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ARTICLE INFO ABSTRACT
Keywords: Poly(ethylene terephthalate) (PET) is the most common plastics produced for applications in food
Chemical recycling and drinking containers. It is degraded to valuable product by several methods. Glycolysis of PET
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gains bis(2-hydroxyethylene) terephthalate (BHET) as the main product utilized as plasticizer.
Calcium catalysts, Ca®t and Ca(OH)2e2H,0 were explored to study the mechanism of PET
cleavage by DFT calculations at B3LYP/6-311++G** level. Two possible pathways, coordination,
and non-coordination of ethylene glycol on the calcium in glycolysis reaction, have been inves-
tigated. In addition, poly(ethylene furanoate) (PEF), considered as a sustainable polymer with the
similar functional properties, was chose for the comparison of conformational structures with
PET. The understanding of the relationship between PET (and PEF) structures and calcium cat-
alysts is useful for the future development of linear sustainable polyesters.

1. Introduction

The transportation of microplastics via the food chain is a concerning ecological phenomenon. These tiny plastic particles infiltrate
oceans, ingested by small organisms, accumulating as they transfer in the food chain. From plankton to humans consuming seafood,
the impact is far-reaching, posing threats to marine life and potential health risks for humans [1,2]. Addressing this issue requires
immediate action to mitigate plastic pollution, improve waste management, and protect our ecosystems from the pervasive presence of
microplastics.

Poly(ethylene terephthalate) (PET) is a common thermoplastic in the polyester family with excellent combination properties for
several applications [3,4]. The applications of PET were utilized in food and drinking containers. However, most of PET in markets are
used as drinking bottles for pure water, soft drink, and alcohol beverages which post-consumer drinking bottles are left as waste in
many places [5-7]. The mismanagement of plastics has become an important issue that is crucial in many countries which can be
observed by the policy for the reduction of the uses and recycling of plastics.

There are many chemical recycling methods proposed for depolymerization of PET [8-12] such as hydrolysis, methanolysis,
ammonolysis, aminolysis, and glycolysis as shown in Fig. 1. Glycolysis is the most important method that is widely used on a

* Corresponding author.
E-mail address: ekasith.som@mahidol.ac.th (E. Somsook).

https://doi.org/10.1016/j.heliyon.2024.e34666

Received 24 January 2024; Received in revised form 28 June 2024; Accepted 15 July 2024

Available online 17 July 2024

2405-8440/© 2024 The Authors.  Published by Elsevier Ltd.  This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ekasith.som@mahidol.ac.th
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e34666
https://doi.org/10.1016/j.heliyon.2024.e34666
https://doi.org/10.1016/j.heliyon.2024.e34666
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Arunphacharawit et al. Heliyon 10 (2024) e34666

commercial scale for the depolymerization of PET proceeded by using transesterification reaction. The broader range of temperature
was studied in glycolysis reaction (180-300 °C). The valuable bis(2-hydroxyethylene) terephthalate (BHET) product that can be
re-inserted in the production line of PET and can be used in textile softeners and unsaturated poly ester-resin. It drives the glycolysis
become the most interesting process in the chemical recycling of PET [13]. Glycolysis of PET without catalysts required the extreme
condition (supercritical glycolysis) resulting in worthless and non-eco-friendly processes. The popular improvement of increasing
reaction rate was presented in the scope of catalysts [14]. One of the various catalysts commonly used in PET glycolysis is zinc acetate,
as the activation of reaction by this catalyst is remarkable [15]. Other metal salts (MX), such as acetate (M = Co, Pb, and Mn) [16],
chloride (M = Zn, Li, Fe, and Didymium) [17], hydroxide (M = Li, K) [18,19], sulphate (M = Na, K) [18], titanium phosphate [20], and
sodium carbonate [21,22], have been investigated. Recently, ionic liquids have been processed for the glycolysis reaction of PET.
However, the ionic liquid catalyst is impractical in the synthetic process [23], high toxicity and erosivity [24-27], lower percentage in
PET conversion and BHET selectivity compared to metal oxide as a catalyst [28-32]. Many efforts have been made by researchers to
find affordable catalysts and reaction systems [33].

Various heterogeneous metal oxide catalysts have been tested in PET glycolysis [33-35]. In our research group, we reported the use
of calcium oxide catalysts derived from natural and industrial byproducts for the glycolysis of post-consumer PET drinking bottles. The
catalyst precursors can be obtained from ostrich eggshells, chicken eggshells, oyster shells, geloina shells, and mussel shells at local
markets. This promising catalyst could reach 75 % yield of BHET from the glycolysis of PET. The result was interestingly higher than
the control experiment using commercial zinc acetate catalyst. These findings suggest that calcium can be considered as effective,
sustainable, and green environmental catalysts for PET glycolysis reaction [36]. Despite the effective outcomes demonstrated by these
calcium oxide catalysts in PET glycolysis reactions, the underlying reaction mechanism remained unclear. This study contemplated the
use of DFT calculations [3,37-43] to elucidate the reaction mechanism of PET glycolysis employing a calcium catalyst within the
program’s research scope. Ca" was chosen to represent a segment of calcium oxide without environmental factors, while Ca
(OH),e2H>0 was selected to represent a segment of calcium oxide within a congested environment.

Furthermore, poly(etylene furanoate) (PEF) is a bio-based polymer derived from plants. This polymer has the potential to replace
the plastic industry’s giant poly(ethylene terephthalate) (PET) which is a durable material derived from conventional resources [44,
45]. Over the past decade, there has been a growing focus on biobased plastics. This surge of interest is driven by the potential that
these materials must diminish anthropogenic greenhouse gas (GHG) emissions and enhance the security of raw material supply. This is
achieved through a shift from fossil feedstocks to renewable and sustainably exploited biobased feedstocks [46]. The similarity be-
tween these two polymers suggests that the mechanism of polymer degradation may follow a similar pathway. To investigate the role
of calcium catalyst in PET and PEF glycolysis reaction, the conformation mechanism of glycolysis reaction, and the possible reaction
pathways for the reaction, the degradation of PET and PEF were explored by DFT calculations [47,48].
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Fig. 1. Chemical recycling methods proposed for depolymerization of PET.
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2. Methods

The calculations in this study were carried out by using the Gaussian 16 package [49] at B3LYP/6-31++G(D,P) level for geometry
optimization and frequency calculations in gas phase. The same level of theory was used in the transition stage (TS) calculations. The
stationary points were characterized by frequency calculations to verify that the structures had only one imaginary frequency. Intrinsic
reaction coordinate (IRC) [50] calculations were performed to confirm that each transition structure connected to the forward and
reverse minima. To study the effect of solvent, the solvation model density method (SMD) [51] was used to perform calculations with
the dielectric constant of ethylene glycol (EG) at B3LYP/6-311++G** level to include a dispersion correction term. In this study,
2-hydroxyethyl benzoate and 2-hydroxyethyl furanoate were represented respectively as subunits of PET and PEF. The Cartesian
coordinate (XYZ) information of calculated structures was shown in supporting information.

3. Results and discussion

In order to explore the conformation structure of glycolysis reaction of PET, we investigated the mechanism of the C-O cleavage
reaction catalyzed by Ca®* and Ca(OH)4e2H,0. The TS complexes were calculated and optimized at B3BLYP/6-31++G(D,P) level to the
reactant by moving hydroxyl hydrogen atom of EG near to hydroxyl oxygen of EG to obtain structure A. When TS complexes were
optimized to the product by moving hydroxyl hydrogen atom of EG to carbonyl ester oxygen of PET, structure B can be obtained
(Fig. 2a). The calculated energy in gas phase was shown in Table S1 in supporting information. The optimized structure of A, TS, and B
at gas phase are shown in Fig. 3. For Ca?*, the TS complex formation includes the significant coordination of calcium catalyst with the
carbonyl oxygen of the ester group of PET and both of the hydroxyl oxygen of EG. In the absence of ligand coordinating to calcium,
both hydroxyl oxygen of EG could coordinate to calcium in A, TS, and B structures. In contrast, there is only nucleophilic hydroxyl
oxygen of EG can coordinate with Ca(OH)2e2H,0 in A, TS, and B structures because of crowded ligands around the calcium center. The
glycolysis reaction mechanism was investigated by performing IRC calculation of TS structures. In the glycolysis of PET to BHET
monomer, both calcium catalysts played the role of cation catalysts and formed coordination with carbonyl oxygen of PET likes Lewis
acid including other oxygen atoms in complex that located near the calcium such as, hydroxyl oxygen of PET, and hydroxyl oxygen of
EG. Then, one of the protons of hydroxyl oxygen of EG was transferred to the carbonyl oxygen of polymer and the oxygen atom of EG
attacked the carbonyl carbon of PET leading to degradation reaction. Therefore, the role of calcium catalysts was mainly forming
hydrogen bonds with oxygen of PET. The C-O cleavage proceeded by TS with a four-membered ring before degradation including
carbonyl carbon of PET (C) and hydroxyl oxygen of EG (Og), hydroxyl oxygen of EG (Og) and hydrogen of hydroxyl oxygen of EG (H),
hydrogen of hydroxyl oxygen of EG (H) and carbonyl ester oxygen of PET (0O;), and carbonyl ester oxygen of PET (O;) and carbonyl
carbon of PET (C).

After understanding the conformation mechanism of glycolysis reaction using calcium catalysts and complex structures were
collected, the solvation model density method (SMD) was used to obtain calculated information in ethylene glycol to reach the in-
formation as much as real experimental design. The glycolysis reaction of PET was studied in two different pathways. First, the
glycolysis reaction with the coordination of the hydroxyl oxygen of EG to the calcium (Fig. 2a). Second, the hydroxyl oxygen of EG
directly attacked the carbonyl carbon of the ester group of PET without the coordination to the calcium (Fig. 2b).
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Fig. 2. Structure of A, TS, and B of glycolysis reaction of PET’s unit with (a) coordinated EG, (b) non-coordinated EG (Og = hydroxyl oxygen of EG,
H = hydroxyl hydrogen of EG and O; = carbonyl ester oxygen).
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A TS B

Fig. 3. Optimized structures of A, TS, and B at gas phase for glycolysis of PET catalyzed by: (a) Ca%*, and (b) Ca(OH),e2H,0.

3.1. The glycolysis reaction with the coordination of the hydroxyl oxygen of EG to the calcium (coordination pathway)

With the SMD correlation, when the Ca?* ion was applied to the reaction, the reaction was induced with the formation of a complex
between EG and PET with the calcium ion. When hydrogen atom of EG was located near to the cleavage site in TS, the structure was
induced to show a bend structure of PET with 96° angle between carbonyl carbon, carbonyl ester oxygen, and hydroxyl oxygen of PET
(C—Og—OH). The hydroxyl oxygen of PET was coordinated with the calcium ion as same as both hydroxyl oxygens of EG (Fig. 4a). The
information of four-membered ring of C—Og, Og—H, H-O;, and O;-C forming can be collected by observation the route of atoms
moving to the C-O cleavage site until fragment of degraded PET left in the glycolysis reaction (Tables S2 and S3). The distance between
C and Og of A1, TS1, and B1 were 5.55, 1.90, and 1.36 A respectively whereas the distance between C and O; of A1, TS1, and B1 were
1.33,1.63, and 5.30 A respectively. The energy differences between TS1 and Al (E,), and TS1 and B1 (Eg) were 52.8 and 44.0 kcal
mol ! (Fig. 5, Table 1). The structures showed that, without any ligands coordinating to the calcium ion, the distance of C—Og before
the glycolysis reaction was longer than the distance of C-O; after the C-O cleavage. The distances between Ca—0; of A1, and Ca—Og of
B1 were 4.12, and 2.72 A respectively (Table S4). The structure showed that, in coordination of hydroxyl oxygen of EG on the calcium,
the carbonyl ester oxygen of fragment of PET was closer to the calcium after glycolysis reaction.

The conformational structures of PEF catalyzed by Ca%* were investigated in the same method with the PET. With the Ca" ion, the
hydroxyl oxygen of PEF was coordinated with the calcium ion as same as both hydroxyl oxygen of EG in TS (Fig. 6a). The hydroxyl
oxygen of PEF bent to the calcium with 87° angle of C—Og—OH. The distances between C and Og of A5, TS5, and B5 were 5.61, 1.90,
and 1.35 A respectively whereas the distances between C and O; of A5, TS5, and B5 were 1.33, 1.61, and 5.37 A respectively. The
distance of the C—Og before the glycolysis reaction was longer than the distance of C-O; after the C-O cleavage. The E4 and Ejp of the
glycolysis reaction were 54.7 and 46.1 kcal mol ™!, respectively (Table 2). The distances between Ca—0; of A5, and Ca—Og, of B5 were
4.14, and 2.78 A respectively. The carbonyl ester oxygen of fragment of PEF was closer to the calcium after glycolysis reaction.

However, when Ca(OH),e2H,0 was applied in the reaction, the complex between EG and PET with the calcium ion showed that EG
was located near the PET by the steric effect of crowded ligands at the beginning. Both hydroxyl oxygens of EG coordinated with
calcium in TS. The complex initiated a bend structure of PET without coordination of hydroxyl oxygen of PET to the calcium due to
crowded ligands (Fig. 4b). The hydroxyl oxygen of PET bent to the calcium with 107° angle of C—Og—OH. The distances between C and
Og of A2, TS2, and B2 were 3.37, 1.97, and 1.34 A respectively while the distances between C and O; of A2, TS2, and B2 were 1.33,
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Fig. 4. Optimized structures of A, TS, and B for the glycolysis of PET in ethylene glycol catalyzed by: (a) Ca®" coordination, (b) Ca(OH),e2H,0
coordination, (c) Ca%" non-coordination, and (d) Ca(OH),e2H,0 non-coordination.
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Fig. 5. Relative energy diagram for glycolysis reaction of PET with Ca®" with EG coordination.

Table 1
Calculated lowest energies (kcal mol™!) for the glycolysis of PET catalyzed by calcium catalysts in ethylene glycol at B3LYP/6-311++G** level.
Entry Catalyst Coordination Non-coordination
Ea Ep Ea Ep
1 Ca®* 52.8 44.0 49.6 44.8
2 Ca(OH),e2H,0 53.6 37.0 52.3 58.0

1.68, and 4.58 A respectively. The E, and Eg were 53.6 and 37.0 kcal mol 2, respectively (Table 1). The complexes showed that, the
distance of the C—Og before the glycolysis reaction was shorter than the distance of C-O; after the C-O cleavage. In coordination of Og
with the calcium system, EG was forced by crowded ligands of calcium catalyst to be located close to PET. The distances between
Ca-O7 of A2, and Ca—Og of B2 were 4.40, and 2.81 A respectively. The carbonyl ester oxygen of fragment of PET is closer to the
calcium after glycolysis reaction.

For PEF with Ca(OH),e2H>0, both hydroxyl oxygens of EG coordinated with the calcium in TS. Hydroxyl oxygen of PEF did not
coordinate with the calcium due to crowded ligands (Fig. 6b). The hydroxyl oxygen of PEF bent to the calcium with 107° angle of
C—Og—OH. The distance between C and Og of A6, TS6, and B6 were 4.18, 1.95, and 1.33 10\, respectively while the distance between C
and O; of A6, TS6, and B6 were 1.33, 1.65, and 4.27 10\, respectively. The complexes showed that the distance of the C—Og before the
glycolysis reaction was shorter than the distance of the C-O; after the C-O cleavage. The E4 and Eg of the glycolysis reaction were 53.1
and 42.7 kcal mol’l, respectively (Table 2). The distances between Ca-O; of A6, and Ca—Og of B6 were 4.40, and 3.69 A respectively.
The carbonyl ester oxygen of fragment of PEF is closer to the calcium after glycolysis reaction.

For glycolysis of PET and PEF in coordination pathway, the TS structure showed that both hydroxyl oxygen of EG coordinated with
the calcium catalyst. Without ligands on the calcium, other oxygens such as hydroxyl oxygen on subunit of the polymer possibly
coordinated with the catalyst. Besides, according to free space around the calcium ion, Ca?* had more distances for atoms shifting to
reach four-membered C-O cleavage site than Ca(OH)2e2H30. The carbonyl ester oxygen of the fragment polymer after glycolysis was
located near to the calcium because it belonged to coordinated hydroxyl oxygen of EG before C-O cleavage.

3.2. The glycolysis reaction without the coordination of the hydroxyl oxygen of EG to the calcium (non-coordination pathway)

Considering the pathway that hydroxyl oxygen of EG would attack on the carbonyl carbon of the polymer directly without the
coordination of hydroxyl oxygen of EG with the calcium. When Ca?* was applied to the glycolysis reaction of PET, the reaction was
induced with coordination between carbonyl oxygen of PET and the calcium ion. The EG was located near the PET without any co-
ordination of Og to the calcium ion. When a hydroxyl hydrogen atom of EG was transferred near to the cleavage site, the complex set to
a bend structure of PET without coordination of Og with the calcium ion (Fig. 4c). The hydroxyl oxygen of PET did not bend to calcium
ion with angle of C—Og—OH was 139°. The distances between C and Og of A3, TS3, and B3 were 4.80, 1.67, and 1.33 A respectively
whereas the distances between C and O; of A3, TS3, and B3 were 1.33, 1.62, and 5.70 A respectively. The E4 and Eg of the glycolysis
reaction were 49.6 and 44.8 kcal mol ! (Table 1). The distance of the C—Og before the glycolysis reaction was shorter than the distance
of the C-O; after the C-O cleavage. The distances between Ca-O; of A3, and Ca—Og of B3 were 4.54, and 3.69 A respectively. The
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Fig. 6. Optimized structures of A, TS, and B for glycolysis of PEF in ethylene glycol catalyzed by: (a) Ca** coordination, (b) Ca(OH),e2H,0 co-
ordination, () Ca?" non-coordination, and (d) Ca(OH),e2H,0 non-coordination.
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Table 2
Calculated lowest energies (kcal mol~!) for the glycolysis of PEF catalyzed by calcium catalysts in ethylene glycol at B3LYP/6-311++G** level.
Entry Catalyst Coordination Non-coordination
Ea Ep Ea Ep
1 Ca*' 54.7 46.1 55.2 46.9
2 Ca(OH),e2H,0 53.1 42.7 57.0 56.8

carbonyl ester oxygen of fragment of PET is closer to the calcium after glycolysis reaction. Although Og was not coordinated with the
calcium ion before the reaction, Og that became carbonyl ester oxygen instead of O; after the glycolysis was affected by cation of the
calcium. The structure adapted to a bend structure with carbonyl ester oxygen of fragment of PET close to the calcium.

For PEF with Ca?* in non-coordination pathway (Fig. 6¢), the hydroxyl oxygen of PEF did not bend to calcium ion with angle of
C—Og—OH was 138°. The distance between C and Og of A7, TS7, and B7 were 5.24, 1.64, and 1.33 A respectively whereas the distance
between C and O of A7, TS7, and B7 were 1.33, 1.62, and 6.56 A respectively. In non-coordination system, the distance of the C—Og
before the glycolysis reaction was shorter than the distance of the C-O; after the C-O cleavage. The E4 and Ejp of the glycolysis reaction
were 55.2 and 46.9 kcal mol ?, respectively (Table 2). The distances between Ca-O; of A7, and Ca—Og of B7 were 4.09, and 3.84 A.
The carbonyl ester oxygen of fragment of PEF is also closer to the calcium after glycolysis reaction in the same way with PET.

However, when Ca(OH)2e2H>0 was applied, the EG was located near PET without the steric effect of crowded ligands of the
calcium. When a hydroxyl hydrogen atom of EG was transferred near to the cleavage site, the complex initiated a bend structure of PET
without coordination of Og with the calcium (Fig. 4d). The hydroxyl oxygen of PET bent to the calcium with 86° angle of C—Og—OH.
The distances between C and Og of A4, TS4, and B4 were 4.02, 1.58, and 1.33 A respectively while the distances between C and O; of
A4, TS4, and B4 were 1.33, 1.62, and 6.34 A respectively. The E4 and Ep of the glycolysis reaction were 52.3 and 58.0 kcal mol !
(Table 1). The distance of the C—Og before the glycolysis reaction was shorter than the distance of the C-O; after the C-O cleavage. The
distances between Ca—O4 of A4, and Ca—Og of B4 were 4.40, and 4.36 A respectively. Without coordination of Og to Ca(OH),e2H50,
after the glycolysis, the cation had a small effect on the carbonyl ester oxygen of fragment of PET because of crowded ligands.

The same phenomena could be observed in glycolysis reaction of PEF with Ca(OH)2e2H>0 in non-coordination pathway (Fig. 6d).
The hydroxyl oxygen of PEF bent to the calcium with 82° angle of C—Og—OH. The distances between C and O of A8, TS8, and B8 were
3.69, 1.65, and 1.33 A, respectively while the distance between C and O; of A8, TS8, and B8 were 1.33, 1.60, and 4.48 10\, respectively.
The distance of C—Og before the glycolysis reaction was shorter than the distance of C-O; after the C-O cleavage. The E4 and Ep of
glycolysis reaction were 57.0 and 56.8 kcal mol_l, respectively (Table 2). The distances between Ca-O; of A8, and Ca—Og of B8 were
4.40, and 4.65 A. Without coordination of O to the calcium, after the glycolysis, O that became carbonyl ester oxygen instead of O
was located far from the calcium.

In the non-coordination pathway, the calcium catalyst mainly coordinated with the carbonyl oxygen atoms of PET and PEF.
Without any ligand on the calcium, the TS complexes formation was promoted to be symmetric. When TS structures were optimized to
A, there was no critical different distance between Og and C for both Ca?" and Ca(OH),e2H,0. EG was located near to the carbonyl
carbon of the subunit of the polymer before glycolysis reaction. On the other hand, when the TS was optimized to B, the left part of the
fragment degraded polymers was settled far away after breaking the four-membered ring complex. The carbonyl ester oxygen of the
fragment polymer was located close to the Ca?*, even if the calcium ion was not coordinated by EG due to the cationic effect. In
contrast to Ca(OH)2e2H50, the crowded ligands causing steric environment around the calcium. The carbonyl ester oxygen of the
fragment polymer also got small effect from cation catalyst and did not locate significantly close to Ca(OH)202H50.

Based on our DFT calculations, the glycolysis reaction of PET in the non-coordination pathway seemed to have smaller E4 compared
to the coordination pathway. In addition, the reaction with Ca?" also had smaller E4 than Ca(OH),e2H,0 around 0.8 kcal mol ~? for the
coordination pathway and 2.7 kcal mol ! for the non-coordination pathway. It was found that free space around the catalyst enhanced
the glycolysis reaction of PET. As a result, the Ca—based catalyst that suitable for PET glycolysis reaction should occupy free area
around the active site. No matter that ethylene glycol would coordinate with the catalyst or not, the reaction would be more favorable
with free calcium catalyst than the calcium with ligands. On the other hand, the glycolysis reaction of PEF in the coordination pathway
had smaller E4 than the non-coordination pathway. For the coordination pathway, the E4 of the Ca(OH)202H>0 showed 1.6 kcal mol
lower than the one of Ca?* while the E4 of the Ca(OH),02H,0 showed 1.8 kecal mol™! higher than the one of Ca®* for the non-
coordination pathway. Without the coordination of ethylene glycol on the calcium catalyst before the glycolysis reaction, the envi-
ronment around the catalyst had a small effect on the direction of ethylene glycol attacking PEF.

4. Conclusion

In summary, conformational mechanisms of PET and PEF glycolysis reactions with calcium catalysts can be predicted through the
transition complex investigation by DFT calculations. To account for the effect of solvent, the solvation model density (SMD) was
applied to the calculations. The SMD correlation influenced the structure formation indicated the different conformation structures
between gas phase and solvent phase calculations. The degradation of PET and PEF via glycolysis reactions followed steps by calcium
catalysts coordinated with the carbonyl oxygen of polymer. Then, the hydrogen atom transfers from the hydroxyl of EG to the ester
oxygen of the polymer and the hydroxyl oxygen attacks the carbonyl carbon of the polymer initiating the C-O cleavage to form a
monomer unit. The conformation mechanism of four-centered cleavage site can be observed by intrinsic reaction coordinate (IRC)
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calculation. The calcium catalysts, Ca®* and Ca(OH)2e2H,0, represented the different environment around the active site of the
catalyst caused various conformation structures that affected the energy barrier for glycolysis reactions. Two different pathways, the
coordination and non-coordination of EG with calcium, also provided different conformation structures and energy barrier for
glycolysis reactions. This study proposed the conformation mechanisms of the glycolysis reaction involving PET and PEF, offering
insights for catalysts choosing and for the future design of exceptionally efficient calcium catalysts for the reaction.
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