation/Sn reached 1, indicating that all Sn-sites were fully
converted into “open” sites and exchanged. This is a relevant finding, as the exchange with alkali
metal salts has been shown to affect the catalytic activity and selectivity in several reactions;
either facilitating epimerization (instead of isomerization) of sugars or changing the reaction
pathway from a retro-aldol mechanism (yielding methyl lactate and similar products) to a -
dehydration mechanism facilitating the formation of newly discovered bio-monomers®**'**,

The state of Sn during hydration was studied by ''’Sn MAS NMR by Hwang et al.”. The
authors observed mainly hexacoordinated tin after adsorption of two molecules of water per tin
atom. Very small signals attributed to pentacoordinated tin were also detected.

To get deeper insight into the interaction of water molecules with the Sn-sites present in Sn-
BEA, we studied the kinetics of water adsorption. The dehydrated sample was exposed to a H,O
aliquot corresponding to H,O/Sn = 4.0 and the development in NMR signals was monitored with
time. Fig. 4 shows the NMR spectra obtained before and after the exposure to water. After three
hours of exposure three signals have appeared: an intensive signal at ca. -581 ppm
(pentacoordinated Sn-sites) and two weak signals at ca. -689 and -703 ppm (hexacoordinated Sn-
sites). In agreement with earlier observations, the small signal at ca. -703 ppm arises from the
signal at ca. -422 ppm in the dehydrated sample, whereas the signals at -580 and -689 ppm
originate from the signal at ca. -443 ppm. The analysis of the intensities of the lines suggests that
the Sn sites with strong acidic character observed at -422 ppm in the dehydrated sample give
predominantly hexacoordinated sites already at the initial steps of the hydration. The small signal

observed in the range of -590 to -600 ppm, could be attributed to pentacoordinated tin, but it is
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on the level of the noise. On the contrary, Sn-sites associated with weak acidity (signal at ca. -
443 ppm in the dehydrated sample) are converted mostly to pentacoordinated tin, giving the

signal at ca. -581 ppm.
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Figure 4. Variation of ''’Sn DP-CPMG MAS NMR spectra of ''’Sn-BEA with time (a) after
exposure to water (H,O/Sn = 4). The regions from -550 to -625 ppm (b) and -675 — -710 ppm (c)
are highlighted. Variation of normalized integrated intensity of ''’Sn MAS NMR signals at ca. -

581, -689 and -703 ppm with time of exposure to water (d). Sidebands are marked as asterisks.

The changes in signals intensities during 67 h of experiment are shown in Fig. 4d. The results
show that the intensity of the signal at ca. -581 ppm decreases down to 32 %, whereas the
intensity of the signal at ca. -690 ppm increases up to 54 %. The signal at ca. -703 ppm remains
at the level of 11-14% during the whole duration of experiment (Fig. 4d).

After 1 month, the signal at ca. -581 ppm disappears completely, whereas the two signals at ca.
-689 and -703 ppm remain (Fig. 4) and the spectrum becomes very similar to those of fully
hydrated samples (for comparison see Figs. 1 and 4, red spectrum). The ratio between the
intensities of signals at ca. -689 and -703 ppm is 86/14, which is very close to hydrated sample
(87/13).

The analysis of CP-CPMG MAS NMR spectra obtained over ''’Sn-BEA sample after
adsorption of water (Fig. S4) points that pentacoordinated Sn sites (-581 ppm) does not show
any signal when cross-polarization is applied. On the contrary, the signals at ca. -689 and -703
ppm attributed to hexacoordinated tin are amenable to cross-polarization. The latter observation
can be accounted for by the formation of hydrolyzed open Sn sites (III).

It is important to note that dehydration of the sample after adsorption of water results in
complete restoration of the spectrum of dehydrated sample (Fig. S5). These observations suggest
that the changes observed during hydration/dehydration are fully reversible.

To summarize, Sn-sites with strong Lewis acidic character (-422 ppm) and weak Lewis acidic

character (-443 ppm) show different behavior upon interaction with water. The strong sites react
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faster than the time-scale of our experiment, resulting in the immediate transformation of
tetracoordinated tin into the hexacoordinated state. On the contrary, weak sites are first
transformed into the pentacoordinated state followed by very slow (up to one month at ambient
temperature) rearrangement into hexacoordinated state. These observations are in line with

- 17,19
previous findings'”

and point to dissociative adsorption of water leading to hydrolysis of Si-O-
Sn bounds. Furthermore, our results suggest that in fully hydrated samples all Sn-sites are
hydrolyzed.
IMPLICATIONS

"9Sn CPMG MAS NMR of adsorbed probe molecules revealed the existence of two different
framework Sn-sites with different adsorption properties:

- Sn-sites associated with strong Lewis acidity and characterized by an NMR signal at ca. -

422 ppm;

- Sn-sites with lower acidity and an NMR signal located at -443 ppm.
Our data do not allow for these sites to be attributed as “open” or “closed” as it was proposed in
other reports®'?, since none of the signals observed is amenable to cross-polarization. We
suppose that the origin of different signals is more likely due to the different locations in the
framework of Sn-BEA, as it has also been suggested by theoretical calculations®'. According to

our data, the ratio between these sites can be changed by adjusting of synthesis conditions,

variation of tin content® and pretreatment conditions®*.

Table 1. Parameters of NMR line shape (s, ©Q and x) of signals corresponding to

pentacoordinated tin sites in Sn-BEA bonded to different probe molecules.

Expected structure NMR parameter Reference
. Type of
of adsorption
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complex Sn-site . Q (span),
i’y ppm ppm K (skew)
-575 393 -0.47 21°
(H,0)Sn"(0Si=), - -560...-585°  360...420° n.d. 31°
Weak -581 360 + 20 0.8+0.2
Strong -594 415+30 0.8+0.2
(CH3;CN)Sn"(0Si=),
Weak -570 390 + 20 0.7+02
Strong -588 375+35 -0.8+£0.2 this work?
(CH;0H)Sn"(0Si=),
Weak -576 390 + 20 -0.7+0.3
(i-PrOH)Sn"(0Si=), Weak -586 400 =25 0.8+0.2
(i-BuOH)Sn"(0Si=),  Weak -582 415+25 -0.7£0.3

* Isotropic chemical shift.
® Theoretical data.
¢ Approximate values from Fig. S29 in 31.

4 Experimental data, 4 probe molecules per one Sn atom.

Sn-sites with weak Lewis acidity (-443 ppm)

The major fraction of sites, corresponding to approximately ~85% of the Sn sites in the
samples studied (Fig. 1), is characterized by relatively weak Lewis acidity. The adsorption of
acetonitrile and alcohols over these sites reveals that Sn atoms change their coordination and
become pentacoordinated (Fig. 3), which accounts for the adsorption of one probe molecule per
tin site in accordance with other reports'®?. Acetonitrile show very weak adsorption over these
Sn-sites. The position of Sn signal is changing from -480 to -570 ppm upon variation of CH3;CN
loadings from 0.5 to 4 molecules per Sn site (Fig. 2), which points to fast exchange between
different adsorption sites, related and not related to tin. The alcohol molecules show stronger
interaction with Sn sites, the exchange process is not detected and the signal at ca. -570 ppm
appears already at low loadings (Fig. 3b). The analysis of the chemical shifts and parameters of

NMR line shape of the signal at ca. -580 ppm, observed for all adsorbates (Table 1) point to

ACS Paragon Plus Environment
20



Page 21 of 46

OCoONOOOPR~WN =

The Journal of Physical Chemistry

similar features for acetonitrile and alcohols at higher loadings. We therefore conclude that the
structure of adsorption complexes is similar in all the cases.

A different situation is observed in the case of water adsorption. At the early steps of the
interaction with water, the Sn-sites responsible for the NMR signal at -443 ppm adsorb one
molecule of water leading to the formation of pentacoordinated Sn as confirmed by the
appearance of the line at ca. -581 ppm. However, after several hours pentacoordinated Sn-sites
start to convert into hexacoordinated sites. This transformation is slow and kinetically limited.
The complete transformation requires more than 3 weeks, which is in line with the results
obtained by Courtney et al.'’, who showed that adsorption of water is accompanied by the
rupture of Si-O-Sn bond and formation of SiIOH groups. These SiOH groups were shown to be
slightly acidic and exchangeable with alkali cations'’. Furthermore, this work points to the
formation of SnOH as confirmed by CP-CPMG MAS NMR spectra showing the intensive signal
for hexacoordinated Sn at ca. -689 ppm (Fig. S4). Putting together our results with the literature

17,19

data one can conclude that the observation of hexacoordinated Sn-sites is due to dissociative

adsorption of water over these sites:

H
_ H
osiz osiz osis o
=5i0 08si= =Si0 lr 0siE
> sl Sni H,Q ™~ s O,
zsi0 o osiz =0 o7 | Toss
OSi=
osi= | Hff
- o) -
Ho =50~ 8|i . Sn/O&_
- N

Scheme 1. Dissociative adsorption of water over tin sites in Sn-BEA.
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During this process the rupture of Si-O-Sn bonds occurs and the Sn-site becomes more flexible
and able to accommodate additional water molecule leading to the observation of
hexacoordinated tin.

The hydrolysis of Si-O-Sn bonds explains why the formation of 6-coordinated tin is observed
only in the case of adsorption of water and not in the case of acetonitrile and alcohols. One can
suppose that tin is not stable in the octahedral surrounding in the zeolite framework due to steric
hindrance. Consequently, high energy is required to transform rather stable distorted
pentacoordinated tin into hexacoordinated tin. The dissociative adsorption of water is slow over
weak Sn-sites at ambient temperature and mild relative humidity, but it can be accelerated when
the temperature is raised and the humidity increased'”.

Sn-sites with strong Lewis acidity (-422 ppm)

Monitoring the fate of the signal at ca. -422 ppm during the adsorption of different probe
molecules points to a stronger interaction with these sites compared to those observed at ca. -443
ppm. In the case of acetonitrile, even very small loadings give the line at ca. -580 ppm,
corresponding to pentacoordinated Sn (Fig. 2). No exchange process with other sites is observed,
pointing to strong adsorption over the. -422 ppm sites. Furthermore, the dissociative adsorption
of water occurs in a few hours over -422 ppm Sn-sites at ambient temperature (Fig. 4), whereas it
requires several weeks in the case of -443 ppm sites. Finally, secondary alcohols (isopropanol
and isobutanol) reveal the formation of hexacoordinated tin upon the adsorption over -422 ppm
Sn-sites at high loadings (Fig. 3), whereas only pentacoordinated tin was observed in the case of
-443 ppm Sn-sites.

The latter observation requires additional discussion. As it has been shown above, the

formation of hexacoordinated Sn-sites is an activated process and requires the rupture of Si-O-Sn
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bonds. In the case of interaction with secondary alcohols, this rupture can take place via

dissociative adsorption and formation of alkoxy groups attached to silicon atoms and Sn-OH

groups:
H #-CyHg
(|)SiE 08i= 0si= s
=50 OSiE | =sio_ | L _os= .
> s S"i FC,4H:OH ~ g P o C,H:0H
=Sio o osi= ssio” o7 | Tose
O5i=
H -C,Hgy H /FC4H9
05i= \\o/ 0si= o]
=S|0\s|, HO\SwL/Osh . =8I0~ |I HO-., Sln/ose
1 fn
B N S
‘SiO/ \“o/v | \OSF =50 0 | 0si=
| os= | osi=
-CyHy H

Scheme 2. Dissociative adsorption of isobutanol over tin sites in Sn-BEA.

The alkoxy groups can further decompose into corresponding olefin and Si-OH group. Another
possibility involves dehydration of secondary alcohols over Sn-sites yielding an olefin and water

and dissociative adsorption of water over Sn-site:

H FCH
osiz osiz osiz g7 T
=30 0siE | =8I0 | l 0siE _,
~ - . .
s s -CHgOH ~ P o C,H,
=sio 0 osis ssio” o7 | Tosi
Osi=
H H H.., _~#CHq
ose g osi= g
=sio~_ | l/ose O =SS0~ |. HG i/ose
s _sn FG4H,00 P Si - Sn\
=si0 ™o | “osiz =Si0 o7 | Tosis
OSiE 0si=

H

Scheme 3. Dehydration of isobutanol over tin site in Sn-BEA followed by dissociative

adsorption of water formed.

The decomposition of alcohols into olefins and water over Sn-sites has been observed
previously®’. Roy ef al. observed dissociative adsorption of 2-methyl-2-propanol over Sn-BEA
leading to evolution of butene and water during TPD-TGA experiments. The amount of butene

and water desorbed was close to Sn content in the sample. Our results confirm this findings but
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suggest that only Sn sites with strong Lewis acid strength (-422 ppm) are involved in this type of
interaction at ambient temperature. One can speculate that at higher temperature, weaker tin sites
can also be involved in this interaction.

It should be noted that the present data as well as the literature data'” do not allow to
distinguish between two possible pathways: 1) dissociative adsorption of alcohols (Scheme 2) or
2) dehydration of alcohols / dissociative adsorption of water (Scheme 3). Further experiments are
needed to verify this.

The results obtained are useful for understanding the effect of solvents on the catalytic
properties, since they clearly demonstrate that the chosen solvent can modify the active Sn-site
even at moderate temperatures. As most reactions involving Sn-BEA and the conversion of sugar
substrates are currently being performed in either water or using smaller alcohol solvents
(methanol, ethanol), the current study shows that it is difficult to investigate the system without
taking into account interaction with the solvent. Additionally, as it is shown here that water even
at ambient temperature will modify the catalyst, this naturally has relevance for the catalytic
system, as also pointed out by Corma ef al.*’, since age and general history of the tested Sn-BEA

are often not reported.

CONCLUSIONS

Probing of Sn-sites in Sn-BEA by 19Sn CPMG MAS NMR of adsorbed acetonitrile, methanol,
isopropanol, isobutanol and water reveals two sites with different adsorption properties: 1) Sn-
sites with strong Lewis acidity, characterized by the NMR line at ca. -422 ppm in dehydrated
state; and 2) Sn-sites with lower Lewis acidity at -443 ppm. In the samples studied, the major

fraction of Sn-sites (~85%) could be attributed to the latter.
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Interaction of both tin sites with acetonitrile and methanol leads to formation of only
pentacoordinated tin species, which is confirmed by the appearance of two well-defined NMR
signals at ca. -570 and -594 ppm corresponding to the sites responsible for the -443 and -422
ppm signals, respectively. Observation of pentacoordinated species accounts for the formation of
1:1 adsorption complexes. Acetonitrile shows weak adsorption especially over Sn-sites,
characterized by NMR signal at ca. -443 ppm. The position of the NMR signal is found to vary
from -480 to -570 ppm upon changing of CH3CN loadings from 0.5 to 4 molecules per Sn site,
which points to fast exchange between different adsorption sites, related and not related to tin.
This exchange process is not observed for the signal at -422 ppm, pointing to stronger adsorption
over this site. Analysis of chemical shifts and the NMR line shape shows similar local
surroundings of the adsorbed pentacoordinated tin complexes for the different probe molecules.

Interaction of tin sites with water initially leads to the formation of pentacoordinated tin. But
unlike for acetonitrile and methanol, water enables the transformation of tin sites into
hexacoordinated state, evidenced by the observation of the NMR lines at ca. -689 and -703 ppm.
This transformation occurs at ambient temperatures in several hours in the case of the strong
sites (-422 ppm), but requires several weeks for weak sites (-443 ppm), indicating that the
process is kinetically limited by the chemical interaction. We suggest that the formation of
hexacoordinated tin is a result of the hydrolysis of Si-O-Sn bonds, occurring already at ambient
temperatures.

Interaction with isopropanol and isobutanol shows the formation of pentacoordinated Sn
species over weak sites and hexacoordinated Sn over strong sites, pointing to the possibility of

dissociative adsorption of secondary alcohols over the Sn-sites with strong Lewis acidity.
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The results obtained could have practical implications in understanding the effect of solvents
on the catalytic properties, since they clearly demonstrate that solvents can modify the active Sn-

site.
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