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MTBDP, with a similar chemical structure as TBD should not be able to make
hydrogen bonds and induce proton relay steps in the overall manifold due to
the N-bound methyl protecting group. As a consequence, the depolymeriza-
tion does not occur. This result concurs with the idea that the reactivity related

with the free -NH group of the TBD is crucial for depolymerization activity.

Figure 7.3: Control experiments for the depolymerization of poly(limonene carbonate)

The first depolymerization mechanism that comes to mind starts by acti-
vating one of the chain ends of the polymer induced by the catalyst TBD, re-
sulting in consecutive reactions that depolymerize the entire polymer chain via
consecutive backbiting steps. However, for very high molecular weight PLC,
the catalyst likely encounters difficulties in locating a reactive end-group of the
polymer, as each polymer chain possesses only two possible reactive sites. The
reaction temperature aids in molecular mobility, thereby increasing the proba-
bility of finding a reactive centre. The control experiment presented in Figure
7.3 (b), shows that by introducing chain-end protecting groups, inhibition of
the end-group depolymerization mechanism occurs. Consequently, a slower
but still feasible depolymerization takes place. This implies that another de-
polymerization mechanism occurs simultaneously, that could be randomly ini-
tiated within one of the repeat units of the polymer chain with the catalyst likely

activating one of the carbonate group thereby starting a “main-chain scission”

b7-Methyl-1,5,7-triazabicyclo(4.4.0)dec-5-ene
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based depolymerization. As a result of this reaction, shorter polymer chains are
obtained, enhancing the catalyst’s ability to also initiate depolymerization via
end-group activation.

Both mechanistically related reactions will be explained in detail and com-
pared in the sections below. The model employed to study the mechanistic
pathway is a trimer (an oligomer chain made up from 3 monomer units) as has
been demonstrated to describe adequately the system in Chapter 6. Utilizing
larger polymer chains for calculations would significantly increase the compu-
tational cost due to the increased number of atoms involved without obtaining
significant improvements in the results, and hence we believe this approxima-

tion is reasonable.

7.4.1 End-group depolymerization

The end-group depolymerization mechanism cleaves polymer chains at
their terminal units, which are typically more accessible than the internal units.
In this case, the catalyst TBD makes the activation of the end-groups (OH) to
initiate the depolymerization process. The mechanistic pathway involved can
be understood as a series of consecutive reactions, in each of which a trans-
limonene carbonate (trans-LC) is released from the main chain. Each part
includes two transition states and four respective intermediates. The model
compound used in this study is a trimeric oligocarbonate, hence, two trans-LC
will be released during the mechanism described in this section.

The mechanistic pathway represented in the Figure 7.4 starts with the
separated structures of the trimer and the catalyst TBD with a relative Gibbs
free energy of 5.5 kcal-mol~!, while their adduct A-e is used as a reference
(0.0 kcal-mol™!). The first transition state TS-1e has an energetic value of 4.7
kcal-mol™!, and consists of a deprotonation of the terminal alcohol group of
the trimer by the catalyst (TBD). Simultaneously, this newly-created alkoxide
approaches to the electrophilic carbon centre of the adjacent carbonate. The
product of this interaction is the structure B-e at 5.6 kcal-mol~!, which has a

tetrahedral carbon centre with four O-substituents forming an ion pair with
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the protonated catalyst (HTBD*), which maintains this geometry with hydro-
gen bonds between the anionic oxygens (outer and carbonyl) and the -NH
group from the HTBD*. The next intermediate C-e has an energetic value of
8.1 kcal-mol~! and is highly similar to the previous one (B-e), the only differ-
ence is the orientation of the HTBD* hydrogen bonds, which in this case are
made with the inner and carbonyl oxygens. Due to the catalyst orientation,
the reaction leads to the next transition state TS-2e (12.0 kcal-mol ™), in which
the HTBD* protonates the nearest oxygen located in the main chain making
an alcohol and a trans-limonene carbonate, both of which are represented in
structure D-e (-4.8 kcal-mol ™).

At this point, the second part of the end-group depolymerization starts,
now the main chain is a dimeric unit with the catalyst. The dimer and the
TBD are assembled in structure E-e (-1.1 kcal-mol™!). The latter is followed
by the transition state TS-3e (12.0 kcal-mol™!) that describes a deprotonation
of the outer oxygen while simultaneously approaching the carbonyl carbon.
Intermediate F-e (8.4 kcal-mol™1) has a tetrahedral centre, and the catalyst
makes hydrogen bonds with two oxygen atoms producing structure G-e (10.5
kcal-mol™1), which has the HTBD* located near the inner oxygen of the chain
making a hydrogen bond. The last transition state, TS-4e, is the most ener-
getically disfavoured one in this mechanism (18.5 kcal-mol™!) and involves
an oxygen protonation by HTBD™ and the release of a second frans-limonene
carbonate. The last intermediate H-e contains the adduct of the trans-LC,
limonene glycol and the catalyst TBD with a relative Gibbs free energy of 2.8
kcal-mol™!. The final products are the separated structures of the resultant
two molecules of trans-LC, limonene glycol and the catalyst TBD, with a total
energetic value of 2.4 kcal-mol ™.

The energetic span!®”! of this reaction is 23.3 kcal-mol~!, which is totally fea-
sible at 80°C. In summary, the end-group depolymerization of a trimeric model
for PLC using TBD as a catalyst at 80°C in acetonitrile solution results into the
release of one molecule of limonene glycol, n trans-limonene carbonates (de-
pending of the original length of the polymer chain) and the recovered catalyst
TBD.
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Mechanistic Pathway Structures

For a more detailed analysis of the mechanism depicted in Figure 7.4, geo-
metric parameters were illustrated with atom labels to describe their distances
or angles related to their reactivity. As described earlier, the end-group de-
polymerization reaction involves a series of consecutive steps, each set of steps
comprise two transition states and four respective intermediates thereby con-
verting one monomer from the polymer chain. In Figure 7.4 the first set of
steps goes from A-e to D-e, and the second series from E-e to H-e. Therefore,
this section will discuss the first two transition states to comprehend the overall

reactivity, as the latter ones are analogous.

Figure 7.5: Molecular structure for the TS-1e shown in Figure 7.4 including atom labels

The first transition state for the end-group activation mechanism TS-1e is

presented in Figure 7.5 and its key bond leghts and angles are detailed in Ta-
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Table 7.1: Angles and distances for the geometry of TS-1e presented in Figure 7.5

Atom labels | Angle (°) Atom labels | Distance (A)
03-C1-04 76.0 C1-04 2.80
04-H9-N8 166.4 04-H9 1.36
03-C1-02 121.3 H9-N8 1.15

ble 7.1. This transition state describes the deprotonation of the terminal alco-
hol (04-H9) for the trimer as enabled by the nitrogen N8 from the TBD, while
simultaneously the already created alkoxide species (O4) approaches the elec-
trophilic carbonate carbon C1. The deprotonation involving the atoms 04, H9
and N8 shows a near linear arrangement (166.4°). However, this angle is not
larger (cf., 180°) as a reaction needs to occur between the alkoxide (O4) and the
carbonyl carbon C1, which are at a considerable distance of 2.8 A (C1-04). This
distance is expected to decrease in the next intermediate when a tetrahedral

centre is formed in structure B-e.

Table 7.2: Angles and distances for the geometry for the TS-2e presented in Figure 7.6

Atom labels | Angle (°) Atom labels | Distance ()
03-C1-04 108.9 C1-04 1.38
03-C1-05 100.6 C1-05 1.92
05-H9-N8 175.9 05-H9 1.56
03-C1-02 121.6 H9-N8 1.06

The second transition state TS-2e from Figure 7.4 is depicted in Figure 7.6
and selected geometrical values are given in Table 7.2. In this transition state,
the nearest oxygen located in the main chain (05) is protonated by the HTBD™*
(H9), releasing a molecule of frans-LC and creating a terminal alcohol group
in the remaining main chain (O5-H9). The protonation for the alkoxide O5 by
H9 from the TBD again tends to form a linear arrangement between O5, H9
and N8 with a value of 175.9°. The other hydrogen H6 from the TBD makes
an hydrogen bond with the carbonyl oxygen 02, enhancing its reactivity along
this transition state. The angle for 04-C1-03 (future carbonate in the trans-LC)

amounts to 108.9°, and then evolves to the last structure C-e that includes a
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Figure 7.6: Molecular structure for the TS-2e shown in Figure 7.4 including atom labels

tetrahedral carbon centre. However, the angle O3-C1-O5 now measures 100°
due to the separation from the main chain, and the bond C1-05 is 1.92 A that
is significantly longer than the distance between C1-04 (1.38 A) just released
trans-LC.

7.4.2 Main-Chain Scission

The main-chain scission mechanism begins by activating a carbonate car-
bon of the polymer chain, leading to the rupture of the polymer chain into
smaller segments. These segments can, from this moment onwards, undergo
either fragmentation through end-group or main-chain scission pathways.
The combination of both mechanisms accelerates the depolymerization of the

polycarbonate, resulting in the formation of smaller polymer fragments that
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will be divided into monomers (trans-LC) or limonene oxides (LOs).

The mechanism presented in Figure 7.7 utilizes H»O as a simple pronucle-
ophile, which can be activated by TBD through hydrogen bonding. As occa-
sional water is commonly present during these reactions, its low concentration
has been shown not to be detrimental for TBD-based depolymerization(?37,

The individual structures of the trimer, TBD and H,O have an energetic
value of 8.4 kcal-mol ™! over the reference, which is the adduct of these molecu-
les in structure A-m. The first transition state, TS-1m, is the most energetically
disfavoured one in this mechanism with an energetic value of 21.9 kcal-mol ™.
The water molecule is deprotonated by TBD, and as a result the hydroxide OH™
(a more productive nucleophile) attacks the carbonate carbon located in the
middle of the chain. This reaction results into the intermediate structure B-
m (16.0 kcal-mol™!) which has a tetrahedral carbon centre due to its previous
engagement with the hydroxide. In this latter structure the HTBD* remains
close to the reactive centre due to hydrogen bonds present and involving dif-
ferent oxygen atoms of the carbonate. In the next structure, C-mlocated at 12.4
kcal-mol~!, the HTBD™ is located in a different orientation, thus enabling the
geometry towards the following transition state TS-2m (15.2 kcal-mol™}). Dur-
ing the second transition state TS-2m, the HTBD* protonates an inner oxygen
of the polymer chain, producing a scission in the middle of the trimer, while
the other part of the chain separates. The result is structure D-m, which is a
formal dimer, and the catalyst recovered (TBD) combined with the just created
hemi-ester of a carbonic acid derivative. This adduct is more thermodynam-
ically stable than the structures determined before with an energetic value of
-7.3 kcal-mol~!. From this point onwards, the studied structures correspond
to the monomer with the carbonate acid group, and the further reacting dimer
will be considered in all the structures in order to be energetically comparable.

Note that in Figure 7.7, the following intermediates and transition states
(from structure D-m onwards) are energetically more favoured than the ones
described before. This variation may be due to the size of the main chain, which
in this case is a monomer, hence, the energy values will likely depend on the size

of the polycarbonate and exert some degree of entropic influence.
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The structure E-m (1.7 kcal-mol™!) includes the carbonic acid-based molecule
and the TBD, that spontaneously evolve into the structure F-m, which is their
adduct that contains a carbonate group and the protonated catalyst HTBD™*
located at -16.5 kcal-mol™!, and has a very similar geometry as G-m (-19.7
kcal-mol™}). In the latter, the HTBD™ has changed its orientation, which in turn
allows it to create new hydrogen bonds to enhance the reactivity of importance
for the next transition state TS-3m (-8.8 kcal-mol™!). During this last transition
state, the HTBD* protonates the inner oxygen of the carbonate group, which
changing its original angle from ~120° (carbonate) to approximately 180° re-
leasing thereby CO,. This reaction ends with structure H-m (-18.5 kcal-mol™),
which is the adduct of the recovered catalyst TBD, the limonene glycol and the
CO2 molecule. When separated, the addition of these molecules (including the

dimer), has an energetic value of -13.7 kcal-mol~!.

The energetic span®”! of this reaction is 21.9 kcal-mol™!, which is com-
pletely feasible at 80°C. The mechanistic pathway for the depolymerization
via main-chain scission requires a water molecule that behaves as a pronucle-
ophile once its deprotonated by the catalyst to begin the reaction. Once the
depolymerization starts, a cascade of reactions occurs to obtain a limonene

glycol, a dimer from the cleaved chain, and a CO, molecule as products.

Mechanistic Pathway structures

For a more detailed analysis of the main-chain scission reaction, some
structures from the overall mechanistic pathway presented in Figure 7.7 will
be discussed in this section to evaluate in more detail their structural parame-
ters.

The first transition state TS-1m is presented in Figure 7.8, and its selected
geometrical parameters are given in Table 7.3. This transition state shows a si-
multaneous reaction that involves a water molecule (H2-O1-H3), which is de-
protonated by the N9 atom of TBD while the newly-created hydroxide O1-H2

attacks the carbonate carbon C4 from the trimer. In this structure, the angle in
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Figure 7.8: Molecular structure for the TS-1m presented in Figure 7.4 including atom
labels

Table 7.3: Angles and distances for the geometry for the TS-1m presented in Figure 7.8

Atom labels | Angle (°) Atom labels | Distance (A)
H2-0O1-H3 111.1 01-C4 1.97
06-C4-01 99.2 O1-H3 1.50
O1-H3-N9 177.0 O1-H2 0.96
C4-0O1-H3 117.3 H3-N9 1.09

05-H11-N10 164.6 05-H11 1.79

the interacting water molecule is larger than the theoretical one with a value for
H2-01-H3 being 111.1° as a result of its partial deprotonated character medi-
ated by H-bonding to TBD.

Moreover, the bond distance of O1-H3 is 1.50 A due to the deprotonation

made possible by the N9 atom of TBD with an almost linear arrangement for
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01-H3-N9 (177.0°), while O1-H2 keeps a typical bond length around 0.96 A,
while the O1-H3 bond distance is 1.50 A due to the (partial) deprotonation en-
abled by the N9 atom of TBD with an almost linear arrangement for O1-H3-N9
(177.0°). As a consequence, the O1 atom from the alkoxide species comes closer
to the carbonate carbon C4 with a distance of 1.97 A. This interaction will gen-
erate a tetrahedral surrounded carbon C4 bound to the oxygens atoms O1, O5,
06 and O7. The angle related with oxygen atom O6 from the carbonate group
and the oxygen from the hydroxide (O1) are set up to provide a tetrahedral ar-
rangement around C4 in the next structure B-m (with 06-C4-01 being 99.2°).
Thus, these three molecules are able to react due to the hydrogen bonds made
by the hydrogen H11 from the TBD with the oxygen O5 from the carbonate,
with an angle O5-H11-N10 amounting to 164.6° and with a distance O5-H11
being 1.79 A.

Figure 7.9: Molecular structure for the TS-2m presented in Figure 7.7 including atom
labels

The second transition state TS-2m presented in Figure 7.9 and some of its

geometrical values are listed in Table 7.4. This transition state consists of a
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Table 7.4: Angles and distances for the geometry for the TS-2m presented in Figure 7.9

Atom labels | Angle (°) Atom labels | Distance (A)
01-C4-07 103.3 01-C4 1.36
06-C4-01 108.0 0O7-H3 1.62
07-H3-N9 178.5 C4-07 1.84

05-H11-N10 166.5 H3-N9 1.05

middle-chain scission providing a dimeric carbonate and a hemi-ester of a car-
bonic acid derivative. The reaction starts with intermediate C-m, which con-
tains a tetrahedral carbon C4 bound to their neighbouring oxygen atoms from
the polymer chain (i.e., O6 and O7), and the oxygen O1 from the hydroxide
group in TS-1m. The scission is clearly observed by following the distance be-
tween the C4 carbon and the O7 whose value is 1.84 A, and the related angles
01-C4-07 (103.3°) and 06-C4-01 (108.0°) close to tetrahedral ones. To com-
plete the polymer chain scission, a proton transfer is made by the hydrogen H3
from the HTBD™" and the oxygen atom from one part of the main chain (07),
and the relevant angle (07-H3-N9) is almost perfectly linear at 178.5°. Addi-
tionally, the other hydrogen atom from the HTBD* (H11) makes a hydrogen
bond with the oxygen atom O5 from the original carbonate unit, with an angle
05-H11-N10 being rather linear (166.5°). This hydrogen bond keeps the geom-

etry together as to assist the chain scission.

Table 7.5: Angles and distances for the geometry for the TS-3m presented in Figure

7.10
Atom labels | Angle (°) Atom labels | Distance (A)
01-C4-05 160.8 06-C4 2.18
06-C4-01 104.1 C4-05 1.17
06-H11-N10 157.6 06-H11 1.61

The last transition state TS-3m geometry is presented in Figure7.10 and
some of its angles and bonds are added to Table 7.5. The outcome is CO;
release (01-C4-05) from O6 in the anionic form of the carbonic acid-based

molecule, while simultaneously, the H11 from the HTBD* protonates the just-
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Figure 7.10: Molecular structure for the TS-3m presented in Figure 7.7 including atom
labels

created alkoxide O6. The angle from CO, 01-C4-05 is 160.8°, which is some-
what in the middle of a typical trigonal geometry of the carbonate anion form
(about 120°), and the final linear configuration of a carbon dioxide molecule,
which is around 180°. The angle (O1-C4-05) shows a geometry closer to that
of CO, release, with distances for 06-C4 of 2.18 A, and C4-05 being 1.17 A. Ad-
ditionally, the proton transfer angle between the HTBD* and the alkoxide (O6-
H11-N10) is less linear than compared with the previous angles, with a value of
157.6°. Note that TS-3m undergoes a significant geometrical transformation
as it represents the transition state between G-m, which includes a carbon-
ate anion, and H-m that corresponds to limonene glycol and a released CO,
molecule. As a result, some angles and bonds in the Figure?7.10 lie within the

range of these two geometries.
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7.4.3 Depolymerization Mechanisms Evaluation

As seen in the sections above, both mechanisms (end-group depolymer-
ization and main-chain scission) are feasible under the conditions reported in

Figure 7.2, both experimentally and theoretically!?3"!

. Therefore, we expect a
combination of both mechanisms during the degradation of the poly(limonene
carbonate) chains. In this section, we will briefly discuss the combination of

both mechanisms by comparing them.
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Figure 7.11: Schematic example of the depolymerization of a decamer

The pendent alcohol end-groups of the terminal groups tend to be more re-
active, however, at the beginning of the reaction when the polymer chains are
long, only two possible reactive sites are available for the end-group depoly-
merization mechanism. Therefore, the main-chain scission tends to be more
easy to initiate the depolymerization, although a water molecule is needed to
start the mechanism. To exemplify these concepts, a scheme of the depoly-
merization of a larger model (a decamer) is presented in Figure 7.11. In this
schematic representation of the decamer, the violet bubbles represent where
the "end-group depolymerization" would take place, the dark-purple bubbles
represent where "main-chain scission" can occur, and the light blue bubbles

represent the monomers obtained as final products of the depolymerization.
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In the initial stage (when n = 10), the oligomeric chain has a higher number
of carbonate groups that can participate in main-chain scission, increasing the
probability to start cleaving the chain through this mechanism. In the example
of Figure 7.11, we consider the scission of the decamer into large and unequal
chains: a tetramer (n = 4) and a hexamer (n = 6). For the tetramer, it has an
equal probability to undergo either mechanism. The end-group depolymer-
ization mechanism (Figure 7.11, left side) decomposes this oligomer chain first
into a trimer (n = 3) and releases a monomer, and subsequently the depolymer-
ization results into a dimer (n = 2) and another respective monomer. For the
hexamer, it has more carbonate groups of use for main-chain scission. Thus,
we consider an nonsymmetric scission into a dimer (n = 2) and a tetramer (n
=4) (Figure 7.11, right side). In this case, the tetramer, is cleaved through the
main-chain scission mechanism into two dimers, which will be depolymerized
into their respective monomers. Taken into account this more complex start-

ing point, there are thus many more combinations possible to break down the

polymer chain of PLC.
mol-L
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Figure 7.12: Energetic comparison between mechanistic pathways for PLC depolymer-
ization

Energetically, both mechanisms are completely compatible, and in Figure
7.12, are presented the energetic profiles for both mechanisms. Note that the
reference value for A-m includes the adduct of the trimer, the catalyst and a wa-

ter molecule,while the A-e just includes the trimer and the catalyst. Despite the
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fact that these mechanistic pathways are different, the energy spans for both re-
actions are very similar, 23.3 kcal-mol™! for end-group based depolymerization
and 21.9 kcal-mol~! for main-chain scission based mechanism.

These energy span values demonstrate the feasibility of both processes
according to experimental results. Moreover, a combination of both path-
ways is plausible, as the intermediate alcohol-terminated species produced
through the main-chain scission mechanism can subsequently participate in

end-group activation by TBD to further promoted polymer backbiting.

7.5 Conclusions

This chapter aims to understand the mechanistic pathways involved in the
depolymerization process of polycarbonate derived from frans-(Limonene car-
bonate) (PLC) using TBD as a catalyst at 80°C in acetonitrile solution, exploring
two different mechanisms: end-group depolymerization and main-chain scis-
sion. Both mechanisms were investigated through DFT calculations supported
by experimental results obtained by various Kleij group members.

On one hand, the end-group depolymerization starts at the terminal alco-
hol of the polymer chain, initiating the decomposition of the PLC via a known
backbiting reaction. On the other hand, the main-chain scission mechanism
commences at a random position in the middle of the polymer chain, needs a
(protic) water molecule as a pronucleophile, and splits the polymer chain into
smaller segments. Both mechanisms are feasible under the conditions reported
above, with energetic spans of 23.3 kcal-mol~! for end-group depolymerization,
and 21.9 kcal-mol~! for main-chain scission mechanism. Therefore, this mech-
anistic study has unveiled new potential for polycarboante depolymerization
through the combination of both end-group activation and main chain scis-
sion pathways.

Additionally, experimental studies evaluated the suitability of regenerating
PLC from trans-LC via ROP using TBD, BnOH as an initiator in toluene solution
at 80°C. The results demonstrate that PLC can be reformed and a combination

of NMR and GPC analysis suggests that original polymer characteristics can be
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preserved.

In conclusion, an efficient catalytic process for depolymerizing PLC using
TBD as a versatile organocatalyst has been discovered. Mechanistic studies
based on DFT calculations reveal that degradation of PLC can occur through
the combination of end-group activation and/or a main chain scission path-
way. Moreover, from the resultant frans-LC, repolymerization was successfully
demonstrated using the same organocatalyst. All of these results represent a
significant advancement in the recycling of PLC and more generally of polycar-

bonates, and a step closer to a circular use for these types of macromolecules.
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