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Abstract

Amorphous and semi-crystalline precursors of zeolites have a large number of
silanols that can be used to anchor organic functionalities, like silane-based amines,
resulting in formation of basic sites. This work describes the use of amorphous and semi-
crystalline precursors of H-MFI zeolite reacting with aminopropyltrimethoxysilane (APTMS)
to produce bifunctional acidic-basic catalysts for the deacetalization-Knoevenagel
condensation. The effect of precursors crystallinity on the catalytic performance is
explained by the formation of Brgnsted acidic sites, which catalyze the deacetalization
step, and on the propylamine anchoring capacity, controlled by the amount of silanols
present in the aluminosilicate. It is shown that the aluminosilicates with lower crystallinity
provide a higher yield of the end product ethyl trans-a-cyanocinnamate due to the greater
number of grafted propylamine groups. These results provide new insights into the

preparation of acidic-basic catalysts for converting bulky molecules.



Introduction

Bifunctional catalysts have received special attention due to their ability to carry out a
series reactions in a single reactor by reducing process time, controlling the generation of
by-products, and optimizing of purification and separation of chemical intermediates [1]. An
important class of these bifunctional catalysts is a material with acid-base properties,
capable of activating electrophiles and nucleophiles. This property of the catalysts allows
the application in several important reactions, such as the conversion of glucose into
hydroxymethylfurfural (HMF), an intermediate for the synthesis of several biofuels and
chemicals [1]. Additionally, the simultaneous synthesis of biodiesel and solketal through
triglyceride (vegetable oils) reactions brings adding value to glycerol [2].

When carried out in a homogeneous phase, the efficiency of acid-base catalysis is
impaired by the base's natural neutralization of the acid. Inserting these sites on a solid
support, such as mesoporous silicas or zeolites, allows to obtain sufficient spatial distance
between the sites so that both can play their catalytic role. Regarding the acidic property of
zeolites in protonic form, the insertion of organic basic groups, such as amino silanes, is
an efficient strategy to obtain active and stable acid-base catalysts [3].

Due to its microporous structure of zeolites, their application in catalysis is limited to
reactions that involve molecules with a kinetic diameter smaller than their pores.
Furthermore, the functionalization of zeolites by post synthesis approaches can
considerably block the pores and hinder the reuse of the catalyst [4]. The results of Ge et
al. (2014) [5] showed that the presence of mesopores in H-ZSM-5 grafted with APTMS

leaded to a complete conversion of benzaldehyde dimethyl acetal to ethyl trans-a-



cyanocinnamate thus proving that the deacetalization followed by Knoevenagel
condensation, is strongly diffusion-limited reaction.

Thus development of strategies towards reducing diffusion limitations in solid
catalysts are of vital importance [6]. An efficient approach to enhance mass transport in
zeolites is through the generation of mesopores either with post-synthesis treatment
strategies (top-down strategies) or even during the zeolite synthesis (bottom-up strategies)
[7]. These so-called hierarchically structured zeolites have shown improved catalytic
activity in several reactions involving bulky molecules due to increased accessibility to
catalytic sites caused by the presence of mesopores [8,9].

Another way to improve the diffusivity of large molecules in zeolites is by reducing
the particle size, which increases the external area leading to greater catalytic activities.
For example, nanosized NaX zeolit applied in Knoevenagel condensation is shown to be
more active than micronized zeolite due to the larger external area [10,11]. The nanosized
zeolites can be obtained by modifying the hydrothermal synthesis process of specifically
prepared aluminosilicates [12].

In order to evaluate the effect of the hydrothermal treatment time on the crystallinity
of zeolites, recent works have shown that partially crystalline zeolites with short-range
crystalline order exhibit improved catalytic activity in several reactions of bulky molecules
[12-14]. Inagaki et al. (2014) [12] studied the crystallization kinetics of NaX zeolite to relate
the different stages of zeolite structure formation with the catalytic activity in the
Knoevenagel condensation between benzaldehyde and ethyl cyanoacetate. It was shown
that the amorphous aluminosilicates formed during the induction period exhibit increased
catalytic activity, with a maximum in the imminence of the formation of the zeolitic structure
as observed by X-ray diffraction. Our results on 4A zeolite (Na-LTA) showed the same
tendency [15] . Haw et al., 2016 [16] used protonic aluminosilicate precursors of zeolite

(H-ZSM-5) in the dealkylation of 1,3,5-triisopropylbenzene, a reaction used to assess the



accessibility of acidic sites. The amorphous zeolite precursors demonstrated greater
catalytic activity in the reaction, although they had fewer acidic sites than in the crystalline
samples. This behavior was attributed to the greater accessibility of catalytic sites in the
amorphous aluminosilicates.

Silva et al. [14] evaluated the properties of Na-MFI with different degrees of
crystallinity after ion exchange with NH;" and showed that the number of Brensted acid
sites increased with crystallinity. The formation of the zeolitic structure leads to an
increased confinement of acidic sites thus reducing their accessibility for large molecules.
This behavior affected the turnover frequencies measured during the ketalization of
glycerol to solketal, showing that amorphous materials have greater specific activity due to
facile mass transport in the semi-crystalline samples. Similar observation was reported by
Haw et al. [16] in the case of 1,3,5-triisopropylbenzene dealkylation.

In several papers have already been shown that during the crystallization of MFI
zeolite, silanol groups are consumed, while they exist in greater amount in the amorphous
precursors [17]. This indicats that the anchoring capacity of silanes in amorphous
aluminosilicates precursors can also be greater. We already have shown that the
amorphous and semi-crystalline precursors of Na-LTA zeolite have greater capacity for
modification with silanes [18].

In this paper we report on the effect of hydrothermal synthesis time and degree of
crystallinity of H-MFI zeolite precursors on the formation of Brgnsted acidic sites and on
the propylamine grafting capacity. The solids with bifunctional properties were tested in a
model reaction consisting of two acid and base catalyzed series, the deacetalization of
benzaldehyde dimethyl acetal followed by Knoevenagel condensation with ethyl

cyanoacetate.



Materials and methods

Synthesis of amorphous, semi-crystalline and crystalline Na-MFI samples

Na-MFI and its amorphous and semi-crystalline precursors were prepared free of an
organic structural directing agent using the following molar composition of the precursor as
described by Kim et al. in the Verified Syntheses of Zeolitic Materials [19]: 100 SiO; : 2
Al;O3 : 10 Na,0 : 2250 H,0. [9}-Colloidal silica Ludox HS-40 (Sigma-Aldrich) and sodium
aluminate (50-56 % w.t. of Al,O3 Sigma-Aldrich) were used as Si and Al sources,
respectively. The resulting reaction mixtures were submitted to static hydrothermal
synthesis at 170 °C for different times from O to 4 days in Teflon-lined stainless-steel
autoclaves to obtain solids with different crystallinity degrees.

The NH; -form of the samples were prepared by three consecutive ion exchange
steps with 1 mol.L™ solutions of ammonium chloride, using 1 g of powder and 50 mL of
solution in each exchange. The samples were then washed with water and calcined at
400 °C for 4 h. These samples were labeled H-x (x means the crystallinity of the sample in

H-form based on the X-ray diffraction results).

Post-synthesis grafting of samples with aminopropyltrimethoxysilane

The protonic aluminosilicates with different degree of crystallinity were functionalized
with basic sites derived from the aminopropyltrimethoxysilane (APTMS) according to the
procedure described in our previous paper [18]. For this purpose, 500 mg of powder were
added to 20 mL glass vials with 10 mL of toluene (Sigma-Aldrich, 99.8%) and 4 mL of
APTMS (Sigma-Aldrich, 97%). The mixture was kept under stirring for 24 h at 80 °C. The

solid was recovered by centrifugation at 10000 rpm with 3 consecutive washing steps with



5 mL of ethanol to remove the residual APTMS. Then, samples were dried in an oven at

60 °C and labeled as NH-x, where x indicates their crystallinity.

Characterization

The samples were characterized by X-ray diffraction (XRD), performed on a Rigaku
Miniflex 600 diffractometer with Ni filter, using KaCu radiation (A = 0.1542 nm), goniometer
speed of 10° min™® and scanning angle 26 from 5° to 50°. The percentage of the MFI
phase of each solid was calculated using the Rietveld structure refinement method in the
TOPAS® 4.2 software.? Or by comparing the intensity or area of the Bragg peaks?

N, adsorption and desorption isotherms were recorded at 77 K (either use K or °C in
the entire manuscript???_ on a Micromeritics 3Flex Surface Characterization unit
(Norcross, GA). The samples were outgassed under vacuum at 350 °C. The external
surface area and microporous volumes were calculated using the t-plot method [20].

Particle sizes and morphologies of the samples were analyzed by scanning electron
microscopy (SEM) using a Tescan Mira | LMH under 20 kV. Transmission electron
microscopy (TEM) images were obtained using a FEI TECNAI G2 F20 HRTEM
microscope.

Inductively coupled plasma mass spectrometry (ICP-MS) measurements were
recorded using a 7900 ICP-MS from Agilent Technologies.

In situ FTIR spectroscopic measurements of samples were performed on a self-
supported pellet (~20 mg of powder and a diameter of 20 mm); the transmission spectra
were recorded with a Thermo Scientific Nicolet iS50 FTIR spectrometer equipped with an
MCT detector, at a spectral resolution of 4 cm™. The samples were degassed at 350 °C
for 12 h under vacuum (10™ Torr). The Brgnsted and Lewis acid sites were characterized

based on the different interactions with pyridine followed by FTIR. The adsorption of



pyridine on Brgnsted acid sites led to the formation of pyridinium cations (Py-H"),
characterized by an IR band at 1540 cm™, whereas pyridine adsorbed on Lewis acid sites
(Py-L) gave rise to a band at 1450 cm™. The concentrations of Lewis and Brgnsted acid
sites were calculated using the Beer-Lambert law, considering extinction coefficients of
1.72 and 1.30 cm.uymol™ for the quantification of Py-L and Py-H", respectively [21].

Carbon and nitrogen in the functionalized samples were quantified through elemental
chemical analysis, carried out in a CHN Analyzer 2400 Serie Il Perkin Elmer.

29Sj and ?’Al magic-angle spinning (MAS) NMR experiments were performed at 99.3
and 130.3 MHz, respectively, on a 500 MHz (11.7 T) Bruker Avance IlI-HD spectrometer
using a 4 mm probe head and spinning rate of 12 kHz. The chemical shifts for Si and Al
were referenced to tetramethylsilane (TMS) and AICI;. Radiofrequency (rf) field strengths
of 36 and 50 kHz and recycle delays of 20 and 1 second, respectively were used. Scans

of 10240 and 725 for #Si and ?’Al nucleus, respectively were collected.

Catalytic tests

The catalytic activities of APTMS-grafted aluminosilicate samples (NH-x) were
assessed by the deacetalization of benzaldehyde dimethyl acetal (A) to form
benzaldehyde (B), followed by the Knoevenagel condensation with ethyl cyanoacetate,
producing ethyl trans-alpha-cyanocinnamate (C) (Scheme 1).

The reactions were carried out in 5 mL glass batch reactors with controlled
temperature (80 °C) for 2 h and 4 h. The volume of the reaction mixture was 3 mL, with a
molar composition of 1 benzaldehyde dimethyl acetal: 1 H,O and 5 wt.% of catalyst based
on benzaldehyde dimethyl acetal feed. All tests were repeated twice, and the conversions

were presented as a mean value of each experiment.



Scheme 1. The deacetalization of benzaldehyde dimethyl acetal (A) to benzaldehyde (B) followed by the

Knoevenagel condensation with ethyl cyanoacetate to form ethyl trans-a-cyanocinnamate (acrylate) (C).
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The evolution of reactants and products concentration were monitored by gas
chromatography on a Shimadzu GC 2010 equipped with a flame ionization detector (FID),
using the separation column RTX-1 (30 m x 0.25 mm x 0.25 ym) of polyethylene glycol
stationary phase. Conversions of benzaldehyde dimethyl acetal, reactant A (BDA),
selectivities and yields of acrylate product C were calculated using Equations 1, 2, and 3,
respectively, where the number of moles of each compound (n;)are estimated by

calibration curves.
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Results and Discussion



The appearance of the Bragg peaks corresponding to the MFI type zeolite was followed by
XRD; the pattern of the H-7 sample is shown in Figure la and Figure S1, in
Supplementary Material. ?Rietveld refinement confirmed the evolution of the crystallinity of
the samples with the hydrothermal treatment (Table 1

Table 1), and no other crystalline phases were found in the samples. No amorphous
residue was left in the sample H-100, with 100% of crystallinity of ZSM-5 zeolite with an
orthorhombic (Pnma) symmetry. XRD measurements also showed that no changes in the
crystalline structure of the solids occurred after the functionalization with APTMS; no
difference between the XRD patterns recorded for samples H-x and NH-x was observed

(Figure S2).

Figure 1. (a) Experimental and Rietveld refined patterns and (b) N, physisorption isotherms recorded at 77K

for H-x samples (x=0, 7, 12, 56 and 100).
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Table 1. Phase quantification and textural properties of samples H-x (x=0, 7, 12, 56 and 100) after different

times of hydrothermal synthesis (HT).

Sample Days of HT MFI[%] ® Amorphous [%] ® Vmicro [€M3.0™] ® Sex [Mm2.9™] "

H-0 0 0 100 0 133.8



H-7 1
H-12 2
H-56 3
H-100 4

7
12
56

100

93

88

44
0

0.003

0.007

0.095
0.15

9.4
8.7
6.3
5.8

& Obtained from Rietveld refinement
® Estimated by the N2 adsorption isotherms using the t-plot method.

The formation of the micropores in the solid samples was tracked by nitrogen
physisorption (Figure 1b). The starting solid H-0, prepared with no hydrothermal step,
presents an isotherm typical for non-porous solids, in which there is no strong interactions
between the solid surface and the adsorbate [22]. The high adsorption capacity at p/p° = 1
and the hysteresis in the desorption branch in the isotherm of the H-0 sample indicate the
presence of interparticle mesoporosity, related to the packing of very small nanoparticles
as shown by SEM (Figure 2) and TEM (Figure S4). As the crystallinity of the samples
increased, the isotherms were gradually converted to type I, with high adsorption uptake

capacity at low partial pressure which is characteristic for microporous solids [22].

Figure 2. SEM images of H-x samples.




The formation of the microporous structure was followed by the drastic reduction of
the interparticle mesoporosity, evidenced by the reduction of the adsorption capacity at
p/p® = 1 (close to N, condensation pressure, Figure 1b). By applying the t-plot method
(Figure S3), the increase of microporous volume and the reduction of the external surface
area in the samples with different degree of crystallinity was evaluated (Table 1). The
disappearance of interparticle mesoporosity, and the abrupt reduction of the external
surface area (Table 1), can be explained by the increased particles size of the zeolite
crystals. This is supported by SEM results (Figure 2 top) showing that the H-O sample is
formed by the agglomeration of very small nanopatrticles (Figure S4), which are converted
into non-shaped patrticles (H-12) with dense glass aspect (Figure S4), and finally prismatic
hexagonal particles built by small crystals of MFI zeolite are formed (H-100, Figure 2).
The acidity of the H-x samples were determined by pyridine chemisorption measurements
at 150 °C followed by FTIR. The FTIR spectra of the samples contain two bands (Figure
3a): the band at 1455 cm™ is assigned to pyridine coordinated on Lewis acidic sites (LAS)
[23], and the one at 1545 cm™ is due to the vibration of protonated pyridine (Py-H")
chemisorbed on Brgnsted acidic sites (BAS) [24]. The BAS is already present in the
amorphous H-0 sample, and the concentration increases as a function of the crystallinity of
the samples (Table 2). This can be explained by the incorporation of tetrahedrally
coordinated aluminum atoms in the framework of the solids. The increasing amount of Al
atoms in the solids as a function of crystallinity if samples is presented in Table 2; the Si/Al
ratio of the samples was determined by ICP analyses. The aluminum species in

tetrahedral coordination in the zeolite framework are proven by ?’Al MAS NMR (Figure 4)



Figure 3. (a) FTIR spectra of H-x samples after thermal desorption of pyridine at 150 °C and 350 °C. (b)

Remaining Py-H+ sites on H-x samples after thermal desorption of pyridine at different temperatures.
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Table 2. Si/Al ratio and acid sites(BAS and LAS) of H-x samples.

Sample Si/Al® BAS [umol.g]® LAS [umol.g™]"

H-0 22 7 52.2
H-7 19 8 5.8
H-12 19 31.2 6.5
H-56 19 154.1 42.1
H-100 16 439.3 43.8

¢ Determined by ICP-MS measurements.
® Determined by pyridine chemisorption after desorption at 150 °C based on FTIR.

Due to the high basicity of pyridine, the evaluation of the strength of the acidic sites
based on the frequency shift of the stretching modes of pyridine is not possible [14].
Therefore, the pyridine desorption temperature was varied from 150 °C to 350 °C. The
number of Brgnsted (BAS) and Lewis (LAS) sites remaining after each heating step
provides an indirect information for the chemisorption enthalpy of each site. Since the
crystallization of the MFI structure started, a big change in the strength of BAS was

detected by desorbing pyridine at different temperatures (Figure 3b).



Despite the amorphous precursor H-0, the samples obtained at different
crystallization time including the fully-crystalline sample have similar acidic strength of BAS
[14]. This similarity between semi-crystalline and fully-crystalline samples can be explained
by the short-range crystalline order andsimilar chemical environment of aluminum sites
during zeolite growth. As revealed by *’Al MAS NMR spectra (Figure 4), the H-0 sample
presents a very broad signal around 55 ppm corresponding to distorted tetrahedrally
coordinated aluminum [25]. An increasing intensity and reduction of the broadening of this
resonance peak occur along the crystallization time, followed by a shift to lower chemical
shifts due to the reduction of T-O-T angles resulting in the formation of a rigid structure
[16,26]. The increased local order during the early stages of crystallization leads to the

formation of stronger BAS in the semi-crystalline samples.

Figure 4. >’Al MAS NMR spectra of H-x samples.
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CHN elemental analyses confirmed the presence of nitrogen in the samples after
APTMS grafting (Table 3). The amount of nitrogen decreased as a function of samples
crystallinity. This implies that propylamine grafting is preferable in the amorphous (NH-0)
and semi-crystalline (NH-7,12, 56) than in fully crystalline sample (NH-100). A substantial

drop in carbon and nitrogen content is measured from sample NH-0 to NH-7; the nitrogen



content in sample NH-7 is almost half of sample NH-0. This could be attributed to the
reduction of silanol defects in the aluminosilicate solids extracted at different crystallization
stages. Further the silanol concentration was characterized for all H-x samples.
Surprisingly, the number of Q3+Q? species (Q" = [Si-OTy-(OH)4.n], T = Si or Al), that are
due to framework defects [17] slightly increased from H-0 to H-7 and H-12 (Figure 5a),
showing that the number of silanols is not disturbing the grafting of samples obtained for

short crystallization time (samples ????)

Table 3. Carbon and nitrogen contents of NH-x samples determined by CHN elemental analysis.

Sample C[mmol.g®] N[mmol.g™] CIN
NH-0 2.51 0.84 3.0
NH-7 0.91 0.45 2.0
NH-12 1.09 0.26 4.2
NH-56 0.92 0.21 4.4

NH-100 0.74 0.19 3.9

Figure 5. (a) #Si MAS NMR normalized spectra of H-x samples. (b) FTIR spectra of degassed H-x samples.
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The C/N ratio in the samples was expected to be around 3. The higher C/N values
for samples NH-12 to 100 could be explained with the residual non-hydrolyzed methoxy

groups from the APTMS or even to the adsorption of atmospheric CO, on -NH; groups.



Complementary, the silanol sites of degassed samples were characterized by FTIR
(Figure 5b). The FTIR results reveal a drastic redistribution of silanol sites in the samples
at early stage of zeolite crystallization. Sample H-O presents a very sharp and intense
band related to external silanols at 3744 cm™ [27], which are mostly located on the outer
surface of the nanoparticles (Figure S4). In contrast, this signal decreased in the spectrum
of sample H-7, and more H-bonded silanols [28] are present, which are similar to samples
H-12 to H-100. The bridged hydroxyl groups at 3612 cm™are also detected [29], and the
results are in a good agreement with the acidity characterization (see Figure ???). These
silanols probably are present inside of the bulky particle [28,30] and therefore they are less
accessible for the APTMS molecules. The effect of external silanols on APTMS grafting is
revealed [9]. Similar results were reported earlier for Silicalite-1; a strong correlation
between external silanols and molybdenum incorporation in the framework was found [30].

29Si MAS NMR spectra were used to confirm the formation of Si-C bonds between
aluminosilicates and silane functionalities. The ?°Si MAS NMR spectrum of H-O sample
contains a single broad resonance peak associated with non-ordered Q-type sites (Si-O-T
bonds) (Figure 6). After the APTMS grafting (NH-O sample), two additional resonance
peaks are visible in the spectrum at -68 ppm and -57 ppm, due to the presence of T3 sites
[H2N-C3He-Si-(0OSi)s], and T2 sites [H2N-C3Hg-Si(OSi),OH], respectively. This result proves
the crosslinking between silane and H-aluminosilicate sample [31]. Further the *C MAS
NMR spectrum of sample NH-0 (Figure S5) provides a direct indication for the presence of
propylamine moisture with the appearance of resonance peaks at 10.6, 23.3, and 43 ppm.

For fully crystalline NH-100 sample, no changes were observed.



Figure 6. #Si MAS NMR spectra of amorphous and fully- crystalline samples before (H-0 and H-100) and

after APTMS treatment (NH-0 and NH-100.
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The results from the catalytic test of NH-x samples are depicted in Figure 7.
Regarding the conversion of benzaldehyde dimethyl acetal (A), which occurs on Brgnsted
acidic sites, there is an increasing activity of samples as a function of crystallinity; all
samples were tested for 2 h (Figure 7a). These results can be explained by the increasing
acidity of the samples crystallization with different crystallinity with various amount and

strength of BAS (Table 2). By extending the time of the catalytic test, similar BAS strength

the same conversion after 4 h of reaction was measured, even for the samples with low
BAS content.

The turnover frequency (TOF) was used to evaluate the accessibility of BAS in the
samples. A pronounced maximum in the TOF when using the NH-7 sample was measured
(Figure 7b). The increase in specific activity from NH-0 to NH-7 samples is also attributed
to the enhanced strength of BAS as a function of crystallinity degree. On the other hand,
despite having the same BAS strength, the NH-12 to NH-100 samples present decreased
TOF. This is due to the reduction of the accessibility of BAS confined in the zeolite

framework. Similar results were reported earlier [12,14,16,18]. The results suggest that the



crystallization kinetics can be a tool for fine-tuning of TOF of zeolites in acid-catalyzed

deacetalization reactions.

Figure 7. Conversions of benzaldehyde dimethyl acetal BDA (a), TOF of BDA (b), selectivity (c) and yields

(d) of phenyl acrylate after 2h and 4h of reaction at 80 °C as a function of crystallinity of NH-x samples.
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Regarding the activity of propylamine sites, which is described by the selectivity to

from ~82% for NH-O sample to ~24% for NH-7 sample. This behavior is consistent with



nitrogen loading in the samples (Table 3), and the selectivity strongly correlate with the N
content (Figure S6). Similar trend for the yield of the end product is observed (Figure 7d),
except for the NH-7 sample tested for 2 h, which led to a maximum yield of acrylate. This
is due to the strong Brgnsted acid sites of sample NH-7, however the sample exhibits low
selectivity.

In summary, the semi-crystalline NH-7 sample grafted with propylamine groups, is
the best alternative if we consider the yield of the acrylate product. Nevertheless, if we
consider formation of a pure product, the amorphous NH-0 is the most promising. This
sample has a similar acrylate yield but 91% selectivity. The yield can be enhanced by
increasing the reaction time, thus sample NH-0O can show a higher yield while maintaining

very high selectivity.

Conclusions

Amorphous and semi-crystalline samples with MFI type framework structure were
synthesized by varying the hydrothermal synthesis time. As crystallinity of the samples
increased, the number and strength of Brgnsted acid sites increased too. Interestingly,
even with a small amount of BAS, the H-7 sample has the same strength as the fully
cryatlline samples (??7?). Due to the more open structure, the higher turnover frequency in
the acidic deacetalization step of sample ???? was measured. The APTMS was grafted on
the samples to introduce basic sites. The silanol type was revealed to be a crucial factor
affecting the grafting capacity of the samples. With higher concentration of external
silanols, the amorphous sample (H-0) presented the best anchoring capacity and,
therefore, the higher selectivity to the acrylate product in the Knoevenagel condensation

step.
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Figure S1. XRD pattern of H-7 sample. Asterisks indicate the initial crystallization of MFI phase.
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Figure S2. XRD patterns of NH-x samples.

Intensity [cps]

_J.\___N___
[~ WaT
‘ﬁk._

5x104

NH-100

NH-56
NH-12

NH-0

5

Figure S3. t-plot curves of H-x samples.
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Figure S4. TEM images of H-0 and H-12 samples (scale bar = 100 nm).
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Figure Sb. 3¢ MAS NMR spectrum of sample NH-0.
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Figure S6. Correlation between nitrogen loading in NH-x samples and the selectivities to acrylate end
product in 4 h catalytic test.
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