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Defects tune the acidic strength of
amorphous aluminosilicates

Rishi Verma 1, Charvi Singhvi 1, Amrit Venkatesh 2 &
Vivek Polshettiwar 1

Crystalline zeolites have high acidity but limited utility due to microporosity,
whereas mesoporous amorphous aluminosilicates offer better porosity but
lack sufficient acidity. In this work, we investigated defect engineering to fine-
tune the acidity of amorphous acidic aluminosilicates (AAS). Here we intro-
duced oxygen vacancies in AAS to synthesize defective acidic aluminosilicates
(D-AAS). 1H, 27Al, and 17O solid-state nuclearmagnetic resonance (NMR) studies
indicated that defects induced localized structural changes around the acidic
sites, therebymodifying their acidity. X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared (FTIR) spectroscopy studies substantiated that
oxygen vacancies alter the chemical environment of Brønsted acidic sites of
AAS. The effect of defect creation in AAS on its acidity and catalytic behavior
was demonstrated using four different acid-catalyzed reactions namely, styr-
ene oxide ring opening, vesidryl synthesis, Friedel-Crafts alkylation, and jas-
minaldehyde synthesis. The defects played a role in activating reactants during
AAS-catalyzed reactions, enhancing the overall catalytic process. This was
supported by in-situ FTIR, which provided insights into the molecular-level
reaction mechanism and the role of defects in reactant activation. This study
demonstrates defect engineering as a promising approach to fine-tune acidity
in amorphous aluminosilicates, bridging the porosity and acidity gaps
between mesoporous amorphous aluminosilicates and crystalline zeolites.

In the realm of heterogeneous catalysis, the quest for materials that
combine superior porosity with substantial acidity has been a long-
standing challenge. Crystalline zeolites are renowned for their excep-
tional acidity, yet their practical utility is often limited by their inherent
microporosity, which restricts access to active sites and hampers the
diffusion of reactants1–4. Conversely, mesoporous amorphous alumi-
nosilicates offer enhanced porosity and accessibility, yet they typically
lack the level of acidity found in their crystalline counterparts5–10.
Addressing this dichotomy and seeking a viable solution to bridge the
gap between porosity and acidity represents a fundamental pursuit in
catalytic materials research11–28.

The acidity canbefine-tuned through factors suchas the chemical
composition involving framework and extra-framework species, as

well as the synthesis and pretreatment procedures. Defects have long
been employed as a means to fine-tune the catalytic behavior of
materials29–42, yet their potential for precisely modulating acidity in
solid acids has remained relatively unexplored. Building upon our
ongoing research into defect-tuned catalysis43–45, using dendritic
fibrous nanosilica (DFNS)-based catalysts46–51, in this study, we intro-
duce an approach that utilizes defect tuning as a strategic tool for
customizing the acidity of solid acids.

This study hypothesizes that manipulating defects holds promise
as an effective method for refining the acidity of amorphous alumi-
nosilicates, effectively bridging the existing disparities in porosity and
acidity between mesoporous amorphous aluminosilicates and crys-
talline zeolites.
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Results and discussion
To investigate our hypothesis, we employed nanosponges of ‘acidic
aluminosilicates’ (AAS)47. We then artificially introduced and con-
trolled the oxygen vacancy sites in AAS using the magnesiothermic43

protocol to synthesize defective acidic aluminosilicates (D-AAS). Our
investigation incorporated a range of analytical techniques to shed
light on the impact of defects on the material’s acidity. Solid-state
nuclear magnetic resonance (NMR) studies revealed localized struc-
tural changes surrounding the acidic sites, thereby altering their acidic
properties. X-ray photoelectron spectroscopy (XPS) and Fourier-
transform infrared (FTIR) spectroscopy analyses further affirmed
that the presence of oxygen vacancies induced changes in the che-
mical environment of Brønsted acidic sites inAAS, leading to anoverall
enhancement in acidity. Complementary assessments, including oxy-
gen storage capacity and ammonia temperature-programmed deso-
rption (TPD) studies, established a valuable correlationbetweendefect
concentration and catalyst acidity.

We then assessed the practical implications of defect creation in
AAS by investigating its effects across four distinct acid-catalyzed
reactions: styrene oxide ring opening, vesidryl synthesis,
Friedel–Crafts alkylation, and jasminaldehyde synthesis. These exam-
inations illuminated the role of defects in catalytic processes by facil-
itating reactant activation within AAS, thereby contributing to an
overall improvement in catalytic efficiency. Furthermore, our in-situ
FTIR studies provided valuable insights into the molecular-level reac-
tion mechanism, elucidating the pivotal role played by defects in
reactant activation.

Synthesis and characterization of AAS and D-AAS
AAS was synthesized by achieving an efficient hetero-condensation
between tetraethylorthosilicate (TEOS) and aluminum acetylacetonate
(Al(acac)3) precursors having comparable hydrolysis rates to avoid
homo-condensation and the formation of two distinct phases (Sup-
plementary Fig. 1)47. Defects were generated by treating AAS with
magnesium (Mg) at 650 °C under argon flow (100mLmin−1), followed
by acid washing to remove the unreacted Mg and Mg species (Sup-
plementary Fig. 2)43. Using twodifferentMgamounts,D-AAS-12 (12wt%
Mg) and D-AAS-25 (25wt% Mg), the concentration of defects in AAS
was tuned.

Scanning electron microscopy (SEM) analysis of AAS revealed
the formation of a porous nanosponge morphology (Fig. 1a), which
remained intact even after defect formation, in D-AAS-12 andD-AAS-
25 (Fig. 1b, c). Transmission electron microscopy (TEM) images of
AAS, D-AAS-12, and D-AAS-25 further confirmed the presence of the
nanosponge morphology (Fig. 1d–f). The energy-dispersive X-ray
spectroscopy (EDS) elemental composition of both AAS and D-AAS
(Supplementary Table 1), indicated the Si/Al ratio of 2.13 in AAS,
while this ratio increases to 2.88 in D-AAS-12 and further to 3.75 in D-
AAS-25 (3.75) (Supplementary Table 1). We did not observe any
magnesium content in the SEM-EDS indicating the efficient removal
of all theMg species from theD-AAS sample during thewashing step
(Supplementary Table 1). This was further confirmed by quantifying
the metal content by inductively coupled plasma mass spectro-
metry (ICP-MS, Supplementary Table 1). These observations indi-
cated that the treatment of AAS with magnesium at 650 °C not only
led to the removal of oxygen atoms from the AAS network but also
reacted and removed some of the Al sites during the acid-washing
step of defect creation. To investigate if there was any phase
separation during defect creation, scanning transmission electron
microscopy-energy-dispersive X-ray spectroscopy (STEM-EDS) ele-
mental mapping was used, which revealed a uniform distribution of
Si, Al, and O across all samples of AAS, D-AAS-12, and D-AAS-25
(Supplementary Fig. 3), indicating no phase separation, which was
further confirmed by powder X-ray diffraction (PXRD) (Supple-
mentary Fig. 4).

The surface area showed adecreasing trend from525 ± 25m2 g−1 in
AAS to 485 ± 18m2 g−1 in D-AAS-12 and further to 473 ± 24m2 g−1 in D-
AAS-25 (Fig. 1g–i). This decline was attributed to some loss in the
nanosponge structure, with an increase in the magnesium amount
during defect creation. Furthermore, the pore size distribution analy-
sis revealed broader pore size distributions in the case of D-AAS-12 and
D-AAS-25 compared to AAS (Fig. 1j–l). This observation suggests that
duringdefect creation, the structure ofAASwasaltered and caused the
rupture of some pore walls, leading to larger pore diameters in D-AAS-
12 and D-AAS-25.

Defect creation inAAS resulted in the formation of radical centers,
which tend to absorb light of different wavelengths45,52. The color of
AAS transformed from white to light brown in D-AAS-12 and finally to
dark brown in D-AAS-25 (inset of Fig. 1a–c). The ultraviolet-visible
diffuse reflectance spectroscopy (UV–Vis–DRS) spectra of D-AAS-12
and D-AAS-25 exhibited an increase in absorbance within the broad-
band range of 250–550nm as compared to AAS (Supplementary
Fig. 5a). AAS displayed a minimal absorbance, possibly attributed to
the presence of naturally occurring defects during the synthesis
process53–55. With an increase in the magnesium content, a greater
number of defects were generated, ultimately leading to elevated
absorbance levels and alterations in the color of D-AAS-12 and D-AAS-
25 (Supplementary Fig. 5a). The convoluted nature of the absorption
spectramakes it difficult to separate and distinguish between different
absorption bands. However, the broad absorbance spectrum could
provide some insights into the existence of different light absorption
sites. The absorption across various wavelengths may originate from
distinct sources, such as non-bridging oxygen hole centers (NBOHC)
(Si–O•) sites at approximately 261 and 290nm, bulk peroxy radicals at
378 nm, and broadband at 434 nm indicative of silicon-associated hole
centers43,54,55. All the absorption bands in the spectra were broad and
poorly resolved, hence the deconvolution of these overlapping bands
was challenging. The broadness observed in the absorption spectra
stemmed from variations in the local defect environment within the
material due to thematerial’s amorphous nature. This non-equivalence
from site to site resulted in variations in optical transition energies and
the inhomogeneous broadening of the spectra54,55.

In a photoluminescence (PL) study,when theAASswere irradiated
with 400 nm light, a prominent and broad luminescence spanning the
range of 760–800nm,with a peak showingmaximum luminescence at
795 nm, was observed (Supplementary Fig. 5b). This significant PL
band was ascribed to electronic transitions taking place at the NBOHC
sites56,57. The broadening of the photoluminescence emission spectra,
akin to the UV–Vis–DRS absorption spectra, can be attributed to the
heterogeneous nature of the surrounding environment encompassing
NBOHCs, a consequence of the amorphous characteristics exhibited
by AAS and its defective counterparts. The intensity of the PL emission
exhibited an increment fromAAS toD-AAS-12 (1.5 times) and further to
D-AAS-25 (2.1 times), indicative of an increase in the concentration of
defect sites with the increasing magnesium amount.

Comprehensive molecular insights into defect sites through
solid-state NMR analysis
Solid-state NMR spectroscopy has been shown to be a useful tool for
the characterization of aluminosilicate materials7. To probe the local
structural changes in AAS after defect creation, we utilized high-field
(18.8 T) solid-state NMR spectroscopy (Fig. 2). The 1H solid-state NMR
spectrum of AAS showed signals characteristic of aluminosilicates
including bridging hydroxyl groups (SiOHAl) around 4.7 ppm11, silanol
(SiOH), and pseudo-bridging silanol groups (SiOH---Al) at 1.2 and
1.9 ppm, respectively (Fig. 2a, f)11,58–62. Differences in 1H chemical shifts
of free bridging hydroxyl groups (3.6–4.3 ppm) and those that are
hydrogen-bonded to neighboring oxygen atoms (4.6–5.2) have also
been noted previously (Fig. 2a, f)11,63. The signal around 6.9 ppm was
previously assigned to water adsorbed on Lewis acid sites (Fig. 2a, f)58.
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Upon inducing defects inAAS, changeswereobserved in the 1D 1H
NMR spectrum of D-AAS−12: heightened relative signal intensities at
3.9 and 1.3 ppm were observed relative to signals at 4.7 and 1.9 ppm,
respectively (Fig. 2a). The increase in the 1.3 ppm signal intensity can
be ascribed to the creation of oxygen vacancies in AAS, causing the
rupture of some Si–O–Al bonds. Subsequent acid washing leads to the
hydrolysis of these vacant sites, generating an increased population of
Si–OH species. Furthermore, the heightened intensity at 3.9 ppmmay
be attributed to a relative increase in free bridging hydroxyl groups

(3.9 ppm) in comparison to hydrogen-bonded bridging hydroxyl
groups (Fig. 2a). This observation is consistent with a reduction in
hydrogen bond interactions between bridging hydroxyl groups and
neighboring hydroxyl groups, as oxygen vacancies were introduced.

27Al solid-state NMR spectra provided valuable insights into the Al
coordination environmentswithin the framework. Three characteristic
peaks were observed at ca. 2, 30, and 55ppm, corresponding to 6-, 5-
and 4-coordinate Al sites, respectively (Supplementary Fig. 6)11,47,58–64.
When defects were introduced, a noticeable alteration in the relative
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Fig. 1 | Structural and surface characterization of AAS and defective AAS. SEM
and TEM images of a, d AAS, b, e D-AAS-12, and c, f D-AAS-25. Inset: optical
images; Nitrogen sorption isotherms of g AAS, h D-AAS-12, and i D-AAS-25,
Brunauer–Emmett–Teller (BET) surface areas are written in the plots;

Barrett–Joyner–Halenda (BJH) adsorption pore-size distributions of j AAS,
k D-AAS−12, and l D-AAS-25. Error bars: Standard deviation calculated from
data of at least three repeated experiments.
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peak intensities was observed, primarily involving a decrease in the
intensity of Al(VI) from 18% in AAS to 13% in D-AAS-12, indicating the
breaking of some Al–O bonds (Supplementary Figs. 6, 7, Supplemen-
tary Table 2). Assuming a similar amount of sample in all the rotors to
within 5−10% by mass, a comparison of the absolute 27Al integrated
signal intensities shows a ca. 10% and40% reduction in intensitywithD-
AAS-12 and D-AAS-25, respectively, in comparison to AAS. These NMR
observations are consistent with SEM-EDS results which show a 16%
and 30% reduction in Al content with D-AAS-12 and D-AAS-25 (Sup-
plementary Table 1). Furthermore, since the defect generation results
in radical formation (see below), some fraction of the 27Al NMR signals
may be invisible due to paramagnetic signal quenching. This effect will
be exacerbated for D-AAS-25, where there is a higher radical con-
centration. The reduction in Al content appears to occur across Al(VI),

Al(V), and Al(IV) sites in D-AAS-25, resulting in a similar amount of
Al(IV) in comparison to AAS (Supplementary Fig. 7). This observation
could explain the similar acidity between AAS and D-AAS-25, while D-
AAS-12, which contains the highest amount of Al(IV) sites, shows the
highest acidity (described in subsequent sections).

Figure 2b shows 2D proton-detected 1H–27Al heteronuclear cor-
relation spectra of AAS and D-AAS-12 obtained using the dipolar
refocused insensitive nuclei enhanced by polarization transfer (D-
RINEPT) pulse sequence65,66. Al(VI) Al(V), Al(IV) signals11,47,58–64 were
found to correlate with broad distributions of 1H signals consistent
with previous observations in amorphous aluminosilicates11. Evidently,
a correlation between Al(VI) and the 1H signal at 0.9 ppmwas observed
in the case of AAS, which likely corresponds to AlVI–OH species,
wherein aluminum is linked to six oxygen atoms—five of which form
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Al–O–Si bonds, and one forms an Al–OH bond. This species was pre-
sumably attributed to surface terminal Al–OH groups in AAS. In con-
trast, such a correlationwas absent in the case of D-AAS-12, potentially
indicating the removal of octahedral Al–OH species. Furthermore,
consistentwith the quantitative 1D 27Al spectra (Supplementary Figs. 6,
7), the relative intensity of Al(VI) with respect to Al(IV) decreased with
D-AAS-12 compared to AAS, suggesting the disruption of Al–O
bonds (Fig. 2b).

2D 1H–1H spin diffusion spectra of D-AAS-12 shown in Fig. 2c and
Supplementary Fig. 8 highlight several cross peaks that indicate close
spatial proximity between different sites: bridging SiOHAl and SiOH
species (3.9 and 1.2 ppm, 4.4 and 1.2 ppm), and bridging SiOHAl and
bridging AlOH groups (4.4 and 2.6 ppm)11,63. 2D 1H-1H single quantum
(SQ)–double quantum (DQ) correlation spectrum of D-AAS-12 also
shows strong auto-correlations for signals at 1.2 (SiOH), 3.9 (bridging
SiOHAl) and 7 ppm (water), suggesting close proximity of similar
species (Supplementary Fig. 9).

To elucidate the nature of defect sites using 17O solid-state NMR
spectroscopy and assess the influence of water adsorption, 17O-labeled
water (90%) was introduced to D-AAS-12 (D-AAS-12-17O). A relative
increase in the 4.4 ppm signal (hydrogen-bonded bridged hydroxyl
groups) was observed in the 1H solid-state NMR spectrum, indicating
an expected increase in hydrogen bonding upon water addition.
Moreover, the isolated terminal Al–OH signal at 0.1 ppm becamemore
prominent, signifying enhanced hydrolysis in the presence of water.
Simultaneously, the signal at 1.9 ppm broadened, suggesting
hydrogen-bonding interactions of water molecules with pseudo-
bridging silanols (Fig. 2a). This broadening results from diverse
hydrogen bond interactions involving pseudo-bridging silanols with
entities such as addedwatermolecules, neighboring silanol groups, or
neighboring Al–OH groups—all of which tend to increase upon addi-
tion of water. The dynamic behavior of water molecules also con-
tributes to the broadening of the signal around 1.9 ppm.

Upon the addition of water, the 1H–1H spin diffusion spectra of D-
AAS-12-17O revealed cross peaks consistent with D-AAS-12, indicating
that interactions between Si–OH–Al and SiOH/AlOH were still present
after water adsorption on defect sites (Fig. 2c and Supplementary
Fig. 8). Importantly, the 1H–1H spin diffusion spectra suggested that
defect creation did not impact the overall textural properties of the
material, and the introduction ofwater at defect centers did nothinder
existing interactions.

The adsorption ofwater on the defect siteswasdirectly confirmed
using 27Al and 17O solid-state NMR spectroscopy. Upon the addition of
water, the relative population of Al(IV) sites decreased with a con-
comitant increase in the population of Al(V) sites, while there was no
observable increase in Al(VI) sites (Supplementary Figs. 6, 7). This
observation could indicate thatAl(IV) sites aremore likely to reactwith
the added water, resulting in hydrolyzed Al(V) species. This observa-
tion is also consistent with the hypothesized relationship between
increased acidity and higher Al(IV) speciation in D-AAS-12.

17O solid-state NMR could be a potentially valuable tool to probe
the local environment of the defect sites introduced in AAS. However,
17O has a low natural abundance of 0.037% and is a spin-5/2 quad-
rupolarnucleus, which results inpoorNMR sensitivity andnecessitates
isotopic enrichment. 17O labeling of zeolitic materials has seen
renewed interest recently with the introduction of several isotopic
enrichment strategies67–70. Morris, Ashbrook, and co-workers recently
showed that a uniform 17O enrichment of zeolitic frameworks could be
achieved by mixing dehydrated zeolites with H2

17O at room tempera-
ture for a few days69,71. In the case of D-AAS-12, we expected a rapid 17O
enrichment due to the increased acidity of the material and the pre-
sence of oxygen vacancies. Indeed, stirring D-AAS-12 with 90%H2

17O at
room temperature for one hour, followed by removal of excess water
at 120 °C produces a uniform enrichment across Si–OH, Si–O–Si, and
Si–O–Al sites (Fig. 2d and e) (detailed synthetic procedures are

described in the experimental section). A 1D 17O spin echo spectrumof
D-AAS-12-17O labeled using this approach could be rapidly acquired
within 2.5min (Fig. 2d). The resolution of the 17O solid-state NMR
spectrumwas substantially improved by obtaining amultiple quantum
magic angle spinning (MQMAS)72,73 spectra which required only 6.5 h
of acquisition time (Fig. 2e). Signals characteristic of Si–OH, Si–O–Si,
and Si–O–Al was observed, indicating the uniform adsorption of H2

17O
at these sites69,70,74,75. The high sensitivity with which these 17O solid-
state NMR spectra were obtained validates the high efficiency of the
17O labeling approach used here. These results support the idea that
17O-labeling of D-AAS-12 is likely accelerated by its increased acidity
and the presence of oxygen vacancies, facilitating acid hydrolysis. A
more detailed characterization of the oxygen environments in these
materials will be the subject of future work.

Characterization of AAS and D-AAS
To obtain deeper insights into the characteristics of defects, an XPS
analysis was conducted (Supplementary Fig. 10). The XPS analysis of
the Si 2p region revealed two distinct peaks at 103.2 and 103.9 eV,
which were attributed to the presence of Si atoms in Si–O–Si or
Si–O–Albonds, aswell as silanol groups43,76,77. Upon the introductionof
defect sites, additional peaks emerged in the spectra of D-AAS-12 and
D-AAS-25 at 101.5 and 99.4 eV, and these peaks were assigned to the
presence of NBOHC sites and elemental Si, respectively43. The peak
area exhibited an increasing trend as the concentration of defects
increased from D-AAS-12 to D-AAS-25 (Supplementary Fig. 10a, d, g).
Additionally, when considering the relative area percentages, the peak
area percentage corresponding to NBOHC increased from 2.1% in D-
AAS-12 to 6.7% in D-AAS-25 (Supplementary Fig. 10d, g). Similar
observations were made in the O 1s spectra of AAS, D-AAS-12, and D-
AAS-25 (Supplementary Fig. 10b, e, h). The O 1s spectrum of AAS
exhibited three peaks at 531.5, 532.5, and 533.5 eV, which were attrib-
uted to the O atom in NBOHC sites, the Si–O–Al network, and the
hydroxyl group43,76–80. The peak at a higher binding energy of 533.5 eV
could also arise from the presence of adsorbed water76. The relative
area corresponding to NBOHC sites increased from AAS (11.3%) to D-
AAS-12 (17.2%) and further to D-AAS-25 (23.2%), indicating a rise in the
concentration of defect sites with increasing magnesium content
(Supplementary Fig. 10b, e, h).

In the case of Al 2p XPS spectra of AAS, D-AAS-12, and D-AAS-25,
the spectrawereagainde-convoluted into threepeaks at 74.5, 75.5, and
76.5 eV, which were assigned to tetrahedral Al sites Al(IV), penta-
coordinated Al sites Al(V), and octahedral Al(VI) sites, respectively
(Supplementary Fig. 10c, f, i)76–79. With the increase in defect con-
centration, the relative area corresponding to Al(IV) sites increased
from AAS to D-AAS-12 and further to D-AAS-25. Similarly, the relative
area corresponding to Al(VI) decreased from AAS to D-AAS-12 and
further to D-AAS-25. Taken together with the NMR results, the obser-
vations corroborated with the breaking of the Al–O bonds on the
creation of defects in AAS.

The oxygen vacancies or defects generated by the magne-
tiothermia treatments are known to have unpaired electrons i.e.,
radical formation. We performed electron paramagnetic resonance
(EPR) analysis of AAS, D-AAS-12, and D-AAS-25 to understand the nat-
ure of these radicals. In the case of AAS, we observed a small EPR signal
at g = 1.999, which indicated the presence of some NBOHC sites
(Supplementary Fig. 11)43,53,81–85. As the concentration of the defects
increased in D-AAS-12 and further in D-AAS-25, the intensity of the EPR
signal also increased, indicating the increase in the concentration of
defects (Supplementary Fig. 11). In the case of D-AAS-12, the EPR signal
became broader which indicated that not only the concentration but
the type of the defects was also increased going from AAS to D-AAS-
1243,53,81–85. Furthermore, line broadening due to dipolar couplings
between electron spins and g-anisotropy cannot be ignored. Addi-
tionally, we noted a shift in the EPR signal with the increasing
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concentration of defects in both D-AAS-12 and D-AAS-25 samples. This
phenomenon suggested that as the defect concentration increased,
theremay be concurrent alterations in the chemical nature or the local
environment of the defect sites, thus resulting in potential changes in
the g-factor. However, comprehensively probing the intricacies of
these changes in the local environment surrounding the defect sites
would necessitate a more thorough and specialized EPR investigation
and such an in-depth study lies beyond the scope of the current work.
The concentration of these sites further increased in the caseofD-AAS-
25 (Supplementary Fig. 11).

The influence of oxygen vacancies on the thermal behavior of
AAS and D-AAS
Thermogravimetric analysis (TGA) revealed a distinctive two-step
weight loss pattern upon heating (Supplementary Fig. 12). The initial
weight loss step occurred around 120 °C, corresponding to the deso-
rption of adsorbed water molecules from the catalyst’s surface47. The
percentage loss of adsorbed water increased from AAS (2.6%) to D-
AAS-12 (6.5%) and further to D-AAS-25 (7.7%) (Supplementary Fig. 12).
This observation suggests that an increase in oxygen vacancies
enhances the water adsorption capacity of the material. The oxygen
atoms of water molecules exhibit a higher affinity towards the oxygen
vacancies present in D-AAS-12 and D-AAS-25. This was also observed in
the 17ONMR spectrumwhere the labeledwater adsorbed at the defects
sites (Fig. 2e). Subsequently, as the temperature continued to rise, a
second weight loss step was observed, around 350 °C (Supplementary
Fig. 12). This step signifies the onset of dehydroxylation, which
involves the release of water following the breakdown of two surface
hydroxyl groups (–OH) within the material’s structure47. The weight
loss attributed to dehydroxylation followed the same increasing trend
as the loss due to adsorbedwater, escalating fromAAS (1.3%) toD-AAS-
12 (3.4%) and further to D-AAS-25 (4.2%) (Supplementary Fig. 12). The
introduction of defects increased the concentration of surface
hydroxyl groups, also observed from the 1H NMR studies. This ulti-
mately contributed to a higher degree of dehydroxylation and the
associated weight loss.

Quantifying defects via oxygen capture capacity
The relative quantification of oxygen vacancies in AAS and defective
AASs was determined through the estimation of their oxygen capture
capacity using O2 temperature programmed desorption (TPD) studies
(Supplementary Fig. 13). Initially, the catalyst’s surface was saturated
with O2 gas, with the oxygen vacancies and defect sites within the
material serving as the adsorption sites for the O2 molecules. Subse-
quently, the temperature of the catalyst was gradually increased,
causing the desorption of gases that were then detected; the amount
of O2 desorbed will be directly proportional to the concentration of
oxygen vacancies present. The desorption signals obtained from the
thermal conductivity detector (TCD) for all three samples exhibited
two partially overlapping broad peaks around 100 °C, along with a
broader peak around 300 °C, extending its tail up to 700 °C (Supple-
mentary Fig. 13). The initial broad peak corresponds to the desorption
of watermolecules, whichwere introduced as impurities during theO2

purging step. The subsequent desorption peak corresponds to the
release of chemisorbed O2 molecules from the surface, resulting from
the presence of oxygen vacancies. The identification of water and
oxygenmoleculeswas also confirmedby amass spectrometer coupled
with the TPD instrument. In the case of D-AAS-12 and D-AAS-25, the
desorption peak at higher temperatures exhibited a main peak within
the range of 280–290 °C, accompanied by a shoulder peak at ~390 °C
and another shoulder at around 506 °C (Supplementary Fig. 13). The
desorption peak associated with O2 was further deconvoluted into
three distinct peaks for all three catalysts (Supplementary Fig. 13). The
desorption peak within the range of 280–290 °C was attributed to the
desorption of O2 molecules adsorbed on the oxygen vacancies,

bonded to Si or Al atoms adjacent to the vacancies86,87. The shoulder
peak at around 390 °C likely arises from the desorption of O2 mole-
cules adsorbed within oxygen vacancies exhibiting different chemical
environments, possibly stabilized or buried deeper within the
pores88,89. The origin of the shoulder peak at ~506 °C remains unclear,
although it may be attributed to the desorption of peroxy radical
species formed following the reaction of O2 with surface radical spe-
cies. All the observed desorption peaks were also present in the case of
AAS, suggesting the existence of naturally formed defects during the
synthesis process (Supplementary Fig. 13). Furthermore, the amount
of O2 desorbed during the TPD analysis was found to be highest in D-
AAS-25, with a value of 2.1 ± 0.11mmol g−1, followed by D-AAS at
1.7 ± 0.1mmol g−1, and AAS at 0.15 ± 0.08mmol g−1 (Supplemen-
tary Fig. 13).

Determination of acidic strength by ammonia TPD analysis
To gain insights into the influence of defects on the acidic strength of
thematerials, we conducted an ammonia TPD study47 (Supplementary
Fig. 14). Initially, the catalyst’s surface was saturatedwith NH3 gas, with
the Brønsted acidic sites and surface hydroxyl groups within the
material serving as the adsorption sites for the NH3 molecules. Sub-
sequently, the temperature of the catalyst was gradually increased,
causing desorption of NH3 which was then detected. Through analysis
of Gaussian-deconvoluted traces, we were able to derive quantitative
insights into the acidic strength of D-AAS and AAS. In the high-
temperature strong acid region (above 310 °C)47, all materials exhib-
ited two distinct desorption peaks (Supplementary Fig. 14). In the case
of D-AAS-12, the desorption peak was observed at a higher tempera-
ture compared toAAS. This shift in the desorptionpeak, observed inD-
AAS-12 (343 and 493 °C) compared to AAS (at 292 and 427 °C), indi-
cated a stronger bonding of NH3 and, consequently, a higher acidic
strength. However, as the defect concentration was further increased
in D-AAS-25, the desorption peak temperature decreased (320 and
437 °C), suggesting a decrease in acidic strength. This trend was also
reflected in the total amount of desorbed ammonia. The quantity of
NH3 adsorbed increased from AAS (0.6 ± 0.02mmol g−1) to D-AAS-12
(1.1 ± 0.06mmol g−1) and subsequently decreased in D-AAS-25
(0.8 ± 0.1mmol g−1) (Supplementary Fig. 14). These findings indicated
that D-AAS-12 exhibits superior acidic behavior compared to both AAS
and D-AAS-25. These results highlight the significance of an optimal
defect concentration in enhancing the acidity of AAS. The observed
phenomenon can be attributed to the loss of aluminum sites resulting
from an increased defect concentration. Consequently, the introduc-
tion of defects in AAS has two opposing effects: it creates defects that
improve the acidity of the Brønsted acidic sites, while simultaneously
leading to a reduction in the number of aluminum sites (Supplemen-
tary Table 1).

Assessing the impact of defect creation in catalysis using four
acid-catalyzed reactions
To elucidate the impact of defects on AAS acidity and, consequently,
catalytic activity, a series of four acid-catalyzed reactions were con-
ducted. The ring-opening reaction of styrene oxide (Fig. 3a), was
chosen as ourmodel system to identify themost effective catalystwith
an optimal defect concentration. D-AAS-12 exhibited a superior per-
formance compared to AAS, indicating an enhanced level of acidity.
The conversion of styrene oxide reached 88% within 90min, and
subsequently plateaued at around 92% (Fig. 3a). On the other hand,
AAS achieved a conversion of 54% in the same time frame, reaching a
maximum value of 74% after 240min (Fig. 3a). The substantial dis-
parity in conversion and kinetics between D-AAS-12 and AAS under-
scores the influence of defects in augmenting the acidity and catalytic
activity of AAS.

However, as thedefect concentrationwas increased inD-AAS-25, a
decline in catalytic activity and kinetics was observed, yielding a
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conversion of 31% within 90min in comparison to AAS (Fig. 3a). This
reduction can be attributed to its higher Si/Al ratio due to loss of some
Al sites from the framework. The increased Si/Al ratio adversely affects
the acidity, as also evidenced by theNH3 TPD. These results emphasize
the significance of striking an optimal balance in defect concentration
to achieve the desired catalytic performance. Subsequently, the reac-
tion parameters, such as temperature and initial concentration of
styrene oxide, were systematically varied to optimize the reaction
conditions. The initial amount of styrene oxide was varied from 2.2 to
8.8mmol while monitoring the resulting conversion and reaction
kinetics. Maximum conversion and reaction kinetics were attained at
an initial styrene oxide amount of 2.2mmol, with a subsequent
decrease in performance observed as the amount of styrene oxide was
increased (Supplementary Fig. 15a). This phenomenon can be attrib-
uted to the fact that a smaller quantity of styrene oxide undergoes
faster conversion, leading to the attainment of maximum conversion
at an earlier stage.

However, upon calculating the turnover number (TON), it was
discovered that the TON increased from 2.2 to 6.6mmol of styrene
oxide. Subsequently, as the amount of styrene oxide was further
increased, the TON continued to rise; however, the rate of TON
increase was not as pronounced as observed in the earlier range
(Supplementary Fig. 15b). The styrene oxide quantitywas standardized
at 6.6mmol, while the reaction temperature was varied within the
range of 40–60 °C. A progressive elevation in temperature yielded
notable enhancements in conversion, reaction kinetics, and TON for
both AAS andD-AAS-12 (Supplementary Fig. 16). Intriguingly, D-AAS-12
consistently outperformed AAS across all temperature conditions,
exhibiting a superior ability to convert a higher number of reactant

molecules i.e., TON, and at a faster reaction rate i.e., kinetics (Sup-
plementary Fig. 16).

By examining the order of the reaction, we attempted to gain a
deeper understanding of the interaction between reactant molecules
and the catalyst surface, thereby elucidating the underlying
mechanisms90,91. We performed calculations to ascertain the order of
the reaction concerning styreneoxide for bothAAS andD-AAS-12while
keeping methanol concentration constant (Fig. 3b). The order was
obtained from the log plot of the rate of the reaction with the initial
styrene oxide concentration. The calculation was performed using
Eqs. (1)–(3):

Rate kð Þ / Styrene oxide Mð Þ½ �n ð1Þ

Rate kð Þ=C × Styrene oxide Mð Þ½ �n ð2Þ

ln kð Þ= lnðCÞ+n× lnðMÞ ð3Þ

Here, k is the rate of reaction, C is a constant, M is the initial
molarity of styrene oxide, and n is the order of the reaction.

The order of the reaction was found to decrease from AAS
(0.8 ± 0.08) to D-AAS-12 (0.6 ± 0.04), which indicated better surface
coverage or adsorption of styrene oxide on D-AAS-12, which helped in
enhancing the catalytic activity as compared to AAS (Fig. 3b). We then
calculated the activation energy of the reaction using the Arrhenius
equation toquantitatively assess the energy barrier associatedwith the
reaction for both AAS and D-AAS-12 (Fig. 3c). It showed similar acti-
vation energy values for both catalysts, suggesting that AAS and D-
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Fig. 3 | Catalytic performance and kinetic analysis of styrene oxide ring-
opening by AAS and defective AAS. a Styrene oxide ring-opening catalyzed by
AAS, D-AAS-12, and D-AAS-25, The solid lines are guidelines, not fit lines. bOrder of
the reaction, c Arrhenius plot for the activation energy, and d Eyring plot for

entropy change for styrene oxide ring-opening reaction catalyzed by AAS and D-
AAS-12. Error bars: Standard deviation calculated from data of at least three repe-
ated experiments for all the figures.
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AAS-12 follow similar reaction mechanisms and energy profiles
(Fig. 3c). The close resemblance in the activation energies of AAS and
D-AAS-12, while informative, does not provide a comprehensive
explanation for the observed enhancement in catalytic activity. This
suggests that the heightened acidity of D-AAS-12 likely exerts its
influence on various reaction steps beyond solely impacting the rate-
determining step.

To gain deeper insights into the intricate details of the reaction
mechanism, we employed the Eyring plot analysis to examine the
entropy change for both AAS and D-AAS-1292. This comprehensive
analysis allowed us to discern the specific step in the reaction
mechanism where the catalyst actively participated, shedding light on
its crucial role. We derived the pre-exponential factor (A) from the
Arrhenius plot (Fig. 3c) for D-AAS-12 and AAS. By utilizing Eqs. (4)–(7),
we calculated the entropy change associated with the reaction.

k =
kBT
h

e�ðΔHz
RT Þeð

ΔSz
R Þ ð4Þ

ln
k
T

� �
= ln

kB
h

� �
� ΔHz

RT
+
ΔSz

R
ð5Þ

ΔHz = slope×R ð6Þ

ΔSz =R lnA� R ln
kBT
h

� �
� R ð7Þ

The Eyring plot analysis for the entropy change exhibited a
moderately negative value for both D-AAS-12 (−93.9 ± 2.3 J K−1 mol−1)
and AAS (−88.2 ± 1.9 J K−1 mol−1), indicating that they function as spe-
cific acids in the initial step of the reaction rather than in the rate-
limiting step (Fig. 3d).

We also investigated the reproducibility of D-AAS-12 synthesis
across different batches by conducting styrene oxide ring-opening
reactions for three independent batches of D-AAS-12. We observed
consistent conversion rates with all three batches of D-AAS-12,
affirming the reliability and repeatability of the synthesis process
(Supplementary Fig. 17). To evaluate the practical viability of the D-
AAS-12 catalyst, we conducted an assessment of its recyclability. It
revealed thatD-AAS-12 exhibited sustained catalytic activity for at least
10 cycles (Supplementary Fig. 18), showcasing its inherent stability and
immense potential for practical applications. We evaluated the impact
of acid treatment on catalysis by conducting the styrene oxide ring-
opening reaction with acid-treated AAS. The acid-treated AAS exhib-
ited comparable activity to untreated AAS, indicatingminimal changes
from the acid treatment (Supplementary Fig. 19). In contrast, D-AAS-12
without acid wash displayed negligible activity, highlighting the
importance of acid wash in removing Mg-byproducts that are formed
during the defect creation (Supplementary Fig. 19). Control experi-
ments using Mg powder as a catalyst also showed minimal activity
(Supplementary Fig. 19), confirming the role of defects in enhancing
acidity and activity in D-AAS-12.

Synergy between defects and textural properties in AAS during
catalysis
While the epoxide ring opening reaction provided insight into the
impact of defects on catalytic performance, it did not elucidate the
significant influenceof pore size and surface areaon catalytic behavior.
Hence, we sought to investigate the mass diffusion characteristics in
conjunction with the acidic properties of D-AAS-12 relative to AAS. To
comprehensively assess these attributes, we selected a diverse range
of challenging acid-catalyzed reactions, employing reactantmolecules
possessing distinct sizes and functionalities. Our initial selection of
the Friedel−Crafts alkylation reaction was predicated upon its

involvement in the condensation of two six-membered carbon rings.
This reaction necessitated not only a good level of acidity but also the
presence of a mesoporous structure capable of accommodating the
resulting larger product molecule (Fig. 4a). In this reaction, D-AAS-12
demonstrated superior performance compared to AAS, highlighting
its enhanced acidity and mesoporous structural attributes relative to
AAS (Fig. 4a).

Subsequently, we conducted a comparative analysis of the cata-
lytic activities of AAS and D-AAS-12 in the synthesis of jasminaldehyde.
This reaction, in addition to the involvement of the six-membered
carbon ring, introduced heptanal as another reactant. This allowed us
to probe whether the alterations in textural properties and acidic
strength associated with D-AAS-12 retained their cooperative effect
when catalyzing the activation of a larger reactant molecule featuring
an extended open carbon chain. In this case, D-AAS-12 consistently
outperformed AAS in terms of reaction kinetics and overall conver-
sion (Fig. 4b).

Finally, we turned our attention to a reaction involving the con-
densation of two six-membered carbon rings, accompanied by the
formation of a double bond. The formation of this double bond
imposed geometric constraints on the product molecule and required
a specific coupling of two reactant molecules to overcome the steric
hindrances posed by side chains. The D-AAS-12 and AAS were both
subjected to testing in the context of acid-catalyzed vesidryl synthesis,
with D-AAS-12 once again surpassing AAS (Fig. 4c). D-AAS-12 and AAS
were then compared against conventional solid acids for vesidryl
synthesis (Supplementary Table 3). The mesoporous morphology and
strong acidity of AAS, in cooperation with defects, facilitated superior
catalytic activity, even at lower reaction temperatures and lower cat-
alyst amounts, in contrast to conventional solid acid catalysts. Col-
lectively, these reactions underscored the superior attributes of D-
AAS-12 when compared to AAS, highlighting the synergistic interplay
between its structural characteristics and enhanced acidic strength.
This superior performance across a range of reactions demonstrates
how the cooperative enhancement of structural and acidic properties
on the introduction of defects in AAS expands the applicability of solid
acid catalysts in diverse acid-catalyzed reactions involving reactant
molecules of varying sizes.

Probing molecular mechanisms: insights from in-situ FTIR
analysis
To understand the intricate interplay between reactant molecules and
defect sites, we undertook in-situ FTIR studies. These investigations
aimed to elucidate the interaction dynamics between various mole-
cular species and defect sites within the system. The obtained FTIR
spectra of the samples, AAS and D-AAS-12, exhibited distinct peaks at
1131 and 1070 cm−1, respectively. These peaks were attributed to the
stretching mode of Al–O–Si and Si–O–Si bonds (Fig. 5a–c)93–95. Fur-
thermore, an additional signal at 3742 cm−1 was observed, which ori-
ginated from the stretching vibrations of Si–OH groups96. A broad
signal spanning the range of 3000–3600 cm−1 indicated the presence
of adsorbed water molecules on the surface of the catalyst96. Addi-
tionally, a weak signal at 964 cm−1 was detected, which could be
ascribed to the stretching vibrations of Si–OH or Al–OH groups97. Of
particular significance were the peaks at 1079 and 1198 cm−1, corre-
sponding to the transverse optical (TO) and longitudinal optical (LO)
modes, respectively, of the asymmetric stretching of the Si–O–Si
bond98. In the harmonic approximation, the TO and LO phonons are
the points where the dielectric functionof themediumpeaks or drops,
respectively. LO modes involve atoms vibrating parallel to the main
axis of the lattice, while TO modes involve atoms vibrating perpendi-
cular to this axis. Deconvolution of the peaks within the
900–1300 cm−1 region allowed us to analyze the relative areas asso-
ciated with specific vibrational modes. Interestingly, the ratio of the
area at 1131 cm−1 to that at 1070 cm−1 was found to be lower in the case
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of D-AAS-12 (0.39) compared to AAS (0.63). This observation sug-
gested the occurrence of oxygen vacancies resulting from the rupture
of Si–O–Al bonds (Fig. 5a–c). Upon the introductionof styreneoxide to
the D-AAS-12 catalyst, a distinctive feature emerged in the form of a
shoulder in the peak at 875 cm−1 (Fig. 5d, vertical dashed line in mag-
nified Fig. 5e), which is known to correspond to epoxide ring
vibrations99. This shoulder appeared at a lowerwavenumber compared
to the peak observed for pure styrene oxide. This spectral observation
suggested an interaction between the epoxide ring and the oxygen
vacancies present in theD-AAS-12 catalyst, consequently leading to the
perturbation of the epoxide ring structure (Fig. 5d–f).

To gain further insights into the reaction progression, in-situ FTIR
measurements were performed. These investigations enabled the real-
timemonitoring of the chemical transformations occurring within the
system. After recording the baseline with the KBr pellet, we loaded the
D-AAS-12 pellet, which had been diluted with KBr powder (details
provided in the “Methods” section), into the in-situ FTIR reaction cell.
Upon the addition of styrene oxide and methanol, we observed a
noticeable change in the relative intensity of styrene oxide peaks
compared to those observed with pure styrene oxide on D-AAS-12
(Fig. 5d, g). This variation occurred due to the differing baseline
recording methods employed: while pure styrene oxide on D-AAS-12
utilized the D-AAS-12 pellet as the baseline, the in-situ FTIR experi-
ments employed the KBr pellet. Consequently, the presence of signals
fromD-AAS-12 andmethanol led to signal interference, resulting in the
observed change in relative peak intensities of styrene oxide. Over
time, a discernible reduction in the intensities of the peaks associated
with the stretching vibrations of the epoxide ring at 1250 and 875 cm−1

was observed99. This decrease in peak intensity directly indicated the
opening of the epoxide ring and its subsequent conversion into the
product (Fig. 5g).

The in-situ FTIR studies provided insights into the intricate
molecular-level interactions and the progression of reactions occurring
on the D-AAS-12 catalyst. These findings have shed light on the pivotal
role played by defect sites in facilitating desired chemical transforma-
tions. Based on the results of in-situ FTIR, we have proposed a reaction
mechanism for the catalytic process of epoxide ring opening by D-AAS-
12 (Fig. 5h). The initial step involves the adsorption of styrene oxide
onto the surface ofD-AAS-12. Subsequently, the acidic proton ofD-AAS-
12 protonates the oxygen atom within the epoxide moiety. This pro-
tonation event sets the stage for the subsequent step, wherein metha-
nol acts as a nucleophile and launches an attack on the carbon atom of
the epoxide ring, ultimately leading to its opening. The proton is sub-
sequently transferred back to D-AAS-12, resulting in the desorption of
the product from the catalyst surface. As a final step, the catalyst is
regenerated, ready to initiate the next reaction cycle (Fig. 5h). This
proposed mechanism emphasizes the critical role of D-AAS-12 as an
acid catalyst, effectively facilitating the sequential processes of
adsorption, protonation, and subsequent ring-opening of the epoxide
functionality, ultimately leading to the formation of the product.

In this study, we successfully enhanced the acidic strength and
catalytic activity of AAS by strategically tuning the oxygen vacancies
through the magnesiothermic treatment method, introducing defects
into the AAS material. Our approach proved highly effective in
improving catalytic performance across a spectrum of acid-catalyzed
reactions, including styrene oxide ring opening, vesidryl synthesis,
Friedel-Crafts alkylation, and jasminaldehyde synthesis. Comprehen-
sive characterization techniques allowed us to assess the properties of
D-AAS. While the introduction of defects did not significantly alter the
morphology or textural properties of AAS, it brought about distinct
changes in optical and chemical properties, such as O2 capture cap-
ability and acidic strength,which correlatedwith defect concentration.
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The catalyst exhibited a specific acidity order: D-AAS-12 >D-AAS-
25 > AAS, underscoring the importance of optimizing defect con-
centration to achieve the desired acidity level in AAS. Solid-state NMR,
XPS, EPR, and FTIR analyses offered valuable insights into defect nat-
ure, concentration, and their correlation with the aluminosilicate fra-
mework. Solid-state NMR spectroscopy revealed changes in the Al
composition introduced by defect formation, with an increase inAl(IV)
sites in D-AAS-12, which likely corresponds to its increased acidity. The
increased acidity and the presence of oxygen vacancies in D-AAS-12
also enabled facile, uniform 17O labeling of Si–OH, Si–O–Al, and

Si–O–Si species usingH2
17O at room temperature, permitting the rapid

acquisition of 1D 17O and MQMAS solid-state NMR spectra.
The impact of defect creation on catalytic behavior was con-

sistently demonstrated across four different reactions, with D-AAS
consistently outperforming AAS. This highlights the superior synergis-
tic effects between introduced defects and existing acidic sites within
the D-AAS catalyst. In-situ FTIR analysis offered critical insights into
molecular-level reaction mechanisms, particularly in the styrene oxide
ring-opening reaction, where the shift in the epoxide ring’s peak indi-
cated an interaction between D-AAS-12 and styrene oxide.
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Fig. 5 | FTIR analysis and proposed mechanism of styrene oxide ring-opening.
a FTIR spectra of AAS and D-AAS, Deconvulated FTIR spectra of b AAS, c D-AAS-12,
the dashed lines indicate the peak corresponding to stretching vibrations of
Al–O–Si (1131 cm−1) and Si–O–Si (1070 cm−1). d, e FTIR spectra of styrene oxide pure
and adsorbed on D-AAS-12, the vertical dashed line shows the appearance of a
shoulder in the 875 cm−1 peak. f Proposed interactions of styrene oxide with the

defects centers of D-AAS-12. g Time-dependent in-situ FTIR of styrene oxide ring-
opening reaction catalyzedbyD-AAS-12, the shaded region in the spectrahighlights
the stretching vibrations of the epoxide ring at 1250 and 875 cm−1, and the changes
in these features over time. h Proposed reaction mechanism of styrene oxide ring-
opening reaction catalyzed by D-AAS-12.
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In conclusion, our study underscores the potential of defect
manipulation as a promising avenue for fine-tuning the acidity of
amorphous aluminosilicates. The multifaceted characterization and
catalytic studies presented here provide a comprehensive under-
standing of the role of defects in enhancing acidity and catalytic per-
formance, offering valuable insights for the design of advanced
catalysts tailored to specific reactions in heterogeneous catalysis.

Methods
Materials
Cetyltrimethylammoniumbromide (CTAB, ≥99%; Sigma-Aldrich),Urea
(≥99%; Sigma-Aldrich), Tetraethyl orthosilicate (TEOS, 98%; Sigma-
Aldrich), Tris(2,4-pentanedionato)aluminum(III) (Al(acac)3, >99.0%;
Tokyo Chemical Industry (TCI)), p-Xylene (p-xylene for synthesis, 99%;
Loba Chemie), Deionized water (H2O; Milli-Q System; Millipore),
Ethanol (99.9%, Changshu Hongsheng Fine Chemical Co. Ltd.), Mag-
nesium powder (≥99%; Sigma-Aldrich), Methanol (anhydrous, 99.8%;
Sigma-Aldrich), Styrene Oxide (>98.0%, Tokyo Chemical Industry
(TCI)), 2’,4’-Dimethoxyacetophenone (97%; Sigma-Aldrich), p-Ani-
saldehyde (98.0%, Sigma-Aldrich), Anisole (>99.0%; Tokyo Chemical
Industry (TCI)), Benzyl alcohol (ReagentPlus, ≥99%; Sigma-Aldrich),
Benzaldehyde (ReagentPlus, ≥99%; Sigma-Aldrich), and Heptanal
(>95.0%, Tokyo Chemical Industry (TCI)).

Synthesis of amorphous acidic aluminosilicates (AAS)
In a typical synthesis, a cationic detergent cetyltrimethylammonium
bromide (CTAB) (500mg) and urea (600mg) were taken in a 500mL
round bottom (RB) flask47. Deionized water (5mL) was then added to
the RB and the solution was then stirred for 30min using magnetic
stirring (1400 r.p.m.). To this, a freshly prepared solution of TEOS
(2.8mmol) and Al(acac)3 (2.8mmol) in p-xylene (45mL) was added
dropwise under stirring (1000 r.p.m). The reaction mixture was then
stirred (1000 r.p.m) at room temperature (RT) for 30min. It was then
refluxed at 120 °C for 12 h and subsequently cooled to RT. The white
solid product was then isolated by centrifugation (15,356×g for
10min). The product was then washed with ethanol (3 times), and DI
water (3 times). This is followedby anotherfinalwashwith ethanol. The
solid product was then dried at 80 °C for 12 h in an oven. The dried
solid product was then calcined at 750 °C (ramp: 5 °Cmin–1) for 6 h in
the air to remove the CTAB template (Supplementary Fig. 1)47.

Synthesis of defective amorphous acidic aluminosilicates
(D-AAS)
In a typical synthesis of D-AAS, AAS (200mg) was mixed with mag-
nesium (Mg) powder (24 and 50mg for D-AAS-12 and D-AAS-25,
respectively, where 12 and 25 represent the weight percentage of
magnesium powder with respect to the weight of AAS)43. The AAS and
Mg powders were thoroughly ground using amortar pestle for 15min.
The ground powder was then transferred to an alumina boat. The boat
was heated in a tube furnace at 650 °C for 5 h in a quartz tube in Argon
flow (100mLmin−1). The tube was then cooled to room temperature,
and defective AAS, magnesium oxide (MgO), and magnesium ortho-
silicate (Mg2SiO4) powders were formed. MgO or Mg2SiO4 was then
removed by dissolving it by stirring (700 r.p.m) the powder in a solu-
tion of hydrochloric acid (13M, 14.5mL) (to form MgCl2), ethanol
(224mL), and DI water (20mL) for 6 h. The solid product was then
washed with ethanol (3 times), and DI water (3 times). This is followed
by another finalwashwith ethanol. The solid product was then dried at
80 °C for 12 h in an oven. The dried powder was then stored under
normal atmospheric conditions (Supplementary Fig. 2).

Characterization of AAS and D-AAS
All SEM imaging was performed using a Zeiss Ultra microscope at 3 kV
with a working distance of 8mm. Scanning transmission electron
microscopy (STEM) analysis was carried out using FEI Tecnai operated

at an accelerating voltage of 200 kV. Elemental mapping was carried
out using energy-dispersive X-ray spectroscopy (EDS). Samples were
prepared by dispersing a small amount of solid powder in ethanol by
sonicating for 10 s. The dispersion was drop-casted onto a holey
carbon-coated 200 mesh copper TEM grid. PXRD patterns were
obtained using a PANalytical X’Pert Pro powder X-ray diffractometer
with Cu-Kα radiation. N2 sorption measurements were performed
using a Micromeritics 3-Flex surface analyzer (samples were degassed
at 200 °C for 24 h under a vacuum before analysis). UV–Vis–DRS
measurements were carried out using a JASCO UV–Vis/NIR spectro-
photometer. XPS analysis was carried out using a Thermo Kα+ spec-
trometer with micro-focused and monochromated Al-Kα radiation
(1486.6 eV) as the X-ray source. The samplewasprepared by sprinkling
solid powder on carbon tape. The carbon signal at 284.6 eVwasused as
an internal reference. Thermal gravimetric analysis (TGA) analysis was
performed using a Mettler Toledo TGA instrument. In a typical analy-
sis, 6–8mg of sample was taken in an alumina crucible and was
degassed at 120 °C for 1 h under Ar flow (50mLmin−1). The tempera-
ture was then increased to 700 °C at the rate of 10 °Cmin−1 under Ar
flow (50mLmin−1). For the photoluminescence (PL) measurements,
excitation was carried out at 400 nm (slit width 1 nm) using a Xenon
lamp in FluoroLog®-3 (Horiba Jobin Yvon Inc.). The sample was pre-
pared by dispersing the catalyst in ethanol (1mgmL−1) by sonicating it
for 5min. The dispersion (750 µL) was taken in a quartz cuvette fol-
lowedby light excitation. The EPR spectraof all sampleswere recorded
at room temperature using Bruker EMX micro X-band cw EPR spec-
trometer. The following conditions were used to record the EPR
spectra of the catalyst, amount = 40mg, power = 10.0mW, number of
scans = 5,microwave frequency= 9.331594GHz, andQ-factor = 14,300.
The solid sample powder was degassed in an EPR tube at 120 °C for
10 h before recording the EPR spectra. The magnesium content was
also quantified using Agilent 7900 inductively coupled plasma mass
spectrometry (ICP-MS). ICP-MS was done by digesting 1mg of sample
powder in 100 µL of concentrated HNO3 at 80 °C for 6 h. The solution
was then filtered to remove any suspended solid product and the fil-
tered solution was diluted with DI water to make the final concentra-
tion 10 ppb. The instrument was calibrated by recording data using
standard solutions of 0, 5, 10, 20, 50, and 100 ppb of metal salts.

Oxygen capture capacity (OCC) measurement
The oxygen capture capacity (OCC) measurements were done using
Catalyst Analyzer BELCAT II coupled with a quadrupole mass spec-
trometer (Belmass). Catalyst (20mg) was taken in a quartz tube and
heated from 25 to 200 °C at a ramp rate of 10 °Cmin−1 under helium
flow (30mLmin−1). The catalyst was then kept at 200 °C for 1 h under
helium flow (30mLmin−1) to remove adsorbed surface impurities. The
temperature was then reduced to −80 °C under helium flow
(30mLmin−1) followed by 10min purging at −80 °C under helium flow
(30mLmin−1) to attain temperature stability. The catalyst was then
exposed to oxygen gas (30mLmin−1) at −80 °C for 30min. The quartz
tube was then purged by flowing helium gas (30mLmin−1) to remove
the physisorbed oxygenmolecules. The catalyst was then heated from
−80 to 700 °C at a ramp rate of 10 °Cmin−1 under helium flow
(30mLmin−1), and the desorbed gases were detected by thermal
conductivity detector (TCD) and quadrupole mass spectrometer
(belmass). The desorbed gases were quantified by TCD signal, which
was calibrated by doing a five-point calibration by introducing known
concentrations of gases.

Acidic strength measurement by ammonia temperature pro-
grammed desorption (NH3-TPD)
The acidic strength measurements by ammonia temperature pro-
grammed desorption (NH3-TPD) were done using Catalyst Analyzer
BELCAT II coupled with a Quadrupole mass spectrometer (Belmass).
Catalyst (28mg) was taken in a quartz tube and heated from 25 to
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200 °C at a ramp rate of 10 °Cmin−1 under helium flow (30mLmin−1).
The catalyst was then kept at 200 °C for 1 h under helium flow
(30mLmin−1) to remove adsorbed surface impurities. The tempera-
ture was then reduced to 50 °C under helium flow (30mLmin−1) fol-
lowed by 10min purging at 50 °C under helium flow (30mLmin−1) to
attain temperature stability. The catalyst was then exposed to 5% NH3

(in He) gas (30mLmin−1) at 50 °C for 30min. The quartz tube was then
purgedbyflowingheliumgas (30mLmin−1) to remove thephysisorbed
NH3 molecules. The catalyst was then heated from 50 to 700 °C at a
ramp rate of 10 °Cmin−1 under helium flow (30mLmin−1), and the
desorbed gases were detected by thermal conductivity detector (TCD)
and quadrupole mass spectrometer (belmass). The desorbed gases
were quantified by TCD signal, which was calibrated by doing a five-
point calibration by introducing known concentrations of gases.

Solid-state NMR spectroscopy
AAS, D-AAS-12, D-AAS-25, and D-AAS-12-17O samples were prepared for
solid-state NMRby degassing at 200 °C for 12 h under vacuum. Helium
gas was then flowed at 200 °C for 60min followed by cooling to room
temperature under helium. D-AAS-12-17O was prepared by treating D-
AAS-12 with 90% 17O-labeled water (H2

17O). After the above-mentioned
treatment at 200 °C and cooling, 50 µL of H2

17O was added under
stirring. The sample was then stirred at room temperature for 60min
followedby the removal of excesswater by flowingHe gas at 120 °C for
60min under stirring. The samples were then packed into rotors in a
glove box under an Ar atmosphere.

All solid-state NMR experiments were performed at 18.8 T with
ν0,1H = 799.71MHz, ν0,27Al = 200.39MHz, and ν0,17O = 108.41MHz. 1H
chemical shifts were referenced with respect to neat tetramethylsilane
with Adamantane as a secondary chemical shift standard at 1.92 ppm.
27Al and 17O chemical shifts were indirectly referenced using the IUPAC
recommended standard frequency ratios100. Spectrawere processed in
Bruker TopSpin 3.6.3. One- and two-dimensional (1D and 2D) 1H NMR,
and 2D 1H–27Al solid-state NMRexperiments were performed at 50 kHz
magic angle spinning (MAS) frequency using a 1.3mm HXY probe in
1H–27Al configuration. 1D 1H spectra were obtained using a rotor-
synchronized spin echo pulse sequence. 1H π/2 and π pulse lengths of
2.5 and 5μs, respectively, were used. 2D 1H-1H spin diffusion spectra
using a standard three-pulse sequence with the indicated spin diffu-
sion periods. 2D spin diffusion spectra were acquired with 8 scans per
increment, 256 hypercomplex t1 increments (using STATES-TPPI), and
a t1-increment size of 40μs (25 kHz indirect spectral width). 1H–1H
single quantum– double quantum correlation spectrum of D-AAS-12
was obtained using one rotor cycle of back-to-back (BABA)
recoupling101. 1H detected 2D 1H–27Al correlation spectrawere acquired
using the dipolar refocused insensitive nuclei enhanced by polariza-
tion transfer (D-RINEPT) pulse sequence65,66,102. 27Al central transition
selective π/2 and π pulse lengths of 4.5 and 9μs, respectively, were
used. 800μs of SR42

1 dipolar recoupling103 was applied at the second-
order rotary resonance recoupling condition (100 kHz rf). Rotor-
assisted population transfer (RAPT)104 was used to enhance the 27Al
central transition polarization prior to the INEPT transfer, using
WURST pulses (2 rotor period duration, ±250kHz offset, ca.19 kHz rf
field). A recycle delay of 0.3 s was used. 64 t1-increments (20μs steps)
were acquired with 128 (AAS) or 256 (D-AAS-12) scans per increment.

1D 27Al and all 17O solid-state NMR experiments were performed at
16 kHz MAS frequencing using a 3.2mm HXY probe. Samples were
packed into 3.2mm thin-wall Phoenix NMR rotors. 1D 27Al solid-state
NMR experiments were performed with a short 10° tip angle pulse
(1.4μs pulse length) to ensure quantitative excitation. A recycle delay
of 2 s was found to be quantitative under these conditions. 1D 27Al
spectra of AAS, D-AAS-12, and D-AAS-12-17O were acquired with
512 scans, whereas the corresponding spectrum of D-AAS-25 was
obtained with 1024 scans due to a relatively lower signal-to-noise ratio
with this sample. A 1D 27Al NMR spectrum of the broad, low-intensity

probe background signal was subtracted from all the 1D 27Al spectra
before further analysis. 1D 27Al NMR spectra were fit to normal Czjzek
distributions105 (simplemodel) using ssNake v1.4106. Further details are
provided in the figure caption. The 1D 17O solid-state NMR was
obtained using a RAPT spin echo pulse sequence using a central
transition selectiveπ/2pulse length of 6.5μs; RAPTwas applied using a
2-rotor period WURST pulse with a ± 250kHz offset and ca. 22 kHz rf
field. 2D 17O triple quantum magic angle spinning (3QMAS) spectrum
was acquired using a shifted-echo MQMAS pulse sequence72,73. 3Q
excitation and 3Q-SQconversionpulseswith pulse durations of 3.5 and
1.4μswere applied at ca. 70 kHz rf. 32 t1-incrementswere acquiredwith
an increment duration of one rotor period (62.5μs) and 1440 scans per
increment and 0.5 s recycle delay, corresponding to a total acquisition
time of ca. 6.5 h.

AASorD-AAS catalyzed styreneoxide ring opening bymethanol
AAS or D-AAS (15mg) was taken in a Schlenk flask, degassed at 120 °C
for 1 h to remove adsorbed moisture from the surface, and subse-
quently cooled under N2 to 30 °C. Absolute methanol (5mL) was
added, and the flask was sonicated for 30 seconds. The flask was then
heated to 60 °C. Styrene oxide (500μL) was added to this flask under
stirring and the reaction progress was monitored by withdrawing
samples at different time points (0, 15, 30, 45, 60, 90, 120, 150, 180,
and 240min). All the products were identified by an Agilent
7890B GC–MS.

Recyclability test. Following each cycle, the solid catalyst underwent
isolation via centrifugation at 15,356×g for 5min, coupled with a
thorough washing withmethanol (5mL) repeated twice to remove any
adsorbed reactant or product molecules from the surface of the cat-
alyst. Subsequently, the washed catalyst was redispersed in anhydrous
methanol (5mL) through 30 s of sonication, initiating a fresh cycle of
the styrene oxide ring-opening reaction.

AAS or D-AAS catalyzed synthesis of 2’,4,4’-trimethoxychalcone
(Vesidryl)
AAS or D-AAS-12 (20mg) was taken in a Schlenk flask, degassed at
120 °C for 1 h to remove adsorbed moisture from the surface, and
subsequently maintained under N2 at 120 °C. 2,4-dimethoxy acet-
ophenone (DMA) (3.4mmol) was dissolved in p-Anisaldehyde
(3.7mmol) and then added to the reaction flask. the reaction pro-
gress was monitored by withdrawing samples at different time points
(0, 15, 30, 45, 60, 90, 120, 150, 180, and 240min). All the products were
identified by an Agilent 7890B GC–MS.

AAS or D-AAS catalyzed Friedel−Crafts alkylation of anisole by
benzyl alcohol
AAS or D-AAS-12 (10mg) was taken in a Schlenk flask, degassed at
120 °C for 1 h to remove adsorbed moisture from the surface, and
subsequently maintained under N2 at 30 °C. Anisole (25mmol) and
benzyl alcohol (1.68mmol) weremixed and then added to the Schlenk
flask. The flask was then sonicated for 30 s. The flask was then dipped
into an oil bath preheated at 120 °C, and the reaction progress was
monitored by withdrawing samples at different time points (0, 15, 30,
45, 60, 90, 120, 150, 180, and 240min). All the productswere identified
by an Agilent 7890B GC–MS.

AAS or D-AAS catalyzed synthesis of jasminaldehyde
AAS or D-AAS (50mg) was taken in a Schlenk flask and degassed at
120 °C for 1 h to remove adsorbedmoisture from the surface. The flask
was then heated under N2 to 125 °C. Benzaldehyde (15mmol) and
heptanal (3mmol) were pre-mixed and then added to the reaction
flask. The reaction progress wasmonitored by withdrawing samples at
different time points (0, 15, 30, 45, 60, 90, 120, 150, 180, and 240min).
All the products were identified by an Agilent 7890B GC–MS.
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In-situ Fourier transform infrared (FTIR) experimental
In-situ Fourier transform infrared (FTIR) measurements were carried
out to study the nature of defect sites in D-AAS, the interaction of
reactant molecules (styrene oxide) with the defect sites in D-AAS, and
the reaction progress (styrene oxide ring opening) over D-AAS. In-situ
FTIRmeasurements were performed using a Specac high-temperature
transmission IR reaction cell with ZnSe windows and JASCO FT/IR-
4700 equipment. KBr powder was pressed into a pellet of 13mm dia-
meter, and the pellet was then inserted into Specac’s high-temperature
transmission IR reaction cell. The baseline was then recorded with
400 scans and 2.0 cm−1 resolution. For catalyst analysis, a pellet was
prepared by diluting D-AAS or AAS (1mg) with KBr (200mg) powder,
by grinding them using a mortar pestle. The pellet was then inserted
into the Specac’s high-temperature transmission IR reaction cell fol-
lowed by heating the pellet at 120 °C for 1 h under Ar flow (mLmin−1).
The temperature of the pellet was then reduced to 30 °C under Ar flow
(mLmin−1) and the IR spectrumwas then recorded with 400 scans and
2.0 cm−1 resolution. To study the interaction of styrene oxide with the
catalyst, the same heating and baseline procedure was used, and once
the temperature of the pellet was reduced to 30 °C, 10 µL of styrene
oxidewas added to the catalystpellet. Thepelletwas then inserted into
the IR cell followedbypurgingof the IR cell byArflow (50mLmin−1) for
10min. The gas flow was then stopped and the inlet and outlet valves
of the IR cell were closed. The IR spectrum was then recorded with
400 scans and a 2.0 cm−1 resolution. The styrene oxide ring-opening
reaction bymethanol catalyzed by D-AAS was studied by following the
sameheating andbaseline procedure, andonce the temperature of the
pellet was reduced to 30 °C, 10 µL of styrene oxide and 100 µL of
methanol was added to the catalyst pellet. The pellet was then inserted
into the IR cell followed by purging of the IR cell by Ar flow
(50mLmin−1) for 10min. The gas flow was then stopped and the inlet
and outlet valves of the IR cell were closed. The temperature of the IR
cell was then increased to 60 °C and the IR spectrum was then recor-
ded with 400 scans and a 2.0 cm−1 resolution.

Data availability
The data that support the findings of this work are available within the
article, its supplementary information file (Supplementary Figs. 1–19,
Supplementary Tables 1 –3), aswell as the source data file. The data are
also available from the corresponding authors upon request. Source
data are provided with this paper.
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