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ABSTRACT: Alumina and aluminosilicates, prepared under various synthesis conditions, play a central role in heterogeneous catal-
ysis with a broad range of industrial applications. We report herein the atomic-scale structure of alumina layers obtained by atomic
layer deposition (ALD) of trimethylaluminum onto partially dehydroxylated silica. Such a detailed insight into the atomic structure
of the species formed with increasing Al content was gained using a variety of one- and two-dimensional solid-state nuclear magnetic
resonance (NMR) experiments involving ’Al, 'H and #’Si nuclei. Multi-component fittings of the 1D and 2D experimental datasets
allowed us to show that at 3.4 wt% of deposited Al, a sub-monolayer containing *Als;, ! Alusiy and P'Als;) species forms on the
silica surface, with most of these sites carrying OH groups. The films obtained after additional ALD cycles (depositing 9.2 or 15.4
wt% Al) feature characteristics of an amorphous alumina phase with a high concentration of JAl species and abundant OH groups.
The most probable species at the interface between silica and alumina are Al s, Al sy and B'Algsy. *N dynamic nuclear polari-
zation surface-enhanced NMR spectroscopy (>N DNP SENS) and infrared spectroscopy using *N-labeled pyridine as a probe mol-
ecule reveal that aluminum oxide layers on amorphous silica contain both strong Brensted and strong Lewis acid sites, whereby the
relative abundance and nature of these sites, and therefore the acidity of the surface, evolve with increasing thickness of the alumina
films (controlled by the number of ALD cycles). This study provides the first in-depth atomic-scale description of (sub) nanometer-
scale aluminum oxide films prepared by ALD as a function of their growth on a partially dehydroxylated silica support, opening the
way to molecular-level understanding of the catalytic activity of such heterogeneous catalysts with tailored acidity.

a challenging experimental task. Most of the studies performed
at the gas-solid interface involve the use of molecular probes,
allowing a characterization of the strength and amount of the
adsorbed species. For instance, the presence of tri-coordinated
Al sites on highly dehydroxylated surfaces of y-alumina has
been evidenced by their interaction with N, their reaction with
H, and CH, %7 and pyridine adsorption, which has also been
helpful in studying acid sites on y-alumina and aluminosilicate
materials.®® Advanced spectroscopic techniques have also been
implemented to obtain insight into surface acidity and among
those FTIR using probe molecules has traditionally played a
central role in the assessment of surface acidity.'® In addition,

Introduction

Alumina and amorphous aluminosilicates (ASAs) are important
classes of industrial catalysts and catalyst supports, with appli-
cations ranging from petroleum refining to automotive emission
control or biomass conversion.! These materials have been ex-
tensively studied in attempts to correlate their surface (Lewis
and/or Brensted) acidity with their catalytic activity. In contrast
to alumina, which is known for the presence of strong Lewis
sites associated with coordinatively unsaturated AI** ions, ASA
materials contain Brensted acid sites that drive their catalytic
properties."? Their Bronsted acidity, milder than that of crystal-
line zeolites, was originally proposed to arise from protons

compensating the electronic charge of the surface. It is now
more precisely described as zeolite-like acidic sites (i.e. bridg-
ing Si~OH—Al groups),’ or more recently as pseudobridging si-
lanols,** consisting of a silanol group in close vicinity to an alu-
minum atom so that Si—O—Al bridges are formed upon proton
transfer. Several forms of Lewis acid sites were also identified
in ASA materials, stemming from undercoordinated Al sites lo-
cated at the interface of ASA and alumina-rich domains or at
the silica surface.’

Understanding and controlling acidity and thereby the property

of these materials require the detailed knowledge of the chemi-
cal nature of the surface sites (i.e. at the atomic scale), which is

solid-state NMR spectroscopy has also been used to a large ex-
tent, providing atomic-scale insights into the surface structure
of aluminum and mixed oxides,''"!* while being often limited
by its lack of sensitivity towards surface species.'* This limita-
tion has been alleviated in part with the emergence of hyperpo-
larization techniques such as dynamic nuclear polarization
(DNP) solid-state NMR!*'7 for y-alumina and alumino-sili-
cates.!8?® In parallel, the detailed structure of acid sites or the
role of facets has been addressed through DFT methods, where
the predicted chemical shifts and anisotropies provide insightful
information that can be used to interpret experimental val-
ues'24,25



The surface properties of ASA materials are proposed to be
linked to the distribution of the Al surface sites on the silica
materials, therefore major research efforts have been directed
towards the controlled deposition of Al.2%?7 One of the most
powerful methods to control precisely the growth of oxide lay-
ers onto oxide supports is atomic layer deposition (ALD),?® in
which the self-limiting reaction of a volatile reactive molecular
precursor with specific sites on a substrate (such as surface hy-
droxyls) is followed by a post-treatment, with ozone or steam,
allowing the controlled growth of oxide layers with atomic res-
olution. Repeated ALD cycles lead to a step-by-step deposition
of layers, whose thickness can be controlled by the number of
cycles.?*?” Thus, ALD, using trimethylaluminum (TMA) as a
precursor and silica as a support, allows the deposition and
growth of aluminum oxide layers on silica, from grafted sub-
monolayer species?® to nanometer-sized ultra-thin layers of
Al Os, with correlated changes in their catalytic activities.?’ Yet
the atomic-scale structure of the aluminum oxide layer, its acid-
ity, and the detailed mechanisms of the chemical reactions in-
volved are not fully understood.’*!
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Here, we exploited ALD of the precursor TMA onto amorphous
silica, dehydroxylated at 500 °C (i.e. SiO2.s00), and ozone for
oxidation of the deposited TMA (Figure la), in order to obtain
precise control over the atomic composition of the formed layer
and to minimize rehydroxylation of the support during film
growth.?® Thin films with thicknesses between a sub-monolayer
up to several nanometers were prepared, providing a consistent
series of materials with different ratios of bulk to surface Al at-
oms, thereby allowing the detection of different NMR signa-
tures as the thickness of the layer grows. Reinforced by compli-
mentary information from diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS), elemental analysis, high-
resolution transmission electron microscopy (HRTEM), en-
ergy-dispersive X-ray (EDX) spectroscopy and high-angle an-
nular dark-field imaging (HAADF), we describe below how the
structure, surface acidity, and domain interface of the silica-
supported aluminum oxide layers is uncovered by high mag-
netic field and DNP surface-enhanced solid-state (DNP SENS)
NMR spectroscopies.

15N-p
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Figure 1. (a) Synthetic approach to obtain Al2O3/SiO2 materials by ALD, as well as transmission FTIR spectra of (b) SiO2-s00 (grey),
TMAT1-Si02-500 (black), TMA5-SiO2-s500 (red) and TMA10-SiO2-s00 (blue), (c) Al1-SiO2-s00 (black), Al5-SiO2-s00 (red), and Al10-SiO2-s00
(blue), and HRTEM images of (d) Al1-SiO2-s00, (€) Al5-SiO2-s00, (f) Al10-SiO2-500. The yellow arrows indicate the ALD-grown film.

Experimental section

Sample preparation. Materials studied in this work were pre-
pared by ALD using alternating pulses of trimethylaluminum
and ozone, at 300 °C, onto silica dehydroxylated at 500 °C.
SiO,-s00 contained 1.3 OH nm™2 (0.74 mmol g!) of reactive OH
sites according to dibenzylmagnesium titration. Further details
of the ALD deposition protocol are provided in the Supporting
Information. The as-prepared ALD-treated materials, depend-
ing on the number of the used ALD cycles denoted as TMA1-,
TMAS5-, and TMA10-SiO-s00, Were calcined in synthetic air

(500°C, 4 h). The resulting materials denoted All-, Al5S-, and
Al10-Si0»-s09 contained 3.4, 9.2 and 15.4 wt% Al respectively,
according to elemental analysis. For pyridine adsorption, the
calcined materials were exposed to '°N pyridine vapor at room
temperature for about 1 min, followed by the removal of *N
pyridine at 150°C (at ca. 10 mbar, 2 h). All ALD-derived ma-
terials described in this work were handled without exposure to
ambient air.

High-field NMR experiments. Single resonance 2’Al solid-
state NMR experiments were performed at 20.0 T and 23.5 T

2



using a 2.5 mm double resonance probe with a MAS rate of 33.3
kHz. Double resonance ’Al{'H} experiments were performed
with the same probe at 20.0 T whereas 2°Si{>’Al} experiments
were performed with a spinning speed of 15 kHz and a 3.2 mm
MAS probe at 20.0 T. Chemical shifts are referenced toa 1 M
solution of AI(NOs); in HNO; for 2’Al and to tetramethylsilane
for 'H and #Si. All samples were packed in an argon-filled
glove box and NMR experiments performed under pure nitro-
gen. Additional details are given in the Supporting Information.

DNP NMR experiments. DNP experiments were performed
using 1.3 mm triple-resonance low-temperature magic angle
spinning (MAS) probes at 9.4 T/263 GHz or 18.8 T/526 GHz
on Bruker Avance III spectrometers. DNP samples were packed
in a glove box after being impregnated by a 1,1,2,2-tetracholor-
ethane (TCE) solution containing 16 mM TEKPol*? or
HyTEK2* for experiments respectively at 9.4 and 18.8 T. Ad-
ditional experimental details are provided in the SI or in the leg-
ends of the figures.

Results and discussion

Growth of the thin film. The preparation route to ALD-derived
materials, which are characterized in detail below, is presented
in Figure la. TMA was deposited onto SiO;-s00 at 300 °C. In
these conditions, TMA is expected to graft onto surface silanols
and open siloxane (i.e. Si—O-Si) bridges by the interaction with
Al-C bonds.*** TMA pulses were followed by ozonolysis at
300 °C. Transmission FTIR data shows that, relative to
Si0;-s00, the intensity of the silanol band at 3741 cm™' decreases
in all three TMA-SiO,-so0 materials (Figure 1b). This is accom-
panied by the appearance of a new band at 3783 cm™', very
weak in  TMAI1-SiOz-s0, but notably stronger in
TMAS5-Si0;-500 and TMA10-SiO,-s00. The position of this band
is close to that of an aluminol group in y-Al,O3 (3785 cm™!).2
The broad band of vicinal and geminal silanols, centered in
SiOy-s00 at ca. 3680 cm™, is also present in TMA-SiO;-spp ma-
terials, albeit it likely contains a contribution from OH sites in-
teracting with the grafted TMA species. Alkyl groups are iden-
tified in TMA-SiO;-s00 materials by vcu stretching modes at
2890-3010 cm™ and 8cu bending modes at 1510-1370 cm™
(Figure 1b), which indicates that ozone pulses at 300 °C oxidize
the grafted TMA only partially. The band at 1610 cm™ in the
TMA-SiOs-s00 materials is assigned to surface carbonates,
formed owing to the interaction of the surface with CO, (re-
leased during the oxidation of the grafted TMA by ozone).***’
The complete oxidation of the alkyl groups and removal of car-
bonates is achieved by calcining the grafted materials at 500 °C
in synthetic air (Figure 1c). Thus, the resulting Al-SiO;-s09 ma-
terials do not feature C—H and carbonate bands, but reveal the
band at 3741 cm™!, corresponding to regenerated isolated si-
lanols, intense in Al1-SiO,-s00 and notably less intense in AlS
and AllO-SiOzfsoo.

High-angle annular dark-field imaging (HAADF) as well as en-
ergy-dispersive X-ray spectroscopy (EDX) were performed to
investigate the distribution of the ALD coating on SiO»-s00 (Fig-
ure S1). Unless specified otherwise, materials were exposed to
ambient air shortly before the TEM analysis. A homogeneous
distribution of deposited layers on the silica support was ob-
served on Al10-SiO;-s00, which was chosen as a representative
material for EDX imaging (Figure S2). Next, HRTEM was per-

formed to characterize all three Al-SiO,-s00 materials. Al-con-
taining coatings can be clearly visualized in All-SiO2-s00,
Al5-Si02-500 and A110-SiO2-s00, as indicated by yellow arrows in
Figure 1d-f. With an increasing number of ALD cycles, the Al-
containing coating layer becomes thicker, which is also con-
sistent with the Al loadings determined by elemental analysis
as discussed above. We observe a few crystalline planes form-
ing a zigzag coating on a silica surface (Figure 1f and Figure
S2). Nevertheless, those areas do not appear on every silica
grain, and a smooth coating (i.e. a coating following the curva-
ture of silica grains) is the most abundant morphology. Taking
into account the very few occurrences of those nanocrystals, we
will not consider them further (additional TEM details can be
found in the Supporting Information). Lastly, no porosity can
be identified by TEM in the coatings grown, also consistent
with the BJH analysis of N, physisorption data that shows only
intergranular porosity of the support used (Figure S4-S5, Table
S1)..

While instructive, TEM results do not allow to distinguish un-
ambiguously between alumina and aluminosilicate phases of
the surface coating. In what follows, we focus on high-magnetic
field solid-state NMR spectroscopy to derive at an atomic-scale
description of the layer, the interface and the surface.

Aluminum environments. Figure 2 shows the 2’ Al NMR Hahn
echo spectra of the three Al-SiO,.500 materials and the simula-
tions of these spectra. At least three components can be re-
solved, corresponding to n-coordinated aluminum species, i.e.
WAL where n = 4, 5 or 6 in highly disordered environments, as
seen in aluminosilicate glasses.3® There is a clear shift toward
higher chemical shifts upon increasing the number of cycles
(from (a) to (c¢) in Figure 2). This shift indicates a progressive
substitution of silicon by aluminum in MA1(OSi),(OAl),-, envi-
ronments, consistent with a +3 ppm increase of the Al iso-
tropic chemical shift upon substitution of one Si by one Al in
the aluminum second coordination sphere as determined in
Ca,Al,Si07 and SrAl,Si0g. 4

The Gaussian Isotropic Model (GIM) or Czjzek model,*! based
on a statistical distribution of the local environments and imple-
mented in DMFit,* is suitable for simulating this type of spec-
tra. As seen in Figure 2al and a2, the model indeed provides a
very satisfactory simultaneous fit of the Al1-SiO,.s00 Spectra ob-
tained in fields of 20.0 and 23.5 T. However, this fitting proce-
dure was less successful for Al5-SiO;.s00 and Al10-SiOx.500 (se€
Figure S6), pointing to an additional complexity in those spec-
tra. As seen in Figure 2b and 2c an excellent simulation is ob-
tained when the experimental spectrum of Al1-SiO».se0 is also
used as one of the components of the fit, indicative that AlS-
Si05.500 and Al10-Si0,.500 contain almost unaltered All1-SiOx.s00
system. The resulting NMR parameters, reported in Table S2,
may nevertheless contain errors due to the use of a non-quanti-
tative pulse sequence.

A final set of simulations was then performed on spectra ob-
tained with a single quantitative pulse, after baseline subtrac-
tion,* and taking into account the spinning sidebands of the ex-
ternal transitions (Figure S7). The resulting parameters are re-
ported in Tables 1 and S3, revealing a good agreement between
the two approaches (calculated errors for all fits are given in
Table S4). We note that the MQMAS performed either at 20.0
T orat 23.5 T (Figure S8) does not clearly resolve the Al1-SiO,.
so0 component in Al10-SiO,.s00 and that simulations could be
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performed with only three components (Table S5), which could
be related to filtering effects in the MQMAS experiments.
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Figure 2. A1 MAS NMR experimental (dark blue) and simulated
(red) spectra of (a) Al1-SiO2-s00, (b) Al5-SiO2-s00 and (c) Al10-
Si02-s500. All spectra were recorded at 20.0 T except for (a2) which
was obtained at 23.5 T. The various components are shown in dif-
ferent colors: Al (green) BIAL (light blue) [®JAl (purple). The ad-
ditional grey lines are the experimental spectra of Al1-SiO2-s500 used
as a fourth component in the simulation. Dotted lines show the g,
of each Al1-SiOa2-500 components.

The high and very similar §;, obtained for Al5-SiO,.50 and
Al10-Si0,.509 suggests that an aluminum oxide film is formed
already after five ALD cycles and the nature of the Al sites does
not change significantly with additional cycles. The percentage
of the “All-like” component decreases as expected with an in-
creasing number of cycles, which is consistent with a descrip-
tion in which Al1-SiO;.s09 is, from an aluminum point of view,
a good approximation of the alumina/silica interface in thicker
films. The fitted All content of 51% after 5 cycles nevertheless
suggests that one cycle deposits only a sub-monolayer, leaving
the silica surface available for the subsequent interaction with
TMA.

The NMR parameters derived for the film components (AlS-
and A110-SiO,.s9), and particularly the large relative amount of
ISIAI sites, resemble those of amorphous alumina (am-ALOs).
Some of such am-Al,Os materials, obtained by various chemi-
cal routes, have been probed by 2’Al NMR, viz. am-ALOs ob-
tained by spin coating from aluminum nitrate aqueous solu-
tion,* magnetron sputtering® or metal organic chemical vapor

deposition (MOCVD) of aluminum isopropoxide.*® Using the
NMR parameters reported by those three studies (also using the
GIM model for simulations) for the thinner films, the following
average &;5, and fQ values and associated standard deviations
are obtained: 70.0 = 2.2 ppm and 8.8 + 2.1 MHz for MAl; 41.4
+ 1.3 ppm and 8.0 + 1.0 MHz for DJAI; 11.0 = 1.4 ppm and 6.0
+ 0.8 MHz for ['Al. The span is small for §;,, and the average
values are very similar to those found in this work. Thus the
local structure of ALD-grown films features NMR parameters
closely mimicking those of am-ALOs.

Table 1. Al NMR parameters derived from the simulation of
the one-pulse quantitative spectra.

site % Biso (ppm) A8y, (ppm) Co (MH2)
Al1-SiO2-500

MAlaasy 60 589 22.5 12.0
51 Al 2si) 35 353 10.9 10.9
161 AL 1si) 5 7.3 9.9 6.21
Al5-Si02-500

MAlesy 29 69.7 14.6 11.0
151 Al osi) 19 399 11.8 7.67
11 Al gsi) 1 10.2 9.5 4.84
All 51 — - -
Al10-SiO2-500

41 Al gsi) 35 711 11.8 10.5
BlAlesy 25  40.6 10.8 7.39
IAlesiy 3 9.7 8.1 4.97
All 37 - - -

Based on the above values for “pure” am-Al,O3 and considering
that a shift of approx. —3 ppm of 8is(IYAl) upon Al to Si substi-
tution in the second coordination sphere of aluminum® applies
also for PJAI and [¥IAl sites, one can tentatively assign the ob-
served Al environments in Al1-SiOx.s00 to Al 45y, PIAlpsi) and
[01A](s; sites. In other words, during the first cycle (followed by
calcination), ca. 60% of the Al species form Al environments
interacting strongly with the silica interface, including possibly
a migration into the silica support (vide infra). On the other
hand, the remaining 35% !Al and minor 5% Al species are
only mono- or bis-bonded to silica, and are therefore mostly
surface species. A word of caution is needed with respect to this,
and further, assignments: note that they refer to the “most prob-
able” species within the framework of a statistical distribution
of environments and not “unique” environments.
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Figure 3. 27Al{'"H} REDOR MAS NMR experiments obtained on
Al1-SiO2-500 (open symbols), Al10-SiO2-500 (filled symbols) and
gibbsite (crosses), simulating the spectra with components for [(Al
(triangles), PIAI (squares) and AL (circles).

Location of OH groups. The presence of hydroxyl groups in
the investigated materials is confirmed by the appearance of
characteristic OH bands in the FTIR spectra as discussed above
(Figure 1c). While the position of OH bands is indicative of
their nature (i.e. silanol, aluminol or bridging Si—OH—Al
groups), the assignment can be ambiguous in the presence of
SiOHALI species. One approach to access this information by
NMR is the use of double resonance 'H/?’Al methods, recalling
that a very strong 'H probe background prevents a reliable di-
rect observation of diluted OH species.

Figure 3 plots “’Al{'H} REDOR dephasing curves for [MAl in
Al1-Si0;.500 and Al10-SiO;.s500. The dephasing curve obtained
for natural gibbsite AI(OH); is also shown as a reference of
Al(OHAIl)s species in a fully hydroxylated phase. Both ALD-

(a)

made materials show a quick increase of the AS/S, dephased
fraction, evidencing the presence of protons in the vicinity of
aluminum sites. The increase is nevertheless slower than in nat-
ural gibbsite, indicating a lower hydroxylation degree of the
aluminum sites in the ALD-made thin films. The (Al environ-
ments systematically show a faster dephasing (steeper initial
slope) associated with a higher degree of hydroxylation than in
Al and PIAL, which dephase almost at the same rate. A very
similar behavior has been observed for am-Al,Os films depos-
ited onto a silicon wafer by MOCVD of aluminum isopropox-
ide,*® indicating a general behavior of aluminates: hexacoordi-
nated [®JAl species are more likely to be protonated than tetra-
or pentacoordinated **JAl species. The faster REDOR dephas-
ing of the Al1-SiO,.500 components points to a higher OH den-
sity close to aluminum centers compared to Al10-SiO2.sp0. For
long dephasing time, all AS/S, fractions seem to level off at ~
0.80 which means that in both materials only 20% of the Al sites
are at remote distances form protons, i.e. approximately 80% of
the aluminum atoms carry OH groups in the form of aluminols
and (pseudo)bridging silanols. This high concentration of OH
groups allows the surface-proton magnetization to spin-diffuse
through the alumina film up to the *Si nuclei of the silica sup-
port, as demonstrated by DNP SENS 2°Si{!H} cross-polariza-
tion transfers in Al10-SiOx.s500 (Figure S9).

The nature of the protonated aluminum sites was also probed
using 'H/*’Al D-HMQC experiment that converts the dipolar-
dephased Al signal into heteronuclear MQ coherences to ob-
tain 'H/?’ Al correlation maps, as recently shown for ASA.*7 Fig-
ure 4 ShOWS, fOI' All-Si02.5oo and AllO-SiOz.5oo, the 27A1{1H}
D-HMQC spectra obtained with a short excitation time of 400
us to selectively probe short-range Al-H correlations within
Al(OH)X species where X = Al, Si (bridging or pseudobridging
silanols) or aluminols.
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Figure 4. 27A1{'H} D-HMQC SR4?; MAS NMR correlation experiments for (a) Al1-SiO2-500 and (b) Al10-SiO2-500 along with two-dimen-
sional simulations and their respective projections: (YAl (green), BIAI (light blue), [®!Al (purple). Yellow spectra and projection line corre-
spond to the experimental spectra of Al1-SiO2-500 used as an additional component in the simulation for Al10-SiO2-s00.




For Al1-SiOx.s500, the simulation of the two-dimensional data set
is accounted for by three aluminum environments and two pro-
ton environments. The NMR parameters extracted from this
data are listed in Table 2. Although we used two lines for 'H, it
must be understood as a continuous distribution of 'H environ-
ments arising from a broad range of Si(OH)AI hydrogen-
bonded Bransted acid sites***° and possibly AI(OH)ALI sites.’!
This asymmetric distribution, ranging from 0 ppm to 10 ppm
with a maximum at 2.6 ppm, is similar for all three coordination
states of aluminum. In other words, the proton chemical shift of
the W AI(OH)Si species is not significantly correlated to the co-
ordination number # of aluminum.

MAI(OH)X and PIAI(OH)X (respectively in green and light
blue in Figure 5) display ?’Al resonances significantly narrower
than those observed by direct excitation (Figure 2 and Table 1),
corresponding to a decrease in C_‘Q by almost a factor of two.

Table 2. Al NMR parameters derived from the simulation of
the ¥A1{'H} D-HMQC (Figure 4). (") Lorentzian broadening.

site %  8iso (ppmM) Adi5, (ppm) Co (MHz)
Al1-SiOz-s00

4IAL 37.6 582 19.8 7.07
IS1A1 441 338 14.4 7.67
141 183 3.9 15.50 6.62
Hq 225 43 6.03

He) 775 2.6 1.96

Al10-SiO2-500

All 270 - - -
“Alon) 2.7 727 11.8 6.38
“1A1 249 727 14.1 8.73
[S1A1 29.9 39.6 10.0 7.67
16141 155 6.0 20.3® 5.59
H-"Alony 3.7 04 1.6

H-4Al 247 5.7 8.0

He)-“1Al 9.5 3.0 32

H)-B1Al 221 53 7.4

He)-B1Al 18.8 2.7 3.8

Hy- 1Al 154 4.1 5.1

He)- 1Al 5.8 2.0 2.1

This structural ordering of the Al environments near OH groups
mimics the one observed in y-alumina.'* On the other hand,
their average chemical shifts are identical to the non-protonated
environments (obtained from the quantitative one-pulse experi-
ments), showing that the above assignment of Al;.4s) and
51Alsiy environments holds and that both species are either
bonded or close to OH groups. In line with its higher REDOR
dephasing at short recoupling time, the (Al component is in-
creased in the ¥Al{'H} HMQC experiment (~20% of this ©IAl
component is found in the D-HMQC spectrum). It appears that
a Lorentzian broadening is needed to account for the Al line
shape (purple component in Figure 4), rendering a comparison
with the direct excitation spectra difficult.

For Al10-SiOs.500 (Figure 4b), we performed the simulation of
the 2D dataset with the same hypothesis used above for simu-
lating the 1D direct excitation experiments in Figure 2, i.e. the
presence of an Al1-SiO,.s00 component is accounted for by in-
cluding its spectra (its simulation was used to avoid additional
noise). Along the 'H dimension, we found a broad and asym-
metric line shape, again approximated by a pair of Gaussian
lines (H(1), He). The peak maxima of this (H), Hp)) distribu-
tion for All-SiO.500 was uncorrelated with the coordination
number 7 of the WAl environments but for A110-Si05.50o, a clear
shift of the maxima is observed in Figure 4b. This suggests sep-
arate (H(, Hp)) components for each WAl environment. We
therefore obtain three (AL, (Hq), He)) 2D components on top
of an All-SiO,.s509 contribution; all retrieved parameters are
shown in Table 2 (Table S6 contains respected calculated er-
rors).

Similar to Al1-SiO,.500, the recovered §q, are identical to the
“bulk” one derived from the quantitative experiment and C, are
greatly reduced. Considering the high 8:5o(*Al) obtained here,
we observe mainly a wide variety of hydrogen-bonded
[MATOHPIAL sites such as those found in y-alumina,’! on top of
the minor A1(OH)Si ones described above and accounted for by
the “Al1-Si0O,.500” component. An additional resonance which,
upon simulation, corresponds to a 'H chemical shift of 0.4 ppm
and a Al line with 5, = 72.7 ppm and C;, = 6.38 MHz is also
clearly seen (orange component in Figure 4b). Based on its ab-
sence in Al1-SiOy s, its low 'H chemical shift and the presence
of an IR band at 3783 cm™! (Figure 1c¢) this latter component is
assigned to terminal "JAIOH aluminols'>* possibly located on
the surface of the am-AlLO; film. We observe a —0.5 ppm
change in the "H chemical shift for higher aluminum coordina-
tion numbers, suggesting that the proton becomes slightly less
acidic with increasing aluminum coordination, a behavior not
observed for AI(OH)Si environments (vide supra) but previ-
ously inferred from 2’Al1{'H} NMR experiments on y-alumina.'?
As seen from the line width of each of 'H components (Table
2), the range of proton environments increases with decreasing
aluminum coordination number and is on average broader than
that for AI(OH)Si sites.

Silica-alumina interface. Accessing the signal from the
Si0,/Al,0; interface is challenging owing to the paucity of nu-
clei present at the interface and the low natural abundance of
»Si, yet we were nevertheless successful in performing
2TA1{*Si} correlation experiments on both Al1-SiO.s0 and
Al10-Si0,.509 (Figure 5a and 5b respectively). Although both
through-bond and through-space experiments are feasible at sil-
ica/alumina interfaces under DNP conditions,'® we focused here
on through-space dipolar-based HMQC experiments, using a
rather long (6.4 ms) excitation time to obtain an optimum sig-
nal-to-noise ratio and hence possibly obtain correlations be-
tween distant Al/Si nuclei pairs.

As seen in Figure 5, both materials yield similar projections
along the ?’Al dimension meaning that both experiments are re-
trieving the same type of aluminum environments. The close
similarity with the direct spectra of Al1-SiOx.500 (Figure 2al)
suggests that the 2’Al1{*’Si} D-HMQC spectra indeed probe the
silica-alumina interface. This feature is highlighted in Figure
6a, which compares the Si-filtered and the 'H-filtered 2’Al
spectra of Al1-SiO;.500 and Al10-SiO».s00 With the direct acqui-
sition data. This similarity is not seen for the silicon projections
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in Figure 5b, which show a much broader peak tailing towards
higher chemical shifts than the direct 2°Si spectra, suggesting
the presence of either less polymerized or more Al-connected
species than in Al1-SiO,.s00. This feature is again illustrated in

(@)

-120 -

N
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o
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=
o
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Figure 6b that compares the 2’ Al-filtered (orange) and the direct
acquisition (brown) 2°Si spectra recorded on Al10-SiO5._spp.

50 0
#7Al frequency (ppm)

Figure 5. 27A1{*’Si} D-HMQC SR4? correlation experiments for (a) Al1-SiO2-500 and (b) Al10-SiO2-500 with projections (dark blue) along
each dimension. Simulations of the 2D line shapes are given in grey and individual components are given in the projections in color with

their sum in red.

To obtain further insights into the spectra of Figure 5, we per-
formed a simulation of the 2D line shapes, assuming that two
Gaussian lines are needed to render the ?Si dimension. It ap-
peared that two YAl environments (green) are required to ob-
tain a satisfactory simulation result whereas only one PIAl en-
vironment (blue) is sufficient to account for the observed cor-
relations. The two YAl lines (purple) are very likely part of the
same component, but are needed to account for the appearance
of a sharp ridge on the 2D line shape. Nevertheless, the low
abundance of this component (less than 5%) does not allow its
reliable simulation and it will not be discussed further. The re-
sults of the simulations are given in Table 3 and the calculated
errors in Table S7.

Based on the chemical shifts reported in Table 3 and literature

data,” the silicon environments are assigned to QEJL sites at
—104.0 ppm (in Al1-SiOx.500) and —104.6 ppm (in Al10-SiOs.
500), as well as to ng]z sites at —94.7 ppm in Al1-SiO,.s500 and to

Q5 sites at —91.9 ppm in A110-SiOxs00. These shifts differ
from the bulk signal of the silica core (mostly Q[*!) and its hy-
drated species (mostly Q[3!), as shown in the direct (brown) and
CP (green and blue) ¥Si spectra in Figure 6b. Details of the
simulation are given in Figure S10 and Table S8. Clearly, in-
creasing the thickness of the ALD-deposited alumina layer pro-
motes the connectivity between silicon and aluminum through
the Q™ sites, but, within error bars, the Q™*)4)/Q?*)(4) ratio stays
constant at approx. 60/40. We also observe a shift in &;,,(IYAI)
with increased layer thickness, and the Al sites are assigned
to [4]Al(3.45i) in Al1-SiOj.500 and to [4]Al(2.35i) in Al10-SiO;.500
whereas the chemical shifts of the JAl sites, assigned in both

cases to PJAl sy, do not appear to vary with the thickness of the
ALD layer.

It is noteworthy that Alzaisay and QP)ay are replaced by
[4]A1(2A1,3A1) and Q[3](2A1) gOiI’lg from All—Si02.5oo to A110—8102
so0. This suggests that the first cycle deposits only a sub-mono-
layer of aluminum on the surface of silica, possibly forming dis-
persed “islands” of alumina clusters, with the remaining silica
surface accessible to subsequent deposition connects the clus-
ters to form a homogeneous film. Our findings from 2D exper-
iments here are consistent with, and refine, our observations
from the analysis of Figure 2: the first ALD cycle grafts *Alg;
and Al sy species as well as bi-bonded B'Al s onto the silica
surface (Table 1). Only a very small amount of [9/Al is actually
connected to the silica surface. Subsequent cycles add alumi-
num onto the “free” silica surface, left after the first cycle, lead-
ing to a silica/alumina interface mainly composed of MAls;,
M Alsi and P1Al sy Increasing the number of ALD cycles fur-
ther builds an am-Al,Os film on top of this intermediate layer
with additional (hydrated) /Al environments. For Al1-SiO2.s0o,
the slightly increased fQ (Table 3) suggests that we observe
here, on average, less of the “protonated” sites than detected
with the 2’ Al/'H experiments (Table 2).

Table 3. Al and *Si NMR parameters derived from the simu-
lation of the 2D ?’Al{*Si} D-HMQC experiments (Figure 5).

site % 3iso (Ppm) A‘Siso (Ppm) Z‘Q (MHZ)
Al1-SiO2-500




MAlasy 18.6  61.1 18.0 9.31

MAlgsy 32.1 565 14.0 8.01
BlAlasiy 449 359 14.4 10.0
(1 A1y 1.8 9.1 24 8.37
(1 A]) 26 63 0.9 5.57
QBlgay  37.8 —94.7 17.0 -
QWaay 622 —104.0 13.8 -
Al10-SiO2-500

MAlasy 227 642 23.0 7.59
MAlss)y 333 622 19.9 8.69
BlAlesy 393 369 19.2 7.60
BlAl;, 1.3 125 14.5 2.83
BlAl) 34 94 2.0 6.44
QBlpay 442 -91.9 17.3 —
QWaany 55.8 —104.6 13.6 -

The connectivity pattern derived from the 2D 2’A1{*Si} spectra
(see Table SO for details) leads to the most probable connectiv-

ity of WAlgus) - Q1% and WAl - Q1) for Al1-SiOs.500 and
[4]A1(35i) = Q:{:]l and [4]A1(251) - Q;il]l for AllO-SiOz.soo. In other
words, the proton-free fully polymerized QE:]I species are pref-

erably linked to the ™Al environments with few AIOAI link-
ages. Apart from a slight decrease of the amount of B1Als;) -

E}l, the ™Al - Q™! connectivity pattern does not seem to be
strongly dependent on the number of ALD cycles, showing
again that most of the alumina/silica interface is built within 1
ALD cycle. We note that the ~14 ppm and ~17 ppm widths of
the, respectively, Q™*jay and Q®*),), resonances (Table 3) are
significantly broader than the 10.8 ppm width obtained in a di-
rect or CP acquisitions (Table S8 and Figure 6b). This suggests
that those broad lines contain more environments than the sin-
gle Q¢4 unit that we assigned from their maxima. Again, we
emphasize that all components evidenced in this study must be
seen as the “most probable” environments within the frame-
work of a purely statistical (i.e. Gaussian) distribution of envi-
ronments.

To complete the structural analysis and assess the AI-O-Al con-
nectivity, we performed Al DQ/SQ (double-quantum single-
quantum) correlation experiments using a dipolar-based R2?
experiment with short (0.5 ms) excitation times. Sheared and
symmetrized spectra for All-SiOzs00 and Al10-SiO.s0 are
given in Figure S11 along with their simulations and the param-
eters derived are given in Table S10. The Al10-SiO;.s00 spec-
trum displays strong correlations between the three *’Al reso-
nances, indicating a full connection between all of the various
[MA[ species, in agreement with the am-Al,O; nature of the film.
For Al1-SiOx 500, the 2D map clearly shows that Al sites have
no linking preferences and share bonds to all Al species (n =
4, 5 and 6) whereas [JAl sites connect neither to themselves nor
to BJAL This reinforces the view that (Al species are rather iso-
lated on the outer side of an “31Al/Si interface and the possible
“synergy” between two Al units forming AI(SiOH)P'Al or
BIAI(SiOH)P'Al pairs enhancing acid strength.*

(a) 7Al

Al10-SiO

2-500

2T AI{2°Si}
2ZAH} / 7AKH)
27A|
Al1-SiO

2-500

100 50 0 -50
27Al frequency (ppm)

2Si{1H} / 2Si{'H}

(b) 2°Si 25
AI10-Si0, ,,,
20827 A}
AI10-SiO, .,
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Figure 6. Various >’Al{'H} D-HMQC SR4?; and *Si{'H} CP-
CPMG MAS NMR experiments performed on All-SiO2-500 and
Al10-Si02-500 showing: (a) 'H- (blue and green) and »°Si- (orange)
filtered 2’Al signals, compared with the direct spectrum (dark blue),
(b) ?’Al- (orange) and 'H- (blue and green) filtered *’Si spectra
compared with direct CPMG signal (brown), (c) 2’Al- (top) and
2Si- (bottom) filtered 'H spectra.

Finally, in an attempt to characterize protons located at the sil-
ica-alumina interface, two-dimensional *Si{'H} CP-CPMG
experiments were recorded on All-SiOs.500 and Al10-SiOy-s00
with a 500 ps contact time at 7.0 T (Figure S12). The projec-
tions in the indirect proton dimension are shown in Figure 6c¢ at
the bottom. There are no significant differences between All-
Si02.500 and A110-SiO2-s00, both displaying a single narrow peak
at around 2.5 ppm. However, these projections are very differ-
ent from those obtained from 2D *’Al{!H} spectra of Figure 4
(shown on top in Figure 6¢). This indicates that the majority of
the hydroxyl groups evidenced here are of the SiOH type, con-
sistent with the IR spectra (Figure 1¢).**



A sketch of the various aluminum most probable environments
found in Al1-SiO».s09 is given in figure S13. A schematic repre-
sentation of the possible connectives between those species is
illustrated for Al1-SiO,.s09 in figure 7.
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Figure 7. Sketch of the aluminum/silicon most probable connec-
tivity for the Al1-SiO2-s00 surface. The aluminum environments are
depicted in dark green ([4]Al(4si)-Qﬂ]l), light green (YAls;) -Qﬁ]l),
dark blue (S'Ales) -QM), Tight blue (Alesy -QE)), dark purple
(1Al siy -Qﬂl), light purple ("Alsi) .QB]Z) and silicon Qﬁ]l spe-
cies in dark red.

Acidity of surface sites. The catalytic activity of alumina and
aluminosilicates is directly linked to their surface acidity, i.e.
the type, location and local environment of their acid sites. A
selective characterization of those surface sites is out of reach
of conventional solid-state NMR, partly due to their low
concentration, which is exacerbated by the limited intrinsic sen-
sitivity of NMR spectroscopy. Both of these obstacles can typ-
ically be overcome by implementing DNP SENS approaches. '’

Figure S15 shows the DNP enhanced ?’Al NMR spectra of the
series of Py-Al-SiO,.s00 samples, measured at 9.4 T (proton en-
hancement >140) and 18.8 T (proton enhancement >40). As
was demonstrated above, protons are present in the aluminum
oxide thin film and are expected to relay the nuclear hyperpo-
larization from the surface to the inner part of the oxide layer
through spin diffusion. Therefore, the DNP enhanced ?’Al
NMR experiments are not surface-selective. We note indeed
that the 2’Al spectra recorded at 18.8 T (Figure S15) are similar
to those recorded at ambient temperature and at a magnetic field
of 20 T (Figure 2). In other words, the DNP enhanced ?’Al spec-
tra cannot be exploited to extract unambiguously structural in-
formation of the surface acid sites.

Therefore, we probed the acidity of the surface layer by
monitoring its interaction with pyridine probe molecule.
The "N NMR pyridine chemical shifts and resonance in-
tensities arising from various sites of adsorption has been
used previously to identify the acidic nature of surface spe-
cies in zeolites and amorphous aluminosilicates.®** The N
chemical shift of free pyridine has been reported at 294-
317 ppm, whereas the chemical shift of the pyridinium ion

(PyH"), formed upon protonation of pyridine is at 201-211
ppm.>® H-bonded pyridine on weak Brensted acid sites (H-
Py) or pyridine bonded to Lewis acid sites (Py-L), appear
as '’N resonances between these values, with H-Py sites typi-
cally found between ca. 290-260 ppm, while Py-L sites are
found between ca. 280-230 ppm. The NMR sensitivity was in-
creased here by combining the use of isotopically-labelled '*N
pyridine with DNP SENS. In addition, the cryogenic tempera-
ture (~100 K) at which the experiments are carried out, reduces
molecular motions that partly average magnetic interactions at
ambient temperatures and allows for the observation of the
spectral signature of all surface pyridine species that are in fast
exchange at ambient temperatures.’

Py-L
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Figure 8. (a) >N DNP enhanced NMR spectra of Py-Al1-SiO2-500

(black), Py-Al5-SiO2-500 (red), and Py-Al10-SiO2-500 (blue). (b)

Corresponding FTIR spectra of each material using the same color

code, and highlighting PyH" and Py-L vibration frequencies in light

grey and red respectively.

Figure 8a shows the ’N DNP SENS spectra of pyridine that
remained adsorbed on the surface of the materials after a de-
sorption step at 150 °C (see details in the SI). Three resonances
are observed whose intensity varies as a function of the thick-
ness of the aluminum oxide layer, i.e. on the number of ALD
cycles. The line width of each of the three resonances reflect
broad chemical shift distributions for the >N nuclei, likely due
to slight differences in local structure and environment. Notably
the broad resonance at around 200-210 ppm could not be fitted
by a single component but can still be assigned to pyridinium
ions. Since pyridine adsorbed through hydrogen bonds on weak
Brensted acid sites is expected to be largely desorbed at 150 °C
and therefore not be detected under our experimental condi-
tions, we assign the peaks at around 240 and 260 ppm to Py
interacting with Lewis acid sites in preference to Brensted acid
sites. This assignment is confirmed by N{?’Al} J-HMQC ex-
periments that detect '*N spins having a through-bond coupling
to 2’Al sites (shown in Figure S15). The proposed assignment
also agrees with a previous report on y-alumina.’ The presence
of each type of acidic site is additionally corroborated by FTIR
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spectroscopy. The IR absorption peaks at 1620 cm™' and 1450
cm™! are characteristic of the ring vibrational modes of pyridine
bound to a Lewis site,® and are observed for all samples (Figure
8b). PyH" vibration modes appear at 1635 cm™ and 1545 cm™
and are clearly visible in the IR spectra of Py-Al1-SiO2.s00, Py-
Al15-Si0,.500 and to a much lesser extent in the spectrum of Py-
Al110-SiO2-s00.

While the NMR signal of the pyridinium ion is becoming less
intense for thicker layers, the intensity of the peaks correspond-
ing to the Lewis acid sites shows a reverse trend. Previous work
on ASA materials showed that the formation of Brensted acid
sites is directly related to the presence of /Al connected to sil-
icon atoms and that silicon connected to aluminum having a
higher coordination number would not form Brensted acid
sites.! As elaborated in the previous sections, Py-Al1-SiOx 5o
contains a large fraction of "AI(O)Si. Most of these sites are
expected to be protonated (from REDOR data) and therefore
accessible for pyridine adsorption and protonation. Strong
Brensted acid sites (providing PyH") are thus observed in the
5N DNP SENS spectrum of Py-Al1-SiO, 500 as an intense reso-
nance at 204 ppm (in black, Figure 8a). This surface Bronsted
acidity is more prevalent than Lewis acidity as little AI(O)Al
sites are formed at this stage.

The nature of surface acidity clearly changes with the growth
of the aluminum oxide layer concomitantly with the number
of ALD cycles. With the growth of the aluminum oxide
layer, pyridine adsorption sites become further away from
the alumina/silica interface where protonated /Al(OH)Si
sites are found. As a result, the relative fraction of Brensted
acid sites decreases in Py-Al5-Si02.509 and Py-Al10-SiO2-500
with respect to that of Lewis acid sites, as observed in the
SN DNP SENS and FTIR spectra. The "N DNP SENS spec-
trum of Py-Al10-SiO,. 509 (shown in blue) is thus dominated by
the resonances owing to pyridine on Lewis acid sites while the
peak corresponding to the strong Brensted acid sites, PyH",
becomes minor. This spectrum closely resembles that of
pyridine adsorbed on y-alumina (recorded after similar pyr-
idine adsorption and desorption at 150°C).°

Conclusions

We have applied a broad range of one- and two-dimensional
solid-state NMR characterization approaches to understand the
structural processes behind the ALD-based depositing of alu-
mina onto a silica surface at an atom level. The first ALD cycle
produces an aluminosilicate layer with aluminum environments
consisting of 60% AL, 35% Al and 5% 'Al. Subsequent
cycles build on top of this amorphous alumina film character-
ized by approx. 55% MAl, 40% Al and 5% ©IAL

Based on the 2’Al average isotropic chemical shifts obtained
both from one-dimensional *’Al quantitative spectra and two-
dimensional 2’A1{*Si} correlation experiments, we could deci-
pher that the first aluminosilicate layer is made of “Alss:,
MAlusi and PlAlps; species grafted onto the silica surface
(Scheme 1). The silica surface is not fully covered after the first
ALD cycle. During subsequent cycles, a film of amorphous am-
ALO;3 (42% of PTAl and less than 5 % of !Al) is formed and the
interface between the deposited alumina and the surface of the
silica support is mainly built up of Al sy, Al s and BlAl s
species.

Two-dimensional *’Al{'H} correlation and REDOR experi-
ments show that approximately 80% of the aluminum environ-
ments are hydroxylated. The hydroxylation level of the various
AL species vary with n as well as with the number of ALD

cycles. Six-fold coordinated species show a high level of hy-
droxylation with more than one OH group attached, whereas
ALl and DAL show a lower hydroxylation level. Overall, hy-
droxylation is higher for AIOSi environments (one ALD cy-
cle) than for WAIOAI ones (> 5 ALD cycles). Clear evidence of
the presence of aluminols ®/AIOH is seen in the alumina film
but not at the silica/alumina interface, consistent also with FTIR
data.

It follows from the above description that as the number of cy-
cles increases, the surface evolves from an ASA-like surface
towards a pure alumina one, i.e. from *3AlOSi environments
towards *3IAIOM3AL environments. Both types of species can
carry OH groups, forming thereby weak Bronsted acid sites.
Strong Brensted acid sites, formed by an WAl species nearby a
silanol SiOH group, are expected only for small numbers of
ALD deposition cycles. On the other hand, Lewis acid sites WAl
are expected after several ALD cycles. To obtain a direct insight
into the presence, type and strength of those surface acid sites
we used "N DNP SENS after '*N-labeled pyridine adsorption.
Those experiments show the presence of both pyridinium PyH"
ions (formed upon the transfer of a proton from strong Brensted
acid sites) and pyridine molecules coordinated to Al Lewis acid
sites. As expected, the amount of the former, requiring silanol
groups, is decreasing with increasing alumina film thickness, in
agreement with the fact that the surface acidity changes from
that of an ASA-like to that of an am-Al,O; surface.

The extensive structural characterization performed here de-
scribes with an unprecedented level of details, the mechanisms
at play during atomic layer deposition of trimethylaluminum
onto partially dehydroxylated silica. It also dwells on the evo-
lution of the surface acid sites as the thickness of the deposited
alumina layer grows. Such in-depth characterization and mo-
lecular level understanding of the surface structure is crucial for
the design of improved heterogeneous catalysts whose catalytic
activity, selectivity and stability are often directly influenced by
the surface and interfacial properties, in particular the type and
the strength of the acidity.
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Characterization techniques

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed on an Alpha Il
spectrometer (Bruker) operated inside an MBraun glovebox (O,, HO < 1 ppm). Atomic layer deposition
of trimethylaluminum (TMA, Pegasus Chemicals) onto SiO-soo Using ozone as an oxidant was performed
on a Picosun R-200 system enclosed within an MBraun glovebox (O,, H,0 < 1 ppm). N2 (99.999%) was used
as the carrier and purge gas in the ALD experiments. Elemental analysis was performed by the
Mikroanalytisches Labor Pascher, Remagen, Germany. Transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM) with high-angle annular dark-field (HAADF) detection, and
energy-dispersive X-ray (EDX) spectroscopy were carried out on an FEI Talos F200X transmission electron
microscope. A JEOL JEM-ARM300F Grand ARM scanning transmission electron microscope that was
operated at 300 kV was also used. The microscope is equipped with a Dual EDS system (two large area
SDD EDX detectors with 100 mm? active area; total solid angle: 1.6 sr). The specimen for electron
microscopy were prepared by dry deposition onto a copper grid with a holey carbon support film. Where
indicated, the vacuum-transfer holder (Mel-Build) has been used. The surface area and pore volume of
the materials were determined by N, adsorption/desorption (Quantachrome NOVA 4000e) using the
Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) models, respectively.! Prior to the
measurement, the materials were outgassed at 250 °C for 2.5 hours. Powder X-ray diffraction (XRD) data
were collected on a PANalytical Empyrean X-ray diffractometer equipped with a Bragg-Brentano HD



mirror and operated at 45 kV and 40 mA using Cu Ka radiation (A = 1.5418 A). The materials were examined
within the 29 range of 5-100° using a step size of 0.0167°. The scan time per step was 5 s.

Materials

Silica powder (AdValue Technology, 99.9%) was agglomerated into larger particles by wetting with water
that was then evaporated slowly at 120 °C (2 days). Silica agglomerates were sieved to collect a 180-
300 um fraction. The sieved support was heated (5 °C min™!) to and held overnight at 500 °C in static air,
and then dehydroxylated at 500 °C (ca. 10 mbar, 20 h). The resulting material, denoted SiO-s00, had a
surface area of 374 m? g'* and a pore volume of 2.0 ml g™* according to N, physisorption measurements.

1, 5 or 10 ALD cycles were performed at 300 °C to deposit TMA onto SiOz-seo (300 mg). One ALD cycle
includes, consecutively, 30 TMA pulses (0.4 s duration) and 20 ozone pulses (0.4 s duration). Each TMA or
ozone pulse was followed by a N, purge (15 s duration). The temperature of the TMA source was 20 °C.
As-prepared materials (TMA1-SiO2-s00, TMA5-SiO>-500 and TMA10-SiO,-s00) Were calcined in synthetic air
(500 °C, 5 °C min™%, 50 ml min™%, 4 h), which gave Al1-SiO3-s00, Al5-SiO-500, Al10-SiO5-s500.

BN-Pyridine (99% isotopic enrichment) was purchased from CortecNet Corp., dried over CaH, at 60 °C
overnight and degassed prior to use. Adsorption of pyridine on the calcined materials (ca. 100 mg) was
performed in a glass reactor by exposing Al-SiOz-s00 to ®°N-pyridine vapor at room temperature for ca.
1 min. The excess of *N-pyridine was then removed at high vacuum at 150 °C (ca. 10~ mbar, 2 h). All
materials were prepared, stored, handled and characterized without exposure to air, using N,-filled
gloveboxes (MBraun, O, H,O < 1 ppm).




Figure S1. HAADF-EDX imaging of Al10-SiO,-s00, Which was chosen as a representative material for the
Al-SiO;-s00 series.

Figure S2. Representative images of a control HRTEM experiment in which AI5-SiO-so0 was handled
using an air-tight TEM sample transfer holder. White arrows indicate ALD-grown coatings.



AI1-Si0, 55

Intensity (a.u.)

Intensity (a.u.)

Al5-5i0, 500

3500 ~
3000
2500 -
2000

1500 o

Intensity (a.u.)

Al10-5i0, g

1000 A 1000
500 500 500
04 04 04
20 P 80 80 100 20 2 60 80 100 20 2 60
2 theta (degree) 2 theta (degree) 2 theta (degree)
Figure S3. XRD patterns of Al1, 5, 10-SiO2.500 materials.
1000 - . 600 - -
Al1-SiO, 550 AlS-SI0;.50
on o
an 800 4 —n— Absopti(.)n ||'._.' - 500+ =— Absoption [f: |
E —o— Desorption | 2 —0— Desorption | ]
13 L € 4004 [
o 6004 [ ||
£ [
= |
[] 4
5 4004 /T
o} / =
E .-’F
[o] /rl‘l
@ /.
200 - e
- E_r._i:b—:|—|:|—IJ-Zl4}J 1 g—r—o--O oo
0 T T T T T 0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P;) Relative pressure (P/P,)
600 . - 1400
Al10-Si0, ¢, L | S0, 59 om
= 4 . —~ 1200 4 |
o 500 . Ahsoptu_:m I,' . Tcn m— Absoption ,’ III
mé —0O— Desorption ( | mé 1000 4 —0— Desorption II| If
G 4004 | G |
Py N |
e ol g 800 Il
= 300 [ E [
g [ = S 600+ [
= [ ) o ol
9 200 . @ //
_g S d £ 400 j.f /
e [=] o m
(7] . @ ‘u
o | = o =
< 100 ,_,,_4_7:—"4”';""’.. < 2004 _J_D_U_D.-E-D»'_l-{
a-0-3-0-" 1—i} Eﬂ_DLIEI:"-'L.‘:'_DQD_j_-D_
0 . . T ‘ T 0 T . . T T
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 04 06 0.8 1.0

Relative pressure (P/Pg)

Relative pressure (P/P,)

Figure S4. N, adsorption and desorption isotherms of All, 5, 10-SiO5.s00 and SiO;.s00 Materials.



Al1-Si0, 54, AI5-Si0, oo

Tt;n 0.05 - . o 0.054
|E : 'E -
c 0.04 - R c 0.04 "
TEI = . E, :
o 0.03- S " @ 0.03-
£ . : £ L
=] =2 :
S 0.02 : 2 0.02- .
01_} | ': g .-
o ) ; . 3
2 0.01- '-_ . e TC::L 0.01 4 . e "
(] L ] N — - - B
= b ) = S g, :
g 0.00 ‘.n.am--m g 0.004 " ".samm
E T T T ML | T T L | E T T T Tl T T T v o rrrrr
o 1 10 100 1 10 100
Pore diameter (nm) Pore diameter (nm})
—~ 0.054 — 0.20 1
o Al10-Si0, 5y, o Si0,.500
£ 0.04- . e 7™,
= : < 0.154
| K -
E 0.03- . %
@ : :
E . 5 o101 ‘
S 0024 ; _. o
; . @
& . : S L !
2 001 . : S 005 ™ ;
S '} : 8 : -
< m L] kS L] L
g 0.00 + lllnln" m.mommom % '.-_ .I. "
ES £ 0.00- i bl .
[a) T T 'm) T T
1 10 100 1 10 100
Pore diameter (nm) Pore diameter (nm)

Figure S5. BJH pore size distribution of Al1, 5, 10-SiO3.500, and SiO».s00 materials obtained from Ny isotherms
(Figure S4).

Table S1. BET surface area, pore volume and pore diameter for SiOz-500 and All, 5, 10-SiO2-s500
materials.

. BET surface area Pore volume Pore diameter
Materials ~ B
(m”>g™) (cm® g™") (nm)
Si02-500 374 2.0 294
Al1-Si02-500 287 1.4 26.6
Al5-S102-500 168 0.9 26.4
Al10-SiO2-500 173 0.9 26.6

Appearance of crystalline areas. On Al5 and Al10-SiO,-sq0, areas can be found where few crystalline planes
form a zigzag coating on a silica surface (Figure 1f and Figure S2). That being said, the zigzag coating does
not appear on every silica grain, and a smooth coating (i.e. a coating following the curvature of silica grains)
is a more abundant morphology of the ALD-deposited coatings. Consistent with the TEM analysis, the



observed nanocrystalline zigzag pattern does not provide XRD peaks, as all three prepared Al-SiOz-s00
materials are amorphous by XRD (Figure S3). However, a careful survey of selected area electron
diffraction (SAED) data of Al10-SiO,-s00 material reveals that, although rarely, this local method can resolve
one set of planes corresponding to a d-spacing of ca. 1.96 A + 0.05 A (inset, Figure 1f). This value of dhy
corresponds to the most intense reflection expected for corundum a-Al,03 (d.22, = 1.9641 A) but also to
a significant reflection of transition alumina y-Al,03 (doo.4 = 1.9677 A) and kyanite Al;Si;0s (d-1,40 = 1.9630,
but this compound is expect to form at high pressure). It can also be found in gibbsite Al(OH); and other
AlLSi,Os polymorphs (andalusite and sillimanite) but with very small intensities. Although a form of
alumina seems to be a good candidate, with only one measured dnu value (other observed crystalline
zones were too small to diffract) this cannot be confirmed.

In a control HRTEM experiment, Al5-SiO,-so0 Was evaluated using an air-tight TEM sample transfer holder,
i.e. without exposing this material to air (Figure S2). Images of the surface layer obtained were not
distinguishable from that in Figure 1e. This result confirms that the Al-containing coating layer does not
restructure or crystallize during the time scale of a TEM experiment upon exposure to ambient air during
specimen handling. Interestingly, the post-deposition crystallization of Al,Os films with thicknesses
comparable to that found in AI5- and Al10-SiO,-s00 materials requires high temperatures (ca. 900 °C),
which exceed significantly the calcination temperature used in this work (500 °C).? This suggests that the
nanocrystalline zigzag structures likely have formed already in the as-deposited TMA5-SiOz-500 and
TMA10-SiO2-s00. Yet the deposition of crystalline Al,Os coatings is typical for high temperature ALD recipes
(above 600 °C) that use AlCIs precursor.? Thus, formation of nanocrystalline zigzag structures observed in
this work in Al5- and Al10-SiO,-s00 materials, prepared at relatively low temperatures, is unexpected and
likely due to the use of dehydroxylated silica.



NMR Room Temperature Spectroscopy. Direct excitation Hahn echo Al NMR spectra were acquired
using an Avance lll standard bore 23.5 T Bruker spectrometer. All samples were packed in a 2.5 mm
zirconia rotor inside an argon-filled glovebox. The rotor was spun at 33.3 kHz under pure nitrogen gas.
27Al chemical shift is referenced to a nitric 1M solution of Al(NOs)s while *H and 2°Si positions are
referenced to tetramethylsilane. Double-frequency sweep (DFS) has been used in all experiments with
27A| detection, except for the quantitative 1 pulse, with a 1 ms double sweep ranging from 1 MHz down
to 200 kHz and a radio-frequency amplitude of 40 kHz.

Table S2. Details of the experimental parameters used for room-temperature NMR studies in this work.

Expt nuclei Field  @rotor vy rcycl  #scans # echos Vif pulses Aty #t
() (mm) (kHz) (s) (x1000) /1 (ms) (kHz) (ps) (ps)

1 pulse 2Z1A| 20.0 2.5 33.3 | 0.05 | 65—-430 50 0.5
Hahn echo 2Z7A| 20.0 2.5 33.3 0.5 8 50 1.67
MQMAS 27A| 20.0 2.5 333 | 05 2-8 140/25 | 3.5,1.25/4.17 | 30.0 | 24
CPMG 295 9.4 4.0 10.0 | 900 0.1 512 /8.0 28.6 8.75,17.5
CP-CPMG 295 9.4 4.0 10.0 1.0 2 512 /8.0 28.6 8.75,17.5 / 500

1H 50.0 5.0 200 | 24
D-HMQC 27A| 20.0 2.5 30.0 1.0 2-6 50 1.67

H 130/ 60 1.95 /400 33.3 | 32
D-HMQC 27A| 20.0 3.2 15.0 | 0.5 10-15 20 4.17

295j 26 /30 9.5 /6400 333 | 22
DQ/sQ 27A| 20.0 2.5 333 | 0.3 11-70 20/16.7 4.2 /480 30.0 | 20

DNP NMR at 9.4 T and 18.8 T. DNP experiments were performed at CRMN Lyon on Bruker Avance Il wide
bore spectrometers, operating at 9.4 T and 18.8 T, and equipped with triple resonance 1.3 mm and 3.2
mm low-temperature MAS probes in either H/C/N or H/AI/Si configuration. Cross-effect DNP was
achieved by irradiation with high-power microwaves at frequencies of 263 GHz (for 9.4 T) and 527 GHz
(for 18.8 T) generated by gyrotrons operating continuously during the DNP experiments (stability higher
than £1%). A microwave power of 40 W was used at 9.4 T, and 22 W at 18.8 T, both measured at the
bottom of the probe. A triple-resonance probe in H/C/N configuration was used. The ?’Al chemical shifts
are referenced to 0 ppm for a solution of AI(NO3)s; in HNOs, #Si chemical shifts are referenced to
tetramethylsilane, while >N chemical shifts are referenced externally by calibrating the chemical shift of
NH.Cl to 59.3 ppm with respect to NHs.

Py-Al-SiO».so0 series. The materials were packed in an argon-filled glove box, with tetrachlororethane (TCE)
as the impregnating solvent with either 16 mM TEKPol (for 9.4 T) or 16 mM HyTEK2 (for 18.8 T) radical.
Once removed from the glove box, the packed rotor was immediately inserted into a low-temperature
DNP probe pre-cooled to 105 K. For the Al experiments, the 1.3 mm rotor was spun at the maximum
spinning rate of 39 or 40 kHz. DR-INEPT (with SRS42; recoupling) and CP experiments were optimized on
impregnated y-Al,Os under the same conditions. Enhancements and DNP buildup times were recorded
for each sample. *H-1>N CP experiments were performed with a spinning rate of 12 kHz and a contact time
of 4 ms.

296i DNP NMR. Al-SiO,.s00 samples were impregnated with a 16 mM TEKPol solution in TCE. Under DNP
conditions, i.e., when the samples are exposed to microwave irradiation at 100 K, polarization transfer
takes place. First, hyperpolarized unpaired electrons in the radical spread polarization to adjacent nuclei



such as abundant protons. This enhanced polarization is transferred to 2°Si by CP, which is possible by
direct H to #Si transfer if the solvent and silica core are in contact. This is probably true for Al1-SiO;-seo.
After 5 and 10 ALD cycles, a layer of aluminum oxide is present between the polarizing solvent and the
silica core. The fact that enhanced polarization is still transferred to 2°Si in Al10-SiO,.s00 suggests that the
polarization is relayed through the aluminum oxide layer by the proton network assisted spin-diffusion. A
signal enhancement of > 20 is observed for all samples via *H-2°Si CP. If protons were localized in the
vicinity of 2Si, the intensity of the CP signal would remain unchanged upon microwave irradiation.

277l DNP NMR. The surfaces of materials onto which pyridine adsorbed contain #’Al sites as well as the
15N probe nuclei from the adsorbed *N-labelled pyridine. Both of these species can be detected by using
appropriate proton to X nuclei polarization transfer pulse sequences. DNP samples were prepared by
incipient wetness impregnation with the best performing radicals at each field, i.e., 16 mM TEKPol for 9.4
T, and HyTEK2 for 18.8 T in TCE. DNP enhanced 2’Al NMR spectra were also recorded at a high magnetic
field. An INEPT-based transfer was implemented, as it has been recently shown to provide an enhanced
sensitivity over CP transfer without causing lineshape distortions.® Moreover, ?’Al spectra were recorded
at a higher magnetic field using both pulse sequences to obtain a better resolution. However, due to broad
quadrupolar interaction and its anisotropic nature, it is not possible to resolve each ?’Al site even at 18.8
T.
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Table S3. NMR parameters derived from the simulation of the quantitative one-pulse and Hahn echo
experiments at 20.0 T. For Al1-SiO..s00, the Hahn Echo spectrum simulation is performed simultaneously
at20.0Tand 23.5T.

Quantitative 1 pulse Hahn Echo

site | 9 61‘50 A61'50 Av, /2 CQ % 5iso A‘giso Avl/ 2 CQ

(ppm) (ppm) (kHz) (MHz) (ppm) (ppm) (kHz) (MHz)
Al1-SiO;-500
Al | 60 589 225 12.0 | 67 58.7 16.3 12.7
BIAI| 35 353 10.9 109 |29 341 11.2 10.0
BIAl | 5 7.3 9.9 6.21 | 4 2.5 6.50 5.37 4.08
Al5-Si0;-500
WAl 29  69.7 14.6 11.0 |27 694 120 10.9
BIAI| 19  39.9 11.8 7.67 |17 39.1 10.2 7.85
Al 1 102 9.4 484 | 2 9.5 8.2 5.34
All | 51 54
Al10-SiO2-500
WAl 35 721 11.8 105 |31 71.2 11.5 9.38
BIAI| 25 40.6 10.8 7.39 |23 40.0 9.8 7.47
BIAl | 3 9.7 8.12 497 | 4 9.6 8.0 5.57
All | 37 43




Table S4. Calculated errors of the NMR parameters, derived by DMFit during the fitting procedure.

Quantitative 1 pulse Hahn Echo

site ‘Siso Aé‘iso AV1/2 CQ 0 6iso Aé‘iso AV1/2 CQ

(ppm) (ppm) (kHz) (MHz) (ppm) (ppm) (kHz) (MHz)
Al1-SiO2.s00
Al 0.4 0.11 040 | 1.0 0.13 0.23 0.13
BIAl 0.2 0.09 0.24 |51 0.06 0.23 0.07
eIA| 0.5 0.20 048 | 1.8 0.22 088 17.0 0.28
Al5-SiO2.s00
Al 0.2 0.07 0.33 | 0.6 0.09 0.18 0.10
BIAl 0.1 0.06 0.16 | 0.4 0.1 0.21 0.10
eIA| 0.9 0.29 095 | 0.2 0.39 0.58 0.37
All
Al10-SiO2-500
Al 0.2 0.07 0.26 | 1.4 0.18 0.42 0.22
BIAl 0.1 0.05 0.17 | 0.7 0.22 0.39 0.19
6IA| 0.5 0.17 0.58 | 0.6 0.53 1.31 048
All

Table S5. NMR parameters derived from the simulation of the two-dimensional Al 3QMAS experiments
performed on Al10-SiO2.500 (at 20.0 T and 23.5 T), Al5-SiO.500 and Al1-SiOx.soo.

; 0 ‘Siso A‘siso CQ 0 6iso A‘siso CQ

site | % (ppm) | (pPmM) | (MHz) % (ppm) | (pPmM) | (MHz)
200T 235T

Al1-Si04.500

Al 56 61.8 11.1  11.65

BlAl 36 33.5 10.7 7.07

Al 8 4.8 5.6 5.59

Al5-5i03.500

WAl 47 672 119 94

BIAl 46 372 9.6 7.3

Al 8 6.5 8.6 45

Al10-Si03.500

WAl 42 707 137 84 45 69.4 126 8.2

BIAl 48 39.6 10.7 7.2 48 398 119 75

Al 10 8.0 9.6 4.6 7 9.0 9.9 5.7
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Figure S8. 2D Al 3QMAS experiments performed on Al10-SiO2.500 at 20.0 T (top left) and 23.5 T (top right),
AI5-SiOs.500 (bottom left) and Al1-SiOzs00 (bottom right). Experiments are displayed in color and GIM
model-based simulations are displayed in purple.
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Figure S9. DNP enhanced ?°Si{*H} CP experiment on Al1-SiOy 500 (black), Al5-SiO.s00 (blue), and Al10-Si02 500
(green) measured at 9.4 T with a 3.2 mm triple resonance probe. In the experiments, 10 kHz MAS and a
sample temperature of 100 K were employed along with irradiating microwaves of power 40 W. The
expected chemical shifts of Q%, Q3, and Q* sites are represented by vertical, dotted lines. The schematic in
the inset shows a simplified sketch of the DNP process.

Table S6. ?Al and H calculated errors of the NMR parameters derived from the simulation of the 2D
ZAI{*H} D-HMQC experiment performed on Al1-SiO2-s00 and Al10-SiO;-s00.

site % biso (ppm) Adise (ppm) Co (MHz)
Al1-S102.500

MIAL 0.05 0.24 0.06
BIAL 0.07 0.06 0.07
1AL 0.11 0.67 0.02
Hq 0.03 0.03

Hp) 0.01 0.02

Al110-S102.500

WA Lexira 0.11 0.51 0.15
MIAL 0.05 0.21 0.05
BIAL 0.02 0.03 0.03
IA] 0.07 1.02 0.13
H-"MAlxira 0.07 0.18

Ha)-MAl 0.36 0.43

He)-MAl 0.13 0.43

Hq)-PlAl 0.42 0.38

He)-BIAl 0.07 0.25

H)-9Al 0.31 0.38

Hp)-9Al 0.09 0.32




Table S7. Al and ?°Si calculated errors of the NMR parameters derived from the simulation of the 2D D-
HMQC experiment performed on Al1-SiO;.s00 and Al10-SiO;-s00.

site % 8iso (ppm) Adis, (ppm) CQ (MHz)
Al1-SiOx.500
MAlgsi) 2.7 0.7 1.41 0.46
M Alssi) 4.4 0.3 1.11 0.26
BIALqsi) 0.3 0.99 0.23
B1A] ) 0.4 1.9 3.56 0.92
BIA] ) 0.8 0.2 1.16 0.52
Q%14 1.1 1.14 -
Q% 0.3 0.40 -
A110-SiO2-500
MAlgsi) 1.3 0.2 0.19 0.24
HAlssi) 2.4 0.3 0.90 0.25
BIALqsi) 0.2 0.83 0.22
OIA] () 0.3 0.1 2.34 0.18
BIA] ) 0.9 0.9 2.37 0.80
Q’an 0.6 0.74 -
Q*uap 0.3 0.38 -

o m w0 am . am am  am a0 @0 @0 s0 a0 o am % o
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Figure $10. 2°Si CPMG-detected MAS experiments performed on Al10-Si0.500 at 7.0 T: 2°Si{*H} CPMAS
(left) and direct 2°Si (right) spectra. Experimental (blue), simulation (dashed red) and individual Gaussian
components (colored).

Table S8. NMR parameters derived from the simulation of the 2°Si{*H} CPMG experiments on Al10-SiO5-s00
using Gaussian lines with identical widths.

Site | %direct | %CPMAS | Position (ppm) | Width (ppm)
Q4| 786 41.5 -109.3 10.8
QB | 18.2 52.1 -99.7 10.8
QX 3.2 6.4 -87.8 10.8




Table S9. Correlation map of the 2D Z7Al{**Si} D-HMQC experiments performed on Al1-SiO;.500 and Al10-
SiOs-s00. Values are percentages of each individual 2D component with related errors given in parenthesis.

Al1-Si02-500 AI10-Si02-500
“WAls) | WAlas) | PAls) | BAlg) | FAl) [WAlas) | WAlGs) | PAls) | BAlg | FAl)
o 321 | 274 26 | o 333 | 19.1 3.4
(A (4.4) | (4.2) (0.8) (A (2.4) | (1.3) (0.9)
18.6 175 | 1.8 22.7 203 | 1.3
3 3
Qaay (2.7) (2.3) | (0.4) Q) (1.3) (1.5) | (0.3)

27l frequency (ppm)

o , . L
ool "% qookt w1
%0 50 0 100 50 0
27Alfrequency (ppm)

21Alfrequency (ppm)

Figure S11. 27Al 2Q/SQ R221 MAS NMR correlation 2D experiments for Al1-SiO.500 (left) and Al10-SiO5 500
(right) with projections along each dimension. Simulation of the 2D data are given in grey and individual
components are given in the projections in color with their sum in red.

Table S10 ?Al NMR parameters derived from the simulation of the 2’Al/*’Al 2Q/SQ dipolar-based
correlation experiment. (*) Lorentzian broadening. Correlation map of the 2D 2’Al{*Si} D-HMQC
experiment performed on Al1-SiO;.s00 and Al10-SiOz.s00. Values are percentages of each individual 2D
component. All related errors are given in parenthesis.

61‘50 Aé‘iso CQ 61‘50 A61‘50 CQ
(ppm) (ppm) (MHz) (ppm) (ppm) (MHz)
Al | 65.7 (0.3) 13.2(0.8) 13.5(0.5) | 70.6(0.2) 10.6(0.4) 10.8 (0.3)
BIAl | 32.9(0.7) 21.4(0.9) 7.93(0.5) |42.8(0.1) 9.63(0.28) 9.30(0.10)
Al | 7.8(9.5) 2.3*(18.0) 8.40(11.4) | 11.8 (0.4) 3.16* (1.40) 7.48 (0.43)

site

| BN BN | BN BN
A 4.0(0.8)
Il 67.3 (5.3) 43.2(15)  6.7(0.6)

GIAl | 12.6 (1.4) 19.2(0.6) 1.0(1.1) |16.1(0.9) 24.0(0.4)  6.0(0.5)
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Figure S12. 2°Si{*H} VACP CPMG-detected MAS experiments performed on Al1-SiO,s00 (left) and Al10-
SiO-500 (right) at 7.0 T using a contact time of 0.5 ms and acquiring 512 echos with an inter-pulse delay

of 8 ms.
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Figure S13. Sketch of the most probable aluminum environments in the Al1-SiO2.s00 material evidenced in

this study.
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Figure S14. YAl{*H} D-R-INEPT DNP NMR spectra of Py-Al1-Si0,.s00 (black), Py-Al5-SiO2.s00 (red), and Py-
Al10-SiO2-500 (blue) recorded at 9.4 and 18.8 T using a 1.3 mm probe, operated at 100 K, and irradiation of
suitable microwave powers for the respective biradical used. Corresponding *H DNP enhancements and
DNP build-up times (Tson) are reported.

Table 511 >N NMR parameters derived from the simulation of the >N DNP enhanced NMR spectra of
Py-Al1-SiOy-500, Py-Al5-SiO2.500, and Py-Al10-SiO,-s00. Values are percentages of each individual 2D
component. All related errors are given in parenthesis.

Py-All-SiOZ.soo Py-AlS-SiOz.soo Py-AllO-SiOZ.soo
site 61‘50 Aé‘iso 6iso A61‘50 6iso A61‘50
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

Py-Ly | 260.2(0.29) 20.3(0.62) | 260.4 (0.03) 15.0(0.05) | 262.1(0.05) 14.5 (0.09)
Py-Lp | 239.1(0.13) 15.3(0.34) | 239.8 (0.03) 21.3(0.12) | 242.6 (0.08) 24.3(0.19)
Py-H*y | 208.1 (0.40) 20.3(0.46) | 209.2 (0.12) 19.3(0.12) | 216.2 (0.30) 9.5 (0.58)
Py-H* | 203.8(0.10) 11.8(0.33) | 203.7 (0.04) 10.5(0.13) | 204.5 (0.15) 13.3 (0.28)
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Figure S15. One-dimensional >N DNP SENS spectra of Py-Al10-SiO;.soo recorded via >N{#’Al} ]-HMQC (blue)
and H->N CP (black). Under 10 KHz MAS using Bruker DNP spectrometer at 9.4 T equiped with a 1.3 mm
probe, operated at 100 K, and irradiation of suitable microwave powers for the respective biradical used.
Deconvolution uses positions and width of components listed in Table S11 for Py-Al10-SiO.s00.
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