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Aluminosilicate catalysts, including zeolites and amorphous silica-alumina (ASA), are popular solid-acid
catalysts, which are widely employed in petroleum refining, biomass conversion and organic synthesis"*. In
particular, ASA is advantageous for the conversion of large molecules, notably those derived from biomass,
which are often complex and viscous, and hence, diffuse slowly into the micropores of zeolites. ASA can be
prepared by different approaches, including sol-gel synthesis, coprecipitation', flame-spray pyrolysis'®*
and atomic-layer deposition” but they exhibit milder Bronsted acidity than zeolites.

Despite extensive studies, the structure of Bronsted acid sites (BAS) in ASA is still highly debated. It has
been proposed, notably on the basis of molecular modeling studies, that ASA contains BAS, called pseudo-
bridging silanols (PBS), consisting of a silanol in close proximity to an aluminum atom, which stabilizes the
silanolate anion and, hence, increases the Bronsted acidity of the PBS*'*. In contrast with bridging
Si-O(H)-Al BAS found in zeolites, there is a lack of covalent bonds between O and Al atoms in PBS. Solid-
state nuclear magnetic resonance (NMR) experiments, which allowed to probe proximities between 'H and
Al nuclei and to measure 'H-"O distances in ASA, provided experimental evidence for the existence of

[11-13]

PBS in these catalysts and their ability to protonate ammonia'**.
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Figure 1. (A) 'H NMR spectra under magic-angle spinning of (i) thermally activated ZSM-5, (ii) protonated and (iii) deuterated ASA: as-
prepared catalyst (red line) and after H/D exchange with benzene (dashed blue line). The shaded spectra correspond to the NMR
spectra of protons close to Al atoms, i.e., BAS. It was obtained as the difference between 'H NMR spectra recorded with and without the
recoupling of 'H-’Al dipolar interactions; (B) Solid-state NMR measurement of 'H-?’Al distances for (i and ii) BAS and (iii and iv) other
silanol groups in (i and iii) thermally activated ZSM-5 and (i and iv) partially deuterated ASA. Reprinted with permission from Ref."”".
Copyright 2023, Royal Chemical Society. NMR: Nuclear magnetic resonance; ASA: amorphous silica-alumina; BAS: Bransted acid sites.

Nevertheless, the existence of BAS in ASA was suggested by their catalytic activity for the propane cracking
and H/D exchange and the presence of sites with distinct acidities, as detected by infrared spectroscopy
using probe molecules*'”. Recently, solid-state NMR experiments were conducted at an ultra-high
magnetic field (35.2 T), i.e., a 'H Larmor frequency of 1.5 GHz, to observe the proximity between 'H and
Al nuclei and provided the first direct spectral evidence for the existence of BAS in ASA"?. However, even
at this ultra-high magnetic field, the '"H NMR spectra of ASA exhibited limited resolution owing to the
amorphous nature of these catalysts and the distribution of proton local environments.

To confirm the presence of BAS in ASA, Salvia et al. have compared the one-dimensional (1D) '"H NMR
spectra of thermally activated ZSM-5 and ASA [Figure 1A]"”. As seen in Figure 1A(i), the '"H NMR
spectrum of ZSM-5 exhibits two resolved resonances at 4.2 and 2.0 ppm, assigned to BAS and non-acidic
silanol groups distant from aluminum atoms"*. Conversely, the 'H NMR spectrum of ASA [Figure 1A(ii)]
is dominated by a narrow peak of silanol groups, including PBS but also exhibits a broad signal extending
from 2 to 10 ppm. This broad signal must stem from hydroxyl groups with a distribution of local
environment, which is consistent with the amorphous nature of ASA. Furthermore, these hydroxyl groups
are close to “Al nuclei. The intensity of this broad signal is also reduced when ASA is exposed to deuterated
benzene, suggesting that these protons are exchanged with the deuterons of CD,. To facilitate the
observation of these highly acidic sites in ASA, the authors partially deuterated this catalyst with deuterated
water and then exposed it to isotopically unmodified benzene. This strategy allowed them to label selectively
with protons the Bronsted sites, which are active towards H/D exchange with benzene [Figure 1A(iii)].
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Then, they compared the dephasing of "H NMR signals under 'H-*’Al dipolar interactions in ZSM-5 and
ASA [Figure 1B]. Using this approach, they measured H-Al distance of 2.5 + 0.3 A for the BAS protons in
ZSM-5, which resonates at 4.2 ppm [Figure 1B(i)]. A similar distance of 2.4 + 0.2 A was obtained for protons
resonating at the same isotropic chemical shift in deuterated ASA exposed to benzene [Figure 1B(ii)]. These
NMR observations confirm the existence of BAS in ASA. Interestingly, for the silanol groups, negligible
dephasing was observed for ZSM-5, whereas distances ranging from 4.2 to 5.7 A were found for ASA
[Figure 1B(iii) and (iv)]. These distances are consistent with those predicted using molecular modeling for
PBS in ASA.

In conclusion, Salvia et al. convincingly demonstrate, using solid-state NMR and selective isotope labeling,
that besides PBS, ASA contains BAS similar to those found in zeolites, which can activate C-H bonds!”.
The employed NMR experiments are expected to be useful in improving the acidity of ASA in a rational
way. In particular, it will be beneficial to apply them to understand the structure of BAS in ASA with higher
aluminum content, which exhibits higher catalytic activity toward H/D exchange"™.

DECLARATIONS
Authors’ contributions
The author contributed solely to this manuscript.

Availability of data and materials
Not applicable.

Financial support and sponsorship

The Chevreul Institute is gratefully acknowledged for its support of CPER projects funded by the “Ministére
de 'Enseignement Supérieur et de la Recherche”, the region “Hauts-de-France”, the ERDF program of the
European Union and the “Métropole Européenne de Lille”. Olivier Lafon also acknowledges financial
support from contract ANR-22-CE29-0007-01 (IVAN) and CNRS international research project (IRP)
CYAN.

Conflicts of interest
The author declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
©The Author(s) 2025.

REFERENCES
1. Busca, G. Silica-alumina catalytic materials: a critical review. Catal. Today. 2020, 357, 621-9. DOI
2. Wang, Z.; Jiang, Y.; Baiker, A.; Huang, J. Pentacoordinated aluminum species: new frontier for tailoring acidity-enhanced silica-

alumina catalysts. Acc. Chem. Res. 2020, 53, 2648-58. DOI

3. Yao, N.; Xiong, G.; He, M.; Sheng, S.; Yang, W.; Bao, X. A novel method to synthesize amorphous silica—alumina materials with
mesoporous distribution without using templates and pore-regulating agents. Chem. Mater. 2002, 14, 122-9. DOI

4. Keller, T.; Arras, J.; Haus, M.; et al. Synthesis-property-performance relationships of amorphous silica-alumina catalysts for the
production of methylenedianiline and higher homologues. J. Catal. 2016, 344, 757-67. DOI


https://dx.doi.org/10.1016/j.cattod.2019.05.011
https://dx.doi.org/10.1021/acs.accounts.0c00459
https://dx.doi.org/10.1021/cm010270w
https://dx.doi.org/10.1016/j.jcat.2016.08.016

Page 4 of 4 Lafon. Chem. Synth. 2025, 5, 23 | https://dx.doi.org/10.20517/cs.2024.141

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

Huang, J.; van, V. N.; Jiang, Y.; Hunger, M.; Baiker, A. Increasing the Bronsted acidity of flame-derived silica/alumina up to zeolitic
strength. Angew. Chem. Int. Ed. Engl. 2010, 49, 7776-81. DOI PubMed

Wang, Z.; Buechel, R.; Jiang, Y.; et al. Engineering the distinct structure interface of subnano-alumina domains on silica for acidic
amorphous silica-alumina toward biorefining. JACS. 4u. 2021, 1,262-71. DOI PubMed PMC

Mouat, A. R.; George, C.; Kobayashi, T.; et al. Highly dispersed SiO,/Al,O, catalysts illuminate the reactivity of isolated silanol sites.
Angew. Chem. Int. Ed. Engl. 2015, 54, 13346-51. DOI

Trombetta, M.; Busca, G.; Rossini, S.; et al. FT-IR studies on light olefin skeletal isomerization catalysis. J. Catal. 1998, 179, 581-96.
DOI

Chizallet, C.; Raybaud, P. Pseudo-bridging silanols as versatile Brensted acid sites of amorphous aluminosilicate surfaces. Angew.
Chem. Int. Ed. Engl. 2009, 48, 2891-3. DOI PubMed

Chizallet, C. Toward the atomic scale simulation of intricate acidic aluminosilicate catalysts. ACS. Catal. 2020, 10, 5579-601. DOI
Crépeau, G.; Montouillout, V.; Vimont, A.; Mariey, L.; Cseri, T.; Maugé, F. Nature, structure and strength of the acidic sites of
amorphous silica alumina: an IR and NMR study. J. Phys. Chem. B. 2006, 110, 15172-85. DOI PubMed

Wang, Z.; Jiang, Y.; Lafon, O.; et al. Bronsted acid sites based on penta-coordinated aluminum species. Nat. Commun. 2016, 7, 13820.
DOI PubMed PMC

Perras, F. A.; Wang, Z.; Kobayashi, T.; Baiker, A.; Huang, J.; Pruski, M. Shedding light on the atomic-scale structure of amorphous
silica-alumina and its Brensted acid sites. Phys. Chem. Chem. Phys. 2019, 21, 19529-37. DOI PubMed

Xu, B.; Sievers, C.; Lercher, J. A.; et al. Strong Brensted acidity in amorphous silica—aluminas. J. Phys. Chem. C. 2007, 111, 12075-9.
DOI

Poduval, D. G.; van, J. A. R.; Rigutto, M. S.; Hensen, E. J. Bronsted acid sites of zeolitic strength in amorphous silica-alumina. Chem.
Commun. 2010, 46, 3466-8. DOI PubMed

Wang, Z.; Chen, K.; Jiang, Y.; et al. Revealing Bronsted acidic bridging SIOHAI groups on amorphous silica-alumina by ultrahigh
field solid-state NMR. J. Phys. Chem. Lett. 2021, 12, 11563-72. DOI PubMed PMC

Salvia, W. S.; Zhao, T. Y.; Chatterjee, P.; Huang, W.; Perras, F. A. Are the Bronsted acid sites in amorphous silica-alumina bridging?
Chem. Commun. 2023, 59, 13962-5. DOI PubMed

Jiang, Y.; Huang, J.; Dai, W.; Hunger, M. Solid-state nuclear magnetic resonance investigations of the nature, property, and activity of
acid sites on solid catalysts. Solid. State. Nucl. Magn. Reson. 2011, 39, 116-41. DOI

Wang, Z.; Jiang, Y.; Baiker, A.; Hunger, M.; Huang, J. Promoting aromatic C-H activation through reactive Bronsted acid-base pairs
on penta-coordinated Al-enriched amorphous silica-alumina. J. Phys. Chem. Lett. 2022, 13, 486-91. DOI

Professor Olivier Lafon earned his BSc in 2002 from Ecole Normale
Supérieure de Lyon and his PhD in 2006 at the University of Paris-
Saclay. Following his doctoral studies, he worked as a postdoctoral fellow
Ir at CEA Saclay. From 2007 to 2011, he served as an assistant professor at
Centrale Lille. In 2010, he obtained his habilitation in 2010 at the
University of Lille. Since 2011, he has been a professor at Lille, where he
also leads the “NMR and inorganic materials” team in the UCCS

research institute.

A=
z
’.
L

R

Professor Lafon received the Magnetic Resonance in Chemistry Award
for Young Scientists from the Euromar scientific committee in 2013. In
2016, he was named a fellow of the Institut Universitaire de France
(IUF). He currently directs the Lille high-field NMR facility, part of the
INFRANALYTICS infrastructure, and coordinated the installation of
. a 1.2 GHz NMR spectrometer in Lille. Additionally, he leads the
Olivier Lafon . . : :
French network of research infrastructures in physical sciences and
engineering and serves on the editorial board of the journal Solid-
Sate Nuclear Magnetic Resonance.

His research focuses on advancing solid-state NMR spectroscopy to
uncover unique insights into the structure-property relationships of
materials, with applications in energy, bio-economy and health.


https://dx.doi.org/10.1002/anie.201003391
http://www.ncbi.nlm.nih.gov/pubmed/20821781
https://dx.doi.org/10.1021/jacsau.0c00083
http://www.ncbi.nlm.nih.gov/pubmed/34467291
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8395625
https://dx.doi.org/10.1002/anie.201505452
https://dx.doi.org/10.1006/jcat.1998.2251
https://dx.doi.org/10.1002/anie.200804580
http://www.ncbi.nlm.nih.gov/pubmed/19153974
https://dx.doi.org/10.1021/acscatal.0c01136
https://dx.doi.org/10.1021/jp062252d
http://www.ncbi.nlm.nih.gov/pubmed/16884232
https://dx.doi.org/10.1038/ncomms13820
http://www.ncbi.nlm.nih.gov/pubmed/27976673
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5172364
https://dx.doi.org/10.1039/c9cp04099d
http://www.ncbi.nlm.nih.gov/pubmed/31463497
https://dx.doi.org/10.1021/jp073677i
https://dx.doi.org/10.1039/c000019a
http://www.ncbi.nlm.nih.gov/pubmed/20407684
https://dx.doi.org/10.1021/acs.jpclett.1c02975
http://www.ncbi.nlm.nih.gov/pubmed/34806885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9162276
https://dx.doi.org/10.1039/d3cc04237e
http://www.ncbi.nlm.nih.gov/pubmed/37930239
https://dx.doi.org/10.1016/j.ssnmr.2011.03.007
https://dx.doi.org/10.1021/acs.jpclett.1c03489

