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Supplementary Methods

Catalyst characterisation

Powder X-ray diffraction (PXRD) patterns were recorded on a Philips X pert X-ray diffractometer (40 kV
and 30 mA) using Cu Koy radiation (. = 1.5406 A). N, adsorption was carried out at 77 K on a
Micromeritics 3Flex instrument after activating the samples for 10 h under dynamic vacuum at 623 K. The
crystal morphology and size were measured by scanning electron microscopy (SEM) on a Quanta FEG 650
microscope. The ratios of Ta/Al/Si in the sample were quantified by EDX using multiple regions over a
sample on a Bruker XTrace instrument. Thermogravimetric analysis was carried out with a SDTQ600 TA
instrument. Samples were heated from room temperature to 800 °C at a rate of 10 °C min’* under an air flow
at 100 mL min~!. Attenuated total internal reflection Flourier transformed infrared (ATR-FTIR) spectra were
collected with Nicolet iS5 spectrometer. The acidity was measured by temperature-programmed desorption
of ammonia (NHs-TPD) with a Quantachrome Autosorb-1 equipped with a thermal conductivity detector
(TCD). Typically, 100 mg of sample was pre-treated in a helium stream (30 mL min™!) at 600 °C for 2 h. The
adsorption of NH; was carried out at 50 °C for 1 h. The catalyst was flushed with helium at 100 °C for 2 h to
remove physisorbed NH3 from the catalyst surface. The TPD profile was recorded at a heating rate of 10 °C
min from 100 to 600 °C. Used catalysts were calcined at 600 °C for 6 h in air flow prior to the NHz-TPD
experiments. The Brgnsted and Lewis acid sites of the samples were investigated by FT-IR of adsorbed
pyridine in an in situ cell with CaF, windows. Wafers with a weight of 25 mg and radius of 6.5 mm were
degassed for 1 h under vacuum at 600 °C. Then pyridine was admitted, and after equilibration, the samples
were outgassed for 0.5 h at increasing temperatures (150, 200, 250, 350 and 450 °C). The spectra were
recorded on a Nicolet iS50 FT-IR spectrometer. Solid-state 2°Si NMR spectra were recorded with a
frequency of 79.46 MHz, a spinning rate of 10.0 kHz, and a recycling delay of 10 s. Tetramethylsilane was
used as the reference for the chemical shift.

For the measurement of electron paramagnetic resonance (EPR) spectroscopy, the sample was
placed in a 2.8 mm o.d. quartz tube and connected to a vacuum line. Prior to irradiation, zeolite materials
were activated by pumping at 10° Torr for 12 h at 150 °C and then flame sealed under vacuum. The samples
were exposed to y-irradiation from a ®°Co source at 77 K to a total dose of 4.1 MRad at a dose rate of 0.48
MRad h't. CW EPR measurements were carried out at the X-band frequency (9.4 GHz) using a Bruker EMX

spectrometer equipped with an Oxford Instruments temperature control system at 77 K. EPR spectra were
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detected with modulation amplitudes of 0.2 and 1 mT, and microwave powers varied in the range ~0.7-70
mW. For the data presented here, 7 to 70 mW was chosen to provide optimum signal intensity. Pulsed EPR
measurements of samples after irradiation were performed at the X-band frequency (ca. 9.7 GHz) on a
Bruker Elexsys E580 spectrometer. The microwave frequency was measured with a built-in digital counter
and the magnetic field was calibrated using the microwave pulse the sequence (7/2 — 7 — = — v — echo) with
7/2 and = pulse length of 16 and 32 ns. The interpulse delay r was 150 ns. HYSCORE! spectra were
measured at X-band using a pulse sequence (z/2 — 7 — n/2 — T1 — x — T2 — n/2 — T — echo) with z/2 = 16 ns and
7 = 26 ns, and fixed z = 136 ns or 7 = 200 ns; The initial values of T, and T, were 100 ns. The (128x128)
HYSCORE data array was recorded with the time increment of 16 ns, and then, data were Fourier
transformed (FT) to produce 2D spectra. Theoretical modelling of all EPR data was performed using

EasySpin toolbox (Version 5.2.28) for Matlab.

Synthesis of TMO@TaAlIS-1 and temperature-programmed mass spectroscopy (TP-MS)

TMO@TaAIS-1 was prepared using a method reported in the literature?. TaAlS-1(0.013/0.027/1) (1.5 g) was
suspended in pre-cooled, dry nitromethane (9.0 g) and to it was added trimethyloxonium tetrafluoroborate
(0.9 g) in the same solvent (3 g; -20 °C). All operations were carried out using anhydrous Schlenkware. After
vigorous manual shaking, this suspension was set aside (-20°C; 1 h), filtered, washed with a small portion of
pre-cooled nitromethane, then dried in vacuo at room temperature for 3 hours.

The experiments of TP-MS were carried out in a stainless-steel continuous-flow reactor (6.35 mm
i.d.). 0.33 g of TMO@TaAIlS-1(0.013/0.027/1) or TaAlS-1(0.013/0.027/1) was loaded in the reactor,
followed by injection of 0.3 mL of CDsOD or CHsOH into the reactor. The reactor temperature was
increased from room temperature to 400 °C at 10 °C min* under a flow of helium at 100 mL min™. The

efflux was monitored by online mass spectroscopy.

DFT calculations and modelling of the INS spectra

Simulation of INS spectra of bare TaAlS-1 zeolite and TMO species. Periodic density functional theory
(periodic-DFT) calculations were carried out using the plane wave pseudopotential method as implemented
in the CASTEP code®*. Exchange and correlation were approximated using the Perdew-Burke-Ernzerhof

(PBE) functional®. Ultra-soft pseudopotentials were employed to account for the effects of core electrons.
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The Tkatchenko-Scheffler dispersion correction® was used for van der Waals interactions. The Energy cut-
off for the plane-wave basis set was 380 eV. Phonon frequencies were obtained by diagonalisation of
dynamical matrices computed using the finite displacement method. The atomic displacements in each mode
that are part of the CASTEP output, enable visualization of the modes to aid assignments and are also all that
is required to generate the INS spectrum using the program OCLIMAX"8, DFT calculations of the INS
spectrum for single trimethyloxonium tetrafluoroborate molecule was carried out, which were used to
identify the modes of vibrational features in the experimental INS spectrum. In addition, DFT calculations of
the INS spectra for bare TaAlS-1 were performed to investigate the distribution of Ta/Al/H sites. Due to the
large number of configurations involved in these simulations, the CP2K code® based on the mixed Gaussian
and plane-wave scheme'® and the Quickstep module!* were used. The calculation used the molecularly
optimised Double-Zeta-Valence plus Polarization (DZVP) basis set'?, Goedecker-Teter-Hutter
pseudopotentials®®, and the PBE exchange correlation functional®. The plane-wave energy cutoff was 400
Ry. The DFT-D3 level correction for dispersion interactions, as implemented by Grimme et al**, was
applied.

Simulation of the INS spectrum of solid methanol. Periodic-DFT calculations were carried out using
CASTEP (version 7.03) with the PBE functional. Norm conserving pseudopotentials with a plane wave cut-
off of 1000 eV were employed, with a Monkhorst-Pack grid of 10x10x5 (75 k-points). After geometry
optimisation, the residual forces were converged to better than |0.004| eV A™. Phonon frequencies were
obtained by diagonalization of dynamical matrices computed using density-functional perturbation theory®.
In addition to the calculation of transition energies and intensities at zero wavevector, phonon dispersion was
also calculated along high symmetry directions throughout the Brillouin zone. For this purpose, dynamical
matrices were computed on a regular grid of wavevectors throughout the Brillouin zone and Fourier
interpolation was used to extend the computed grid to the desired fine set of points along the high-symmetry
paths®. The INS spectrum was calculated from the atomic displacements in each mode using the program
aCLIMAXE,

Simulation of the INS spectra of dimethyl ether and propene. Optimised geometry and vibrational
frequencies of the lowest energy conformer of each molecule were calculated at the B3LYP/6-311++G(d,p)

level of theory with the help of Gaussian suite of programs. INS spectra were obtained from calculated



eigenvectors and eigenenergies using the aCLIMAX programme?, and were compared with the experimental
data.
Supplementary Notes

Supplementary Note 1 EPR spectroscopy

The existence of Ta-O"-Si defects after y-irradiation was previously proposed in a Ta-modified MCM-41
zeolite!” but the hyperfine structure associated with 8Ta has not been resolved for that material. In the
present work, y-irradiated TaS-1 and TaAlS-1 samples show more detailed features. The spectra were
simulated taking into account the hyperfine structure due to interaction of the electron with #Ta nuclei (I =
7/2; 99.98% natural abundance) and the considerable quadrupole interaction, which is expected to be
observed in the continuous wave (CW) EPR spectrum due to the large quadrupole moment of Ta (Fig. 2e,
Supplementary Fig. 6 and Supplementary Table 3). The average g-value in our work is in good agreement
with literature data for M-O*-Si defects'’8, For HZSM-5, EPR spectroscopy reveals interaction of an
electron hole with AI(I11) within the zeolite structure and the g and A parameters obtained are similar to
those reported by Wichterlova et al.28, For consistency, EPR spectra of samples TaS-1, TaAlS-1 and HZSM-
5 were simulated by superposition of the signals for M-O*-Si (M=Ta or Al) and Si-O’-Si defects, and the
resulted simulation parameters are presented in Supplementary Table 3.

EPR-active defect sites induced by y-irradiation in HZSM-5, TaAlS-1 and TaS-1 were further
analysed by hyperfine sub-level correlation (HYSCORE) spectoscopy®. Experimental and simulated
HYSCORE data are shown in Supplementary Fig. 5 and Supplementary Table 4. All data were collected at
the same field orientation: 334 mT (9.4 GHz)/346 mT (9.735 GHz). HZSM-5 demonstrates off diagonal
cross peaks in the (-,+) quadrant due to hyperfine (HF) coupling with Al (A-tensor = [19.0 19.0 21.0]
MHZz) (magenta color in simulations in Supplementary Fig. 5) as confirmed in the CW spectum of HZSM-5.
Additionally, we observe off diagonal cross peaks due to HF coupling with 2°Si (cyan colour in simulations
in Supplementary Fig. 5) which are unresolved in the CW spectrum of the HZSM-5 sample. In the (+,+)
quadrant, we observe peaks correspoding centered at the 2°Si larmor frequency. TaAlS-1 clearly
demonstrates the presence of the same characreristic off diagonal cross peaks for 2’Al with a slight deviation
in HFI values from those previously observed in HZSM-5 (A-tensor = [18.5 18.5 21.0] MHz). The latter
confirms the presence of Al-O°-Si sites in the TaAlS-1. The appearance of the 2’Al larmor frequecy diagonal

peak in the (+,+) quadrant supports this analysis. Off diagonal cross peaks due to HF interaction with 2Si
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observed in the (-,+) quadrant deviates from those observed for HZSM-5 and therefore could refer to Ta-O'-
Si sites, which is expected to display a stronger signals in Pulsed EPR due to longer relaxation times for such

defects.

Supplementary Note 2 Interaction between methanol and Ta/Al/H sites

Synchrotron XPD has been successfully applied to study the interaction between guest molecules and porous
materials, such as the binding of hydrocarbons in porous metal-organic frameworks?, binding of y-
valerolactone in Zn/ZSM-5% and the binding of pyridine in HZSM-5%, In this study, over 3200 hkl
reflections were used for the structural refinement, which allowed for extensive structural variables to be
refined in a satisfactory manner. It is almost impossible to distinguish between Al and Si (Z=13 and 14,
respectively) sites using X-rays diffraction. Although Ta (Z=73) is heavier, the low occupancy of Ta
precludes the determination of its precise location in the framework. Recently, the distribution of active sites
in H-ZSM-522 and Zn/ZSM-5% has been successfully determined by examining the intermolecular distances
and angles between guest molecules and framework sites. For example, protonic acid sites of H-ZSM-5 have
been located by examining the atomic distances and angles between pyridine and framework atoms?.
Methanol can be adsorbed on Bransted acid sites upon interaction between AIO(H)Si and the OH group of
methanol?®, while it can also be adsorbed on Ta(V) sites via electron donation to the d-band of a Ta(V) site
from the OH group of methanol (Fig. 4b). Thus, the distribution of active sites in TaAIS-1 has been revealed
by a detailed examination of the MeOH-TaAlS-1 binding distances, particularly that between Omeon and
Ozeolites and between Owmeon and T sites (see Supplementary Tables 12,13). Importantly, the distances between
Owmeonit and OB6eoiites, and that between Owmeoniv and O18.e01ite are shortest in both MeOH-adsorbed TaAlS-1
and HZSM-5, suggesting that protonic acid sites are located at O6-T2 and O18-T9 centres. Similarly, the
distances between Omeoni and T5, and between Owmeorin @and T21 are shortest in MeOH-adsorbed TaAlS-1
and TaS-1, respectively, indicating that Ta(V) sites are likely located at TS5 and T21 positions

(Supplementary Tables 12,13).

Supplementary Note 3 Distribution of Ta/Al/H sites

In order to further study the distribution of Ta/Al/H sites, °Si NMR, inelastic neutron scattering (INS) and

DFT calculations were employed. The 2°Si NMR spectra of TaAlS-1(0.013/0.027/1) and HZSM-5(0.027/1)
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show notable differences in the range of -108 to -100 ppm (Supplementary Fig. 18a). The spectra were
deconvoluted by fitting to a sum of Guassian and Lorentzian line shapes. The assignments and peak areas are
listed in Supplementary Table 14. The (Al+Ta)/Si ratios calculated from the 2°Si NMR data are consistent
with that obtained from EDX. The peak at -98 ppm is absent in the spectrum of HZSM-5(0.027/1), indicating
the absence of Si(OSi)2(OAl), species (Supplementary Fig. 18b), consistent with previous reports®#?, The
intensity of the peak at -108 ppm [assigned to Si(OSi)3(OAl/Ta)] in the spectrum of TaAlS-1(0.013/0.027/1)
is higher than that in HZSM-5(0.027/1), indicating the successful incorporating of Ta(V) sites into the
framework but not adjacent to Al sites (i.e., no “T pairs” sites), which is consistent with the SXPD result (Fig
39). The population of the different types of Si (Q") of Ta/Al/H sites displayed in Fig. 3g were calculated by
zeoTsites software?® (Supplementary Table 15). The Si(OSi)3(OAl/Ta) is calculated to account for 13%
(Supplementary Table 15), which matches the experimental observation (14%, Supplementary Table 14).
Recently, the distribution of protons in LTA zeolite has been studied using periodic DFT calculations
and INS?"28, The distribution of Ta/Al/H sites in TaAlS-1(0.013/0.027/1) has been further investigated by
combining INS and DFT calculations. Based on 2°Si NMR results, only “isolated single” T sites are
considered. From the Rietveld refinement of SXPD date (Fig. 3g), one Ta and two Al sites are positioned at
T5, T2 and T9, respectively, for the calculation of the corresponding INS spectra (Supplementary Table 16).
The H sites have the same probability to appear near all four O around Al, and are thus attached to O6, O1,
02, 013, 018, 025, 08 and 009, respectively (Ta/Al/H_1-16, Supplementary Table 16). For comparison,
three other sites are also considered (Ta/Al/H_17-19, Supplementary Table 16). For Ta/Al/H_17, Ta and Al'
are positioned at T5 and T2, respectively, same as for Ta/Al/H_1, but moving Al'"to T11. For Ta/Al/H_18,
Ta and Al" are positioned at T5 and T9, respectively, same as for Ta/Al/H_1, but moving Al' to T4. For
Ta/Al/H_19, Al' and Al'" are positioned at T2 and T9, respectively, same as for Ta/Al/H_1, but moving Ta to
T8. All nineteen Ta/Al/H sites are simulated independently by DFT and the calculated INS spectra are
compared with the experimental data of bare TaAlIS-1(0.013/0.027/1) (Supplementary Fig. 19). As there is
an uncertainty on the position of H, each calculated INS spectra of Ta/Al/H_1-16 is given a same weight to
assemble the combined spectrum (combination 1 in Supplementary Fig. 20). The spectrum of combination 2
is produced by combining spectra Ta/Al/H_17-19 with a same weight. All peaks in combination 1 are
consistent with those in the experimental data, particularly the peaks assigned to -OH in-plane bending and

Si-O stretching at 1096 and 1218 cm™, respectively (Supplementary Fig. 20, Supplementary Table 17). The
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intensities of peaks below 497 cm™ (assigned to relaxation of zeolite framework and -OH out-of-plane
bending in combination 1) are lower than that of the experimental data because only one unit cell and a
simplified model were used and external SiOH groups are not considered in the simulation. Combination 2 is
produced with other Ta/Al/H sites (Supplementary Fig.20), and a number of peaks (53, 148, 267 and 304 cm’
1) are absent compared with the experimental data. These results does not mean the TaAlS-1 contains various
compounds (with the same Ta/Al/H sites used here for modelling), but demonstrating TaAlS-1
(0.013/0.027/1) has an optimal site distribution (Fig. 3g) that promotes the adsorption of methanol in TaAIS-

1 via a “TMO-type” mechanism.

Supplementary Note 4 Inelastic neutron scattering

Direct visualisation of the interaction between adsorbed methanol and the active sites is crucial to understand
the molecular details of adsorption, activation and conversion into propene. INS is a powerful neutron
spectroscopy technique to investigate the dynamics (particularly for the deformational and conformational
modes) of methanol. It has several advantages:

o INS spectroscopy is sensitive to the vibrations of hydrogen atoms, and hydrogen is ten times more
visible than other elements due to its high neutron scattering cross-section.

e The technique is not subject to any optical selection rules. All vibrations are active and, in principle,
measurable.

o INS observations are not restricted to the centre of the Brillouin zone (gamma point) as is the case for
optical techniques.

e INS spectra can be readily and accurately modelled: the intensities are proportional to the concentration
of elements in the sample and their cross-sections, and the measured INS intensities relate
straightforwardly to the associated displacements of the scattering atom. Treatment of background
correction is also straightforward.

¢ Neutrons penetrate deeply into materials and pass readily through the walls of metal containers making
neutrons ideal to measure bulk properties of this material (in this case for 11 g catalyst).

oINS spectrometers cover the whole range of the molecular vibrational spectrum, 0-500 meV (0-4000 cm-

b,



o INS data can be collected at low temperature (< 15 K in this case), where the thermal motion of the
catalyst, the adsorbed methanol and the reacted intermediate molecules can be significantly reduced.

e Peak intensities in INS can be wholly described by the neutron scattering cross-sections and absolute
quantities of the atoms involved. This means that predicting INS spectra is often a much more reliable
process than for other techniques. For small, isolated molecular species or materials with well-
characterised crystal structures, agreement between predicted and experimental spectra can be very good,

thus leading to the full assignment of the features in the spectra.

Supplementary Note 5 Temperature programmed mass spectroscopy

A series of experiments based upon TP-MS have been conducted to study the reactivity of TMO (C3HyO*)
for the formation of olefins within the zeolites (Supplementary Figs. 51,52). Firstly, TMO was dosed to
TaAlS-1 to afford TMO@TaAlIS-1, and part of the sample was then loaded with CHsOH or CDsOD. The
systems were heated to 400 °C at 10 °C min under a helium flow and the efflux monitored by online MS.
Heating TMO@TaAlS-1+CD3;0D at 292 °C yielded a series of MS signals of m/z at 42, 45, 46 and 48
(Supplementary Fig. 52a-b). The signal of m/z 45 corresponds to CsHsDs, which was produced via the
reaction between adsorbed TMO and CDs;OD species (Supplementary Fig. 51). It is worth noting that the
signal of m/z 45 is significantly decreased or indeed absent in the reaction of TMO@TaAIS-1 or TaAlS-
1+CD30D at 292 °C (Supplementary Fig. 52c,d), thus confirming that the reaction between adsorbed TMO
and CDsOD species plays a key role in the formation of C-C bonds in propene. CsDs (m/z 48) was produced
from CDs;0OD over TaAlS-1 (Supplementary Fig. 52b,d). The signal of m/z 46 could be originated from
fragments of C3Ds or CsH2D4 (Supplementary Fig. 51). Moreover, the formation of CH3OCH; or CD;0CDs
peak at around 270 °C (Supplementary Figs. 52b,d,e). The formation of propene in the system of TaAlS-
1+CD3OD (Supplementary Fig. 52d) peaks at 350 °C, whereas it peaks at 292 °C in both systems of
TMO@TaAIS-1+CD3;OD (Supplementary Fig. 52b) and TMO@TaAIS-1+CHsOH (Supplementary Fig.
52e). Thus, this result demonstrates that the presence of TMO in the pore can promote the formation of

olefins.
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Supplementary Figure

HZSM-5(0.027/1)
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Supplementary Fig. 1. Comparison of PXRD patterns of HZSM-5, TaAlS-1 and TaS-1 (A = 1.5406 A).
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Supplementary Fig. 2. SEM images of (a) HZSM-5(0.027/1), (b) TaAlS-1 (0.013/0.027/1) and (c) TaS-
1(0.013/1).
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Supplementary Fig. 3. EDX map of Si K, (a) and Al K, (b) in TaAIS-1(0.013/0.027/1).
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Supplementary 5. X-band (9.735 GHz) HYSCORE spectrum recorded at 6.5 K and at 346 mT (9.735
GH2z)/334 mT(9.4 GHz) field position with t value of 200 ns (in ED insert graph field is normalised for
frequency value of 9.4 GHz in order to match with the CW data). Off diagonal dashed lines correspond to the
position of the Larmor frequency of different nuclei: magenta dashed line - 2’Al; cyan dashed line - 2°Si;
green dashed line - '8'Ta. Simulated cross-peaks are shown in magenta. The parameters used for the
simulation are presented in Supplementary Table 4.
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Supplementary Fig. 6. X-band (9.4 GHz) CW EPR spectra of TaS-1 and HZSM-5 activated by y-irradiation
at 77 K, recorded with microwave powers of 7 and 70 mW.
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Supplementary Fig. 7. Characterisation of the acidity of zeolites by pyridine-IR. (a) Py-IR spectra after
vacuum treatment at 150 °C, Py-IR spectra of (b) HZSM-5(0.027/1), (c) TaAIS-1(0.013/0.027/1) and (d)
TaS-1(0.013/1) after vacuum treatment at variable temperatures. The peaks at 1454 and 1545 cm™ are
assigned to the coordinatively bound pyridine molecules on Lewis acid sites and pyridinium ion on Brgnsted
acid sites, respectively?. Both the coordinatively bound pyridine and pyridinium ion have the vibration peak
at 1490 cm™ %, The Lewis acid band is centred at 1454 cm™ in the spectra of HZSM-5, while it shifts to 1447
cm? in the spectra of Ta-doped zeolite. The decrease of frequency of the band is related to the reduced
stability of the pyridine complex?®, which is verified by the desorption experiments. b, ¢ and d show the Py-
IR spectra of HZSM-5(0.027/1), TaAIS-1(0.013/0.027/1) and TaS-1(0.013/1), respectively, after desorption
of pyridine at variable temperatures. With the increase of temperature, the peak intensities related to both
Lewis and Brgnsted acid sites of HZSM-5 decrease slowly. Both peaks are visible even after the vacuum
treatment at 450 °C (b). However, the intensities of these two peaks in the spectra of TaAl-1 and TaS-1
decreased dramatically upon increasing temperature and all disappeared at 450 °C (c and d). This result
indicates that the TaAlS-1 samples have only weak Lewis and weak Brgnsted acid sites, entirely consistent
with the NHs-TPD results.
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Supplementary Fig. 8. Characterisation of the acidity of zeolites by NHs-TPD. Two peaks at 240 and 435

°C correspond to NH; eluted from the weak and strong acid sites, respectively®C.
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Supplementary Fig. 9. Studies of external mass transfer for MTO reactions on TaAlS-1(0.013/0.027/1). The

effect of external mass transfer is negligible in the studied region. The conversion is calculated based on the
unconverted methanol and dimethyl ether.
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Supplementary Fig. 10. Studies of internal mass transfer for MTO reactions on TaAlS-1(0.013/0.027/1).
The effect of internal mass transfer is negligible in the studied region. The conversion is calculated based on
the unconverted methanol and dimethyl ether.

20



100 12
X
S 90 \K\ |—> 10
S N .
S s —
= X
g 70 \ L 8
= X
& 60- T o
= @
S go{e——e— T tT—e——e——e——gi6 ¢
St 404 —<— Conversion @
5 —eo— S(C3H,) - 4
wn -
g > S(CHy)
§ 204 —a—P/Eratio 5
O
10
0 T T T T T T T O
0 1 2 3 4 5 6 7

Time on stream (h)
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conversion is calculated based on the unconverted methanol and dimethyl ether.
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Supplementary Fig. 12. Comparisons of (a) XRD patterns (A = 1.5406 A) and (b) acidities determined by
NHs-TPD of TaAlS-1(0.013/0.027/1) before and after the conversion of methanol at 400 °C for 7h, W/F of
2.83 h geat Qmeon™, particle size of 250-420 pm.
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Supplementary Fig. 13. TGA (black) and DSC (red) plots of used TaAlS-1(0.013/0.027/1) (a) and HZSM-
5(0.027/1) (b) catalysts after the conversion of methanol at 400 °C for 54 h. The by-products (e.g., coke)
deposited on the surface of used HZSM-5(0.027/1) are more stable than those on used TaAlS-
1(0.013/0.027/1).
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Supplementary Fig. 14. Comparison of (a) XRD patterns (A = 1.5406 A) and (b) acidities determined by
NHs-TPD of TaAlS-1(0.013/0.027/1) and HZSM-5(0.027/1) before and after the conversion of methanol at
400 °C for 54h.
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Supplementary Fig. 15. Comparison of SXPD patterns of (a) HZSM-5(0.027/1), (b) TaAlS-
1(0.013/0.027/1) and (c) TaS-1(0.013/1) before and after adsorption of methanol at room temperature [A =
0.82487(1) A].
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Supplementary Fig. 16. Comparison of the experimental data (black line) and Rietveld refinement (red line)
and the difference between them (grey line) for SXPD patterns of (a,b) MeOH@HZSM-5(0.027/1), (c,d)
MeOH@TaAIS-1(0.013/0.027/1), (e,f) MeOH@TaS-1(0.013/1) at room temperature at a 26 range of (a,c,e)
3-20°and (b,d,f) 20 - 50° [A = 0.82487(1) A].
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Supplementary Fig. 17. Enlarged and detailed views of MeOH"!V (a) and MeOH"' (b) in TaAlS-
1(0.013/0.027/1). MeOH""!"V are denoted as I, Il, 11l and IV, respectively. MeOH molecules and the
functional sites involved in the cooperative binding are highlighted using an amplified ball-and-stick model
(Ta/Al/Si, violet; C, grey; O, orange; H, white). The O---O(H) interactions and O---Ta interactions are
highlighted in green and yellow, respectively. The C---O distances and C---C distances are highlighted in
cyan and blue, respectively. Owing to the uncertainty on locations of protons, all hydrogen bonds in this
report are described as the distance between the Omeon and the Oxeiite CENtres. The hydrogen atoms of MeOH
are not displayed in b.
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Supplementary Fig. 18. (a) °Si NMR spectra of HZSM-5 and TaAlS-1; de-convolution of #Si NMR
spectra of HZSM-5 (b) and TaAlIS-1 (c) by Guassian and Lorentzian line shapes.
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Supplementary Fig. 19. Comparison of the experimental INS spectrum of bare TaAlS-1(0.013/0.027/1) and
calculated INS spectra for 19 types of Ta/Al/H sites.
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Supplementary Fig. 20. Comparison of the experimental INS spectrum of bare TaAlS-1(0.013/0.027/1) and
combination of calculated INS spectra of different Ta/Al/H sites. Combination 1 = (Site 1 + Site 2 + ...+ Site
16)/16; Combination 2 = (Site 17 + Site 18 + Site 19)/3. Abscissa is scaled by 0.96 for combination 1 and 2.
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Supplementary Fig. 21. Ta Ls edge X-ray absorption spectra of Ta foil, Ta(V) reference compounds and

Ta-zeolites.
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Supplementary Fig. 22. First derivate of Ta Lz adsorption edge of Ta foil, Ta(V) reference compounds and

Ta-zeolites.
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Supplementary Fig. 23. Ta Ls edge X-ray absorption spectra of activated and MeOH-adsorbed Ta-zeolites.
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Supplementary Fig. 24. First derivative of Ta Lz adsorption edge of activated and MeOH-adsorbed Ta-
zeolites.
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Supplementary Fig. 25. Ta Lz edge X-ray absorption spectra of before and after activated Ta-zeolites. Due
to the amphoteric nature of water, its adsorption, present within the as-synthesised materials prior to
activation, gives rise to a similar influence on the Ta(V) site 5d-orbital occupancy as described in MeOH-

loaded TaAIS-1.
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Supplementary Fig. 26. First derivative of Ta L3 adsorption edge of before and after activated Ta-zeolites.
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Supplementary Fig. 27. Operando Ta Ls edge X-ray absorption spectra of TaAlS-1 zeolite during the
conversion of methanol, only selected spectra are shown.
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Supplementary Fig. 28. First derivative of operando Ta Ls edge X-ray absorption spectra of TaAlS-1

zeolite during the conversion of methanol, only selected spectra shown.
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Supplementary Fig. 29. Deconvolution of XANES spectra via linear combination fitting to activated and
adsorbed species representative fit result at 20 °C, 200 °C and 370 °C.

39



3E-10

MeOH
—— DME
— Propene
—— Butene
< 2E-10 Ethene
)
2
‘©
c
[
£
1E-10 -
OE+00 T

I I I I T T T
190 210 230 250 270 290 310 330 350 370
Temperature (°C)

Supplementary Fig. 30. On-line mass spectra of reactants and products during the conversion of methanol
on TaAlS-1 zeolite, for operando Ta Ls edge X-ray absorption experiments.
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Supplementary Fig. 31. Schematic view of the procedure of INS experiment and data collection at TOSCA
and MAPS. Before measurements at MAPS, the samples were transferred from the Inconel cell to an
aluminium-can in order to reduce cell background signals.
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Supplementary Fig. 32. Comparison of the experimental INS spectra of condensed methanol in the solid-
state (black, obtained in TOSCA) and calculated INS spectra of crystal methanol (red).
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Supplementary Fig. 33. Comparison of the experimental INS spectra of condensed DME in the solid-state
(black, obtained on TOSCA) and calculated INS spectra of single DME molecule (red).

43



Neutron energy loss (meV)
0O 20 40 60 80 100 120 140 160 180 200 220

Trimethyloxonium tetrafluoroborate calculation

S(Q») (a.u.)

T T T T T T T T
0 200 400 600 800 1,000 1,200 1,400 1,600 1,800
Neutron energy loss (cm™)

Supplementary Fig. 34. The calculated INS spectra of a single molecule of trimethyloxonium
tetrafluoroborate.
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Supplementary Fig. 35. Comparison of the experimental INS spectra of condensed propene in the solid-
state (black, obtained on TOSCA) and calculated INS spectra of single propene molecule (red). The lattice
modes of condensed propene (below 150 cm™) are absent in the calculated propene spectrum as an isolated

propene molecule has no lattice modes.
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Supplementary Fig. 36. View of the INS spectrum of the empty Inconel cell used for TOSCA
measurements. The empty can has features below 300 cm™ and at approximately 457 and 659 cm™.
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Supplementary Fig. 37. View of the INS spectrum for the empty aluminum can used for MAPS
measurements with an incident energy of 250 meV. Spectra integrated over the momentum transfer range 0

A1 <Q <9 AL The empty can has features at approximately 142 and 268 cm™.
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Supplementary Fig. 38. View of the INS spectrum for the empty aluminum can used for MAPS
measurements with an incident energy of 650 meV. Spectra integrated over the momentum transfer range 0

Al<Q<9A™
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Supplementary Fig. 39. Comparison of the experimental INS spectra for bare and methanol-adsorbed
catalyst. Spectra shown are after subtraction of the empty cell. The INS spectrum of the catalyst on methanol
adsorption shows a significant increase in total intensity, demonstrating the binding of methanol to the

catalyst sites.
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Supplementary Fig. 40. Comparison of the experimental INS spectra for bare and methanol-adsorbed
catalyst with an incident energy of 250 meV at MAPS. Spectra were integrated over the momentum transfer
range 0 A < Q < 9 AL, Spectra shown are after subtraction of the empty cell. The INS spectrum of the
catalyst on methanol adsorption shows a significant increase in total intensity, demonstrating the binding of

methanol to the active sites.
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Supplementary Fig. 41. Comparison of the experimental INS spectra for bare and methanol-adsorbed
catalyst with an incident energy of 650 meV. Spectra integrated over the momentum transfer range 0 A1 < Q
<9 A" (obtained in MAPS). Spectra shown are after subtraction of the empty cell. The INS spectrum of the
catalyst on methanol adsorption at shows a significant increase in total intensity, demonstrating the binding

of methanol to the active sites.
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Supplementary Fig. 42. View of the range of 0-4000 cm™ of INS spectrum for Fig. 5a.
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Supplementary Fig. 43. View of the range of 0-1800 cm™ of INS spectrum for Fig. 5b.
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Supplementary Fig. 44. View of the range of 0-4000 cm™ of INS spectrum for Fig. 5c.
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Supplementary Fig. 45. Comparison of the experimental INS spectra of solid DME, adsorbed DME and
reacted methanol 1 (obtained on TOSCA).
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Supplementary Fig. 46. Comparison of the experimental INS spectra of adsorbed DME and reacted
methanol 1 at an incident energy of 250 meV. Spectra integrated over the momentum transfer range 0 A <

Q<9 A (obtained on MAPS).
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Supplementary Fig. 47. Comparison of the experimental INS spectra of adsorbed DME and reacted
methanol 1 at an incident energy of 650 meV. Spectra integrated over the momentum transfer range 0 A <

Q<9 A (obtained on MAPS).
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Supplementary Fig. 48. Comparison of the experimental INS spectra of propene, butene, H,O and reacted
methanol 2 (obtained on TOSCA).
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Supplementary Fig. 49. Comparison of the experimental INS spectra of solid propene and reacted methanol
2 with an incident energy of 250 meV on MAPS. Spectra integrated over the momentum transfer range 0 At
< Q <9 Al All the peaks of propene were found in the spectrum of reacted MeOH 2, indicating the
formation of propene. The intensity of peaks at 916, 997, 1289, 1426 cm™ (=CH, or =CH- vibrations) are
weaker, due to interaction between propene and acid sites. The umbrella vibrational mode at 365 cm™ is also
visible. The peak at 736 cm™* was assigned to the in-phase methylene rocking®32. The presence of this peak
is due to partial oligomerisation of propene during cooling, which matches previous observation®-32, The
peaks at 546 and 1636 cm™ are due to water from dehydration.
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Supplementary Fig. 50. Comparison of the experimental INS spectra of solid propene and reacted methanol
2 with an incident energy of 650 meV. Spectra integrated over the momentum transfer range 0 A< Q <9 A-

! (obtained on MAPS).

60



H

|
DO\ o . y ']' ~,~ H2C=C—CD; miz45
D.C-CH _ H ® CD;0D I L _|D0
Dz/"/c') 3 — D,C=CH, —> H,C=CD,H ——— HoC D/c‘J CD; —T(:) H2<I: <|: CD, '|)
H30/®\CH3 DO D D oD D ~ H,C=C—CD, miz 46
HDO

Supplementary Fig. 51. The proposed reaction pathways between TMO and CD3;OD to form CsHsDs and
CsH:2D..
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Supplementary Fig. 52. MS signals of DME and propene (a) and TP-MS plots of TMO@TaAlIS-1+CDs;0D
(b), TMO@TaAlS-1 (c), TaAlS-1+CD30OD (d) and TMO@TaAlS-1+CH3OH (e).



Supplementary Table

Supplementary Table 1. Comparison of the catalytic performance of reported catalysts for the conversion of pure methanol to olefins.

Catalyst Reaction temperature  Conversion Selectivity (%) P/E Lifetime Reference
(°C) (%) CoH. CsHs ratio  (hour)
NbAIS-1(0.013/0.027/1)? 400 92 0.1 0.2 2 - This work
TaAlIS-1(0.013/0.027/1)° 400 100 6.2 53 8.5 54 This work
CaZSM-5_AE3 500 100 9.0 38 4.2 95 33
MgZSM-5_AE7 500 100 12 39 3.3 95 33
CaZSM-5_AE5 500 100 7.5 51 6.8 60 33
SrZSM-5_AE6 500 100 10 42 4.2 24 33
ZSM-5 71 500 100 18 30 1.7 13 33
Mesoporous ZSM-5_M1 500 100 5.0 38 7.6 33 33
Dealumination ZSM-5_M4 500 100 7.5 46 6.1 58 33
CON-type zeolite 500 100 22 60 2.7 25 34
High-Si beta zeolite 550 >99 5.9 58 9.8 23 35
RUB-13 350 100-95¢ 15 45 3.0 4.5 36
SAPO-14 450 99 16 66 4.1 0.3 37
SSz-13 360 100 46 36 0.8 4.0 38
CHA-1 400 100-95¢ 56 30 0.5 11 39
ITE-type zeolite 400 100-95¢ 24 48 2.0 6.3 39
SSZ-39 350 100 9.6 21 2.2 16 40
ZSM-11 450 99.6 10 38 3.8 43 41
ZSM-22 400 99 4.5 30 6.7 1.3 42
SAPO-34 400 100 33 42 1.3 4.3 43
MCM-22 450 100 6.3 26 4.1 48 44

aThe main product is dimethyl ether with selectivity of 99%; ®Selectivity and P/E ratio values are average of all points between 0-54 h. The lifetime tests started at
full conversion and the lifetime is the period of time from the start of reaction to the conversion dropped to 95%.
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Supplementary Table 2. Specific surface areas and pore volumes of all zeolites used in this study, data
determined from N sorption isotherms at 77 K and t-plot.

Samples Aeer  Ame  Aea  Vme Vo Crystallite size'
(m*g®)?* (m*g?)”° (m*gH)° (ecm°gH)® (cm*gr) (nm)
HZSM-5 (0.027/1) 433 335 99 0.17 0.29 200-500
TaS-1(0.008/1) 407 354 53 0.17 0.24 300-500
Tas-1(0.013/1) 402 341 61 0.17 0.25 300-500
TaAlS-1(0.008/0.027/1) 416 318 98 0.16 0.3 300-500
TaAlS-1(0.013/0.027/1) 424 320 104 0.15 0.32 300-500
TaAlS-1(0.013/0.013/1) 403 346 57 0.17 0.25 300-500
TaAlS-1(0.013/0.02/1) 409 343 66 0.17 0.26 300-500
HZSM-5 (0.027/1) used 434 339 95 0.17 0.28 200-500
TaAlS-1(0.013/0.02711) 423 318 105 0.15 0.33 300-500
TaAlS-1(0.013/0.027/1) 431 328 103 0.16 0.32 300-500

used 7 h?

aBET specific surface area;
bMicropore surface area;
°External surface area;
dMicropore volume;

¢Total pore volume;
fObtainted from SEM;

9TaAlS-1(0.013/0.027/1) used at 400 °C, W/F of 2.83 h gear gmeon S, for 7 h.
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Supplementary Table 3. Simulation parameters of CW EPR spectra at X-band Ta, Al and Si defect.

TaS-1(Ta/Si=0.013/1)

. . Electron Nuclei . A-tensor Iw
Signal weight Spin Spin Q (MHz), 1 g-tensor g-Strain (MH2) (mT)
Q=15.4; [2.0152 1.9954 [0.00.0
Ta defect 0.7 12 712 =032 2.0032] 0.0035] [13.28.248] | [00.35]
. i [2.0124 2.012 i i
Si defect 0.3 1/2 1/2 2.004] [00.4]

TaAlS-1(Ta/Al/Si=0.013/0.027/1)

Q=154; | [2.01521.9954 | [0.00.0

Tadefect | 075 | 172 712 o e Dooss | (1328248 | [0085]
Sidefect | 0.25 112 112 : [2'021%‘2351'012 : : [0 0.85]
HZSM-5 (Al/Si=0.027/1)

] [2.00122.009 | [0.00.003 | [19.019.0
Al defect | 07 112 5/2 on oon yog | [0003]
Sidefect | 0.3 12 1/2 : [2'021%‘2)5]'012 i : [0.00.4]

Iw is the homogeneous Lorentzian linewidth, g and A are the corresponding g- and HFI-tensors. Q and 1y are
parameters of quadrupole tensor: Q[-1+ 1, -1- n, 2], were Q= eeQqh/(4I(21-1)), n-anisotropy parameter
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Supplementary Table 4. Simulation parameters of Pulse HYSCORE EPR spectra at X-band for Si and Al
defects shown in Supplementary Fig. 5, Iw is the homogeneous Lorentzian linewidth, g and A are the

corresponding g and HFI-tensors.

HZSM-5 (Al/Si=0.027/1)

Nuclei Electron Spin Nuclei Spin g-tensor A-tensor (MHz)

ZA| 1/2 5/2 [2.0012 2.009 2.04] [19 19 21]

2gj 1/2 1/2 [2.0141 2.00 2.0022] [3.5 4.5 20]
TaAlS-1 (Ta/Al/Si=0.013/0.027/1)

ZTAl 1/2 5/2 [2.0012 2.009 2.04] [18.518.521.0]

25 1/2 1/2 [2.0141 2.00 2.0022] [6.54.59.5]
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Supplementary Table 5. Summary of acidity of all zeolites used in this work. Data were determined by
NHs-TPD studies.

Weak acid? Strong acid*  Total acid? L/B acid

Catalyst (mmol g?) (mmol g?) (mmol g?) ratio®
HZSM-5(0.027/1) 0.15 0.25 04 0.39
HZSM-5(0.04/1) 0.24 0.28 0.52 0.37
HZSM-5(0.067/1) 0.33 0.3 0.63 0.27
TaS-1(0.008/1) 0.01 0 0.01 -
TaS-1(0.013/1) 0.02 0 0.02 -
TaAlS-1(0.008/0.027/1) 0.14 0 0.14 6.9
TaAlS-1(0.013/0.027/1) 0.18 0 0.18 7.8
TaAlS-1(0.013/0.02/1) 0.11 0 0.11 )
TaAlS-1(0.013/0.013/1) 0.05 0 0.05 )

8From NHs-TPD.
From Pyridine-IR.
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Supplementary Table 6. Crystallographic data and details of TaAlS-1and zeolites samples after MeOH adsorption.

Samples

MeOH@HZSM-5(0.027/1) TaAlS-1(0.013/0.027/1)

MeOH@TaAIS-1(.013/0.027/1)

TaS-1(0.013/1)

MeOH@TaS-1(0.013/1)

Crystal system

Space group

Chemical formula

20 range for refinement (°)

Detector
Number of hkls
Refinement methods
a(A)

b (A)

c(A)

V (A%

Beta angle (°)
Rwp/Rexp /Rp (%)
Wavelength (A)
Gof y?

Orthorhombic

Pnma

Al25Sig350192 - 12.3MeOH

3-50

Multi-analyser crystals

3220
Rietveld
20.08635(9)
19.91624(9)
13.39546(7)
5358.78(4)
90

6.273/3.501/4.820

0.82487(1)
1.792

Orthorhombic

Pnma

Al>5Ta15Sig2.30192

3-50

Multi-analyser crystals

3203
Rietveld
20.05316(5)
19.87888(6)
13.37708(4)
5332.57(3)
90

5.352/3.546/4.165

0.82487(1)
1.509

Orthorhombic

Pnma

Al>5Tay.2Sig2.3019, * 8.6MeOH

3-50

Multi-analyser crystals

3209
Rietveld
20.06500(5)
19.88840(5)
13.38156(4)
5340.05(3)
90

5.147/3.568/3.977

0.82487(1)
1.442

Monoclinic
P21/n

Tay2Sigsg0192
3-50

Multi-analyser crystals

6200
Rietveld
19.89501(4)
20.11998(4)
13.38518(3)
5357.66(2)
90.56

6.079/3.338/4.630

0.82487(1)
1.821

Monoclinic

P24/n

Tay2Siss 50192 - 4.0MeOH
3-50

Multi-analyser crystals
6200

Rietveld

19.89402(4)
20.11925(3)
13.38204(3)
5355.92(2)

90.58
5.770/3.226/4.403
0.82487(1)

1.789
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Supplementary Table 7. Atomic parameters from the Rietveld refinement of MeOH@HZSM-
5(0.027/1) at room temperature.

Species Atom X y z SOF Beq (A% | Wyckoff
HZSM-5(0.0271/) | AIL | -0.0768(3) | 0.0530(3) | 0.8288(4) | 0.02629 | 1.259(19) |  8d
Al2 | 0.1869(3) | -0.0322(2) | 0.3182(4) | 0.02629 | 1.259(19) |  8d
A3 | 0.2212(2) | -0.0574(3) | 0.5291(4) | 0.02629 | 1.259(19) |  &d
Al4 | 0.1187(3) | 0.0599(3) | 1.0300(4) | 0.02629 | 1.259(19) |  &d
Al5 | -0.0763(3) | -0.0264(3) | 0.1868(4) | 0.02629 | 1.259(19) | &d
Al6 | 0.1869(3) | 0.0609(3) | 0.6734(4) | 0.02629 | 1.259(19) |  &d
Al7 | -0.0751(3) | 0.6726(3) | 0.8268(4) | 0.02629 | 1.259(19) |  8d
A8 | 0.1943(3) | 0.1303(3) | 0.3153(4) | 0.02629 | 1.259(19) |  &d
A9 | 0.2275(3) | 0.1720(3) | 0.5317(4) | 0.02629 | 1.259(19) | sd
AIL0 | 0.1194(3) | 0.6769(3) | 1.0334(4) | 0.02629 | 1.259(19) | &d
Alll | -0.0678(3) | 0.1292(3) | 0.1834(4) | 0.02629 | 1.259(19) | 8d
All2 | 0.1855(3) | 0.6732(2) | 0.6847(4) | 0.02629 | 1.259(19) |  8d
Sil | -0.0768(3) | 0.0530(3) | 0.8288(4) | 0.97371 | 1.259(19) | 8d
Si2 | 0.1869(3) | -0.0322(2) | 0.3182(4) | 0.97371 | 1.259(19) |  8d
Si3 0.2212(2) | -0.0574(3) | 0.5291(4) | 0.97371 | 1.259(19) | 8&d
Si4 0.1187(3) | 0.0599(3) | 1.0300(4) | 0.97371 | 1.259(19) | 8d
Si5 | -0.0763(3) | -0.0264(3) | 0.1868(4) | 0.97371 | 1.259(19) |  &d
Si6 0.1869(3) | 0.0609(3) | 0.6734(4) | 0.97371 | 1.259(19) | 8d
Si7 -0.0751(3) | 0.6726(3) 0.8268(4) | 0.97371 | 1.259(19) 8d
Si8 0.1943(3) | 0.1303(3) | 0.3153(4) | 0.97371 | 1.259(19) | 8d
Si9 0.2275(3) | 0.1720(3) | 0.5317(4) | 0.97371 | 1.259(19) | 8d
Sil0 | 0.1194(3) | 0.6769(3) | 1.0334(4) | 0.97371 | 1.259(19) |  &d
Sill | -0.0678(3) | 0.1292(3) | 0.1834(4) | 0.97371 | 1.259(19) | 8d
Sil2 | 0.1855(3) | 0.6732(2) | 0.6847(4) | 0.97371 | 1.259(19) |  &d
o1 0.1241(6) | -0.0506(7) | 0.2589(7) 1 1.36(4) 8d
02 0.1938(6) | -0.0583(6) | 0.4130(6) 1 1.36(4) 8d
03 0.1991(5) | 0.0592(5) | 1.0178(5) 1 1.36(4) 8d
04 | -0.0971(5) | -0.0718(5) | 1.0803(8) 1 1.36(4) 8d
05 0.1205(5) | 0.0544(6) | 0.7273(7) 1 1.36(4) 8d
06 0.2455(5) | 0.0547(7) | 0.7539(7) 1 1.36(4) 8d
07 0.1266(5) | 0.1634(5) | 0.2745(7) 1 1.36(4) 8d
08 0.1938(6) | 0.1552(5) | 0.4262(6) 1 1.36(4) 8d
09 0.1872(5) | 0.6498(4) | 0.0297(6) 1 1.36(4) 8d
010 | -0.0908(5) | 0.1515(5) | 1.0863(8) 1 1.36(4) 8d
O11 | 0.1119(5) | 0.6608(5) | 0.7558(7) 1 1.36(4) 8d
012 | 0.2414(5) | 0.6426(5) | 0.7275(7) 1 1.36(4) 8d
013 | 0.1854(5) | 0.0535(5) | 0.3056(5) 1 1.36(4) 8d
Ol4 | -0.0847(4) | 0.0521(6) | 0.1721(6) 1 1.36(4) 8d
015 | -0.0843(5) | 0.1310(5) | 0.8830(8) 1 1.36(4) 8d
016 | -0.0874(5) | 0.0113(5) | 0.9276(7) 1 1.36(4) 8d
O17 | -0.0968(5) | 0.6385(5) | -0.0571(7) 1 1.36(4) 8d
018 | 0.1788(5) | 0.1272(5) | 0.6218(7) 1 1.36(4) 8d
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019 | 0.1987(6) | 0.0016(5) | 0.6024(7) 1 1.36(4) 8d
020 | 0.1943(6) | 0.6283(5) | 0.5830(7) 1 1.36(4) 8d
021 | 0.0007(6) | 0.0449(6) | 0.7946(7) 1 1.36(4) 8d
022 | -0.0039(5) | 0.6536(6) | 0.7918(7) 1 1.36(4) 8d
023 | -0.0794(8) 0.75 0.8701(10) 1 1.36(4) 4c
024 | 0.1986(8) 0.75 0.6558(9) 1 1.36(4) 4c
025 | 0.2183(7) 0.25 0.5655(10) 1 1.36(4) 4c
026 | 0.1052(8) 0.75 0.0834(10) 1 1.36(4) 4c
MeOH' Cl |-0.0187(19) | 0.761(6) | -0.755(3) | 0.303(6) | 15.0(8) 8d
o1 0.034(3) | 0.779(9) | -0.691(6) |0.303(6) | 15.0(8) 8d
H1 0.070(2) | 0.776(10) | -0.721(9) | 0.303(6) | 18.0(10) 8d
H2A | -0.019(4) | 0.790(6) | -0.814(4) | 0.303(6) | 18.0(10) 8d
H2B | -0.061(2) | 0.765(6) | -0.720(5) | 0.303(6) | 18.0(10) 8d
H2C | -0.012(4) | 0.714(6) | -0.776(5) | 0.303(6) | 18.0(10) 8d
MeOH" Cl -0.2100(7) | -0.7883(18) | -0.3945(18) | 0.500(5) | 15.0(8) 8d
Ol | -0.2776(9) | -0.788(3) | -0.365(3) | 0.500(5) | 15.0(8) 8d
HL | -0.3020(8) | -0.784(4) | -0.415(4) | 0.500(5) | 18.0(10) 8d
H2A | -0.2021(18) | -0.8254(19) | -0.441(2) | 0.500(5) | 18.0(10) 8d
H2B | -0.1816(13) | -0.7936(19) | -0.336(2) | 0.500(5) | 18.0(10) 8d
H2C | -0.1996(17) | -0.7456(19) | -0.428(2) | 0.500(5) | 18.0(10) 8d
MeOH™ C1 -0.493(2) | -0.103(2) | -0.052(4) |0.373(7)| 15.0(8) 8d
o1 -0.509(5) | -0.037(3) | -0.022(8) | 0.373(7) | 15.0(8) 8d
H1 -0.529(8) | -0.038(6) | 0.033(6) | 0.373(7) | 18.0(10) 8d
H2A | -0.465(4) | -0.125(4) | -0.002(5) | 0.373(7) | 18.0(10) 8d
H2B | -0.470(5) | -0.102(4) | -0.117(6) | 0.373(7) | 18.0(10) 8d
H2C | -0535(3) | -0.129(3) | -0.060(11) | 0.373(7) | 18.0(10) 8d
MeOH" Cl | -0.4612(19) | -0.773(2) | 0.008(3) | 0.356(7) | 15.0(8) 8d
o1 -0.467(4) | -0.828(4) | -0.059(6) | 0.356(7) | 15.0(8) 8d
H1 -0.485(4) | -0.861(3) | -0.029(10) | 0.356(7) | 18.0(10) 8d
H2A | -0505(2) | -0.761(3) | 0.032(4) | 0.356(7) | 18.0(10) 8d
H2B | -0.441(2) | -0.735(3) | -0.027(5) | 0.356(7) | 18.0(10) 8d
H2C | -0.433(3) | -0.786(4) | 0.064(3) | 0.356(7) | 18.0(10) 8d
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Supplementary Table 8. Atomic parameters from the Rietveld refinement of TaAlS-1(0.013/0.027/1)
at room temperature.

Species Atom | X y z SOF Beq (A% | Wyckoff

TaAlS- All | -0.0770(3) | 0.0553(4) | 0.8341(4) |0.025962 |2.21(2) |8d

1(0.013/0.027/1) ['Al2 | 0.1897(3) | -0.0293(2) | 0.3140(4) | 0.025962 | 2.21(2) | &d
Al3 | 0.2216(2) |-0.0629(3) | 0.5300(4) |0.025962 |2.21(2) | 8d
Al4  ]0.1216(2) |0.0621(3) | 1.0281(4) |0.025962 |2.21(2) | 8d
Al5 [ -0.0752(3) | -0.0298(3) | 0.1854(4) |0.025962 | 2.21(2) |8d
Al6 | 0.1873(3) | 0.0595(3) | 0.6739(4) |0.025962 |2.21(2) |8d
Al7 | -0.0760(3) | 0.6732(3) | 0.8238(5) | 0.025962 | 2.21(2) |8d
Al8 | 0.1947(3) |0.1297(3) | 0.3184(4) |0.025962 |2.21(2) |8d
Al9  [0.2231(3) [0.1719(2) | 0.5317(4) | 0.025962 | 2.21(2) | 8d
Al10 |0.1184(3) |0.6768(3) | 1.0298(4) | 0.025962 | 2.21(2) | 8d
Al1l | -0.0678(3) | 0.1310(3) | 0.1815(4) | 0.025962 | 2.21(2) | 8d
Al12 [0.1878(3) [0.6727(2) | 0.6836(4) | 0.025962 | 2.21(2) | 8d
Tal |-0.0770(3) | 0.0553(4) | 0.8341(4) |0.0125 |[2.21(2) |8d
Ta2 [0.1897(3) |-0.0293(2) | 0.3140(4) |0.0125 |221(2) |&d
Ta3 | 0.2216(2) |-0.0629(3) | 0.5300(4) |0.0125 |[2.21(2) |8d
Tad |0.1216(2) |0.0621(3) | 1.0281(4) |0.0125 |[2.21(2) |8d
Ta5 | -0.0752(3) | -0.0298(3) | 0.1854(4) |0.0125 |[2.21(2) |8&d
Ta6 | 0.1873(3) | 0.0595(3) | 0.6739(4) |0.0125 |[2.21(2) |8d
Ta7 |-0.0760(3) | 0.6732(3) | 0.8238(5) |0.0125 |[2.21(2) |8&d
Ta8 |0.1947(3) |0.1297(3) |0.3184(4) |0.0125 |[2.21(2) |8d
Ta9 [0.2231(3) |0.1719(2) |05317(4) |0.0125 |221(2) |&d
Tal0 | 0.1184(3) |0.6768(3) | 1.0298(4) | 0.0125 |2.21(2) |&d
Tall |-0.0678(3) | 0.1310(3) | 0.1815(4) |0.0125 |[2.21(2) |8d
Tal2 [ 0.1878(3) |0.6727(2) |0.6836(4) | 0.0125 |2.21(2) |&d
Sil1 | -0.0770(3) | 0.0553(4) | 0.8341(4) | 0.961539 |2.21(2) | &d
Si2  [0.1897(3) |-0.0293(2) |0.3140(4) | 0.961539 |2.21(2) | &d
Si3 [ 0.2216(2) | -0.0629(3) | 0.5300(4) | 0.961539 | 2.21(2) | &d
Si4  [0.1216(2) |0.0621(3) |1.0281(4) | 0.961539 |2.21(2) | &d
Si5 | -0.0752(3) | -0.0298(3) | 0.1854(4) | 0.961539 | 2.21(2) | &d
Si6 | 0.1873(3) | 0.0595(3) | 0.6739(4) | 0.961539 | 2.21(2) | &d
Si7  [-0.0760(3) | 0.6732(3) | 0.8238(5) | 0.961539 | 2.21(2) | &d
Si8  [0.1947(3) |0.1297(3) |0.3184(4) | 0.961539 |2.21(2) | &d
Si9 [0.2231(3) [0.1719(2) |0.5317(4) | 0.961539 | 2.21(2) | &d
Si10 |0.1184(3) | 0.6768(3) | 1.0298(4) | 0.961539 |2.21(2) | &d
Si1l |-0.0678(3) | 0.1310(3) |0.1815(4) | 0.961539 | 2.21(2) | &d
Si12 [ 0.1878(3) | 0.6727(2) |0.6836(4) | 0.961539 |2.21(2) | &d
O1 |[0.1254(5) |-0.0578(7) | 0.2476(6) |1 1.98(4) | &d
02 [0.1928(6) |-0.0652(5) | 0.4217(7) |1 1.98(4) | 8d
O3 [ 0.2041(5) |0.0549(6) | 1.0264(5) |1 1.98(4) | &d
O4 | -0.0963(4) | -0.0632(6) | 1.0805(8) | 1 1.98(4) | &d
O5 [0.1186(5) | 0.0587(7) |0.7208(7) |1 1.98(4) | &d
06 | 0.2461(5) | 0.0499(8) |0.7561(7) |1 1.98(4) | &d
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07 |[0.1296(5) |0.1617(5) |0.2748(7) |1 1.98(4) |s8d
08 | 0.1918(6) | 0.1520(4) |0.4267(7) |1 1.98(4) |sad
09 | 0.1928(6) | 0.6594(4) |0.0253(5) |1 1.98(4) | &d
010 |-0.0939(5) | 0.1594(5) | 1.0797(8) |1 1.98(4) |sad
O11 |0.1126(5) | 0.6557(5) |0.7401(7) |1 1.98(4) | ad
012 |0.2425(6) | 0.6524(6) | 0.7521(8) |1 1.98(4) |sad
013 | 0.1972(5) | 0.0438(5) |0.3135(5) |1 1.98(4) | sad
014 |-0.0723(4) | 0.0524(6) | 0.1728(6) |1 1.98(4) |sad
015 |-0.0836(5) | 0.1254(6) | 0.8858(8) | 1 1.98(4) |s8d
016 | -0.0951(6) | -0.0054(5) | 0.9196(8) | 1 1.98(4) | sad
017 |-0.0980(5) | 0.6349(5) | -0.0575(7) | 1 1.98(4) |sad
018 | 0.1853(7) | 0.1280(5) |0.6170(7) |1 1.98(4) | ad
019 |0.1961(8) | 0.0021(5) |0.5949(7) |1 1.98(4) |s8d
020 |0.1959(7) | 0.6309(5) |0.5832(7) |1 1.98(4) | ad
021 | 0.0013(5) | 0.0489(8) |0.7896(7) |1 1.98(4) | 8d
022 | -0.0059(6) | 0.6469(6) | 0.7879(7) |1 1.98(4) |s8d
023 | -0.0893(7) | 0.75 0.8609(10) | 1 1.98(4) | 4c
024 | 0.1885(10) | 0.75 0.6460(9) | 1 1.98(4) | 4c
025 | 0.2146(7) | 0.25 0.5653(10) | 1 1.98(4) | 4c
026 | 0.1057(7) |0.75 0.0869(10) | 1 1.98(4) |4c
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Supplementary Table 9. Atomic parameters from the Rietveld refinement of MeOH@TaAlS-
1(0.013/0.027/1) at room temperature.

Species Atom X y z SOF | Beq (A?) | Wyckoff

TaAlS- All -0.0773(3) | 0.0573(3) | 0.8332(4) | 0.025962 | 2.46(2) 8d

1(0.013/0.027/1) | AlI2 0.1886(3) | -0.0296(2) | 0.3164(4) | 0.025962 | 2.46(2) 8d
Al3 0.2213(2) | -0.0619(3) | 0.5294(4) | 0.025962 | 2.46(2) 8d
Al4 0.1214(2) | 0.0622(3) | 1.0290(4) | 0.025962 | 2.46(2) 8d
Al5 -0.0767(3) | -0.0294(2) | 0.1876(4) | 0.025962 | 2.46(2) 8d
Al6 0.1859(3) | 0.0594(3) | 0.6749(4) | 0.025962 | 2.46(2) 8d
Al7 -0.0760(3) | 0.6731(2) | 0.8230(4) | 0.025962 | 2.46(2) 8d
Al8 0.1929(3) | 0.1308(3) | 0.3184(3) | 0.025962 | 2.46(2) 8d
Al9 0.2254(2) | 0.1703(2) | 0.5347(4) | 0.025962 | 2.46(2) 8d
Al10 | 0.1175(3) | 0.6772(3) | 1.0310(4) | 0.025962 | 2.46(2) 8d
Alll | -0.0693(2) | 0.1306(3) | 0.1800(4) | 0.025962 | 2.46(2) 8d
Al12 | 0.1877(3) | 0.6726(2) | 0.6827(4) | 0.025962 | 2.46(2) 8d
Tal | -0.0773(3) | 0.0573(3) | 0.8332(4) | 0.0125 | 2.46(2) 8d
Ta2 0.1886(3) | -0.0296(2) | 0.3164(4) | 0.0125 | 2.46(2) 8d
Ta3 0.2213(2) | -0.0619(3) | 0.5294(4) | 0.0125 | 2.46(2) 8d
Tad 0.1214(2) | 0.0622(3) | 1.0290(4) | 0.0125 | 2.46(2) 8d
Ta5 | -0.0767(3) |-0.0294(2) | 0.1876(4) | 0.0125 | 2.46(2) 8d
Ta6 0.1859(3) | 0.0594(3) | 0.6749(4) | 0.0125 | 2.46(2) 8d
Ta7 | -0.0760(3) | 0.6731(2) | 0.8230(4) | 0.0125 | 2.46(2) 8d
Ta8 0.1929(3) | 0.1308(3) | 0.3184(3) | 0.0125 | 2.46(2) 8d
Ta9 0.2254(2) | 0.1703(2) | 0.5347(4) | 0.0125 | 2.46(2) 8d
Tal0 | 0.1175(3) | 0.6772(3) | 1.0310(4) | 0.0125 | 2.46(2) 8d
Tall | -0.0693(2) | 0.1306(3) | 0.1800(4) | 0.0125 | 2.46(2) 8d
Tal2 | 0.1877(3) | 0.6726(2) | 0.6827(4) | 0.0125 | 2.46(2) 8d
Sil -0.0773(3) | 0.0573(3) | 0.8332(4) | 0.961539 | 2.46(2) 8d
Si2 0.1886(3) | -0.0296(2) | 0.3164(4) | 0.961539 | 2.46(2) 8d
Si3 0.2213(2) | -0.0619(3) | 0.5294(4) | 0.961539 | 2.46(2) 8d
Si4 0.1214(2) | 0.0622(3) | 1.0290(4) | 0.961539 | 2.46(2) 8d
Si5 -0.0767(3) | -0.0294(2) | 0.1876(4) | 0.961539 | 2.46(2) 8d
Si6 0.1859(3) | 0.0594(3) | 0.6749(4) | 0.961539 | 2.46(2) 8d
Si7 -0.0760(3) | 0.6731(2) | 0.8230(4) | 0.961539 | 2.46(2) 8d
Si8 0.1929(3) | 0.1308(3) | 0.3184(3) | 0.961539 | 2.46(2) 8d
Si9 0.2254(2) | 0.1703(2) | 0.5347(4) | 0.961539 | 2.46(2) 8d
Si10 | 0.1175(3) | 0.6772(3) | 1.0310(4) | 0.961539 | 2.46(2) 8d
Sil1 | -0.0693(2) | 0.1306(3) | 0.1800(4) | 0.961539 | 2.46(2) 8d
Si12 | 0.1877(3) | 0.6726(2) | 0.6827(4) | 0.961539 | 2.46(2) 8d
01 0.1261(5) | -0.0517(7) | 0.2515(6) 1 2.35(4) 8d
02 0.1935(6) | -0.0640(5) | 0.4233(7) 1 2.35(4) 8d
03 0.2017(5) | 0.0524(6) | 1.0261(5) 1 2.35(4) 8d
04 -0.0943(4) | -0.0641(6) | 1.0789(7) 1 2.35(4) 8d
05 0.1194(5) | 0.0571(6) | 0.7253(6) 1 2.35(4) 8d
06 0.2442(4) | 0.0602(6) | 0.7606(6) 1 2.35(4) 8d
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07 0.1292(5) | 0.1616(5) | 0.2707(7) 1 2.35(4) 8d
08 0.1915(6) | 0.1521(4) | 0.4302(6) 1 2.35(4) 8d
09 0.1933(6) | 0.6576(4) | 0.0264(5) 1 2.35(4) 8d
010 | -0.0926(5) | 0.1604(5) | 1.0803(8) 1 2.35(4) 8d
O11 | 0.1117(6) | 0.6545(5) | 0.7361(7) 1 2.35(4) 8d
012 | 0.2451(5) | 0.6505(5) | 0.7498(8) 1 2.35(4) 8d
O13 | 0.1854(4) | 0.0453(5) | 0.3071(5) 1 2.35(4) 8d
014 | -0.0805(4) | 0.0558(6) | 0.1722(6) 1 2.35(4) 8d
015 | -0.0816(5) | 0.1276(5) | 0.8931(8) 1 2.35(4) 8d
016 | -0.0914(6) | 0.0006(6) | 0.9155(8) 1 2.35(4) 8d
017 | -0.0939(5) | 0.6347(5) | -0.0624(7) 1 2.35(4) 8d
018 | 0.1838(5) | 0.1290(5) | 0.6262(6) 1 2.35(4) 8d
019 | 0.1976(7) | 0.0014(5) | 0.5938(7) 1 2.35(4) 8d
020 | 0.1950(7) | 0.6287(5) | 0.5872(6) 1 2.35(4) 8d
021 | -0.0020(5) | 0.0480(6) | 0.7951(7) 1 2.35(4) 8d
022 | -0.0028(6) | 0.6513(6) | 0.7871(7) 1 2.35(4) 8d
023 | -0.0881(7) 0.75 0.8604(9) 1 2.35(4) 4c
024 | 0.1910(9) 0.75 0.6474(9) 1 2.35(4) 4c
025 | 0.2170(6) 0.25 0.5623(9) 1 2.35(4) 4c
026 | 0.1086(8) 0.75 | 0.0829(10) 1 2.35(4) 4c
MeOH' C1 -0.002(3) | 0.765(5) | -0.724(3) | 0.242(6) | 15.0(11) | 8d
o1 0.047(4) | 0.796(7) | -0.664(7) | 0.242(6) | 15.0(11) | 8d
H1 0.081(4) | 0.805(8) | -0.698(10) | 0.242(6) | 18.0(13) | 8d
H2A | -0.014(4) | 0.796(5) | -0.778(4) | 0.242(6) | 18.0(13) | 8&d
H2B | -0.041(3) | 0.754(5) | -0.684(6) | 0.242(6) | 18.0(13) | 4c
H2C | 0.016(4) | 0.723(5) | -0.752(5) | 0.242(6) | 18.0(13) | 8&d
MeOH" Cl | -0.2166(11) | -0.789(2) | -0.388(3) | 0.317(5) | 15.0(11) | 8d
Ol | -0.2812(19) | -0.767(5) | -0.361(5) | 0.317(5) | 15.0(11) | 8d
H1 -0.303(2) | -0.757(5) | -0.413(6) | 0.317(5) | 18.0(13) | 8&d
H2A | -0.220(3) | -0.829(2) | -0.431(3) | 0.317(5) | 18.0(13) | 8d
H2B | -0.1915(18) | -0.801(3) | -0.328(3) | 0.317(5) | 18.0(13) | 8&d
H2C | -0.193(2) | -0.753(3) | -0.424(3) | 0.317(5) | 18.0(13) | 4c
MeOH"™ Cl -0.513(3) | -0.100(2) | -0.004(4) | 0.300(5) | 15.0(11) | 8d
o1 -0.504(5) | -0.040(3) | -0.060(7) | 0.300(5) | 15.0(11) | 8d
H1 -0.512(6) | -0.049(5) | -0.121(6) | 0.300(5) | 18.0(13) | 8d
H2A | -0559(3) | -0.116(3) | -0.011(6) | 0.300(5) | 18.0(13) | 8d
H2B | -0.504(3) | -0.091(4) | 0.067(5) | 0.300(5) | 18.0(13) | 8d
H2C | -0.482(33) | -0.134(3) | -0.028(5) | 0.300(5) | 18.0(13) | 8d
MeOH" C1 -0.475(3) | -0.761(5) | 0.023(4) | 0.214(6) | 15.0(11) | 8d
o1 -0.435(5) | -0.793(8) | -0.049(8) | 0.214(6) | 15.0(11) | 8d
H1 -0.435(6) | -0.835(7) | -0.038(14) | 0.214(6) | 18.0(13) | 8d
H2A | -0521(3) | -0.778(6) | 0.020(8) | 0.214(6) | 18.0(13) | 8d
H2B | -0475(3) | -0.712(6) | 0.010(9) | 0.214(6) | 18.0(13) | 8d
H2C | -0.457(4) | -0.769(8) | 0.090(4) | 0.214(6) | 18.0(13) | 8d

74




Supplementary Table 10. Atomic parameters from the Rietveld refinement of TaS-1(0.013/1) at
room temperature.

Species Atom | X y z SOF Beq (A2 | Wyckoff

TaS-1(0.013/1) | Sil | -0.0571(4) | -0.0737(3) | 0.1651(5) | 0.987167 | 1.193(16) | 4e

Si2 | -0.0275(3) | -0.1858(4) | 0.3103(4) | 0.987167 | 1.193(16) | 4e

Si3 | -0.4696(3) | -0.1879(4) | 0.3316(4) | 0.987167 | 1.193(16) | 4e

Si4 | -0.0600(4) |-0.2229(3) | 0.5293(5) | 0.987167 | 1.193(16) | 4e

Si5 | -0.4383(3) | -0.2207(3) | 0.5483(4) | 0.987167 | 1.193(16) | 4e

Si6 | 0.0567(3) | -0.1940(4) | 0.6837(4) | 0.987167 | 1.193(16) | 4e

Si7 | -0.0639(4) | -0.3765(4) | 0.5317(5) | 0.987167 | 1.193(16) | 4e

Si8 | -0.4442(4) |-0.0771(4) | 0.1779(5) |0.987167 | 1.193(16) | 4e

Si9 | 0.0307(4) |-0.0761(3) | 0.8254(5) | 0.987167 | 1.193(16) | 4e

Si10 | 0.1324(3) | -0.1891(4) | 0.3321(4) | 0.987167 | 1.193(16) | 4e

Sill | -0.5605(3) | -0.1867(4) | 0.6804(4) | 0.987167 | 1.193(16) | 4e

Sil2 | -0.5279(4) | -0.0703(3) | 0.8211(5) | 0.987167 | 1.193(16) | 4e

Si13 | 0.1727(4) | -0.0797(3) |0.1835(5) | 0.987167 | 1.193(16) | 4e

Sil4 | 0.1687(4) |-0.2267(3) | 0.5442(5) | 0.987167 | 1.193(16) | 4e

Sil5 | -0.6285(3) | -0.1006(4) | 0.3226(4) | 0.987167 | 1.193(16) | 4e

Sil6 | -0.6729(4) | -0.0742(3) | 0.1787(5) | 0.987167 | 1.193(16) | 4e

Sil7 | -0.6744(4) | -0.2281(3) | 0.5360(5) | 0.987167 | 1.193(16) | 4e

Si18 |-0.1287(4) |-0.0712(4) | 0.8244(5) | 0.987167 | 1.193(16) | 4e

Si19 | -0.1763(4) | -0.1177(3) | 0.0316(5) | 0.987167 | 1.193(16) | 4e

Si20 | -0.4371(4) | -0.3778(4) | 0.5340(5) | 0.987167 | 1.193(16) | 4e

Si21 | -0.3712(4) | -0.0717(3) | 0.8188(5) | 0.987167 | 1.193(16) | 4e

Si22 | -0.1659(3) | -0.1904(4) | 0.6867(4) | 0.987167 | 1.193(16) | 4e

Si23 | -0.3212(3) | -0.1930(4) | 0.6996(4) | 0.987167 | 1.193(16) | 4e

Si24 | -0.3287(4) | -0.1174(3) | 0.0388(5) | 0.987167 | 1.193(16) | 4e

Tal |-0.0571(4) |-0.0737(3) | 0.1651(5) | 0.012833 | 1.193(16) | 4e

Ta2 | -0.0275(3) | -0.1858(4) | 0.3103(4) | 0.012833 | 1.193(16) | 4e

Ta3 | -0.4696(3) | -0.1879(4) | 0.3316(4) | 0.012833 | 1.193(16) | 4e

Ta4 | -0.0600(4) |-0.2229(3) | 0.5293(5) | 0.012833 | 1.193(16) | 4e

Ta5 | -0.4383(3) | -0.2207(3) | 0.5483(4) | 0.012833 | 1.193(16) | 4e

Ta6 | 0.0567(3) |-0.1940(4) |0.6837(4) | 0.012833 | 1.193(16) | 4e

Ta7 |-0.0639(4) |-0.3765(4) | 0.5317(5) | 0.012833 | 1.193(16) | 4e

Ta8 | -0.4442(4) |-0.0771(4) | 0.1779(5) | 0.012833 | 1.193(16) | 4e

Ta9 |0.0307(4) |-0.0761(3) | 0.8254(5) | 0.012833 | 1.193(16) | 4e

TalO | 0.1324(3) | -0.1891(4) | 0.3321(4) |0.012833 | 1.193(16) | 4e

Tall | -0.5605(3) | -0.1867(4) | 0.6804(4) | 0.012833 | 1.193(16) | 4e

Tal2 |-05279(4) |-0.0703(3) | 0.8211(5) | 0.012833 | 1.193(16) | 4e

Tal3 | 0.1727(4) | -0.0797(3) | 0.1835(5) | 0.012833 | 1.193(16) | 4e

Tald | 0.1687(4) |-0.2267(3) | 0.5442(5) | 0.012833 | 1.193(16) | 4e

Tal5 | -0.6285(3) | -0.1006(4) | 0.3226(4) | 0.012833 | 1.193(16) | 4e

Tal6 | -0.6729(4) | -0.0742(3) | 0.1787(5) | 0.012833 | 1.193(16) | 4e

Tal7 | -0.6744(4) |-0.2281(3) | 0.5360(5) | 0.012833 | 1.193(16) | 4e

Tal8 | -0.1287(4) | -0.0712(4) | 0.8244(5) | 0.012833 | 1.193(16) | 4e

75




Tal9 |-0.1763(4) |-0.1177(3) | 0.0316(5) | 0.012833 [ 1.193(16) | 4e
Ta20 | -0.4371(4) | -0.3778(4) | 0.5340(5) | 0.012833 | 1.193(16) | 4e
Ta2l |-0.3712(4) |-0.0717(3) | 0.8188(5) | 0.012833 | 1.193(16) | 4e
Ta22 | -0.1659(3) | -0.1904(4) | 0.6867(4) | 0.012833 | 1.193(16) | 4e
Ta23 | -0.3212(3) | -0.1930(4) | 0.6996(4) | 0.012833 | 1.193(16) | 4e
Ta24 | -0.3287(4) | -0.1174(3) | 0.0388(5) | 0.012833 | 1.193(16) | 4e
Ol |-0.0511(8) |-0.1196(7) | 0.2585(10) | 1 1.03(3) | 4e
02 | -0.4389(8) |-0.1202(7) | 0.2761(10) | 1 1.03(3) | 4e
O3 | -0.0540(6) |-0.1882(8) | 0.4256(8) |1 1.03(3) | 4e
O4 | -0.4329(5) |-0.1949(8) | 0.4410(8) |1 1.03(3) | 4e
O5 | -0.0636(5) |-0.2990(7) | 0.5078(7) |1 1.03(3) | 4e
06 | 0.0490(9) |-0.1160(7) | 0.7335(10) | 1 1.03(3) | 4e
O7 |0.0659(7) |-0.1018(6) | 0.9160(9) |1 1.03(3) | 4e
08 | 0.0440(7) |-0.2456(6) | 0.7665(10) | 1 1.03(3) | 4e
09 | -0.5624(8) |-0.1179(8) | 0.7429(10) | 1 1.03(3) | 4e
010 |0.1557(8) |-0.1238(7) | 0.2816(10) | 1 1.03(3) | 4e
O11 |-0.5585(8) |-0.2504(6) | 0.7539(11) | 1 1.03(3) | 4e
012 |0.1467(5) |-0.1839(6) | 0.4420(8) |1 1.03(3) | 4e
013 | -0.6513(8) |-0.1197(7) | 0.2745(9) |1 1.03(3) | 4e
014 |-0.1508(7) |-0.1212(6) | 0.7478(9) |1 1.03(3) | 4e
015 |-0.6637(6) |-0.1891(8) | 0.4252(8) |1 1.03(3) | 4e
016 |-0.1447(8) |-0.2483(6) | 0.7470(10) | 1 1.03(3) | 4e
O17 | 0.1554(5) |-0.3094(7) | 0.5253(6) |1 1.03(3) | 4e
018 | 0.0482(6) |-0.2023(7) | 0.3102(8) |1 1.03(3) | 4e
019 |-0.1679(7) |-0.0930(6) | 0.9199(10) | 1 1.03(3) | 4e
020 |-0.1291(7) |-0.0806(6) | 0.1121(9) |1 1.03(3) | 4e
021 |-0.3394(7) |-0.1251(7) | 0.7405(8) |1 1.03(3) | 4e
022 | 0.0007(7) |-0.0863(6) | 0.0848(9) |1 1.03(3) | 4e
023 | -0.3333(7) | -0.2503(6) | 0.7815(10) | 1 1.03(3) | 4e
024 | -0.4516(7) |-0.0797(7) | 0.8218(9) |1 1.03(3) | 4e
025 | -0.5427(6) |-0.1818(7) | 0.3401(8) |1 1.03(3) | 4e
026 |0.1278(6) |-0.2014(8) | 0.6358(8) |1 1.03(3) | 4e
027 | -0.0525(7) |-0.0794(7) | 0.8370(9) |1 1.03(3) | 4e
028 | -0.4496(6) | -0.2987(7) | 0.5446(7) |1 1.03(3) | 4e
029 |-0.3726(7) |-0.0870(7) | 0.1225(9) |1 1.03(3) | 4e
030 | 0.0009(6) |-0.2027(7) | 0.5975(7) |1 1.03(3) | 4e
031 |-0.5040(7) |-0.1069(6) | 0.1082(9) |1 1.03(3) | 4e
032 | -0.6583(5) | -0.3055(7) | 0.5334(6) |1 1.03(3) | 4e
033 | 0.1305(7) |-0.1023(6) | 0.0832(9) |1 1.03(3) | 4e
034 |-0.1283(6) |-0.1986(8) | 0.5738(8) |1 1.03(3) | 4e
035 | -0.6282(6) |-0.1877(7) | 0.6207(8) |1 1.03(3) | 4e
036 | -0.5549(7) | -0.0836(6) | 0.9324(9) |1 1.03(3) | 4e
037 | -0.5006(6) | -0.1829(6) | 0.6067(8) |1 1.03(3) | 4e
038 | -0.0521(7) |-0.0013(8) | 0.2058(9) |1 1.03(3) | 4e
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039 | -0.3642(6) | -0.2078(7) | 0.6066(8) | 1 1.03(3) | 4e
040 | -0.3437(6) | -0.0822(6) |0.9347(9) |1 1.03(3) | 4e
041 |-0.4471(8) |-0.0013(8) |0.2070(9) |1 1.03(3) | 4e
042 | 0.1448(7) | -0.0006(7) | 0.2097(8) |1 1.03(3) | 4e
043 | -0.6482(7) |-0.0011(7) |0.2118(9) |1 1.03(3) | 4e
044 | -0.6309(7) | -0.0968(7) | 0.0869(10) | 1 1.03(3) | 4e
045 | 0.2503(7) | -0.0720(6) | 0.1522(9) |1 1.03(3) | 4e
046 | -0.2446(6) | -0.1990(7) | 0.6603(7) |1 1.03(3) | 4e
047 | 0.2478(7) | -0.2129(6) | 0.5666(8) | 1 1.03(3) | 4e
048 | -0.2530(8) | -0.1130(6) | 0.0671(9) |1 1.03(3) | 4e
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Supplementary Table 11. Atomic

1(0.013/1) at room temperature.

parameters from the Rietveld refinement of MeOH@TaS-

Species Atom X y z SOF Beq (A% | Wyckoff

TaS- Sil -0.0572(3) | -0.0711(3) | 0.1668(4) | 0.987167 | 1.245(15) 4e

1(0.013/1) Si2 -0.0289(3) | -0.1865(3) | 0.3111(4) | 0.987167 | 1.245(15) 4e
Si3 -0.4688(3) | -0.1889(4) | 0.3330(4) | 0.987167 | 1.245(15) 4e
Si4 -0.0595(3) | -0.2226(3) | 0.5292(4) | 0.987167 | 1.245(15) 4e
Si5 -0.4386(3) | -0.2215(3) | 0.5495(4) | 0.987167 | 1.245(15) 4e
Si6 0.0565(3) | -0.1934(4) | 0.6882(4) | 0.987167 | 1.245(15) 4e
Si7 -0.0644(3) | -0.3789(3) | 0.5323(4) | 0.987167 | 1.245(15) de
Si8 -0.4448(3) | -0.0794(3) | 0.1786(5) | 0.987167 | 1.245(15) 4e
Si9 0.0298(3) | -0.0744(3) | 0.8224(4) | 0.987167 | 1.245(15) de
Sil0 | 0.1315(3) | -0.1867(4) | 0.3303(4) | 0.987167 | 1.245(15) de
Sill | -0.5607(3) | -0.1864(3) | 0.6791(4) | 0.987167 | 1.245(15) 4e
Si1l2 | -0.5279(3) | -0.0713(3) | 0.8192(4) | 0.987167 | 1.245(15) de
Si1l3 | 0.1732(3) | -0.0759(3) | 0.1839(4) | 0.987167 | 1.245(15) 4e
Sil4 | 0.1707(3) | -0.2279(3) | 0.5450(4) | 0.987167 | 1.245(15) 4e
Sil5 | -0.6264(3) | -0.1889(4) | 0.3224(4) | 0.987167 | 1.245(15) 4e
Sil6 | -0.6748(3) | -0.0755(3) | 0.1793(4) | 0.987167 | 1.245(15) 4e
Sil7 | -0.6760(3) | -0.2280(3) | 0.5354(4) | 0.987167 | 1.245(15) de
Sil8 | -0.1285(3) | -0.0714(3) | 0.8266(4) | 0.987167 | 1.245(15) 4e
Si19 |-0.1754(3) | -0.1189(3) | 0.0335(4) | 0.987167 | 1.245(15) de
Si20 | -0.4384(3) | -0.3757(3) | 0.5374(4) | 0.987167 | 1.245(15) 4e
Si21l | -0.3696(3) | -0.0727(3) | 0.8234(5) | 0.987167 | 1.245(15) de
Si22 | -0.1662(3) | -0.1888(3) | 0.6866(4) | 0.987167 | 1.245(15) de
Si23 | -0.3221(3) | -0.1927(4) | 0.6984(4) | 0.987167 | 1.245(15) 4e
Si24 | -0.3287(3) | -0.1163(3) | 0.0364(4) | 0.987167 | 1.245(15) de
Tal |-0.0572(3) | -0.0711(3) | 0.1668(4) | 0.012833 | 1.245(15) 4e
Ta2 |-0.0289(3) | -0.1865(3) | 0.3111(4) | 0.012833 | 1.245(15) de
Ta3 | -0.4688(3) | -0.1889(4) | 0.3330(4) | 0.012833 | 1.245(15) 4e
Tad | -0.0595(3) | -0.2226(3) | 0.5292(4) | 0.012833 | 1.245(15) 4e
Ta5 | -0.4386(3) | -0.2215(3) | 0.5495(4) | 0.012833 | 1.245(15) de
Tab 0.0565(3) | -0.1934(4) | 0.6882(4) | 0.012833 | 1.245(15) 4e
Ta7 | -0.0644(3) | -0.3789(3) | 0.5323(4) | 0.012833 | 1.245(15) 4e
Ta8 | -0.4448(3) | -0.0794(3) | 0.1786(5) | 0.012833 | 1.245(15) 4e
Ta9 0.0298(3) | -0.0744(3) | 0.8224(4) | 0.012833 | 1.245(15) 4e
Tal0 | 0.1315(3) | -0.1867(4) | 0.3303(4) | 0.012833 | 1.245(15) 4e
Tall | -0.5607(3) | -0.1864(3) | 0.6791(4) | 0.012833 | 1.245(15) 4e
Tal2 | -0.5279(3) | -0.0713(3) | 0.8192(4) | 0.012833 | 1.245(15) 4e
Tal3 | 0.1732(3) | -0.0759(3) | 0.1839(4) | 0.012833 | 1.245(15) 4e
Tald | 0.1707(3) | -0.2279(3) | 0.5450(4) | 0.012833 | 1.245(15) 4e
Talb | -0.6264(3) | -0.1889(4) | 0.3224(4) | 0.012833 | 1.245(15) 4e
Tal6 | -0.6748(3) | -0.0755(3) | 0.1793(4) | 0.012833 | 1.245(15) 4e
Tal7 | -0.6760(3) | -0.2280(3) | 0.5354(4) | 0.012833 | 1.245(15) 4e
Tal8 | -0.1285(3) | -0.0714(3) | 0.8266(4) | 0.012833 | 1.245(15) de
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Tal9 | -0.1754(3) | -0.1189(3) | 0.0335(4) | 0.012833 | 1.245(15) 4e
Ta20 | -0.4384(3) | -0.3757(3) | 0.5374(4) | 0.012833 | 1.245(15) 4e
Ta2l | -0.3696(3) | -0.0727(3) | 0.8234(5) | 0.012833 | 1.245(15) 4e
Ta22 | -0.1662(3) | -0.1888(3) | 0.6866(4) | 0.012833 | 1.245(15) 4e
Ta23 | -0.3221(3) | -0.1927(4) | 0.6984(4) | 0.012833 | 1.245(15) 4e
Ta24 | -0.3287(3) | -0.1163(3) | 0.0364(4) | 0.012833 | 1.245(15) 4e
Ol |-0.0456(7) | -0.1180(7) | 0.2580(9) 1 0.99(3) 4e
02 | -0.4454(7) | -0.1235(6) | 0.2683(9) 1 0.99(3) 4e
03 | -0.0498(5) | -0.1876(7) | 0.4237(7) 1 0.99(3) 4e
O4 | -0.4358(5) | -0.1962(7) | 0.4414(7) 1 0.99(3) 4e
05 | -0.0652(5) | -0.3012(6) | 0.5044(6) 1 0.99(3) 4e
O6 | 0.0485(7) | -0.1180(6) | 0.7331(9) 1 0.99(3) 4e
O7 | 0.0683(6) | -0.1031(5) | 0.9193(8) 1 0.99(3) 4e
08 | 0.0473(7) | -0.2472(6) | 0.7769(9) 1 0.99(3) 4e
09 | -0.5645(6) | -0.1189(6) | 0.7407(9) 1 0.99(3) 4e
010 | 0.1576(6) | -0.1186(6) | 0.2836(8) 1 0.99(3) 4e
O11 |-0.5600(7) | -0.2467(6) | 0.7513(9) 1 0.99(3) 4e
012 | 0.1482(5) | -0.1847(6) | 0.4458(7) 1 0.99(3) 4e
013 | -0.6562(6) | -0.1169(6) | 0.2748(8) 1 0.99(3) 4e
Ol4 | -0.1514(6) | -0.1165(6) | 0.7453(8) 1 0.99(3) 4e
015 | -0.6646(5) | -0.1870(7) | 0.4289(7) 1 0.99(3) 4e
016 | -0.1403(6) | -0.2505(5) | 0.7432(9) 1 0.99(3) 4e
017 | 0.1533(5) | -0.3087(7) | 0.5231(6) 1 0.99(3) 4e
018 | 0.0505(6) | -0.1897(7) | 0.3078(6) 1 0.99(3) 4e
019 | -0.1656(6) | -0.0932(5) | 0.9176(9) 1 0.99(3) 4e
020 | -0.1301(6) | -0.0815(6) | 0.1067(8) 1 0.99(3) 4e
021 | -0.3367(6) | -0.1226(6) | 0.7485(8) 1 0.99(3) 4e
022 | -0.0019(6) | -0.0844(5) | 0.0846(8) 1 0.99(3) 4e
023 | -0.3312(6) | -0.2485(6) | 0.7782(9) 1 0.99(3) 4e
024 | -0.4487(6) | -0.0864(6) | 0.8160(8) 1 0.99(3) 4e
025 | -0.5469(6) | -0.1818(6) | 0.3452(7) 1 0.99(3) 4e
026 | 0.1294(5) | -0.1978(7) | 0.6403(7) 1 0.99(3) 4e
027 | -0.0515(6) | -0.0782(6) | 0.8340(8) 1 0.99(3) 4e
028 | -0.4465(5) | -0.2968(6) | 0.5427(6) 1 0.99(3) 4e
029 | -0.3729(6) | -0.0846(6) | 0.1176(7) 1 0.99(3) 4e
030 | 0.0027(5) | -0.2063(6) | 0.6011(7) 1 0.99(3) 4e
031 | -0.5058(6) | -0.1078(5) | 0.1116(8) 1 0.99(3) 4e
032 | -0.6569(4) | -0.3056(7) | 0.5315(6) 1 0.99(3) 4e
033 | 0.1341(6) | -0.0989(6) | 0.0807(8) 1 0.99(3) 4e
034 | -0.1271(5) | -0.1956(7) | 0.5827(7) 1 0.99(3) 4e
035 | -0.6261(6) | -0.1857(6) | 0.6157(7) 1 0.99(3) 4e
036 | -0.5565(6) | -0.0828(5) | 0.9292(8) 1 0.99(3) 4e
037 | -0.4993(5) | -0.1849(6) | 0.6057(7) 1 0.99(3) 4e
038 | -0.0486(6) | -0.0000(6) | 0.2041(8) 1 0.99(3) 4e

79




039 | -0.3673(5) | -0.2081(6) | 0.6043(7) 1 0.99(3) 4e
040 | -0.3436(5) | -0.0829(5) | 0.9303(8) 1 0.99(3) 4e
041 | -0.4581(7) | -0.0007(7) | 0.2078(8) 1 0.99(3) 4e
042 | 0.1483(7) | -0.0003(6) | 0.2110(7) 1 0.99(3) 4e
043 | -0.6517(6) | -0.0003(6) | 0.2113(8) 1 0.99(3) 4e
044 | -0.6359(6) | -0.0960(6) | 0.0801(9) 1 0.99(3) 4e
045 | 0.2514(6) | -0.0757(5) | 0.1552(8) 1 0.99(3) 4e
046 | -0.2459(6) | -0.2009(6) | 0.6569(7) 1 0.99(3) 4e
047 | 0.2462(6) | -0.2132(5) | 0.5643(7) 1 0.99(3) 4e
048 | -0.2516(7) | -0.1130(5) | 0.0806(8) 1 0.99(3) 4e
MeOH" Cl | -0.751(4) | -0.2992(13) | -0.182(3) | 0.361(6) | 15.0(13) 4e
Ol | -0.749(6) | -0.2313(17) | -0.154(7) | 0.361(6) | 15.0(13) 4e
HI | -0.757(8) | -0.227(4) | -0.093(7) | 0.361(6) | 18.0(15) 4e
H2A | -0.717(4) | -0.324(3) | -0.143(4) | 0.361(6) | 18.0(15) 4e
H2B | -0.742(4) | -0.304(3) | -0.253(3) | 0.361(6) | 18.0(15) 4e
H2C | -0.796(4) | -0.317(3) | -0.168(6) | 0.361(6) | 18.0(15) 4e
MeOH™ Cl | -0.329(3) | -1.026(3) | -0.545(3) | 0.334(7) | 15.0(13) 4e
O1 | -0.378(4) | -1.016(5) | -0.471(6) | 0.334(7) | 15.0(13) 4e
H1 | -0.371(5) | -1.042(7) | -0.423(5) | 0.334(7) | 18.0(15) 4e
H2A | -0.284(3) | -1.017(3) | -0.517(5) | 0.334(7) | 18.0(15) 4e
H2B | -0.337(3) | -0.995(4) | -0.601(5) | 0.334(7) | 18.0(15) 4e
H2C | -0.331(4) | -1.072(3) | -0.570(6) | 0.334(7) | 18.0(15) 4e
MeOH"Y C1 0.125(3) | 00989(3) | -0.452(4) | 0.315(7) | 15.0(13) 4e
Ol | 0.070(4) | 0.9996) | -0518(7) | 0.315(7) | 15.0(13) 4e
H1 | 0.044(4) | 1.028(6) | -0.495(12) | 0.315(7) | 18.0(15) 4e
H2A | 0.150(3) | 1.031(4) | -0.445(6) | 0.315(7) | 18.0(15) 4e
H2B | 0.155(3) | 0.955(4) | -0.479(7) | 0.315(7) | 18.0(15) 4e
H2C | 0.108(4) | 00975(5) | -0.387(4) | 0.315(7) | 18.0(15) 4e
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Supplementary Table 12. Displaying the interatomic distances between the adsorption site and
framework atoms of HZSM-5 and TaAlS-1, from the Rietveld refinements of the corresponding
SXPD data at 25 °C.

Interatomic | HZSM-5(0.027/1) TaAlS-1(0.013/0.027/1)

d;tances O-MeOH" | O-MeOH" O-MeOH"Y O-MeOH" | O-MeOH™ O-MeOH"Y
(A)

01 4.6755(463) 4.6639(811) | 4.9837(792) 5.6009(1230)
02 3.5524(540) 5.1008(811) | 3.8842(895) 5.9268(1171)
03 3.6971(548) 7.1042(807) | 4.2302(920) 6.9727(1362)
04 3.8296(469) 5.3843(810) | 4.2624(831) 5.7630(1221)
05 4.1765(503) 3.6961(808) | 4.4170(859) 3.9544(1391)
06 3.4990(577) 5.5224(809) | 3.7254(957) 5.4285(1222)
o7 5.8930(402) 4.2530(809) | 5.9411(678) 4.0428(1100)
08 6.0128(417) 3.7023(811) | 6.0106(700) 3.188(111)
09 5.0002(404) 5.6516(810) | 5.0407(681) 4.957(104)
010 7.0582(274) 6.8147(811) | 7.0518(493) 7.0849(1074)
011 6.2871(374) 5.1279(809) | 6.2609(635) 5.3121(1072)
012 5.1009(427) 6.3718(809) | 5.5030(708) 5.6395(1071)
013 5.6590(573) 5.1442(807) | 5.9031(949) 5.1629(1288)
014 5.9633(546) 5.8293(806) | 6.3938(917) 6.4288(1440)
015 5.3588(350) 5.0056(810) | 5.6570(617) 5.6879(1107)
016 5.9028(505) 6.3622(808) | 6.0878(850) 7.1239(1262)
017 3.8897(380) 6.8278(809) | 4.1668(683) 6.6938(1104)
018 3.772(45) 3.1750(809) | 3.8263(777) 3.0248(1197)
019 5.4913(533) 4.7898(808) | 5.8465(890) 4.9144(1441)
020 3.7563(430) 5.0212(812) | 4.0565(737) 5.7419(1073)
021 5.6383(404) 4.0977(808) | 5.8262(707) 4.7599(1326)
022 6.4610(343) 4.7492(809) | 6.6021(601) 4.7975(1104)
023 4.6273(371) 6.0266(814) | 4.5702(606) 5.5644(1092)
024 4.2744(407) 5.6861(816) | 4.2519(643) 5.8331(1047)
025 4.0835(431) 4.0348(813) | 4.0116(683) 3.1717(1064)
026 5.1763(359) 5.7509(815) | 5.0958(576) 6.0934(1071)
T1 4.6855(1012) 4.3900(891)

T2 4.3875(990) 4.2861(961)

T3 4.6426(1003) 4.5603(1001)

T4 6.4090(1063) 5.9994(947)

T5 4.4435(1033) 3.9920(916)

T6 4.4546(1026) 4.5602(934)

T7 5.0723(958) 4.6343(850)

T8 4.6962(970) 4.5020(943)

T9 5.1966(917) 5.2966(919)

T10 7.5665(1014) 7.2877(907)

T11 4.6183(1005) 4.1850(894)

T12 5.2321(928) 4.9439(900)

81




Supplementary Table 13. Displaying the interatomic distances between the adsorption site and
framework atoms of TaS-1, from the Rietveld refinements of the corresponding SXPD data at 25 °C.

Tas-1(0.013/1) | O-MeOH™
T1 8.1290(809)
T2 7.7013(933)
T3 4.7066(920)
T4 7.5778(867)
TS5 4.3164(992)
T6 7.5209(933)
T7 6.5969(845)
T8 5.0261(818)
T9 8.6062(814)
T10 6.6362(883)
T11 5.0747(939)
T12 5.0443(817)
T13 5.8701(820)
T14 6.4919(925)
T15 4.5772(974)
T16 4.4319(841)
T17 5.1008(994)
T18 6.4298(804)
T19 8.0647(821)
T20 7.3368(1003)
T21 4.1033(823)
T22 5.8400(877)
T23 4.3548(945)
T24 6.9733(825)
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Supplementary Table 14. Summary of different types of Si atoms from the *Si NMR data and
(Al+Ta)/Si ratio.

Chemical SNt (i Area (%) v 2561 NR® Uy o
(Ppm) HZSM-5 TaAlS-1 HZSM-5 TaAlS-1 HZSM-5 TaAlS-1

113t0-117  Si(OSi), 85 79

105t0108  Si(OSi)s(OAlTa) 9 14 0.024  0.036 0027 0.4

1103 Si(0Si)3(OH) 6 7

3(Al+Ta)/Si = 0.25* Isiaan/l, where Isiaai denotes the area of the NMR peak corresponding to the
Si(OSi)3(OAl/Ta) atoms, and | denotes the total area of the 2°Si NMR peaks?**'.
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Supplementary Table 15. Different types of 1st neighbours and occurrence (#Num) in TaAIS-1, with
chemical composition SigsAl2TaO1e,H2 calculated from ZeoTsites program.

Atom Num(Si) Num(Al) Num(Ta) #Num Percentage (%)
Si 4 0 0 81 87
Si 3 1 0 8
Si 3 0 1 4 13
Al 4 0 0 2 -
Ta 4 0 0 1 -

84



Supplementary Table 16. Contents of different Ta/Al/H sites on TaAlS-1 with chemical composition

SigzsAl, TaO19oHo.

Ta/Al/H site Position Ta Position Al' | O'attached H Position Alll Oll attached H
1 T5 T2 06 T9 018
2 T5 T2 06 T9 025
3 T5 T2 06 T9 08
4 T5 T2 06 T9 09
5 T5 T2 01 T9 018
6 T5 T2 01 T9 025
7 T5 T2 01 T9 08
8 T5 T2 01 T9 09
9 T5 T2 02 T9 018
10 T5 T2 02 T9 025
11 T5 T2 02 T9 08
12 T5 T2 02 T9 09
13 T5 T2 013 T9 018
14 T5 T2 013 T9 025
15 T5 T2 013 T9 08
16 T5 T2 013 T9 09
17 T5 T2 06 T11 010
18 T5 T4 016 T9 018
19 T8 T2 06 T9 018

85




Supplementary Table 17. Assignment of INS peaks of bare TaAlS-1.

Wavenumber
simulation (cm™)

in

Wavenumber
experiment (cm™?)

in

Vibrational mode

58

53

OH out-of-plane bending

151 148 Ta-O bending

221 212 Zeolite framework

245 241 Zeolite framework

276 267 Zeolite framework + OH out-of-plane bending
305 304 Zeolite framework + OH out-of-plane bending
355 357 Zeolite framework + OH out-of-plane bending
450 435 Zeolite framework + OH out-of-plane bending
614 552 Zeolite framework

801 799 Zeolite framework

931 930 OH in-plane bending + Si-O stretching

1096 1090 OH in-plane bending

1218 1213 OH in-plane bending + Si-O stretching
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Supplementary Table 18.

Assignment of INS peaks of methanol.

Wavenumber in | Wavenumber in | Vibrational mode®
simulation (cm™) experiment (cm™?)

789 and 858 697 and 778 OH deformation
1141 1162 CH3 rocking
1451 1454 CH3 scissoring
2928 2955 CH3 stretching
3140 3241 OH stretching
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Supplementary Table 19. Assignment of INS peaks of DME.

Y

Wavenumber in | Wavenumber in | Vibrational mode
simulation (cm™) experiment (cm™)

206 246 CH3 torsion

240 271 CH3 torsion

409 422 C-O-C scissoring

934 917 C-O-C symmetric stretching
1113 1096 C-0O-C asymmetric stretching
1156 1155 CH3 rocking

1262 1251 CH3 rocking

1459 1449 CH3 wagging

1513 1522 CH3 scissoring

2970 2959 CH3 stretching
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Supplementary Table 20. Assignment of INS peaks of TMO.

Wavenumber
simulation (cm™)

in

Wavenumber in
experimental  spectrum
of Reacted MeOH 2

Vibrational mode

(cm™)
180 190 CH3 torsion
223 225 CH3 torsion
356 365 umbrella
399 410 C-0O-C scissoring
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Supplementary Table 21. Assignment of INS peaks of propene.

Wavenumber in
simulation (cm™)

Wavenumber in
experiment (cm™)

Vibrational mode

205

221

-CHzs torsion

425 429 C=C-C scissoring

590 584 C=CHj torsion

941 916 C=CH; out-of-plane rocking
1024 997 =CH- out-of-plane rocking
1070 1044 -CHjs out-of-plane rocking
1189 1161 -CHgs in-plane rocking
1327 1289 =CH- in-plane rocking
1407 1371 -CH3 umbrella vibration
1447 1426 =CH2 scissoring
1480,1494 1453 -CH3 scissoring

1704 1644 C=C stretching

3013 2972 Sp3 CH stretching

3121 3062 Sp2 CH stretching
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