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ABSTRACT: Polyethylene terephthalate (PET) is a type of

polymer frequently used in plastic packaging that significantly adds

the amount of plastic waste found in landfills. One of the ways to B

recover valuable raw materials from postconsumer plastic is by |

depolymerizing PET into its monomeric constituents, which are /"\

dimethyl terephthalate (DMT) and ethylene glycol. PET

depolymerization is often done in methanolysis with the help of T H H J.], > H H + W

acidic or base catalysts. Tertiary amine is one of the most attractive M Non
PET DMT EG

methanol

[l Metrics & More | @ Supporting Information

tertiary amine
catalyst ?

base catalysts for PET depolymerization in methanolysis since it
does not lead to the generation of potentially environmentally
harmful waste, unlike metal-based catalysts. However, the
mechanism by which tertiary amines catalyze PET depolymeriza-
tion in methanolysis remains unexplored. Developing a detailed mechanistic understanding of this process is important for
improving plastic upcycling since it opens the possibility of employing various cheaper and more environmentally friendly reaction
conditions. Using density functional theory and transition state analysis, we show that in the presence of tertiary amine catalysts,
methanolysis of PET consists of multiple discrete-step reactions rather than a single concerted step. Furthermore, by comparing our
calculations to recent experimental results, we were able to rationalize the DMT yield from the depolymerization process by relating
it to charge polarization within tertiary amine catalysts, thus opening a pathway to identify atomic descriptors for future catalyst

design.

B INTRODUCTION

Plastic is made of synthetic polymeric materials with a wide
range of applications in our everyday life from textiles to
packaging." Since the 1950s, there have been more than 10
billion t of plastic produced, with more than 80% found to
have ended up in landfills as waste.” With only less than 10% of
the postconsumer waste having been recycled,” accumulation
of plastic waste is a pollutant that has become harmful to both
animals and humans.*

Thermoplastic resin polyethylene terephthalate (PET) used
primarily in packaging containers, cups, or bottles accounts for
10% of the global plastic resin production.” PET also has a
high recycling rate of 20% in the US making it an important
polyester of interest for polymer upcycling.' PET can be
recycled through several methods, including reactive extrusion,
mechanical recycling, energy recovery via incineration, or
chemical recycling through depolymerization to its constituent
monomers.” One approach within chemical recycling that has
gained significant traction for PET depolymerization is
solvolysis, which includes methods such as hydrolysis,” '
methanolysis,"' ~"* glycolysis,"*~'° ammonolysis,'” aminoly-
sis,’ or in the presence of enzymes.'” Based on reaction
conditions such as heat, catalyst, and solvolysis method, PET
breaks to form either terephthalic acid, dimethyl terephthalate
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(DMT), or bis(hydroxyethyl) terephthalate (BHET) mono-
mer, 12152021

Methanolysis of PET is a transesterification reaction that
depolymerized PET into ethylene glycol (EG) and DMT
monomer, which are produced in accordance with reaction
Schematic 1.

Both EG and DMT monomers in Schematic 1 can be
recycled back to reform polymer of similar quality as PET.*”
Unfortunately, the alcoholysis of PET is a kinetically slow
reaction without a catalyst. Much lower yield of DMT and EG
are reported for the methanolysis of PET in the absence of a
catalyst.” It is reported that at 200 °C in the absence of a
catalyst, methanolysis of PET in 100 mL of methanol results in
2.9 and 3.6% yield of DMT and EG, respectively. Under the
same conditions but with the addition of 50 mg of aluminum
triisopropoxide as catalyst, the yields of DMT and EG increase
to 67.3 and 68.3%, respectively."’
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Scheme 1. Depolymerization of PET via Methanolysis to Form DMT and EG
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The introduction of base catalysts results in the increase of
the electrophilicity of the ester group, which results in the ester
becoming more prone to nucleophilic attack by the oxygen in
the methanol solvent (the ester bond is drawn in purple in
Scheme 1). The reaction between the ester group of PET and
the methanol solvent results in the creation of a tetrahedral
intermediate, which facilitates proton transfers from methanol
to ester. The ester and methanol reaction generates a water
molecule in addition to a resultant ester that will rearrange to
form ester product and regenerate the catalyst.””

Several experimental studies have extensively studied PET
methanolysis using basic catalysts such as potassium
carbonate,'” zinc acetate, magnesium acetate, or cobalt
acetate.”*™*” However, reports on the effectiveness of
methanolysis as a means to depolymerize PET are varied
and are dependent on experimental conditions, some of which
include type of metal-based catalyst, molecular weight of PET
and use of vapor or supercritical methanol for methanolysis. In
liew of using metal-based catalysts during the methanolysis
process to depolymerize PET, a more environmentally friendly
alternative is organic amine-based catalysts. Amines, which are
Lewis bases, are known to accelerate the transesterification
reactions as catalysts.”® These hydrogen atoms in both primary
and secondary amines may react with the carbonyl group of
PET, which results in an amidation process that leads to the
formation of amide. The resulting amides are not as strong
Lewis bases compared with the original amines.

In contrast, tertiary amines have no hydrogen atoms
attached to nitrogen and thus do not readily lead to amidation
reactions to form a less basic amide. However, the basicity of
tertiary amine catalysts is significantly affected by steric
hindrance of nitrogen, which can have an opposing effect on
catalyst reactivity.”” Hence, there are competing factors that
make tertiary amines beneficial and detrimental as catalysts for
PET depolymerization. However, the exact mechanism in
which the tertiary amine catalyzes PET depolymerization is yet
to be understood, much less the knowledge on how to choose
the suitable tertiary amine molecules to help catalyze the PET
depolymerization reaction. In this study, our goal is to attain a
comprehensive understanding of how a tertiary amine catalyzes
PET depolymerization and unveil the important factors of the
tertiary amines that determine their efficiency. We use density
functional theory (DFT)-based methods to study the
depolymerization mechanism in the presence of various
tertiary amine catalysts. In this study, we select six tertiary
amines with recently published experimental data for this
reaction.’” We studied PET depolymerization via methanolysis
to determine its reaction mechanism. We also explore the
effect of methanol solvent and tertiary amine catalysts on the
reaction energetics. We then compare our calculated results to
that of the experimental yield in which we unveil the
correlation between the experimental yield and the charge on
the N atom of the protonated tertiary amine catalysts. Finally,
we propose a descriptor in which prediction of the efficiency of
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potential catalysts can be used to accelerate the discovery of
future catalysts.

The rest of the paper is organized as follows: first, we
describe the computational procedure used in this study.
Following this, we present our results, in which we investigate
the PET depolymerization reaction mechanism. We system-
atically increased the complexity of our system to understand
the effect brought by methanol solvent and tertiary amine
catalysts on the energetics of the PET depolymerization
reaction. We finally compare our computational results to
previously published experiments to gain insights into factors
that affect the yield in PET depolymerization. In the end, we
provide a quick discussion in which we propose a descriptor
that can be employed to quickly predict the effectiveness of
other tertiary amines as potential catalysts for PET
depolymerization.

B METHODS

DFT calculations were carried out using the Gaussianl6
software package.”’ Geometry optimizations were performed
using the Minnesota M06—2x"" hybrid exchange—correlation
functional together with the 6-31G (d,p)**** basis set for all
atoms. The M06—2x hybrid exchange—correlation functional
was used because of its wide applications in the main group for
thermochemistry and kinetics.”” The effect of methanol solvent
on the depolymerization reaction was studied through the
incorporation of the polarizable continuum model using the
self-consistent reaction field method keyword.”>™*" Prior to
precise determination of transition states, reaction mechanisms
was explored with constrained geometry optimizations*’ and
eventually saddle points on the potential energy surface were
determined with full transition state optimization (keyword =
TS). Transition states were verified by confirming that there
was only one imaginary frequency for the resulting vibrational
frequencies calculated (keyword = freq). They were further
verified by following the reaction path by performing intrinsic
reaction coordinate (IRC)*" (keyword = IRC) calculations
followed by geometry optimization after the IRC calculation is
complete. We provide example input files for transition state,
IRC scan, and geometry optimization calculations in
Supporting Information Al.

We describe the methanolysis reaction primarily with a
simplified set of descriptors (bond distances) that undergo
significant change. As shown in Figure 1, Rl defines the
distance between ester carbonyl carbon and methanol oxygen,
while R2 denotes the distance between ester oxygen and
methanol hydrogen. Later in the study, we added tertiary
amine catalyst, which were placed adjacent to the transition
state, but not obstructing the reaction pathway. The atomic
charges and proton transfer energy were calculated using the
CHELPG method* at the M06—2x’” functional and the 6-
311-[—-!—(:5 (d,p)**** basis set. GaussView and PLUMED version
2.8*% were used for bond analysis. We note that 6-311++g
(dp) has been used previously to calculate atomic charges
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Figure 1. Key atomic distances used to describe ester methanolysis
reactions in this study.

using the CHELPG method*”** and is used additionally for
geometry optimization calculations.®

B RESULTS

Methyl Ester Base Case: Obtaining Transition State
Structure. The methanolysis reaction is complex, requiring
multiple concerted bond breaking and forming events. We
initially performed a detailed characterization of the meth-
anolysis of methyl ester with the goal of characterizing the

simplest methanolysis reaction possible and learning if the
model transition state from that reaction could be applied to
the study of PET methanolysis. Using constrained geometry
optimization, we studied three different approaches of the
methanol molecule to the ester linkage, by varying the
corresponding distances R1 and R2 in a stepwise fashion
(AR = 0.1 A), as shown in Figure 2.

We first study the scenario in which the methanol oxygen
attacks the carbonyl linkage at the carbon atom (R1) (Figure
2a). Note that here, the distance between the methanol
hydrogen and ester oxygen is monitored but not controlled
(R2 is shown on the secondary y-axis in Figure 2a). Decreasing
the distance progressively increases the potential energy until
the energy goes through a maximum around R1 = 1.2 A, at
which point R2 also drops precipitously. Using the structure
with an energy maximum as an initial guess, we performed
multiple rounds of attempt/refinement to identify a TS
structure with different algorithms for determining saddle
points. None of the attempts were successful. We next
attempted the same study but constraining and varying R2
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Figure 2. Changes in energy and bond length as the result of stepwise scan of (a) C—O distance between carbonyl carbon and methanol oxygen
(R1), (b) O—H distance between ester oxygen and methanol hydrogen (R2), and (c) R1 and R2 together, where the distances of both R1 and R2
were simultaneously reduced by 0.1 A. The black box signifies the maximum energy that was achieved when the C—O R1 distance = 1.7 A and O—
H R2 distance = 1.3 A, respectively. The structure of this maximum energy was used as the initial guess for transition state finding. The transition
state structure is shown in (d).
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while monitoring R1 (Figure 2b). Here, the system never
passes through any maximum of energy and there are no
apparent reactions occurring. Monitoring the resulting
structures clearly indicates the methanol is not oriented in a
fashion that can facilitate the required concerted bond
breaking and formation events. Hence, R1 and R2 alone are
not suitable proxies for the reaction coordinate and therefore
cannot be scanned independently to determine an initial guess
for transition state finding calculations.

Next, we simultaneously scan both R1 and R2 together using
multiple constraints in the geometry optimization. We
established initial distances of R1 and R2 to 2.5 and 2.1 A,
respectively; we then simultaneously reduce the distances of
both R1 and R2 by steps of 0.1 A. The relative energy from this
simultaneous scan of R1 and R2 is shown in Figure 2c. As
shown, the relative energy peak 42.6 kcal/mol is observed
when R1 and R2 are of 1.7 and 1.3 A, respectively. This
configuration is used to search for a transition state and the
resulting calculation shows a structure with very similar energy
and one imaginary vibrational mode (—1179.9 cm™). The TS
structure (Figure 2d) is extremely similar in geometry (R2 is
only adjusted by 0.1 A) and energy (the TS structure is 1.1
kcal/mol higher at 43.7 kcal/ mol). We also confirm the
configuration at the transition state by doing an IRC scans
from the transition state to both the reactant and product
states.

For the remainder of this study, we use the transition state
configuration shown in Figure 2d as the starting point for other
systems involving more complex models, such as when we
replace the methyl ester with a more realistic representation of
PET. In the following sections, we study different surrogates of
PET decomposition with a longer alkyl chain length attached
like ethyl benzoate and then introduce a set of tertiary amine
catalysts explicitly into the system to study the effect of
catalysts on PET depolymerization. Finally, the solvent effect
on depolymerization reaction energetics would also be
discussed.

Increasing Surrogate Complexity. We now replace the
methyl ester with a more realistic representative of PET, ethyl
benzoate. To determine the ethyl benzoate methanolysis
reaction mechanism, we began by using the transition state
structure described above, we replaced the methyl group
connected to the C=O linkage with a benzyl ring. We froze
the coordinates of all four atoms involved in the concerted
bond breaking and forming and performed geometry
optimization and frequency calculation. The structure showed
one imaginary vibrational mode of similar frequency to the TS
described above (as shown in Supporting Information Table
A2). Following this, we determined a saddle point TS structure
and used the IRC scan as a means to obtain a detailed
mechanistic understanding of the methanolysis process while
verifying that the obtained TS structure leads to the correct
reactants and products.

The reaction between ethyl benzoate and methanol is shown
in Figure 3a, whose progress we track by monitoring the R1
and R2 bonds. The R1 and R2 bonds are defined in Figure 1.
Furthermore, we also track the evolution of the improper
dihedral formation by the four key atoms defined by R1 and
R2, as shown in Figure 3a. The improper dihedral is thus
defined as the angle between the i, j, k, and [ planes, where i, j,
k, and I refer to methanol hydrogen, ester oxygen, carbonyl
carbon, and methanol oxygen, respectively.
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Figure 3. (a) Overall reaction schematic for ethyl benzoate during
methanolysis of ester. The reaction progress is tracked through the
evolution of bonds D1-D4. (b) The corresponding bond distances
(A), improper dihedral (degrees), and relative energy (kcal/mol) of
reaction with respect to 11th IRC step going toward reactants. (c)
The tetrahedral complex model showing bonds D1—-D4.

From Figure 3b, we can deduce the order of events in the
methanolysis reaction mechanism between ethyl benzoate and
methanol to be as follows:

1. The reaction begins as hydrogen of methanol breaks
away from methanol oxygen toward ester oxygen leading
to decrease in bond distance D1 (blue),

. Simultaneously, the distance between methanol oxygen
and methanol hydrogen increases as shown by D3
(green), until D1 and D3 curves intersect at the
transition state,

. After reaching the transition state, the hydrogen
continues to move toward ester oxygen and breaks
away from methanol, as shown by further decrease in the
D1 distance. This corresponds to a decrease in the
relative energy.

. The carbonyl carbon and methanol oxygen then move
closer toward each other as shown by the decrease in the
D2 (yellow) distance.

. The C—O ester bond in ethyl benzoate breaks as the
carbonyl carbon and ester oxygen move away from each
other, shown by the increase in D4 (red). Finally,
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6. The carbonyl carbon then forms a bond with methanol
oxygen to form products methyl benzoate and ethanol.

Figure 3b also shows that improper dihedral changes very
slightly from ~2 to ~6° moving from the reactant to the
product complex. This change is relatively small, indicating
that the improper dihedral is relatively unchanged in planar
configuration of the four atoms described in step 3 above. The
transition state for the methanolysis reaction between ethyl
benzoate and a methanol is formed in a concerted fashion as all
four key bonds in the tetrahedral intermediate (D1—D4) are
broken and formed in the same step, as shown in Figure 3c.

In Figure 3b, we note that the labels “Toward Reactants”
and “Toward Products” refer to the relative energy of the 11th
IRC step in the direction of reactants and products,
respectively. In Gaussian 16, IRC by default takes 10 steps
from the transition state. Including the transition state, the
“Toward Reactants” and “Toward Products” are the 11th IRC
step in their respective directions. Each step is represented by a
square marker in the relative energy plot in Figure 3b.

Effect of Tertiary Amine Catalysts on the PET
Methanolysis. In this section, we explore the role of tertiary
amine catalysts in the transesterification reaction of ethyl
benzoate and methanol. The work described above indicates
that proton transfers from methanol directly to ethyl benzoate
oxygen to break the ester bond as detailed in Figure 3.
Transesterification occurs through a single concerted step. In
the model system, the catalyst is on the opposite side of the
aromatic ring of ethyl benzoate away from methanol, such that
it does not directly participate in the proton transfer step of the
reaction. It has been proposed that tertiary amine catalysts act
as Lewis base in methanol due to free electrons of N atom and
could possibly form a hydrogen bond between N of catalyst
and H of aromatic ring in ethyl benzoate and another
hydrogen bond between H atom on methyl adjacent to N
atom and carbonyl carbon to activate the ester bond.*
Therefore, the role of this catalyst in lowering the activation
energy could primarily be expected to result from the
activation of ester from these hydrogen bonds.

To understand this effect we introduce a list of tertiary
amine catalysts whose effectiveness in depolymerizing PET
have been investigated experimentally.’® The list includes
linear, cyclic, aromatic, and diamines, whose chemical
structures are given in Figure 4. Reported experimental yields
of DMT, EG, and total yield are shown in Table 1 for the list

Linear Cyclic
Linear TMA Triethylamine (TEA) N-methylpiperidine (NMP)
N [ )
PN NS |
Aromatic Diamine

Dimethylaniline (DMA)

5%

Figure 4. Six different tertiary amines used in this study as
representatives to understand the effect of amine catalysts on the
PET depolymerization reaction by methanolysis at the atomistic level.

Aromatic TMA N, N, N’, N’ - Tetraethylethylenediamine (TEEDA)
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of catalysts. Table 1 does not include values for linear TMA as
it is not part of the experimental study.*’

Table 1. Yields of DMT, EG, and Total Yield from
Depolymerization of 0.1 g PET Bottle Strips in 20 mL of
0.20 M Tertiary Amine Methanol Solution at 160 °C, 1 h
Reaction Duration at 700 rpm30"

yields (%)

catalysts catalyst configuration ~ DMT EG DMT + EG
NMP cyclic 100 100 200
TEA linear 91.2 74.5 165.7
aromatic TMA aromatic 25.8 14.3 40.1
DMA aromatic 6.4 6.8 132
TEEDA diamine 80.1 85.1 165.2

“Yield is calculated from moles of DMT and EG after the reaction in
accordance with the formula shown in Supporting Information A3.

Using ethyl benzoate as the representative model for PET,
the overall energy landscape of the PET depolymerization
through methanolysis in the presence of tertiary amine
catalysts are shown in Figure S.

tertiary amine

1) catalyst Q o
Ol iememmememmeeenns
—~o + O »\O)Hi>+H/\/
in vacuum
ethyl methanol methyl ethanol
benzoate benzoate
40{ —— NMP
Linear TMA
=== DMA
TEEDA YT T
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©
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=
>
o 10
Q
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o
Q
e | A\ e
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20l T
reactants reactant transition product products
complex state complex

Reaction Coordinate

Figure S. Effect of tertiary amine on the energy landscape of
transesterification reaction between ethylbenzoate and methanol in a
vacuum. The energies for reactant, transition, and product states were
calculated through geometry optimizations. Energies for the reactant
complex and product complex were obtained through geometry
optimization of the final IRC structures in each respective direction
and the reactant/product energies are the summation of the individual
species energies.

Figure S clearly shows that the presence of tertiary amine
successfully lowered the activation barrier for the trans-
esterification of ethyl benzoate by methanol, thus showing its
promising potential to catalyze PET depolymerization in
methanolysis. Furthermore, the effectiveness of the tertiary
amine in lowering the activation barrier in the ascending order
from the lowest activation barrier is TEEDA, DMA, aromatic
TMA, TEA, linear TMA, and NMP, respectively. The ordering
of the tertiary amine in catalyzing the reaction in Figure $ can
be clearly classified based on the structures of the tertiary
amines as defined in Figure 4, where the lowest transition state
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is obtained by the diamine type of tertiary amines, that is
followed by aromatic, linear, and cyclic types, respectively.

However, we stress that the energies for the trans-
esterification reaction of ethylbenzoate shown in Figure S
were obtained from calculations in a vacuum. PET
methanolysis in experiments however occurs in methanol
solvent. Product yield results in Table 1 were reported for the
reaction using a tertiary amine methanol solution. Hence, we
introduce methanol solvent into our study to study the effect
of solvation to the PET depolymerization through methanol-
ysis.

Effect of Solvation. To study the effect of methanol on the
PET depolymerization reaction during methanolysis, a
methanol solvent is introduced into the system implicitly.
Methanol molecule and ethyl benzoate are present in the
system as reactants along with the tertiary amine catalyst. The
energy landscape of the ethyl benzoate transesterification
reaction in the presence of tertiary amines in implicitly treated
methanol is shown in Figure 6.
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Figure 6. Effect of tertiary amine on the energy landscape of the
transesterification reaction between ethylbenzoate and methanol in
implicit methanol solvent. The energies for reactant, transition, and
product states were calculated through geometry optimizations.
Energies for the reactant complex and product complex were
obtained through geometry optimization of the final IRC structures
in each respective direction.

Figure 6 shows that activation energy barriers for the
transesterification reaction in implicit methanol solvent are
very similar to those of in vacuum; thus, indicating that the
implicit methanol solvent does not have any effect on the
transesterification reaction energy barrier.

Unlike in the vacuum calculations, Figure 6 shows no
correlation between the structure of tertiary amines and energy
at the transition state. Furthermore, the energies at the
transition state are indistinguishable for DMA, aromatic TMA,
and TEA catalysts. There is no obvious reason why the
addition of the implicit solvent model should reorder the
relative ranking of catalytic effects observed in the reaction
mechanism. These results with implicit solvation for the overall
methanolysis reaction and a neutral catalyst thus suggest that
the key step that defines the rate in the PET depolymerization
during methanolysis must lie elsewhere. Based on this
interpretation, we next explored the scenario in which the
proton transfer step from methanol to ethyl benzoate in the
PET depolymerization reaction involves the tertiary amine
catalysts.

Catalysts Involvement in the Proton Transfer Step. In
this section, we explore the scenario in which the tertiary
amine catalysts are actively involved in the transesterification
reaction of ethyl benzoate and methanol via proton transfer.>’
Rather than having the transesterification as one single
concerted step, we split the reaction into two successive
parts: first, the proton transfer from the methanol to the ethyl
benzoate, which then is followed by the breaking of the ester
bond. Furthermore, in the first step, instead of having the
proton transfer directly from the methanol oxygen to the ester
of the ethyl benzoate, the proton would first transfer to the
amine catalyst before being subsequently transferred to the
ethyl benzoate. The two discrete steps of the proton transfer in
the transesterification of ethyl benzoate in methanol are given
below in Scheme 2.

Although the reaction mechanism presented in Schematic 2
seems similar to that presented in Figure 2a, where the
scanning of the R1 bond independent of the R2 results in an
unreasonable TS structure due to the very high TS energy of
120 kcal/mol, this reaction pathway merits another exploration
as we now have tertiary amine catalysts that are actively
involved in the transesterification reaction. The reaction energy
for the proton transfer from methanol to the tertiary amine as
defined by step 1 in Scheme 2 in both vacuum and implicit
methanol is given in Table 2. Note that in the proton transfer
energy calculations, we restrained either the N—H bond in the
protonated catalyst, the C—O bond in methanol, or both the

Scheme 2. Proposed Steps for Proton Transfer During Transesterification of Ethyl Benzoate in Methanol
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Table 2. Proton Transfer Energy as Defined by Step 1 in Schematic 2 That Were Calculated Using M06-2x/6-311++G(d,p),
Experimental Yield of DMT Product from PET Depolymerization as Obtained from ref 30 and the Charge on N Atom in the
Protonated Tertiary Amine Catalysts as Calculated by CHELPG Using the M06-2x’> Functional and the 6-311++G(d,p)***
Basis Set

proton transfer energy

(kcal/mol)
catalyst in in implicit experiment yield of DMT charge on N atom in protonated tertiary amine calculated in

catalysts configuration vacuum methanol (%)*° implicit methanol
NMP cyclic 27.7 14.9 100 0.19
linear TMA linear 334 222 0.13
TEA linear 32.8 21.8 912 0.16
TEEDA diamine 29.9 22.5 80.1 —0.14
aromatic aromatic 33.3 25.7 25.8 —0.28

TMA
DMA aromatic 26.7 21.1 6.4 —0.30
N-H and C—O bonds simultaneously during the geometry several important insights: (1) the PET depolymerization into
optimization step. DMT and EG in methanolysis (Scheme 1) consists of several

Unlike that in Figure 6 where the incorporation of the discrete steps rather than one concerted step, (2) the tertiary
implicit methanol solvent does not affect the activation energy amine catalyst is actively involved in the reaction, in which the
barriers, Table 2 clearly shows that the implicit solvent has proton transfer from methanol to ethyl benzoate occurs via the
substantially lowered the reaction energy for proton transfer. tertiary amine catalyst, and (3) the proton transfer from
Lower energy indicates that proton transfer from methanol to methanol to the tertiary amine catalyst is the first step of the
catalyst is more favorable in implicit methanol than in vacuum. reaction, Finally, (4) the charge on the N atom of the
Lower energy also indicates the possibility of proton transfer to protonated tertiary amine directly corresponds to the
catalyst first to be a favorable first step for the overall reaction. experimental DMT product percentage yield.
This will be followed by proton transfer to ester oxygen to The correlation between the charge on the N atom of the
form the products. Hence, these results indicate that PET protonated tertiary amine and the experimental DMT yield can
depolymerization in methanolysis could take place through be explained by the Lewis basicity of the N atom in the tertiary
multiple discrete steps instead of a single concerted step. amine. The more basic the N atom of the tertiary amine is, the

We compare our results to those of the experimental PET more capable the tertiary amine molecule is in extracting
methanolysis.30 In addition to calculating proton transfer protons from methanol. As a result, a higher DMT vyield can be
energies, the charge on the protonated N atom of the tertiary produced in the PET depolymerization in methanol solvent. In
amine catalyst was also determined. Both the experimental this study, the basicity of the tertiary amine is reflected in the
yield of DMT product obtained through PET depolymeriza- changes in the charge on the N atom from —1 to the result
tion pI'OCGSS in methanolysis using diﬁerent tertiary amine presented in Table 2 for each Catalyst'
catalysts and the calculated electronic charge on the N atom of Seeing the direct correlation between the charge on the N
the protonated tertiary amine catalysts in implicit methanol atom of the protonated tertiary amine and the experimental
solvent of the catalyst are also given in Table 2. DMT yield, we then propose that we can use the charge on the

First, we noticed that the proton energy transfer bears no N atom of the protonated tertiary amine catalysts as a
correlation with the experimental DMT product yield that is descriptor to initially screen the tertiary amine catalysts. This
reported in the literature.’® Second, however, we found that allows one to gauge the efficiency of the tertiary amine in
the experimental DMT yield correlates with the charge on the catalyzing the PET depolymerization reaction in methanolysis.
N atom of the protonated tertiary amine. This correlation It will aid in initial screening further since it involves only a
between the charge on the N atom of the tertiary amine and quick calculation of the charge and eliminates the need for
the experimental DMT yield is only seen for a protonated bench experiments.
catalyst in implicit methanol. We then calculated the charge on We note that this direct correlation is specific to the tertiary
the N atom of the catalyst for the neutral catalysts in both amine catalysts listed in this study after investigating their role
vacuum and implicit methanol and of the protonated catalysts in catalyzing PET depolymerization in methanolysis. In the
in vacuum. In all of these cases, we have seen no correlation future, this conclusion could be further assessed by testing the
between the charge on the N atom of the catalyst to the accuracy of the descriptor, that is, the charge on the N atom. It
experimental yield. Charges on N atom for all cases are would need to be tested against a wider range of tertiary amine
reported in Supporting Information Table A4. Table 2 does catalysts, in which the experimental DMT yields are known.
not include values for experimental DMT yield of linear TMA Furthermore, using the charge on the atoms of the protonated

as it is not part of the experimental study.*

Discussion. Through our systematic investigation, we
found that the charge on the N atom of the tertiary amine
catalysts correlates directly with the product yield of the PET
depolymerization product in experiments. Furthermore, we
found that the correlation exists only for protonated catalysts
in implicit methanol solvent. In general, our computational

catalysts to gauge and screen its efficiency in catalyzing PET
depolymerization in methanol can be extended to other types
of catalysts, such as of those acetate-based or carbonate-based
metal catalysts.'>**~7

B CONCLUSIONS

investigation into the PET depolymerization reaction in In this study, we have done a systematic computational
methanolysis in the presence of tertiary amine catalysts reveals investigation into the PET depolymerization reaction in
5889 https://doi.org/10.1021/acs.jpca.4c02276

J. Phys. Chem. A 2024, 128, 5883-5891


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.4c02276/suppl_file/jp4c02276_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.4c02276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

methanol solvent. We found that the PET depolymerization
reaction in methanol into DMT and EG consists of several
discrete reaction steps rather than a single concerted step.
Furthermore, in the presence of tertiary amine catalysts, we
have found that the proton transfer from methanol to the
tertiary amine catalyst is the first step in the PET
depolymerization reaction in methanolysis. By comparing our
results to that of the experimental yield, we found that the
experimental yield directly correlates to the charge on the N
atom of the protonated tertiary amine catalyst. We then
propose that we can use the charge on the N atom of the
protonated tertiary amine as a descriptor to quickly predict the
suitability of other tertiary amine molecules as potential
catalysts for PET depolymerization in methanolysis. To be able
to find a descriptor that can be used to quickly screen the
suitability of potential catalysts for PET depolymerization is of
great interest as the efficiency of the potential catalysts can be
quickly predicted without the need for experiments, which may
result in the generation of environmentally harmful waste.
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