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Rational design of metal-containing zeolites with different framework topologies can boost catalytic perfor-
mance, but the successful synthesis of metal-containing zeolites typically requires selection of suitable zeolite
scaffolds. Herein, a zeolite structure descriptor (i.e., the local framework disturbance index, LFDI) is proposed to
guide the design of Ti-containing zeolites by matching Ti sites and different framework topologies to enhance olefin
epoxidation performance. Theoretical calculations of the incorporation of Ti metal atoms into different

crystallographic T sites indicate that the BEA framework exhibits the more negative average substitution energy
(-0.50 V) than MFI and MEL frameworks due to the lowest average LFDI (3.14). As expected, the BEA frame- work
showed the highest capacity of framework Ti species than MFI and MEL frameworks by atom-planting method. This
high framework Ti content demonstrated outstanding 1-hexene epoxidation performances (TON: 1827.5). This work
paves the way to rationally design Ti-containing zeolites by atom-planting method for epoxidation reactions.

1. Introduction

Zeolites are considered as the ideal scaffolds for the metal incorpo-
ration into the different framework topologies due to its ordered porous
channel, spatial confinement effect and hydrothermal stability [1-6].
The synthesized metal-containing zeolites with unique single sites in the
framework exhibit outstanding reaction performances [7-9], including
unique shape selectivity, enhanced reaction activity, superior hydro-
thermal and thermal stability together with excellent recyclability. As a
result, they have tremendous potential in a wide range of fields,
including catalysis, gas storage, separation, and sensing [10-15]. To
date, the International Zeolite Association (IZA) has certified 255
different framework topologies. Significant efforts have been devoted to
selecting, tailoring, and realizing the match between different metal
sites (i.e., framework and extra-framework species) and zeolite scaffolds
across these 255 topologies [16-27].

The atom-planting strategy which is considered as one of the most
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important synthetic method for metal-containing zeolites is emerging
due to the high metal loading, highly-efficient and short synthetic
period, and incorporated metal atoms with large radius (e.g., Ti, Sn and
Zr) [1]. One of the most important active sites among these topologies is
the metal Ti atom confined within the zeolite framework, which is

known as titanosilicalite [28-30]. Titanosilicalite could be widely

applied to the cyclohexanone ammoxidation, selective oxidation of al-
kanes, phenol hydroxylation, oxidation of alcohol and olefin epoxida-

tion due to the unique oxidation ability of framework Ti atoms [31-35].
Among them, olefin epoxidation is a critical reaction in chemistry due to

its ability to produce epoxides containing active three-member epoxy
rings. 1,2-epoxyhane is a crucial oxygen-containing derivative produced
from the epoxidation of 1-hexene, serving as a raw material for
numerous high-value chemical products such as polyester fibers, phar-
maceutical intermediates and cosmetic additives [36,37]. Moreover, the
1,2-hexanediol produced by the hydrolysis of 1,2-epoxyhexane can also
have a wide application in the synthesis of printing ink, pharmaceutical
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intermediate, oil paint, and detergent [38,39]. Therefore, the epoxida-
tion of 1-hexene to synthesize 1,2-epoxyhane is gradually gaining
importance in industry due to its significant industrial applications.
Designing efficient Ti-containing catalysts for 1-hexene epoxidation is of
prime scientific and industrial significance.

Despite the availability of different framework topologies (e.g., MFI,
MEL, and BEA) for incorporating Ti atoms [40-43], screening of the
most suitable structure for Ti incorporation by atom-planting method
requires numerous experiments due to the easy formation of extra-
framework TiO: species. Additionally, there is still a lack of quantita-
tive judgment of the Ti incorporation at the atomic scale of framework
topologies. Therefore, the zeolite structure descriptor to guide the
design of efficient Ti-containing zeolites is indispensable and highly

desired.
In this work, the rational design strategy of titanosilicalites with
different framework topologies based on the zeolite structure descriptor

is first proposed by theoretical calculation. The local framework
disturbance index (LFDI) is used to describe the matching degree be-
tween the metal Ti atoms and different framework topologies. The LFDI
is positively related to the substitution energy and reaction energy
during the incorporation of Ti atoms. It is found that the BEA framework
with the lowest average LFDI of 3.14 and lowest average substitution
energy of —0.50 eV shows the highest capacity of framework Ti species.
The relative content of framework Ti species in BEA synthesized by
atom-planting method is 97.3 %. The Ti-B with rich framework Ti spe-
cies shows outstanding 1-hexene epoxidation performances with a TON
of 1827.5 and selectivity of 95.4 %. This rational design strategy could
be used to guide the synthesis of high-efficient metal-containing zeolite
by atom-planting method without requiring excessive experiments.

2. Experimental section
2.1. Synthesis of titanosilicalites by atom-planting method

The synthesis of titanosilicalites was based on the dealumination
process and further Ti atom-planting method. The atom-planting strat-
egy is the suitable method to compare the ability for Ti incorporation. It
is widely known that without the inclusion of supplementary additives
(e.g., F- or OH™ anions as mineralizers), Ti-B cannot be synthesized via
the conventional hydrothermal synthesis method [44-46]. To ensure
equitable comparisons, the identical atom-planting strategy was
consistently applied in the preparation of all titanosilicalites, namely TS-
1, TS-2, and Ti-B without any additives [47-49]. In the process of
dealumination, 1 g of zeolites (ZSM-5, ZSM-11 and B zeolites) were
added into the 25 mL HNO; solution (13 mol/L) under strong magnetic
stirring. The ZSM-5, ZSM-11 and B zeolites with similar Si/Al ratios of ~
15 (Table S3) were all bought from the Catalyst Factory of Nankai
university. Then this solution was heated at 100 °C for 24 h. After that,
the suspension liquid was centrifuged and dried at 9o °C overnight. The
white powder was further calcinated at 550 °C for 3 h to obtain deal-
uminized zeolites. Subsequently, these dealuminized zeolites were
mixed with 10 mL of ethanol solution containing specific content of
TiCl,. The above-mentioned mixed solution was stirred for 6 h and then
dried at 9o °C overnight. Finally, the as-synthesized titanosilicalites
were calcinated at 550 °C for 3 h. For example, the obtained white
powder was denoted as 0.1 %Ti-B which represents the B zeolites con-
taining 0.1 wt% Ti content.

2.2. Catalytic test in the 1-hexene epoxidation

In the catalytic test of 1-hexene epoxidation, firstly, 0.2 g of catalyst
was added into the 20 mL of acetonitrile gradually. Subsequently, 1.2 g
of 1-hexene and 1.2 g of 30 wt% H.0. were added into the above-
mentioned mixture. Then, the reaction of 1-hexene epoxidation was
tested at 60 °C for 180 min under strong magnetic stirring.

The related reactants and products were all detected by the gas

chromatography (Agilent 6890) equipped with the HP-5 column and an
FID detector. The moles of reactants and products were obtained by
standard curves with the internal standard (m-xylene). It is essential to
recognize that the introduction of TON was necessitated by the simi-
larity in conversion rates. A higher TON indicates improved reaction
efficiency for each titanium site under conditions of comparable con-
version rates. Consequently, TON serves as a robust metric for
comparing the average activity of each titanium site. The calculation of
TON and selectivity were according to the following formulas:

(1) 1,2-epoxyhexane selectivity:
moles of 1,2—epoxyhexane
= moles of 1—hexene before the reaction — moles of 1—hexene after the reaction X
100 (1-1)

(2) (2) TON: =
moles of 1,2—epoxyhexane
moles of Ti atoms (1-2)

. moles of 1—hexene after the reaction
(3) (3) Conversion of 1-hexene: = moles of 1—hexene before the reaction = X

100 (1-3)
: . _ _moles of H202 after the reaction
(4) (4) Conversion of H.0.: = moles of H202 before the reaction <100
(1-4)

. e .  comersion of 1 ~
(5) (5) H2O: utilization efficiency: = perion ol 17heere x100 (1-5)
2.3. Characterizations

The crystal structures of zeolites with different framework topologies
were characterized by the X-ray diffraction (XRD, PANalytical Com-
pany, Netherlands) with a Cu K, radiation. The X-ray diffraction was
equipped with a 2D plane detector (PIXcel3D universal matrix detector).
The scanning speed is about 10°/min. The diffuse reflectance spectra of
the composites, which reveal the presence and relative quantities of Ti
species, were obtained using the ultraviolet-visible (UV-Vis) spectro-
photometer from SHIMAZU, Japan. As a reference, BaSO, was utilized.
To capture the signals, the TS-1 sample was pressed against a BaSO,
background and employed in conjunction with an integrating sphere
accessory to enhance signal reflection. The relative percentage of
framework Ti species in all Ti species is calculated based on the Gaussian
fitting method (three Gaussian profiles: tetrahedral Ti at 220 nm, hex-
agonal Ti at 260 nm and anatase TiO. species at 320 nm). The frame-
work Ti species located at 980 cm of different zeolites was determined
by the Fourier transform infrared spectroscopy (FT-IR, Nicolet, IS30)
and the KBr was used as the blank sample. FT-IR spectra were acquired
by employing the conventional transmission technique with KBr pellets.
The morphology and elementary distribution of titanosilicalite particles
were both revealed by the transmission electron microscope (TEM,
JEOL, JEM-2100UHR). Approximately 30 mg of samples was placed into
a polypropylene sample holder with a 1 cm diameter, which was then
sealed using ultralene film. These prepared samples were subsequently
inserted into a spectrometer (Shimadzu, EDX-7000) with a sample
chamber that had been purged with high-purity helium (He), before the
measurements were conducted.

2.4. Density functional calculation

The Vienna Ab-initio Simulation Package (VASP, Materials Design
company, Austria) was used for the density functional calculation (DFT).
The exchange-correlation energy function is the GGA-PBE with a cut-off
energy of 400 eV. The projected augmented wave potentials were
further used to describe the interaction between the core and valence
electron. According to the MFI structure, a 95 T (Sig50:50Hs;) model
was constructed for the pure siliceous zeolite. The cell parameters of the
95 T cluster model are as follows: a =B =A =90, a=b=c =25 A.
According to the MEL structure, a 79 T (Si;gO123H,) model was con-
structed for the pure siliceous zeolite. According to the BEA structure, a
42 T (Siz2063H50) model was constructed for the pure siliceous zeolite.
The H atoms were used to coordinate with the terminal Si atoms. The Ti
atoms were incorporated into the different sites to construct
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Fig. 1. The schematic diagram of different T sites in the (a) MFI framework topology, (b) MEL framework topology and (c¢) BEA framework topology. The sub-
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substitution energy by Ti atoms in the MFI, MEL and BEA framework topologies. (h) The standard deviation of substitution energy by Ti atoms in the MFI, MEL and BEA
framework topologies. (i) The schematic diagram of substitution by Ti atom in the zeolite framework.

titanosilicalites. Due to the large model of different zeolites, the K point
was set to be 1 x 1 x 1 at the I point. The DFT-D3 correction method was
used to calculate the dispersive interactions. The plane-wave basis

was used for the expansion of Kohn-Sham orbitals. Moreover, the
structure and energy optimization will be stopped until the force was
lower than 0.03 eV/A and the energy was lower than 1 x 10 eV in
adjacent steps, respectively.
3. Results and discussion

3.1. Zeolite structure descriptor for the incorporation of Ti atoms

In order to study the incorporation of Ti atoms into the zeolite
framework, the typical MFI, MEL and BEA framework topologies were
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used to reveal the effect of zeolite structure for the incorporation of Ti
atoms based on the DFT calculation. For the different zeolite structures,
the MFI, MEL and BEA framework topologies have 12, 7 and 9 different
T sites [50,51], respectively (Fig. 1a—c).

The substitution process shown in Fig. 1i was used to represent the
incorporation of Ti atoms into the different zeolite frameworks. The
substitution energy could be used to determine the preferred location
and framework of Ti atoms in different topologies. The substitution
energy could be calculated according to the following equation [52]:

@

In the equation (1), the Esiom4 and Eriom, represent the electronic
energies of Si(OH), and Ti(OH),, respectively. The Ezeorrij and Ezeofsiy are
the electronic energies of titanosilicalite and silicalite, respectively.

Ese = Ezeorm +Esitom — Egeotsi +Erion) .
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Fig. 2. (a) The schematic diagram of six angles in SiO, and TiO, groups in the zeolite framework. (b) The average local framework disturbance index (LFDI) in
different framework topologies. The LFDI in different T sites of (c) MFI, (d) MEL and (e) BEA framework topologies.
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Thus, the Esk represents the substitution energy and the lower value
indicated that the corresponding Ti-incorporated framework is more
stable.

For 12 different T sites in the MFI framework topology (Fig. S1a-1),
there are 5 T sites (T1, T2, T3, T4 and T6) that have positive substitution
energies and 7 T sites (T5, T7, T8, Tg, T10, T11 and T12) that have
negative substitution energies (Fig. 1d). The substitution energies of T5,
T8, T11 and T12 sites are —0.19, —0.26, —0.30 and —0.17 eV, respec-
tively. These four sites are preferred locations with significantly lower
substitution energies than other sites (T7: —0.02 eV, T9: —0.05 €V, T10:
—0.03 €V) in the MFI framework topology. Moreover, the substitution
energies of 7 different T sites in the MEL framework topology were also

calculated (Fig. S2a—g). The T4 and T7 sites are preferred locations with
negative substitution energies (-0.10 and —0.29 eV) shown in Fig. 1e.

There are also 5 different T sites (T1, T2, T3, T5 and T6) with positive
substitution energies. Differently, the substitution energies of 9 different

T sites in the BEA framework topology (Fig. S3a—i) were all negative and
lower than —0.30 eV in Fig. 1f. The energy required for substitution at

the T1 site is comparatively greater than that at other sites, making other
sites more preferable for incorporation into the framework.

The average substitution energy was further calculated in Fig. 1g to
compare the compatibility between the metal Ti atom and different

EN

framework topologies. The BEA framework topology has the best
compatibility with the lowest average substitution energy of —0.50 V.
The average substitution energy follows the following order: MEL (0.04
eV) > MFI (-0.04 eV) > BEA (-0.50 eV). The standard deviation of
substitution energy was further used to show the dispersion of substi-

tution energy in different T sties (Fig. 1h). It is found that the BEA
framework topology has the lowest standard deviation (0.0725) than
MFI and MEL framework topologies. The lowest standard deviation
demonstrated that substitution energies in different T sites were closer

to the lowest average substitution energy of —0.50 eV than other

framework topologies. Therefore, BEA framework topology not only has
the lowest average substitution energy but also the narrowest distribu-
tion of substitution energy, thus providing more preferred locations than
MFI and MEL framework topologies.

In order to further reveal the intrinsic reason of different substitution
energies in different framework topologies, the local framework
disturbance index (LFDI) was introduced. Compared with the change of
bond length between SiO, and TiO, groups, the change of six angles
between SiO, and TiO, groups could have greater impact on the struc-
tural perturbation of zeolite framework during Ti substitution process.
The LFDI (8) could be calculated based on the six angles before and after
Ti incorporation (Fig. 2a) according to the following equation:
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The LFDI could be used to quantitively determine the structural
perturbation aroused by the Ti incorporation into the zeolite framework.
The LFDI of different T sites in the MFI, MEL and BEA framework to-
pologies were shown in Fig. 2c-e. It is found that the BEA framework
topology has the lower LFDI in terms of overall trends. The average LFDI
was further calculated to quantitively compare the degree of structural
perturbation in different zeolite frameworks. The average LFDI repre-
sented by 8 shown in Fig. 2b follows the following order: MEL (6.67) >
MFI (4.31) >BEA (3.14). This sequence of average LFDI is in accordance
with the average substitution energy. The weaker structural perturba-
tion could effectively stabilize the zeolite framework after Ti incorpo-
ration, thus decreasing the substitution energies. Therefore, the BEA
framework topology with lower average LFDI and average substitution
energy is the more ideal scaffold for the Ti incorporation than MFI and
MEL framework topologies. The substitution energy is primarily deter-
mined by the Ti incorporation process, reflecting a surface-level phe-
nomenon. To attain more comprehensive understandings in substitution
energies, it is imperative to undertake further investigations. Conse-
quently, we advocate the utilization of the Local Framework Distur-
bance Index (LFDI) to elucidate the structural perturbations within the
zeolite framework during the Ti substitution process, as this constitutes
the fundamental factor driving alterations in substitution energies.

3.2. Synthesis of titanosilicalites with different framework topologies

The titanosilicalites with MFI, MEL and BEA framework topologies
(Fig. 3a—c) were further synthesized by atom-planting method to
demonstrate the rational design of Ti-containing zeolites based on the
zeolite structure descriptor (LFDI). The atom-planting strategy is the
suitable method to compare the ability for Ti incorporation, which is
because Ti-B cannot be synthesized via the conventional hydrothermal
synthesis method without the inclusion of supplementary additives (e.g.,
F- or OH- anions as mineralizers). These additives could boost the
nucleation, crystallization and further growth [53,54]. To ensure equi-
table comparisons, the identical atom-planting strategy was consistently
applied in the preparation of all titanosilicalites, namely TS-1, TS-2, and
Ti-B without any additives.

In Fig. 3d, the 0.1 %TS-1 catalyst shows five typical diffraction peaks

at26=7.8", 8.9°, 23.0°, 23.8°and 24.5 which should be attributed to the
MFI framework topology [55]. The single peak at 24.5° further in-

dicates the existence of orthorhombic unit cell in the 0.1 %TS-1 sample
[56]. The diffraction peaks of 0.1 %TS-2 catalyst located at 7.8°, 8.8°,
23.1°, 24.0° could be ascribed to the typical MEL framework topology
[57]. Different from the TS-1 catalyst with two peaks at 23.0° and 23.8",

the TS-2 catalyst only shows single peak at 23.1° which further dem-  onstrates the
MEL framework topology [41]. Moreover, the 0.1 %Ti-B catalyst also shows the typical peaks at 26 = 7.60\

21.0° and 22.5°

which are assigned to the BEA framework topology [58]. The TS-1 and
TS-2 catalysts exhibit sharper peaks compared to the Ti-p catalyst. This
difference may be attributed to the fact that Ti-B is typically composed of
smaller particles, typically on the order of tens of nanometers.

The UV-Vis spectra showed in Fig. 3e were used to reveal the
chemical state of Ti species in the framework topology. There are three
different species including tetrahedral titanium (TiO,4, ~220 nm), hex-
agonal titanium (TiOs, ~260 nm) and anatase TiO- species (~320 nm)
[59-61] in the MFI, MEL and BEA framework topologies. It can be seen
that the relative content of framework Ti species (TiO, and TiOs species)
in 0.1 %Ti- catalyst is higher than those in the 0.1 %TS-1 and 0.1 %TS-2
catalysts. The data reveals a discernible trend indicating a higher
framework Ti content in Ti-beta compared to TS-1 and TS-2. While the
results suggest that the framework Ti content in TS-1 is greater than that
in TS-2, it is important to note that potential fitting errors may lead to an
approximate estimation of the framework Ti content. The TEM-mapping
was further used to reveal the distribution of Ti species [62] in the
titanosilicalites with MFI, MEL and BEA framework topologies (Fig.
3g-1). All samples show uniform distribution of O and Si elements due
to the well-crystallized framework structure which is in accordance
with the XRD results. However, More blank areas without Ti distribution
or aggregated Ti species (circled dotted line) reveal the non-uniform
distribution of Ti species due to the formation of TiO-. species.
Compared with the Ti species in TS-1 and TS-2, the Ti-B has a more
uniform distribution of Ti species. It further demonstrates that more Ti
species were in incoporated into the zeolite framework which is in
consistent with the UV-Vis and FT-IR spectra.

Combined with the theoretical calculations, it is found that with the

decrease of LFDI (0) from 6.67 to 3.14, the average substitution energy
decreases from 0.04 to —0.50 eV, and the framework Ti species
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gradually increased from 67.51 % to 97.38 % (Fig. 3f and Fig. S19).
Therefore, as the zeolite framework becomes distorted (indicated by a
higher value of 8) due to the substitution of Ti atoms, the substitution
energy gradually increases, resulting in more Ti atoms being excluded
by the zeolite scaffolds and forming extra-framework TiO- species.

The titanosilicalites with different Ti content were further synthe-
sized to investigate the capacity of framework Ti species in the MFI, MEL
and BEA framework topologies. For the MFI framework topology
(Fig. S4), the relative content of framework Ti species was gradually
decreased from 74.6 % to 71.96 % when the Ti-doped content was
increased from 0.1 % to 0.5 % (Fig. 4a and Fig. S5). In addition, the
extra-framework TiO: species were increased from 25.4 % to 28.04 %.
The relative content of framework Ti species in the MEL framework
topology was slightly decreased from 67.51 % to 67.00 % when the Ti-
doped content was increased from 0.1 % to 0.5 % (Fig. 4b and Fig. S6).
The content of extra-framework TiO. species were about 33 %. More-
over, in the Fig. 4¢ and Sy, the relative content of framework Ti species
in the BEA framework topology (Fig. S8) was also decreased from 97.38
% to 94.54 % when the Ti-doped content was increased from 0.1 % to
0.25 %, and then it was decreased from 94.54 % to 92.44 % when the Ti-
doped content was increased from 0.25 % to 0.5 %. In general, the
content of framework Ti species in BEA framework was significantly
higher (~90 %) than those in the MFI (~70 %) and MEL framework
(~60 %) within the Ti-doped range of 0.1 wt% to 0.5 wt%. Different
materials were subjected to the same atom-planting process, wherein
some BEA samples exhibited a notable concentration of framework ti-
tanium species, while others displayed a limited framework titanium
content. This observation substantiates the superior capacity of the BEA
framework to host structural frameworks, in line with predictions from
LFDI. Therefore, the BEA framework topology has higher capacity of
framework Ti species than MFI and MEL framework topologies.

The reaction energy was further calculated to demonstrate the high
capacity of BEA framework topology based on the following reaction
[63]:

Zeolite[SiOH], +Ti(OH), = Zeolite[SiO],[Ti] +4H.0 3

The radar charts of reaction energy at different T sites in the MFI,
MEL and BEA framework topologies were shown in Fig. 4d—f. For the
MFI framework topology, the average reaction energy is about —0.405
eV (Table S1), and the standard deviation is 0.175. In the MEL frame-
work topology, the average reaction energy is further increased to
—0.380 eV (Table S1) and the standard deviation is increased to 0.230.
Compared with the MFI and MEL framework topologies, the BEA
framework topology has not only lower average reaction energy (-0.459
eV) but also lower standard deviation (0.088). The radar chart of BEA
framework topology is smoother than those charts of MFI and MEL
framework topologies due to the lower standard deviation. The lower
standard deviation indicated that the reaction energies in different T
sites are more concentrated [64]. Therefore, the BEA framework to-
pologies with lower average reaction energy and standard deviation are
beneficial for the incorporation of Ti atoms within the Ti-doped range of
0.1 wt% to 0.5 wt%, which is in accordance with the zeolite structure
descriptor (LFDI).

3.3. Reaction performance in 1-hexene epoxidation

In the olefin epoxidation, the framework Ti species were identified as
the real active sites in titanosilicalites, while the extra-framework TiO-
species were found to inhibit the epoxidation reaction [65,66]. Ac-
cording to the prediction based on the zeolite structure descriptor
(LFDI), the Ti-B catalysts with lower content of extra-framework TiO-
species compared with TS-1 and TS-2 catalysts were synthesized. Fig. 5
and Figs. S9-S10 showed the relationship between the reaction perfor-
mance and the content of framework Ti species within same framework
topologies by controlling only one variable (type of titanosilicalite). The
direct comparison of reaction performance of same-type titanosilicalites
with different Ti contents was used to reveal the effect of different Ti
species (framework Ti species and extra-framework Ti species).

With the increase of Ti content in the TS-1 catalysts from 0.1 wt% to
0.5 wt%, the TiO- relative content was gradually increased from 0.04 wt
% to 0.23 wt%. Meanwhile, the TON of TS-1 catalysts were gradually
decreased from 303 to 59 (Fig. S9). Moreover, the utilization efficiency
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Fig. 6. The schematic diagram of ration design of metal-containing zeolites for high-efficient catalysis based on the structure descriptor.

of H.0. was also gradually decreased from 63 % to 47 % due to the
significantly decreased extra-framework TiO- species which could cause
the decomposition of H.O.. These results showed that the framework Ti
species of TS-1 are active sites for the 1-hexene epoxidation. For TS-2,
the TS-2 catalysts also showed gradually decreased TON from 8 to 2 due
to the gradually increasing TiO. relative content in the TS-2 cata- lysts
from 0.06 wt% to 0.28 wt% (Fig. S10). The utilization efficiency of H.O.
is as low as ~ 2 % due to the extremely low TON. Therefore, the
framework Ti species of TS-1 are responsible for the 1-hexene epoxi-
dation. These results further demonstrated the importance of framework
Ti species in zeolite framework for olefin epoxidation, thus confirming
the meaning of zeolite structure descriptor.

The Ti-B catalysts with BEA framework topology also shows the
gradually increased TON from 370 t01828 with the significantly
decreased TiO- relative content from 0.06 wt% to 0.004 wt%. Moreover,
these three titanosilicalites with BEA framework topology have similar
selectivity of 1,2-epoxyhexane (~90 %). The utilization efficiency of
H-0:. is also increased from 78 % to 82 % due to the decreased extra-
framework TiO- species. Therefore, the design of titanosilicalites with
rich framework Ti species by atom-planting method is based on the
zeolite structure descriptor (LFDI) is very important for the superior
reaction performance in activity and utilization of H-O..

Based on the aforementioned discourse, a rational strategy for the
design of metal-containing zeolites has been proposed, commencing
with theoretical calculations and subsequently progressing to controlled
synthesis and experimental validation (Fig. 6). The foundation of this
design approach lies in the utilization of a zeolite structure descriptor,
specifically the local framework disturbance index introduced in this
study. The calculation of local framework disturbance index (LFDI) is
based on the Ti atom in corresponding zeolite frameworks. This
descriptor could serve as a basis for the rational design of not only Ti-
containing zeolites but also other metal-containing zeolites (e.g., Sn).
According to the data presented in Table S4, the LFDI values of Sn-
zeolites exhibit the following trend: BEA < MFI < MEL. Furthermore,
the relative content of framework Sn species follows the order: BEA
(87.6 %) >MFI (61.1 %) > MEL (52.6 %), as depicted in Fig. S17. This
alignment between the LFDI values and the distribution of framework Sn
species provides additional evidence for the universality of the proposed
zeolite structure descriptor.

4. Conclusion

In summary, the rational design strategy of titanosilicalites with rich
framework Ti species by atom-planting method based on the zeolite

structure descriptor by theoretical calculation was proposed. The local
framework disturbance index (LFDI) was proposed to describe the
matching degree between the metal Ti atoms and different framework
topologies, thus further helping screen the better topological framework
with rich low energy sites for the incorporation of Ti atom. The LFDI is
positively related to the substitution energy and reaction energy during
the incorporation of Ti atoms. It is found that the BEA framework with
the lowest average LFDI of 3.14 and lowest average substitution energy
of —0.50 eV shows the highest capacity of framework Ti species. The

relative content of framework Ti species in BEA framework is 97.3 %.
The Ti-B with rich framework Ti species shows outstanding 1-hexene
epoxidation performances with a TON of 1827.5 and selectivity of
95.4 %. This rational design strategy can be used to guide the synthesis
of highly efficient metal-containing zeolites by atom-planting method
without requiring excessive experiments.
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