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ABSTRACT

The redistribution method plays an important role in addressing the issue of organosilicon by-product in the direct synthesis of
dichlorodimethylsilane, and the redistribution mechanism is still a topic of debate. The redistribution by ZSM-5(3T)@y-Al,Os core-shell catalyst
and post-modified AICl/ZSM-5(3T)@y-ALOs catalyst was technically performed using the Density Functional Theory (DFT) at the level of
B3LYP/6-311++G(3df,2pd). The result shows that No.1 active site of ZSM-5(3T)@y-Al,O; core-shell structure has a significant effect on the
activity of the catalyst. Indicating that the active center involved in the reaction is H provided by Al-O-H bond, which is an obvious catalytic active
center of Bronsted acid. Furthermore, post-modified AIC15/ZSM-5(3T)@y-AlLOs catalyst is in more favor of redistribution reaction comparing with
ZSM-5(3T)@y-AlOs core-shell catalyst. It ascribes to the robust Lewis site of aluminum chloride favorable modification.
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1.  Introduction

Owing to the specific performance such as high and low temperature resistance, electrical insulation antioxidant stability and
physiological inertia, organosilicon has a broad application prospect in fields of aerospace, electrical and electronics,
architecture, medicine and chemical industry.!'* Besides, due to the unique structure and dual functional properties based on the
combination of organic and inorganic groups, organosilicon, such as dichlorodimethylsilane ((CH;).SiCl,, M2), is becoming
increasingly important in a wide range of scientific research and industrial processes.”” However, in the synthesis of M2,
chlorosilane by-products such as chlorotrimethylsilane ((CH;);SiCl, M3) and trichloromethylsilane (CH;SiCl;, M1) are inevitably
obtained. This problem should be resolved urgently for the sake of sustainable development and physical and mental health.!!
Traditionally, M2 can be obtained by various synthesis strategies, which can be roughly classified into four categories: direct
synthesis method®  * °1 Grignard reagent method!"”, condensation method™ and redistribution method"" '2. The first three
methods can produce by-products M1 and M3 in the preparation process, while the redistribution method plays an important role
in transforming organosilicon by-products and resynthesizing the important silane M2, which is a waste to treasure reaction.
Therefore, many studies in the past have been devoted to elucidating the mechanism of M2 disproportionation synthesis. ! The
first report on the redistribution synthesis of M2 was documented by Paul D et al.!' They used AICI; as a catalyst. This work
offered a theoretical research strategy on the thermodynamic and kinetic scales. This has stimulated interest in the search for
redistributed reaction AICI; loaded catalysts such as AIC1y/M(CO),, AlCly/y-AlOs, AICI;/ZSM-5 and et al.'*'®! According to
Zhenxu Chu and co-workers, Lewis acids are formed by introducing metal ions into ZSM-5 to form Si-Al bonds, and our

[19

disproportionation reaction is catalyzed by Lewis acids.” Our research group adopted Density Functional Theory (DFT) to

conduct systematic theoretical and experimental research on the disproportionation of M1 and M3 by AICI/ZSM-5(3T, 4T, 5T,
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7T, 8T, 24T) and AlCly/y-ALO; to synthesize M2, and the results showed that both AIC15/ZSM-5(3T) and AICly/y-Al,O5 had
good catalytic effect. In particular, it was found that AICl;/ZSM-5 (3T-5T , 8T) catalysts with small clusters were more
conducive to the synthesis of M2, while AICl;/ZSM-5 (7T, 24T) catalysts with rings had little catalytic activity. 2** Also, it is
widely reported in other works that the tailored 3T cluster ZSM-5 plays a crucial role in theoretical research because of its
enhanced catalytic activity.!* 2%

At the same time, more and more literatures showed that the overall performance of core-shell materials could be significantly
improved by integrating different cluster structures in the core and shell. !l Therefore, if we can use the alumina support with

better catalytic effect, and use the small clusters on the surface of ZSM-5 to prepare the catalyst of core-shell material, in order to

achieve strong combination, and finally achieve the purpose of enhancing the catalytic effect. The idea makes us exciting.
In this paper, the core-shell catalyst with ZSM-5(3T) framework as the core and y-Al,O; as the shell was discussed. The
reaction mechanism of disproportionation of M1 and M3 to prepare M2 before and after loading aluminum chloride was studied.

)B3234 was used to study the active site structure of core-shell catalyst, the main and side reaction

Density functional theory (DFT
channels of disproportionation reaction, the vibration modes of transition states, the energy change of reaction process, bond
order, the Electronic Localization Function (ELF) and the Localized Orbit Locator (LOL) analysis were also discussed.
2 Computational details

The geometric structure of all reactants, transition states, intermediates, products and the structure of ZSM-5(3T)@y-Al,O;
core-shell catalytic system and post-modified AICl;/ZSM-5(3T)@y-AlLO; catalytic system were optimized by Density Functional
Theory (DFT) at the level of B3LYP/6-311++G(3df,2pd).** Furthermore, each transition state structure was found and
calculated by TS method. All geometries were repeatedly adjusted by vibration analysis and optimized to ensure that there was
only one virtual frequency for each transition state and no virtual frequency for all reactants, intermediates and products, so that
the reliable and accurate information of each transition state structure was obtained. ! Considering the calculation of the Intrinsic
Reaction Coordinates (IRC),"" all the transition state structures had a tendency towards their respective reactants and products in
the forward directions, as well as in the reverse directions. Simultaneously, the correction of Zero Point Energy (ZPE) was

performed to apply to the computation of each geometric optimized structure.*® All quantum chemistry calculations were

performed using the Gaussian 09 software package.

3 Results and discussion
3.1 The structure of ZSM-5(3T) @y-Al,O, and AlCl,/ZSM-5(3T) @y-Al,O,

The core-shell structure of the catalyst and its source and mode of combination are shown in Fig. 1 as follows: (a) The
structure of y-ALOs and its elementary unit, (b) The structure of ZSM-5 and truncated ZSM-5(3T) (c) The structure of ZSM-
5(3T)@y-ALO; and (d) Amplification structure and parameters of key active sites of AICl/ZSM-5(3T)@y-ALO;. The geometry
optimization of ZSM-5(3T)@y-AlLOs core-shell catalyst was shown in Fig. 1(c), which catalytic model consisted of y-Al,O; and
3T cluster ZSM-5 structures. In addition, ZSM-5(3T)@y-Al,O; core-shell catalyst has four Bronsted acid active sites, as shown
in Fig. 1(c)(1~4). The stable core-shell structure of AICI/ZSM-5(3T)@y-ALO; obtained by loading AICl; was shown in Fig.
1(d), which has two equivalent Lewis acid active sites of Al-Cl bond. Especially, the tailored 3T cluster ZSM-5 structure and the
location of post-modification is very similar to that of Zhenxu Chu.!" Also, it can be seen that the catalytic model with multiple

four rings (Al-O-Al-O) is very similar to that proposed by Passana Hirunsit.®” As can be seen from Fig. 1, the length of the Al-O



bond calculated in this paper is 0.1785-0.1980 nm, which matched with the result in the work (0.17-0.19 nm) of Sun et al.*% In
addition, the calculated Si-O bond length is 0.1670 nm and 0.1750 nm, and the experimental data is about 0.1650 nm, which
deviation between the two is very small and acceptable.!*'! It clearly indicates that the structure of ZSM-5(3T)@y-ALO; core-
shell catalyst is reliable. In addition, the vibration frequencies of O'-H' bond, O*-H? bond, O*-H? bond and O*-H* bond obtained
through structural optimization are not significantly different, being 3677, 3684, 3688 and 3691 cm™', respectively. There is little

difference between theoretical and experimental results, in which Trombetta and co-workers!*” indicated that the O-H bond
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vibrated at a frequency of 3618 cm™. The deficit between our results and the reported one is below 2%. In conclusion, the
structures of ZSM-5(3T)@y-ALO; and AICL/ZSM-5(3T)@y-ALO; core-shell catalysts shown in Fig. 1 are credible for the
following mechanic calculations.Fig. 1. The combined models and key atomic numbers of catalysts: (a) The structure of y-Al,O; and its
elementary unit; (b) The structure of ZSM-5 and truncated ZSM-5(3T) ; (c¢) The structure of ZSM-5(3T)@y-ALOs and their key parameters (bond
length: nm, bond angel: °). (d) Amplification structure of AICl;/ZSM-5(3T)@y-ALOsand their key parameters (bond length: nm, bond angel: °). ®
represents the interception unit structures of y-Al,O; and 3T cluster ZSM-5, @ represents the optimization structures of y-Al,O; and 3T cluster

ZSM-5, @ represents that the catalytic model of ZSM-5(3T)@y-ALOs is composed of as-prepared y-Al,O; and 3T cluster ZSM-5(3T) structures.

3.2 ZSM-5(3T)@y-AlLO; core-shell catalyst



Taking No.l active site of ZSM-5(3T)@y-ALLO; core-shell catalyst as an example, the reaction mechanism on the
redistribution synthesis of M2 and key atomic numbers were shown in Fig. 2. The reaction mechanism of the other three active
sites is similar to that of No. 1 active site. It is clear from Fig. 2 that these reactions occur through two channels, i.e. channel 1
and Channel 2. Rx (x=1~6) represents the reactant, Px (x=1~6) represents the product and TSx (x=1~6) represents the transition
state.

In the main reaction (channel 1), the catalyst firstly reacts with (CH;);SiCl, and the O'-H' bond of Al-O-H on the catalyst
breaks and attacks the Si'-C' bond in the silane, and then the product P1 (composed of intermediate 1 and methane) is generated
through transition state TS1; intermediate I1 reacts with CH;SiCl; and generates P2 (composed of main product (CH3),SiCl, and
intermediate 12) through TS2; I2 is easy to capture free CH, in a large number of catalyst beds, then P3 is formed via TS3, which
makes the catalyst be reduced and the main product (CH;),SiCl, is produced. In the side reaction (channel 2), the catalyst first
reacts with CH;SiCls, and then passes through TS4 to produce P4 (composed of intermediate 14 and methane); 14 reacts with
(CHs;);SiCl, and then generates P5 (composed of intermediate I5 and by-product SiCly) through TSS5; finally, IS reacts with CH,
and generates P6 (by-product Si(CH;), and the catalyst reduced) through TS6. The above reaction mechanism coincided with the
experimental conclusion of Jessy Lemieux et al. which showed that the cleavage energy of Si-C bond was low and easy to
fracture. It can also be seen from the figure that the active center involved in the reaction is H provided by Al-O-H bond, which

is an obvious catalytic active center of Bronsted acid.[**
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Fig. 2. The reaction process catalyzed by ZSM-5(3T)@y-Al,Os
catalyst (No. 1 active site) and key atomic numbers. Rx, TSx, Ix and Px (x=1~6) represents the reactant, the transition state, the intermediate and

the product, respectively. Cat. represents ZSM-5(3T)@y-Al,Os catalyst.

In Fig. 2, the changes of bond length between key atoms constitute each transition state in the reaction process. In order to
verify the structural accuracy of the transition state TSx (x=1~6), the virtual vibration mode diagrams of the transition states were
obtained by using vibration analysis and calculation, as shown in Fig. 3 and Fig. S1. In addition, shown in Fig. 4, IRC method
was used to track the Forward and Reverse directions of transition states and the reliability of transition states was determined.
Wherein negative, positive and zero represent reactants, products and transition states, respectively. Combined with Fig. 2, Fig.
3, Fig. S1 and Fig. 4, in channel 1, the atomic spacing of O'-H' changes from 0.0982 nm to 0.3248 nm, and the atomic spacing

of Si'-C' changes from 0.1940 nm to 0.4474 nm, indicating that O'-H' and Si'-C' bonds are gradually separated and finally



broken. At the same time, the spacing between H' and C' changes from 0.2816 nm to 0.1093 nm, and the spacing between O' and
Si' changes from 0.4197 nm to 0.1691 nm. Finally, H'-C' and O'-Si' bonds are formed. At this time, the transition state TSI
moves towards its corresponding product P1. Then atoms in Si>-Cl' and Si'-O' bonds gradually move away and finally bonds
break, Si%, O' and Si', Cl' move close to each other and finally form bonds. Compared with the initial atomic distance of C1'-Si'
(0.4639 nm) and Si*>-O' (0.4829 nm) of the reactant (R2), the distance significantly decreases to 0.2182 nm and 0.1667 nm in the
product P2, respectively. At this time, the transition state TS2 moves towards its product P2. Then atoms in H'-C! and O'-Si?
bonds gradually move away and finally bonds break, while O', H' and C', Si* gradually move closely and finally bond together.
The calculated atomic distances of O'-H', Si>-C', C'-H' and O'-Si? in R3 are 0.3673, 0.5054, 0.1093, 0.1668 nm, and those in P3
change to 0.0985, 0.1886, 0.4254 and 0.4467 nm, respectively. At this time, the transition state TS3 moves towards its product
P3. Observing another vibrational direction of the key atoms in TS1, C' atom gradually approach and bond with Si' atom. O'
atom and H' atom move closely to each other and bond finally to form its corresponding reactant R1. Other transition states can
be analyzed in a similar way. The transition states in channel 2 can also move to their respective reactants and products through
the corresponding atomic vibration. The longitudinal or radial stretching vibration between the key atoms is equivalent, which

proves that the calculated transition state structure is correct. It can also be seen from Fig. 3, Fig. S1, Fig. S2, Fig. S3 and Fig. S4
Fig.
mi e | TR e | mE TR e | R TR e e Ta e | el T

3. % ﬁ:: ;?T'r !\:’:ﬁ':‘ Fi & - The
*f.':i. '?f.?ﬂ_' f 'f--ﬂ.";:ij ;—iﬁ‘ fI
ji o

I:‘.‘-

virtual vibration modes
of transition 8 {namn'™ o) § farmr ™ k) states in  the
P LR 1

i v ] T5d .o . -

reaction = ﬂ\.\ e : g_ : y A . : i,_’;, 3 process of ZSM
- . ost sow| S

5@T)@y- e . j ALO;s catalyst on
each active ; L site (1~4).

S fams’ boke)

Mol ————  Hoz2 EEEET LRI ] — T |



Fig. 4. The spacing trends of key atoms along IRC in the catalytic system of the ZSM-5(3T)@y-Al,O; catalyst on each active site (1~4).

that the catalytic active center is the H of Bronsted acid center. The H firstly participates in the disproportionation reaction
process to generate corresponding intermediates and products, and finally returns to the catalyst through the reaction channels 1
and 2, which not only realizes the recovery of the catalyst, but also realizes the generation of main products and by-products. The
vibration analysis and IRC discussion are corresponding to the above reaction path, which proves the reliability of the reaction
mechanism.

As can be seen from Fig. 4, the O'-H' bond on the catalyst in TS1 and TS4 is broken to provide Bronsted acid H to participate
in the reaction, and the bond is formed in TS3 and TS6 to reduce the catalyst. The two Si-Cl bonds and two Si-O bonds in TS2
and TS5 are one broken bond and one formed bond, which indicates that the Cl groups and Si groups in the silane reactants are
interchanged at this time through intermediates formed by the catalyst. Finally, in TS3 and TS6, the above Si-O bonds were
broken, and at the same time, O', H' and Si, C formed bonds again respectively, so as to realize the catalyst’s reduction and make
Si groups return to the main product and by-products. It is suggested that the O-H bond of the catalyst can provide Bronsted acid
H and transfer Si groups, making the disproportionation reaction finally possible. By analyzing the data and trends, each stage of
the reaction starts from the reactant and passes through the transition state to the product. The results of IRC calculation further

prove that the structure of reactants, transition states and products is reliable and the reaction mechanism is credible.



The activation energy of each reaction in Channel 1 and Channel 2 was calculated by ZPE correction, which is very important
to evaluate the performance of ZSM-5(3T)@y-AlOs core-shell catalyst. From Fig. 5 and Table 1, taking No. 1 active site as an
example, the activation energy of each step of the main reaction is 107.42, 23.36 and 107.60 kJ-mol”, respectively. The
activation energies of the first and third steps are obviously higher than that of the second step. If the error factor is taken into
account, it indicates that the first and third steps determine the main reaction rate. Similarly, the activation energy of the last step
in the side reaction channel is 139.83 kJ-mol™, which is also much higher than the activation energy of the fourth step of 105.37
kJ-mol” and the activation energy of the fifth step of 62.43 kJ-mol™'. Therefore, the last step is the Rate Determining Step of the
side reaction. Moreover, according to the activation energy of the main reaction and the side reaction, under the same reaction
conditions, the side reaction is less likely to occur, while the main reaction is relatively easy to occur. This indicates that ZSM-

5(3T)@y-AlLO; core-shell catalyst has a good catalytic effect on the disproportionation of M1 and M3 to prepare M2.

From Fig. 5 and Table 1, according to the comparison of all activation energy values of each active site, the activation energies
of the RDS in main reaction are 107.60, 135.09, 134.95 and 139.38 kJ-mol™', respectively, and the activation energies of the RDS
in side reaction are 139.83, 148.38, 123.92 and 129.45 kJ-mol ', respectively. The activation energies of the main reaction at
reaction sites 1 and 2 are lower than those of the side reaction, that is, the main reaction is more competitive in the corresponding
disproportionation reaction. The activation energies of No. 3 and No. 4 active sites for side reactions are slightly lower than those
of the main reaction, that is, in the corresponding reactions, the side reactions are slightly more competitive. The probability of
catalyzing the main reaction at each site is as follows: 1>2; the possibility of catalytic side reaction at each site is ranked as: 3>4.
The activation energy of the main reaction at the active site No. 1 is lower than those of the side reaction at the other active sites.
Therefore, ZSM-5(3T)@y-ALO; could catalyze the main reaction successfully. This is consistent with the speculation of the
reaction mechanism mentioned above. The Channel 1 generating M2 is indeed the main reaction channel, which proves the
reliability of the reaction mechanism again.

The H of catalyst firstly participates in the disproportionation reaction process to generate corresponding intermediates and
products, and finally returns to the catalyst through the reaction channels 1 and 2, which not only realizes the recovery of the
catalyst, but also realizes the generation of main products and by-products. It is suggested that the O-H bond of the catalyst can

provide Bronsted acid H and transfer Si groups, making the disproportionation reaction finally possible.
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Fig. 5. Activation energies in in the catalytic system of the ZSM-5(3T)@y-Al,Os catalyst on each active site (1~4) and post-modified AICl;/ZSM-

5(3T)@y-AlLO; catalyst.

Table 1 Activation energies (Ea, kJ-mol™) in the catalytic system of ZSM-5(3T)@y-Al O catalyst and post-modified AICI;/ZSM-5(3T)@y-AlO;

catalyst. Red and blue indicates rate-determining step activation energies of main reaction and side reaction, respectively.
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3.3 AICl,/ZSM-5(3T) @y-Al,O, catalyst

In general, the reaction mechanism on the redistribution synthesis of M2 by post-modified AICl;/ZSM-5(3T)@y-ALO; catalyst
is similar to that of ZSM-5(3T)@y-AlO; core-shell catalyst. It is clear from Fig. 6 that these reactions also occur through two
channels, i.e. channel 1 and Channel 2. Rx (x=1~4) represents the reactant, Px (x=1~4) represents the product and TSx (x=1~4)

represents the transition state.

In the main reaction (channel 1), the catalyst firstly reacts with (CH3);SiCl, and the Al*-Cl* bond of the catalyst breaks and

attacks the Si'-C' bond in the silane, and then the product P1 (composed of intermediate I and main product (CH3),SiCl,) is



generated through transition state TS1; intermediate I reacts with CH;SiCl; and generates P2 via TS2, which makes the catalyst
be reduced and the main product (CH;),SiCl, is produced. In the side reaction (channel 2), the catalyst first reacts with CH3SiCl,,
and then passes through TS3 to P3(composed of intermediate I and by-product SiCl,); finally, I reacts with (CH;);SiCl and
generates P4 (by-product Si(CH;)s and the catalyst reduced) through TS4. The above reaction mechanism coincided with the
experimental conclusion of Jessy Lemieux et al. which further showed that the cleavage energy of Si-C bond was low and easy to
fracture. It can also be seen from the figure that the active center involved in the reaction is Cl provided by Al-Cl bond, which is

an obvious catalytic active center of Lewis acid."’*)
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AlLOs catalyst and key atomic numbers. Rx, TSx and Px (x=1~4)
represents the reactant, the transition state and the product, respectively. Cat. and I represents AICl;/ZSM-5(3T)@y-ALO; catalyst and intermediate,

respectively.

Similarly, in Fig. 6, the changes of bond length between key atoms constitute each transition state in the reaction process. In
order to verify the structural accuracy of the transition state TSx (x=1~4), the virtual vibration mode diagrams of the transition
states were obtained by using vibration analysis and calculation, as shown in Fig. 7 and Fig. S5. In addition, shown in Fig. 8, IRC
method was used to track the Forward and Reverse directions of transition states and the reliability of transition states was
determined. Wherein negative, positive and zero represent reactants, products and transition states, respectively. Combined with
Fig. 6, Fig.7, Fig. S5 and Fig. 8, in channel 1, the atomic spacing of Al*-CI* changes from 0.2205 nm to 0.5022 nm, and the
atomic spacing of C'-Si' changes from 0.1899 nm to 0.4244 nm, indicating that A1*-CI* and C'-Si' bonds gradually separated
and finally broken. At the same time, the spacing between C1* and Si' changes 0.4090 nm to 0.2182 nm, and the spacing between
Al* and C' changes from 0.4855 nm to 0.1966 nm. Finally, C1*-Si' and Al*-C' bonds are formed. At this time, the transition
state TS1 moves towards its corresponding product P1. Then atoms in Si*>-Cl' and Al*-C' bonds gradually move away and finally
bonds break, Si%, C' and Al*, Cl' move close to each other and finally form bonds. Compared with the initial atomic distance of
C'-Si? (0.5415 nm) and CI'-Al* (0.3932 nm) of the reactant (R2), the distance significantly decreases to 0.1886 nm and 0.2212

nm in the product P2, respectively. At this time, the transition state TS2 moves towards its product P2. Observing another



vibrational direction of the key atoms in TS1, C' atom gradually approach and bond with Si' atom. Al* atom and CI* atom move
closely to each other and bond finally to form its corresponding reactant R1. Other transition states can be analyzed in a similar
way. The transition states in channel 2 can also move to their respective reactants and products through the corresponding atomic
vibration. The longitudinal or radial stretching vibration between the key atoms is equivalent, which proves that the calculated
transition state structure is correct. It can also be seen from Fig. 7 and Fig. S5 that the catalytic active center is the C1* of Lewis
acid center. The CI* firstly participates in the disproportionation reaction process to generate intermediate and products, and
finally returns to the catalyst through the reaction channels 1 and 2, which not only realizes the recovery of the catalyst, but also
realizes the generation of main products and by-products. The vibration analysis and IRC discussion are corresponding to the

above reaction path, which proves the reliability of the reaction mechanism.
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Fig. 7. The virtual vibration modes of transition states in the reaction process of post-modified AIC1;/ZSM-5(3T)@y-AlOs catalyst.
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Fig. 8. The spacing trends of key atoms along IRC in the catalytic system of the AICl;/ZSM-5(3T)@y-Al,Os catalyst.

The activation energy of each reaction in Channel 1 and Channel 2 was calculated by ZPE correction, which plays a critical
role in evaluating the performance of AICly/ZSM-5(3T)@y-ALOs core-shell catalyst. From Fig. 5 and Table 1, the activation

energy of each step of the main reaction is 119.66 and 103.78 kJ-mol", respectively. The activation energy of the first step is



obviously higher than that of the second step. If the error factor is taken into account, it indicates that the first step determines the
main reaction rate. Similarly, the activation energy of the third step in the side reaction channel is 172.75 kJ-mol!, which is also
much higher than the activation energy of the fourth step of 31.26 kJ-mol™'. Therefore, the last step is the Rate Determining Step
of the side reaction. Moreover, according to the activation energy of the main reaction and the side reaction, under the same
reaction conditions, the side reaction is less likely to occur, while the main reaction is relatively easy to occur. This indicates that
AICL/ZSM-5(3T)@y-ALO; core-shell catalyst has a good catalytic effect on the disproportionation of M1 and M3 to prepare
M2.

From Table 1, according to the activation energy values of No.l and No.2 active sites in the ZSM-5(3T)@y-Al,O; core-shell
catalyst system and that of AICL/ZSM-5(3T)@y-ALO; core-shell catalyst system, the activation energies of the RDS in main
reaction are 107.60, 135.09 and 119.66 kJ-mol™, respectively, and the activation energies of the RDS in side reaction are 139.83,
148.38 and 172.75 kJ-mol’, respectively. The activation energies difference between main reaction and side reaction in the
AlICL/ZSM-5(3T)@y-AlOs core-shell catalyst system are higher than those of ZSM-5(3T)@y-AlLO; core-shell catalyst system,
that is, the side reaction is less competitive in the corresponding disproportionation reaction. Therefore, AIC1;/ZSM-5(3T)@y-
ALO; could be in favor of catalyzing the main reaction comparing with ZSM-5(3T)@y-ALO;. This is consistent with the
speculation of the reaction mechanism mentioned above. The channel 1 generating M2 is indeed the main reaction channel,
which proves the reliability of the reaction mechanism again.

From Table 2, the bond order analysis of two Al*-CI* bonds were performed. The bond order of Al*-Cl1*? including single
bond’s Mayer bond order (MBO), Laplacian bond order (LBO) and Mulliken bond order is higher than that of Al*-CI*!,
indicating that A1*-CI*! is easy to broke and the reaction is more likely to occur. Besides, the Multi-centers bond order of Al*-
CI*!-0'-0? is higher than that of Al*-C1*2-0'-0?, indicating that the Al*-C1*!-O'-O? bond of post-modified catalyst has better
stability, that is, the loaded location of Al*-CI*' is more stable than the other one. It is suggested that only one Cl atom can
participate in the reaction process, ascribing to the sterichindrance effect and the channel confinement effect. This is consistent
with the speculation of the reaction mechanism mentioned above. The catalytic active site C1*' is indeed in favor of participating

in the reaction, which proves the reliability of the reaction mechanism again.

Table 2 The bond order of different active sites in the post-modified AIC1;/ZSM-5 (3T)@y-ALO;s catalyst system.

AlC1 bond order MBO LB Mullliken AlC0"0° bond order
N Qa2 01965 0380 Q0015
A.CPE LB 10196 (13585 0014

According to our previous works, the most optimization activation energies of the RDS in main reaction and side reaction in
the catalytic system of AICl;/ZSM-5(3T) are 111.60 and 155.60 kJ-mol”, while those are 107.60 and 139.83 kJ-mol" in the
catalytic system of ZSM-5(3T)@y-Al,O; and 119.66 and 172.75 kJ-mol™ in the catalytic system of AlCl;/ZSM-5(3T)@y-AlOs,

respectively.”

! That is to say that the activation energy of main reaction rate determining step of AIC1;/ZSM-5(3T) catalyst is
nearly similar to that of ZSM-5(3T)@y-Al,O; and AICl/ZSM-5(3T)@y-ALOs. However, the difference value of activation

energy between rate determining steps in the main reaction and the side reaction of AICl;/ZSM-5(3T)@y-AlLO; catalyst is the



highest, which illustrate that the side reaction is prohibited much more and the main reaction is permitted as well. So,

AICL/ZSM-5(3T)@y-AlLO; has the best catalytic reactivity.
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LOL (b) analysis of the post-modified AICls/ZSM-5(3T)@y-ALO; catalyst.

On the other hand, the Electronic Localization Function (ELF) and the Localized Orbit Locator (LOL) analysis were carried
out to explain catalytic character in Fig. 9. Wherein dark blue and red indicates robust electronic delocalization and little
electronic delocalization. From Fig. 9 (a), in the interior of Al atom and Cl atom, bright color like orange and green indicates
robust electronic localization. Oppositely, blue-violet outside of Al atom and Cl atom shows robust electronic delocalization, and
therefore facilitates the shared electron between Al atom and Cl atom. Similarly, it is obvious that bright color like yellow and
green (represents robust electronic localization) gradually transfers to blue (represents robust electronic delocalization) from the
center to the margin of both Al atom and Cl atom. Obviously, the difference between interior and external both Al atom and Cl
atom can be good agreement with the result of ELF as it shown in Fig. 9 (b). In conclusion, electronic delocalization of Cl atom
and strong electronic localization of Al atom facilitates electrons move close to Si atom and the electronic attracking from methyl
group in silane, respectively. Therefore, ELF and LOL confirm that Lewis acid of the catalyst modified with AICI; is
strengthened and the credible of redistribution reaction, which demonstrates that the active site as the Lewis acidic center is in

agreement with the previous studies, plays a critical role in the explanation of the nature of the reaction.

4 Conclusions

In this paper, the redistribution synthesis mechanism of M2 over ZSM-5(3T)@y-Al,O; core-shell catalyst and post-synthesis
AICL/ZSM-5(3T)@y-AlLO; catalyst has been investigated by using the DFT method. (1) Among the ZSM-5(3T)@y-AlLO; core-
shell catalyst, H atom of Bronsted acid is active site and the No.l active site has the best catalytic performance. (2) The
AICL/ZSM-5(3T)@y-ALO; core-shell catalyst has Lewis acid active site Al-Cl bond, which has a better catalytic effect than
ZSM-53T)@y-ALO;. (3) The structures of catalytic systems, the virtual vibration models of the transition states IRC, the
spacing trends of key atoms along IRC, energy calculations, the parameters of various kinds of bond orders, ELE and LOL

analysis completely are consistent with each other.
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