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CO, cycloaddition with EO over M(i)-intraframework BEA zeolites, with and without TMAI as a co-
catalyst, is investigated using the M06-L functional. Without a co-catalyst, the catalytic process occurs
through a concerted mechanism. The activation energy is calculated to be 39.9, 389, 38.6, and
39.6 kcal mol™ for M-DeAIBEA zeolites (M = Ni, Cu, Zn, and Mg), respectively. In the presence of the
co-catalyst, the catalytic process proceeds through three consecutive steps: ring opening, CO,
activation, and ring closure, with the latter being the rate-determining step (RDS) of the reaction. The
incorporation of TMAI plays a crucial role in activating EO and CO,, leading to a more kinetically
favorable formation of ethylene carbonate compared to the concerted pathway. From the energy span
model, the activation energies of the RDS for the stepwise CO, cycloaddition are 16.8, 24.7, 14.7, and
14.1 kcal mol™, respectively. The SISSO algorithm has been employed to develop a mathematical

Received 8th April 2025, expression for predicting the highest activation energy required for EC production via two pathways.

Accepted 28th May 2025 The highest activation energy for CO, cycloaddition can be approximated using the molecular orbital
(MO) energies of the zeolite and co-catalyst, along with the EO and CO, adsorption free energies. The

SISSO-derived activation energies closely match the DFT-calculated values, achieving an R? value of
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Fig. S1. Free energy profile for CO, cycloaddition with ethylene oxide and the

optimized transition state geometry. Bond distances are given in A. Fig. S2.
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the transition state for the ring-opening of ethylene oxide by TMAI in the absence

of a Lewis acid. Distances are given in A. See DOI: https://doi.org/10.1039/
d5cp01341k
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0.998 and an RMSE of 1.52 kcal mol™.

1. Introduction

Nowadays, the world is not just experiencing global warming; it
is shifting towards a global boiling phenomenon that could
have profound impacts on various areas, including agriculture,
biodiversity, water resources, and human well-being." The use
of fossil fuels for energy generation and chemical production
contributes significantly to environmental issues due to the
rapid rise in greenhouse gases. Among these gases, carbon
dioxide (CO,) is critical in climate change due to its emission
during energy production processes. Therefore, converting CO,
into value-added chemical feedstocks is a promising approach
to mitigating CO, emissions and reducing its environmental
impact.>™* CO, is well-known as an abundant and non-toxic
source of C1 building blocks. Therefore, several studies have
focused on improving methods to convert CO, into higher-
value chemicals using various processes including electroche-
mical reduction,>® thermochemical conversion,”® photocataly-
tic reduction,”® catalytic CO, hydrogenation,'"'* etc. One of
the promising methods for converting a significant greenhouse
gas into valuable chemicals is the cycloaddition of carbon
dioxide to epoxides to form cyclic carbonates which are widely
used in various applications, including polymerization reac-
tions, battery technologies, pharmaceuticals, and as aprotic
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polar solvents."*™*® Thus, an efficient catalyst that can promote
epoxide ring opening to produce an active intermediate for CO,
cycloaddition is crucial for reducing energy consumption.

Generally, homogeneous catalysts have been widely used in
the production of cyclic carbonates. Various types of homo-
genous catalysts have been used for this reaction such as
quaternary ammonium salts,"””"® metal complexes,">*° etc.
Furthermore, the choline chloride-based deep eutectic solvent
(DES) efficiently has been reported to be an efficient catalyst for
the cycloaddition of propylene oxide (PO) with CO,. The DES
exhibits excellent catalytic performance in converting propy-
lene oxide to cyclic carbonate with a 91% yield. The nucleophi-
licity of the halide ion plays a key role in the conversion of
C0,.2?* When the CI~ anion was replaced with 1", which has a
higher nucleophilic ability, the ring-opening of the three-
membered epoxide ring became significantly more favorable.
As a result, the reaction proceeded more efficiently, allowing for
a natural reduction at the required reaction temperature.”®
However, homogeneous catalysts exhibit certain limitations,
such as the inability or difficulty in being separated from the
reaction system for reuse and recycling. Furthermore, in some
cases, their structures are significantly damaged under reaction
conditions, compromising stability and reusability.”*

The use of heterogeneous catalysts offers a promising
solution for this conversion, as they overcome the limitations
associated with homogeneous catalysts, such as challenges in
scaling up for industrial applications and difficulties in catalyst
recovery and separation from the products.”>® Previous stu-
dies have shown that heterogeneous catalysts, including metal
oxides,**° carbon-based materials,>'** metal-organic frame-
works,**™* and zeolites,***® can effectively promote the cyclo-
addition of CO, with epoxides to produce desired cyclic carbonates.
Zeolites are crystalline materials with porous structures that
serve as environmentally sustainable catalysts, facilitating
chemical reactions while remaining in a separate phase from
the products. In addition to metal-exchange zeolites that can
catalyze the cycloaddition of CO, to epoxides, the incorporation
of metal cations into the zeolite framework inspired by the
formation of open Sn sites in the Sn-BEA zeolite®® has received
more attention. By introducing these metal cations into the
zeolites, which have been pretreated with an acid to generate
T-site vacancies, metal open sites are formed as Lewis acid sites.
This modification not only enables fine-tuning of the acid-base
characteristics of zeolites but also improves the stability of the
active centers during chemical reactions.’™"! Various types of
metal cations have been added to the zeolite frameworks to act
as active sites for chemical reactions. W. Liao and coworkers
successfully synthesized isolated magnesium supported on a
dealuminated BEA zeolite with the confined iodide ion inside
the structure via the electrostatic interaction with tetraethylam-
monium cations. The catalyst was reported to exhibit extra-
ordinary catalytic performance in the CO, cycloaddition to
epoxides without the use of any solvent.*” Besides Mg-supported
dealuminated BEA, divalent metal cations such as Ni-, Cu-, and
Zn-DeAIBEA zeolites were successfully synthesized.*>™*® These
cations have been reported to be candidate active centers in
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homogeneous and heterogeneous systems for CO, cycloaddi-
tion.””>° However, the catalytic performance of these cations, in
the form of zeolitic intraframework sites, in the conversion of CO,
through cycloaddition with epoxides has not been reported.

According to previous studies,®® divalent metal cations such
as Cu, Ni, and Zn cations in the faujasite zeolite are active in
catalyzing the epoxide cycloaddition with CO, without a co-
catalyst. Cu-FAU is found to be more active than Ni- and Zn-
FAU. Therefore, it is of interest to compare the effects of the
location of these metal cations in the form of intraframework
species with those of the extraframework species. Herein, we
perform density functional theory (DFT) calculations to com-
pare mechanistic and energetic details into the reaction
mechanisms of CO, cycloaddition to epoxide over divalent Ni,
Cu, Zn, and Mg supported on a dealuminated BEA zeolite in the
absence and in the presence of tetraalkylammonium iodide
which acts as an electrophilic agent. We compare the possible
reaction mechanisms, energetic details, and the effect of metal
on the catalytic reactivity. The calculated results would provide
the fundamental knowledge for designing the zeolite-based
catalytic systems for the CO, cycloaddition reaction. Addition-
ally, we use the sure-independence screening and sparsifying
operator (SISSO) method®® to derive optimal mathematical
models that describe the relationship between input features
and outcomes. The resulting linear combinations of physical
descriptors enable accurate prediction of target values. In this
study, we apply the SISSO approach to estimate the activation
energies of CO, cycloaddition using various DFT-derived
descriptors related to electronic properties, such as atomic
NBO charge, HOMO and LUMO energies, and adsorption
energies. Based on the SISSO-based equation, this approach
offers a computationally efficient method for screening the
catalytic performance of related systems for this reaction before
conducting time-intensive quantum chemical calculations to
investigate the overall catalytic profile.

2. Models and methods

We employed density functional theory (DFT) calculations to
investigate the possible reaction mechanisms of CO, cycloaddi-
tion of ethylene oxide (EO) catalyzed by divalent metal centers
supported on dealuminated zeolite frameworks. The 38T clus-
ter model, encompassing a nanometer-sized catalytic site that
spans the intersection of two perpendicular 12-membered ring
channels, was extracted from the crystal lattice of the BEA
zeolite.® Previous studies have shown that this model is
sufficiently large to determine the confinement effects of the
zeolite framework.>>>> To model a metal-supported DeAIBEA
zeolite, an aluminum atom at the T9 position was removed and
replaced with a divalent metal cation (Ni, Cu, Zn, or Mg) bound
to two oxygen atoms within the channel. The remaining oxygen
atoms were terminated with hydrogen atoms to form silanol
groups. Previous studies have demonstrated that this position
is the most stable for Zn grafted onto a dealuminated BEA
zeolite.>® As shown in Fig. 1, adsorbates and the zeolite’s atoms

This journal is © the Owner Societies 2025


https://doi.org/10.1039/d5cp01341k

Published on 29 Caxah Alsa 2025. Downloaded on 12/04/2026 1:06:13 AM.

PCCP

Fig. 1 Optimized structure of the M-DeAIBEA zeolites (M = Ni, Cu, Zn,
and Mg).

around the substituted atom and terminal silanol groups were
allowed to relax, while the remaining atoms were kept fixed at
their crystallographic structures. Ab initio calculations based on
density functional theory (DFT) were conducted using the M06-
L functional, as implemented in the Gaussian 09 software
package.”” The M06 functionals, particularly M06-L,*® have
not only been highly effective in the confinement effects within
zeolites but also effectively described the differences among
zeolites with varying pore sizes and the stabilization of transi-
tion states in metal-zeolite systems.’>"®* A mixed basis set was
employed for geometry optimization throughout the catalytic
process. The LANL2DZ effective core potentials were used for
transition metals and the iodine atom, while the 6-31G(d,p)
basis set was applied for Mg and nonmetal atoms. The electro-
nic ground state was set to triplet and doublet for Ni- and Cu-
DeAIBEA zeolites, respectively, while the singlet state was used
for Zn- and Mg-DeAIBEA systems. The spin states of all com-
plexes along the reaction coordinate in these systems remained
unchanged. In this study, tetramethylammonium iodide
(TMAI) was chosen to represent the nucleophilic agent. Vibra-
tional frequency analysis was conducted to confirm the transi-
tion state structures following geometric optimization. All
reported energies are Gibbs free energies at 298.15 K and 1
atm. Additionally, natural bond orbital (NBO) analysis was
carried out to determine charge distributions and orbital
interactions within the complexes.®

3. Results and discussion

3.1. M-DeAIBEA zeolites (M = Ni, Cu, Zn, and Mg) and EO and
CO, adsorption complexes

In this study, the 38T cluster representing divalent cation-
supported DeAIBEA zeolite acts as a catalyst for the cycloaddi-
tion of CO, to ethylene oxide to form ethylene carbonate.

This journal is © the Owner Societies 2025
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The optimized structures and their electronic properties were
evaluated by the MO06-L level of theory. Selected optimized
structures, important structural parameters of these adsorption
complexes, and their NBO atomic charges of M-DeAIBEA
(M = Ni, Cu, Zn, and Mg) systems are reported in Tables S1-
S4 of the ESL.{ For the optimized structure of the zeolite active
site, it was found that the cation is sited over and compensated
for by two oxygen atoms with shorter distances and has a small
interaction with one silanol group around the dealuminated
position. After deposition on the dealuminated site, partial
electron transfer occurs from the zeolite framework to the
divalent metal ions. The NBO charge of the cation is calculated
to be +1.18e, +1.16¢, +1.53¢, and +1.67¢, for M-DeAlIBEA zeolites
(M = Ni, Cu, Zn, and Mg), respectively.

Firstly, the adsorption complexes of EO on these catalysts,
designated as ADS1, were investigated. The optimized struc-
tures of EO adsorbed on the M-DeAIBEA systems (M = Ni, Cu,
Zn, and Mg) are shown in Fig. 2. Their selected optimized
parameters and NBO charges are reported in Tables S1-S4
(ESIY), respectively. The interaction results from the oxygen
atom of EO interacting with the Lewis acidic sites present in the
M-DeAIBEA zeolites via its lone paired electrons. The intermo-
lecular distances between the oxygen atom of EO and the metal
cation in these systems range from 2.00 to 2.06 A. When EO
binds to the metal center of the system, the metal of the catalyst
polarizes the C-O bond of the epoxide. This results in a more
negatively charged O1 atom by about —0.1e in the adsorption
complex. The adsorption of these systems has a slight effect on

Zn-DeAIBEA

Mg-DeAIBEA

Fig. 2 Optimized structures of the ethylene oxide adsorption complexes
on M-DeAIBEA zeolites (M = Ni, Cu, Zn, and Mg). Distances are in A.

Phys. Chem. Chem. Phys., 2025, 27,13371-13381 | 13373


https://doi.org/10.1039/d5cp01341k

Published on 29 Caxah Alsa 2025. Downloaded on 12/04/2026 1:06:13 AM.

Paper

the EO molecule. Even though the adsorption free energy on
these systems is in the range of chemisorption, which is greater
than 20 kecal mol*, the deformation free energy of the EO
molecule in all systems is only about 0.9 kcal mol . Except for
Cu-DeAlBEA, the adsorption free energy of the EO complex
follows the trend of the metal cation charge. The higher the
positive charge of the metal, the stronger the interaction
between the EO molecule and the zeolite. The adsorption free
energies are predicted to be —19.8, —24.5, and —26.0 keal mol ™
for the Ni-, Zn-, and Mg-DeAIBEA zeolites, respectively. In the case
of the Zn- and Mg-DeAIBEA zeolites, the amount of electron
transfer is 0.08¢ and 0.06e for Zn- and Mg-DeAlBEA zeolites,
which are less than that of the other systems (0.12e and 0.13e).
This indicates that the interaction of an EO molecule on the active
center is dominated by the electrostatic interaction. In the case of
Cu-DeAIBEA, the atomic charge of Cu is less than that of the Ni-
DeAIBEA zeolite. The adsorption free energy of the former system,
which is slightly greater than that of the latter, is calculated to be
—22.1 keal mol *. Because the Lewis acidity of Cu-DeAIBEA is
greater than that of Ni-DeAIBEA as indicated by the lower energy
of the LUMO (—5.89 eV for Cu vs. —4.42 eV for Ni), there is a slight
difference in the amount of electron transfer from the EO
molecule to the zeolite. As a result, the energy of EO adsorption
is slightly higher in Cu-DeAIBEA.

For CO, adsorption, selected geometric parameters and
their NBO charges for the CO, adsorption complexes on the
M-DeAIBEA zeolites (M = Ni, Cu, Zn, and Mg) are provided
in Table S5 (ESIf). Their optimized structures are depicted
in Fig. 3. The CO, molecule binds to the metal center of the
dealuminated zeolite through its oxygen lone-pair electrons.
The distances between the metal and the bounded oxygen atom
are in the range of 2.11 to 2.19 A. The linear structure of CO, is
slightly bent upon the adsorption. The NBO analysis observed
that CO, donates a small amount of electron density from the
oxygen p orbital to the vacant orbitals of the metal. The bond
angle of M—03-C3 is predicted to be 146.3°, 137.6°, 136.9°, and
139.6° for the adsorption on M-DeAIBEA zeolites (M = Ni, Cu,
Zn, and Mg), respectively. The net charge of the CO, molecule is
slightly positive, with a value of 0.06e to 0.08e. The two C—=0O
bonds of the adsorbed CO, become slightly asymmetrical,
measuring 1.18 A and 1.16 A together with the bound oxygen
charge decrease from —0.51e to —0.58e, —0.58¢, —0.61e, and
—0.62¢ for M-DeAlBEA zeolites (M = Ni, Cu, Zn, and Mg),
respectively. The adsorption free energies are calculated to be
—5.7, —5.0, —7.0, and —8.6 kcal mol™'. It was also found that
the interaction of the EO molecule with the metal centers of the
DeAIBEA zeolite is approximately three to four times stronger
than the interaction of CO,. As a result, the presence of CO, in
the catalytic system does not hinder the adsorption of EO on
the metal center, which is a critical initial step in the CO,
cycloaddition process.

3.2. The mechanism of CO, cycloaddition on the M-DeAIBEA
zeolite (M = Ni, Cu, Zn, and Mg)

As previously mentioned, the Mg-DeAIBEA zeolite with confined
iodide anions was successfully synthesized and demonstrated
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Zn-DeAIBEA

Mg-DeAIBEA

Fig. 3 Optimized structures of the carbon dioxide adsorption complexes
on M-DeAIBEA zeolites (M = Ni, Cu, Zn, and Mg). Distances are in A.

excellent performance in CO, cycloaddition to epoxides. There-
fore, the catalytic mechanism of CO, cycloaddition of ethylene
oxide to form ethylene carbonate over M-DeAlBEA zeolites (M =
Ni, Cu, Zn, and Mg) in the presence of TMAI has been investi-
gated. Without a catalyst, the activation free energy (AG*) for the
conversion of CO, and ethylene oxide (EO) is predicted to be
62.1 keal mol ™ (¢f Fig. S1, ESIY), indicating that this uncatalyzed
reaction is kinetically unfavorable. Therefore, a catalyst is needed
for this conversion. From previous studies, the catalytic cycloaddi-
tion is proposed to proceed through a stepwise mechanism,****
as illustrated in Scheme 1. The CO, cycloaddition over the catalyst
initiates the adsorption of ethylene oxide (EO) on the metal center
and is envisioned to proceed through three elementary steps.
First, the three-membered ring of ethylene oxide (EO) is opened by
the iodide ion from TMAI, which acts as a nucleophile. It attacks
the carbon of the adsorbed epoxide, leading to the formation of a
surface alkoxide intermediate. Second, CO, is inserted into the
surface alkoxide intermediate, forming a carbonate intermediate

o TMAI
_TMAI (ll - 5
;o; + TMAI oJ +CO, 0/ o -TMAI o=c/ j
! — — — ¢
: 1) (] g \°
M- % (U] M- (1) M-

DeAIBEA DeAIBEA DeAIBEA DeAIBEA

Scheme 1 Proposed catalytic process of CO, cycloaddition to ethylene
oxide (EO) catalyzed by M-DeAIBEA zeolites (M = Ni, Cu, Zn, and Mg) in the
presence of tetramethylammonium iodide (TMAI): (I) EO ring opening, (Il)
CO; insertion, and (lll) ring closure.
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at the metal sites. Third, the carbonate intermediate undergoes
ring closure through a five-membered ring transition state, lead-
ing to the formation of a cyclic carbonate and the regeneration of
the catalyst. The selected optimized structures and the corres-
ponding NBO charges for the elementary steps of CO, cycloaddi-
tion to EO over M-DeAIBEA zeolites (M = Ni, Cu, Zn, and Mg) in
the presence of TMAI are presented in Tables S1-S4 (ESIt),
respectively.

The first step of the reaction starts with the co-adsorption of
EO on the metal active site of the catalyst and TMAI inside the
zeolite pore, designated as ADS2 (¢f. Fig. 4a). From this
complex, TMAI promotes the nucleophilic ring-opening of the
epoxide by activating the C-O bond through nucleophilic attack
by I” (¢f Fig. 4b). In all systems, the C2-O1 bond distance is
elongated from the adsorption complex by about 0.3 A. The
alkyl iodide has a bond distance of about 2.8 A. The negative
charge of the iodide is reduced from —0.83e to about —0.6e at
the transition state (TS1), indicating the transfer of the electron
from the iodide ion into the antibonding orbital of the C-O
bond. The imaginary frequencies of 339.1i (Ni), 380.67 (Cu),
329.37 (Zn), and 306.8; cm™' (Mg) are associated with the
dissociation of the C2-O1 bond and the formation of the
C2-1 bond. These transition states in all systems have a relative
energy lower than the adsorption of the EO adsorption complex
(ADS1). This step has an activation energy of 5.6, 6.8, 4.0, and
2.9 kecal mol ! for the catalysis on M-DeAIBEA zeolites (M = Ni,
Cu, Zn, and Mg), respectively. The Lewis acid sites in
M-DeAIBEA (M = Ni, Cu, Zn, Mg) zeolites play a key role in
lowering the activation energy for the ring-opening step by
stabilizing its transition state. Without the Lewis acid, the ring
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opening of ethylene oxide by only TMAI requires an activation
energy of 32.4 kcal mol " (¢f Fig. S2 in the ESIt). This
observation is in accordance with the theoretical study of CO,
cycloaddition to propylene epoxide catalyzed by ammonium
ferrates.®

After the first transition state, the metal-alkoxide intermedi-
ate (INT1) is formed (cf: Fig. 4c). In all systems, the formation of
INT1 is an exothermic process relative to the isolated system of
about —35 keal mol . The significantly greater stability of INT1
compared to the adsorption step indicates that its formation is
an irreversible process. The M-O1 bond distance gradually
decreases compared to the values observed in the adsorption
(ADS1) and transition state (TS1) steps. Methylene carbon is
bound to the iodide ion with a bond distance ranging from
2.24 to 2.27 A. According to the NBO analysis, the calculated
Wiberg bond order indices between the metal and the oxygen
atom are 0.440 (Ni-O1), 0.466 (Cu-O1), 0.345 (Zn-O1), and
0.269 (Mg-0O1). The atomic charges of the oxygen (O1) atom
in INT1 become more negative than that of the isolated EO
molecule, indicating an increase in the nucleophilicity of the
O1 atom after the ring-opening process.

The next step is the activation of CO,, which begins with the
adsorption of CO, onto the metal-alkoxide oxygen atom (CO,-
INT1), as shown in Fig. 5a. The CO, carbon atom interacts with
the oxygen atom of INT1. This step is a slightly endergonic
process with a free energy of about 1 kcal mol . The distance
between C3 and O1 is calculated to be 2.63 A for Ni-DeAIBEA,
2.73 A for Cu-DeAlBEA, 2.59 A for Zn-DeAIBEA, and 2.59 A
for Mg-DeAIBEA, respectively. The adsorption of CO, on the
surface alkoxide intermediate leads to distortion of the CO,

Fig. 4 Optimized structures of the EO ring-opening for the CO, cyclo-
addition to ethylene oxide over the M-DeAIBEA zeolites (M = Ni, Cu, Zn,
and Mg): (a) EO-TMAI adsorption complex (ADS2), (b) transition state (TS1),
and (c) metal—alkoxide intermediate (INT1).

This journal is © the Owner Societies 2025

Fig. 5 Optimized structures of the CO, insertion step for the CO,
cycloaddition to ethylene oxide over the M-DeAIBEA zeolites (M = Ni,
Cu, Zn, and Mg): (a) coadsorption complex (CO,-INT1), (b) the second
transition state (TS2), and (c) carbonate intermediate (INT2).
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structure, causing it to shift from a linear to a slightly bent
configuration with a bond angle of about 176°. This leads to a
slight imbalance in the NBO charge on the two oxygen atoms of
CO,. The activation of the CO, molecule takes place via the TS2
transition state, which involves the insertion of CO, in the
alkoxide bond to produce a carbonate-like intermediate (INT2).

At the second transition state (¢f Fig. 5b), the CO, carbon
atom attaches to O1 of INT1 with distances of 1.83 A for Ni-
DeAIBEA, 1.81 A for Cu-DeAlBEA, 1.84 A for Zn-DeAIBEA, and
1.92 A for Mg-DeAIBEA, respectively. Simultaneously, the C-O
bond distances of the attached CO, become more asymmetri-
cally stretched, with the C3-O3 bond lengthening more than
the C3-02 bond. The bond between the metal and O1 is
lengthened, while the distance between the metal and O3
becomes shorter. The imaginary frequency obtained from a
normal mode analysis at 226.4i cm™' (Ni-DeAIBEA), 240.6i
em ™' (Cu-DeAlBEA), 186.0i cm™' (Zn-DeAlBEA), and 170.4i
ecm~' (Mg-DeAlBEA) corresponds to the movement of CO, to
form the C3-0O1 bond. The activation energy for CO, insertion
is 7.4 kcal mol™' for Ni-DeAIBEA, 8.4 kcal mol™' for Cu-
DeAIBEA, 4.4 kcal mol™! for Zn-DeAIBEA, and 3.2 kcal mol™*
for Mg-DeAIBEA. The activation energy height of this step
corresponds to the strength of the alkoxide bond in INT1.
Wiberg bond order indicates that the strength of the alkoxide
bond between the oxygen atom (02) of ethylene oxide and the
metal center of the zeolites follows the order: Cu (0.466) > Ni
(0.440) > Zn (0.345) > Mg (0.269). These values are in the range
of the reported values in the related step on metal complexes.
For instance, the activation free energy for the CO, insertion in
the ring-opened PO intermediate on TM(ir)-complexes with a Cl
anion was reported to be 4.2 and 6.0 kcal mol * for Mg(u) and
Zn(u), respectively.®® A similar reaction has been reported for
Zn(salphen) and Mg-porphyrin with I anion with values of
9.8 and 7.3 keal mol *.***” Additionally, a value of 4.8 kcal mol "
was reported for the activation of CO, on the ring-opened epi-
chlorohydrin/Zn(NCP)CI complex with a TBAB co-catalyst.’® These
calculated results indicate that the deposition of the metal divalent
cation into the framework of BEA zeolite still maintains the
catalytic performance of these cations for the activation of the
CO, molecule, as observed in homogeneous catalysts. After this
step, the INT2 intermediate is formed. The relative free energy for
the formation of INT2 is in the range of —25 to —35 kcal mol ™.
C3-01 is covalently bonded with about 1.5 A.

The ring closure of the INT2 is the final step of the CO,
cycloaddition of EO, leading to the formation of ethylene
carbonate (EC) (¢f. Fig. 6a). Through an intramolecular cyclic
Sn2-type reaction, the C2-0O2 bond forms concurrently with the
cleavage of the C2-1 bond. In all systems, the C2-O2 distance is
2.00 A, and the C2-1I distance is about 2.7 A. All transition states
have only a single imaginary frequency with values of 328.2i
em™" (Ni-DeAlBEA), 351.1;i em™ " (Cu-DeAlBEA), 327.6; cm ™"
(Zn-DeAlBEA), and 323.2i cm ' (Mg-DeAlBEA), respectively,
corresponding to the formation of the C2-02 bond and the
cleavage of the C2-I bond. NBO analysis indicates that the
back-donation of electrons from the Cu center to the deposited
INT2 intermediate is greater than that to the intermediate on
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Fig. 6 Optimized structures of the ring closure step for the CO, cycload-
dition to ethylene oxide over the M-DeAIBEA zeolites (M = Ni, Cu, Zn, and
Mg): (a) the third transition state (TS3) and (b) product complex (PROD).

Ni, while the other systems do not exhibit this process. The
NBO charge of the O2 atom is less negatively charged than that
of others by about 0.03e. Therefore, the O2 atom in the case of
Cu-DeAIBEA is less effective at interacting with the electrophilic
carbon of the iodomethyl group, increasing the activation
energy for the ring-closure step. The activation energy is
calculated to be 10.2, 14.8, 12.0, and 12.7 kcal mol™* for Ni-,
Cu-, Zn-, and Mg-DeAIBEA zeolites, respectively. This step is
found to be the rate-determining step in the CO, cycloaddition
with ethylene oxide catalyzed by M-embedded BEA zeolites. The
height of the energy barrier is directly proportional to the
nucleophilicity of the O2 atom in the intermediate INT2. The
atomic charge of the O2 atom in the INT2 intermediate on the
Cu-DeAIBEA zeolite is less negative than in other systems. This
is mainly due to the slightly stronger electron back-donation
from Cu(u) to the INT2 intermediate compared to the other
cations, which results in a weaker covalent bond between the
C3 and O1 atoms. Consequently, electron redistribution to
the C3-02 bond occurs, making the C3-O2 bond slightly
shorter and stronger in Cu-DeAIBEA than in the other systems.
For metal complexes, the activation energy of this step CO,/
propylene oxide cycloaddition was reported in the range of 1.5
to 17.5 keal mol ™! depending on the type of metal cation and
the co-catalyst.®®®*7" Among selected divalent cations, Cu-
DeAIBEA is not the candidate for the CO, cycloaddition with
ethylene oxide incorporated with the TMAI co-catalyst. After
this process, the coadsorption of cyclic carbonate and the TMAI
complex on the metal center of the catalyst has relative free
energies of —33.7, —36.9, —37.0 and —38.8 kcal mol ' for
M-DeAIBEA (M = Ni, Cu, Zn, and Mg), respectively.

Fig. 7 demonstrates the energy profiles for the stepwise
reaction mechanism of CO, cycloaddition to EO on Ni-, Zn-,
Cu-, and Mg-DeAIBEA zeolites, respectively. With the presence
of iodide anion that stabilized in the zeolite framework with the
electrostatic interaction with tetramethylammonium cation,
the cleavage of the epoxide C-O bond could be facilitated and
activated by the incorporation of metal and iodide ion in the
first step. The formation of the metal alkoxide intermediate is
identified as an exergonic process. The subsequent step
involves the insertion of CO, into the metal-alkoxide bond.
The calculated activation energies for these two steps range
from 3 to 8 kcal mol . The ring-closure of the carbonate
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Fig. 7 Free energy profiles for the stepwise mechanism of the CO,
cycloaddition to ethylene oxide over Ni-DeAlBEA (blue line), Cu-
DeAlBEA (yellow line), Zn-DeAIBEA (red line), and Mg-DeAlBEA (green
line) in the presence of TMAI.

intermediate is the rate-determining step, and the activation
energies are in the order of Ni-DeAIBEA (10.2 kcal mol ) < Zn-
DeAIBEA (12.0 kecal mol ™) < Mg-DeAIBEA (12.7 kcal mol ™) <
Cu-DeAIBEA (14.8 kcal mol ™).

According to the previous study,”" these cations on the FAU
zeolite can promote the conversion of CO, via cycloaddition
with ethylene oxide. The catalytic trend is reported as follows:
Cu(u)-FAU > Ni(u)-FAU = Zn(u)-FAU. Therefore, it is of interest
to study the catalytic performance of the M(u)-embedded BEA
zeolites for this reaction without the co-catalyst (¢f. Scheme 2).
The optimized structures and important parameters of transi-
tion states and products for this mechanism are illustrated in
Fig. 8 and 9 and the energy profiles for the cycloaddition of
EO with CO, on M-DeAIBEA (M = Ni, Cu, Zn, and Mg) are shown
in Fig. 10. Their selected geometrical parameters and NBO
charges are documented in Table S6 (ESIt). At the transition
state, CO, interacts with the ring-opened EO fragment. The C2-
01 bond of adsorbed EO is cleaved. Concurrently, two C-O
bonds between the ring-opened EO and CO, become shortened
with distances of approximately 1.9 and 2.5 A for the C2-02 and
C3-01 distances, respectively. The imaginary frequency of
these transition states is 248.2i, 300.2i, 322.8{, and 333.0i
em !, according to the formation of two C-O bonds between
the ring-opened EO and CO, molecule on the metal center of

o

T
o‘\.
;; +CO, o=c/ J /oj
o —_— \, —> 0=C
j SN
M- o

- /
DeAIBEA DeAIBEA

M-
DeAIBEA
Scheme 2 Proposed concerted reaction mechanism for CO, cycloaddi-

tion of ethylene oxide (EOQ) over M-DeAIBEA zeolites (M = Ni, Cu, Zn,
and Mq).
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Fig. 8 Optimized structures of the transition state complex (TSc) for the
concerted mechanism of the cycloaddition of EO with CO, over (a) Ni-
DeAIBEA, (b) Cu-DeAlIBEA, (c) Zn-DeAIBEA, and (d) Mg-DeAIBEA. Distances
arein A.

Fig. 9 Optimized structures of the EC adsorption complex (PRODc) for
the concerted mechanism of the cycloaddition of EO with CO, over (a) Ni-
DeAIBEA, (b) Cu-DeAlIBEA, (c) Zn-DeAIBEA, and (d) Mg-DeAIBEA. Distances
arein A.

the M-DeAIBEA systems. The reaction has an activation barrier
of 39.9, 38.9, 38.6, and 39.6 kcal mol ™ * for CO, cycloaddition on
Ni-, Cu-, Zn-, and Mg-DeAIBEA zeolites, respectively. Compared
to the corresponding divalent cations in the FAU zeolite, Ni(u)-
and Zn(u)-DeAIBEA show slightly higher activity, while Cu(u)-
DeAIBEA exhibits slightly lower activity. It was found that the
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Fig. 10 Free energy profiles for the concerted mechanism of the CO,
cycloaddition to ethylene oxide over Ni-DeAIBEA (blue line), Cu-DeAIBEA
(yellow line), Zn-DeAIBEA (red line), and Mg-DeAIBEA (green line).

back-donation from Cu to the deposited EO molecule is
affected by the appearance of electron-donating groups from
the zeolite frameworks. NBO analysis reveals that the net
charge of EO at the transition state becomes less positive than
the adsorption complex. The net charge is changed from +0.13e
to +0.08e. This phenomenon is opposite to the observation in
the Cu-FAU zeolite.”

Based on the optimized structures, the net NBO charge of
the EO fragment is changed from +0.13e (ADS1) to +0.20e (TSc)
for the CO, cycloaddition on the Cu(u)-FAU zeolite. The less
positive charge indicates the more electrons on the deposited
EO. Strong electron donation takes place via the donation of
electrons from the paired-electron orbitals of the silanolates
and the hydroxyl group from the dealuminated BEA zeolite to
the unoccupied orbital of the Cu cation, resulting in the
redistribution of the electrons in the deposited EO fragment
via the back-donation process at the transition state. As a result,
the catalytic performance of Cu(u) deposited in the BEA frame-
work becomes less active than the exchanged Cu(u) on the FAU
zeolite. The calculated results reveal the important effect of the
zeolitic environment on the electronic properties of the Cu(u)
cation for this reaction. Based on the activation energy of the

concerted process, these M-embedded BEA zeolites do not
catalytically promote the CO, cycloaddition with ethylene oxide
without a co-catalyst.

The sure independence screening and sparsifying operation
(SISSO) has been employed to find an efficient descriptor for
generating the prediction model. We employ this method
to identify descriptors for predicting the activation barriers of
CO, cycloaddition with ethylene oxide, aiming to eliminate
the need for time-intensive computational calculations. The
SISSO method workflow for this study is shown in Fig. 11. The
targeted result from the prediction model is the activation
energy of the rate-determining step of the conversion of CO,
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Fig. 11 Illustration of the workflow for fitting the predictive equation using
the SISSO method.

via the cycloaddition reaction. Based on the energetic span
model,”” the rate-determining step of the reaction along the
stepwise process on systems is the energy difference between
the TOF-determining intermediate (TDI) and the TOF-
determining transition state (TDTS). As shown in Fig. 7, the
TDI is found to be the INT1 in the Ni-, Cu-, and Zn-De-AlBEA
systems and the ADS2 in Mg-De-AlIBEA. The TDTS state in all
systems is the TS3 transition state. The difference in the energy
of these two steps is called the apparent activation energy (3E).
The OFE values are calculated to be 16.8, 24.7, 14.7, and
14.1 keal mol ™" for the catalytic process on M-DeAIBEA zeolites
(M = Ni, Cu, Zn, and Mg) through the stepwise pathway. The
electronic properties of the M(u) center on the dealuminated
BEA zeolite and FAU zeolite®® such as atomic NBO charge,
HOMO and LUMO energies, and the adsorption energy of
ethylene oxide, and CO, on the metal center have been used
for creating the prediction model. For the M(u)-FAU zeolite, the
NBO population analysis based on optimized structures was
performed to calculate the electronic properties as in the M-De-
AIBEA zeolite. To evaluate the reliability of the prediction model,
parameters derived from Zn-DeAIBEA and Zn-FAU zeolites were
employed as the test set parameters. Because the Zn(u) ion in
these systems exhibit intermediate activity between the least
and most effective cations. For the rate-determining step of the
reaction, it was found that the activation energy of the catalytic
process is proportional to two terms as shown in eqn (1).

AG* = 30.7[exp(AGapsi) + exp(Exomo (TMALI))]

+ 0.56[(AGCO2 — AGADSI) + (ELUMO X EHOMo(TMAI)]
1)

The first and second terms describe the role of the catalyst
and the nucleophilicity of the co-catalyst in the activation free
energy for the CO, cycloaddition reaction. In the absence of the
co-catalyst, the activation free energy for the concerted CO,
cycloaddition is governed by the second term. This term reflects
the metal cation’s acidity, which dictates its interactions with
both EO and CO,. Stronger coordination of EO to the metal
center stabilizes the epoxide-metal intermediate, thereby
increasing the energy barrier for CO, insertion into the epoxide
ring. The sum of these two terms leads to the prediction of the
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Fig. 12 Correlation between DFT-calculated and SISSO-predicted acti-
vation free energies for the rate-determining step on metal-zeolites. Circle
symbols represent the training set, while diamond symbols represent the
test set.

rate-determining step of the reaction for the formation of cyclic
carbonate on the Lewis acid site of M(u)-zeolites. Their pre-
dicted activation energies and selected descriptors for SISSO
algorithms in this work are documented in Table S7 (ESIT).
A comparison between the predicted values from SISSO descrip-
tors and the DFT values is shown in Fig. 12. A low RMSE
(1.04 kecal mol™") and high R? value (0.999) between the results
from DFT calculations and the SISSO prediction for the Ni-, Cu-,
Mg-DeAIBEA and Cu-, and Ni-FAU zeolites indicate reliable
results for using this equation for the prediction of catalytic
performance of metal-zeolites in the CO, cycloaddition with
and without a co-catalyst. For Zn-DeAIBEA, the SISSO-derived
expression predicts apparent activation free energies of
16.0 kcal mol™* (stepwise) and 40.5 kcal mol ™" (concerted),
while for Zn-FAU (concerted) it predicts 39.9 kcal mol . The
DFT calculation is predicted to be 14.7, 38.6, and 41.2 kcal
mol'. As shown in Fig. 12, an R® value of 0.998 indicates a
consistent trend between the exact and predicted values from
the SISSO method. An RMSE of 1.52 keal mol™" between the
DFT values and all predicted SISSO values demonstrates the
reliability of the activation energy obtained from the SISSO
prediction. Compared to the computational demands for find-
ing the TS structures along the catalytic process, the SISSO
prediction based on the isolated complex and the EO and CO,
adsorption complexes offers a viable way of screening potential
catalysts for this reaction on zeolitic systems.

4. Conclusion

MO6-L calculations are employed to investigate the CO,
cycloaddition of ethylene oxide to form ethylene carbonate over
an M(u)}-intraframework dealuminated BEA zeolite (M-DeAIBEA).
The catalytic processes are proposed to occur differently depend-
ing on the presence of the co-catalyst. Without a co-catalyst, the
conversion of CO, and EO molecules takes place in a single step of
the reaction without the formation of an intermediate. An activa-
tion free energy of about 40 keal mol ™ for all systems indicates the
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inertness of these catalysts for the direct conversion of these
molecules. In the presence of a co-catalyst, TMAI plays a crucial
role in the activation of EO, leading to the formation of a ring-
opened epoxide intermediate (INT1). INT1 is an active intermedi-
ate that can activate CO, facilely. These two steps occur sequen-
tially and are kinetically favorable in all systems. The activation
energies of these two steps are in the range of 3-8 kcal mol™". The
last step, ring closure, is the rate-determining step of the reaction.
Among selected catalysts, Cu-DeAlBEA is found to be the least
active catalyst. The activation energy of this step is predicted to be
10.2, 14.8, 12.0, and 12.7 kcal mol™ " for Ni-, Cu-, Zn- and Mg-
DeAIBEA zeolites, respectively. The stronger back-donation of
Cu(u), compared to other systems, reduces the nucleophilicity of
the terminal oxygen in the carbonate functional group, which
plays a crucial role in ring closure to form the carbonate product.
To facilitate the screening of potential catalysts for this reaction,
the SISSO algorithm can provide a cost-effective tool for predicting
the highest activation energy for the conversion of EO and CO,
molecules with and without the co-catalyst by using descriptors.
Four dominant descriptors as the LUMO energy of the zeolite, the
HOMO energy of the co-catalyst, and the EO and CO, adsorption
free energies are used as inputs to approximate the expected
activation energy in the conversion of CO, and EO to the EC
product. With respect to the DFT-based values, all predicted values
of the highest activation free energy of the rate-determining step
for the formation of cyclic carbonate are reasonably accurate, with
a very small RMSE of 1.52 kcal mol ™. The findings from this study
offer valuable insights for designing efficient catalytic processes for
CO, utilization.
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