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Abstract
Polymeric materials have become an integral material in our society, and their high

demand has created a large quantity of polymers that end up in the waste stream. For instance,
poly(ethylene terephthalate) (PET) is widely used in a broad range of applications, where the
chemical recycling of PET is of growing interest. Most methods focus on the complete
depolymerization of the PET to monomer, however pushing the equilibrium reaction to the
monomer is time and energy intensive. We hypothesize that by intercepting intermediates in the
depolymerization, telechelic oligomers can be captured that can also be used as reactants to
produce value-added goods. To this end, the effect of reaction type, catalyst loading, reaction
time, and temperature on the evolution of product chain structure and yield of the glycolysis
depolymerization of PET is studied. For a heterogeneous reaction at lower temperatures (165
°C), the rate of depolymerization is sufficiently slow to offer access to a broad range of
molecular weight products (3,000 — 10,000 Daltons) at a high yield (nearly 100 %). At higher
heterogeneous reaction temperatures (175 and 185 °C), the reaction rate increases, producing
oligomers of a narrower molecular weight range (2,000-5,000 Daltons) with significant loss of
the original PET, up to 40%, as water soluble products. In the heterogeneous reaction, little
change was observed when altering the catalyst loading at higher temperatures, but lower
temperatures and decreased catalyst loading produce accessible higher molecular weight

oligomers. Homogeneous catalysis of the glycolysis reactions increases the rate of



depolymerization, such that it is difficult to isolate oligomers with M, > 1000 Daltons. The
oligomers from heterogenous reactions were used as reactants to form block copolymers with
ethylene glycol, exemplifying their use as precursors in the production of value-added materials.
These experiments, therefore, offer crucial insight into how reaction conditions can be readily

tuned to produce target telechelic oligomers of PET.



Introduction

Polymeric materials are used in many aspects of society, as they are integral to the
industrial, agricultural, and residential sectors. With this demand, polymer production has risen,
which in turn leads to problems in their end of life, as most plastics end up in landfills or the
environment. For instance, the Environmental Protection Agency (EPA) estimates that the U.S
produced ~35,000,000 U.S tons of plastics in 2018.! Of this large amount of polymers produced,
poly(ethylene terephthalate) (PET) accounts for about 15% of the produced materials and
polyethylene 42%. Moreover, these two polymers make up a large portion of the recycled
polymer materials reported by the EPA.!

There are a few methods that decrease the plastic waste burden, such as incineration or
recycling.? Incineration is often the easiest and most cost effective but comes with the production
of greenhouse gases and other undesirable byproducts, making this method suboptimal for
several different types of polymers. Recycling falls into two main categories, mechanical and
chemical recycling. Mechanical recycling is a method where the polymer is physically converted
into usable precursors that can be reprocessed to produce new products. Mechanical recycling is
a common method used in recycling plastics, but there are many factors that decrease the quality
and value of the recycled materials. A major issue is mechanical recycling results in degradation
of the polymer every time it is recycled. This is due to the repeated melting and processing of the
materials, that leads to degradation of the polymer chains, and in turn decreases the mechanical
properties of the resulting materials.’ The inclusion of additives during original fabrication and
contaminants from waste streams also make this recycling method more difficult. Mechanically

recycling PET waste into usable bottles requires pristine, transparent, raw materials is feasible,



however these materials can only be recycled about six times, after which the degradation
renders the materials unusable.’®

Another recycling method that can overcome the shortcomings of mechanical recycling is
chemical recycling. Chemical recycling depolymerizes the used polymer back to useable
precursors (usually monomer) that can be repolymerized to synthesize new materials. There are
quite a few reactions that can be used to chemically recycle PET due to the presence of the ester
group on the backbone, which is susceptible to reactions with different functional groups. The
most common method is glycolysis, which reacts a glycol with the ester linkage of PET to
shorten the polymer chain and produce monomeric precursors that can be repolymerized to form
PET.*"'® A common example of this reaction is the reaction of PET with ethylene glycol, which
depolymerizes PET to bis(2-hydroxyethyl) terephthalate (BHET). BHET can be used as a
monomer to repolymerize PET. Other reactants, and therefore reactions, can be employed, some
of which include hydrolysis, methanolysis, or aminolysis, where each reaction will form a
slightly different precursor that can be utilized to form new materials.*>%!° One drawback to the
chemical recycling of PET is the solubility of the polymer itself. PET is a highly recalcitrant
material, where it will not dissolve in most organic solvents. Thus, severe conditions are often
required to realize these depolymerization reactions, such as harsh solvents and/or high
temperatures.?’ These reactions also require a catalyst for high conversion to monomer, where
organometallic catalysts are commonly employed, with the most prominent being zinc, lead,
cobalt, or manganese acetates.!%"1221-23 Further studies have examined replacing these catalysts,
as separation of the catalyst from the final product is often difficult. Alternative catalysts include
nanoparticles, ionic liquids, light metal salts, zeolites, organocatalysts, and deep-eutectic

solvents.!3-15-2426 Most recently, the use of protic ionic salts as catalysts in the depolymerization



of PET have removed the metal component of the catalyst, resulting in products that are more
benign. 2027
Blending polymers together provides an additional pathway to use polymers at their end
of life. Unfortunately, most polymers do not thermodynamically mix with each other. Due to the
low entropy of mixing, these blends will usually phase separate, which will create materials that
have inferior properties to the original materials.?3% Compatibilization is a method to improve
the properties of phase separated polymer blends where incorporation of an interfacial modifier
may improve the interface between the two polymers in the blend, creating a more robust
material.’!'3% Copolymers that consist of monomers that are identical to either blend
homopolymers are common compatibilizers, where block copolymers show significant
improvement in the properties of the resulting blends. The formation of these block copolymers
can occur before they are added to a blend, or they may be formed by an in-situ reaction that
occurs in the blend, known as reactive compatibilization.>** For the block copolymers that are
synthesized before they are added to the blends, the copolymer will migrate to the interface
between the polymers during processing and mediate the interactions between the two polymers,
stabilizing the blend. Reactive compatibilizers perform similarly, but are formed in-situ in the
blend, where each block contains mutually reactive groups such as carboxylic acids and epoxies,
or carboxylic acid and amines. As these two functional homopolymers migrate to the blends
interface, the groups react to form new bonds and create the copolymers only at the biphasic
interface.

The simplest form of reactive compatibilizers are diblock copolymers, but through the
addition of telechelic monomers, multiblock copolymers can be formed.**7 These multiblock

copolymers (MBCPs) have shown the ability to further improve the interfacial adhesion than



diblock copolymers. This is mainly due to the compatibilizers crossing the interface multiple
times, creating a “stitch” across the interface. Eastwood and Dadmun examined the incorporation
of MBCPs as compatibilizers for blends of polystyrene and poly(methyl methacrylate).>® These
compatibilizers were different block copolymer architectures composed of styrene and methyl
methacrylate. Their work found that the compatibilizers of pentablock architecture demonstrated
the best reinforcement of the blend, followed by triblock, diblock, heptablock and then random
copolymers. The study concludes that the ability to cross the interface multiple times increased
the interfacial adhesion, but a critical molecular weight is required for the block lengths to
adequately entangle with the homopolymers of the blend.

Blending of PET and HDPE is a potential method of recycling these materials. The
production of useful materials from cheap sources can give new life to discarded materials. As
these polymers are immiscible, there have been a number of studies that have examined the
compatibilization of PET and HDPE blends using different block copolymer
compatibilizers.’3-3%399-68 A common compatibilizer is styrene-ethylene-co-butene-styrene
(SEBS) triblock copolymer, where studies have shown improvements to the ductility of the
compatibilized blend at higher loadings of the compatibilizer (>10%). Other compatibilizers that
have been examined include linear low-density PE (LLDPE) or low-density PE (LDPE) with
reactive groups, such as maleic anhydride, glycidyl, or amino functional groups, that can react
with PET in-situ during the processing of the blends. Work by Todd et al. used a terz-
butyloxycarbonyl protected amino-telechelic PE (Boc-ATPE) as a compatibilizer for blends of
PET/HDPE (90/10 wt.%).>® The Boc-ATPE was added during melt mixing of PET and PE,
where the Boc-ATPE was converted to ATPE and the unprotected amino groups react with the

PET via ester aminolysis and form MBCPs of PET-b-PE. Even at low loadings, (0.5 wt.%



ATPE), the authors saw a reduction in the size of the HDPE phase, as well as an increase in the
elongation at break when compared to unmodified blends. Downsides to this reactive
compatibilization scheme included that relatively long mixing times (~10 minutes) were needed
to form the compatibilizer, and the by-products of the deprotection of the Boc-ATPE (carbon
dioxide and isobutylene) form voids and defects during the melt mixing of the blends. Similarly,
Nomura et al. synthesized multiblock copolymers composed of PET and PE via a coupling
method using Ter phthaloyl chloride as a linker between hydroxyl terminated PE and PET.® The
incorporation of this pre-made compatibilizer to the PET/HDPE (80/20 wt.%) blends at low
loadings (i.e., 0.5 wt.%) showed a reduction in size of the HDPE domains in the PET matrix, as
well as a 30 times increase to the strain at break compared to neat blends. These two studies
demonstrate the high potential of MBCPs to compatibilize PET/HDPE blends.

Though there have been strides to understand the compatibilization of PET and HDPE
blends, all previous studies have used newly synthesized materials as compatibilizers. Though
just a small amount of compatibilizer is needed, this still adds to the already high quantity of
plastic materials produced. Chemically recycling polymers into usable compatibilizers or
reactive precursor for compatibilization could overcome this hurdle as it would not increase the
amount of produced polymers. This manuscript presents the results of a study that begins to
address this concern, where the structural evolution of the products during the depolymerization
of PET are monitored. Understanding this evolution of chain structure offers an opportunity to
intercept the intermediates of the depolymerization process that can be used to synthesize value-
added products, including compatibilizers.

This will be achieved by monitoring the products from the glycolysis of PET as a

function of reaction time, where the product oligomers should have hydroxyl functional groups



on both ends that can react to form potential compatibilizers. The impact of reaction type
(homogeneous vs heterogeneous catalysis), temperature and catalyst loading on the progress of
the depolymerization reaction of the PET will be examined to offer insight to obtain targeted
molecular weight oligomers at a significant yield. The products of the glycolysis
depolymerization reaction will be used as reactants in reactive processing to determine their
suitability in forming block copolymer compatibilizers. The results of this study will therefore
offer researchers insight into the progression of the products in the glycolysis depolymerization

of PET and how the products of this reaction may be used to form value-added materials.

Experimental

PET used in these experiments was obtained from commercial soft drink bottles that were
washed with water, cut into flakes (4 cm x 4 cm) and dried in a vacuum oven at 85 °C overnight
before use. Ethylene glycol, N-Methyl-2-pyrrolidone (NMP) and zinc acetate dihydrate
(Zn(Ac)2) were purchased from Fisher scientific and used without further purification.
Poly(ethylene glycol) (4000 g/mol) was purchased from Sigma-Aldrich and used without further
purification. 1,1,1,2,2,2-hexafluoroisopropanol (HFIP) was purchased from Oakwood chemical
and deuterated chloroform (CDCl3) from Cambridge Isotope Labs, both used without further
purification.

The heterogeneous glycolysis reactions were adapted from procedures outlined in the
literature.'%2° The general reaction includes the addition of dried PET (1 gram) to a vial with
ethylene glycol (2.4 mL) and heated to 185, 175, or 165 °C. Once the temperature equilibrated,
the catalyst (zinc acetate, mole ratios of 200:1 or 100:1 PET:Zn(Ac)2) was added to the vial and

the reaction proceeded where vials were removed from the oil bath at 10-minute intervals over



80 minutes. As stir speed influences the glycolysis reactions, a constant speed of 600 RPM was
used in all samples.!! Upon removal of the vial from the oil bath, the vials were quenched in
room temperature water to stop the glycolysis depolymerization reaction. Subsequently,
deionized water was added to the vials (15 mL) and heated to 90 °C for 20 minutes to remove all
water-soluble reactants and products in the vial. The contents of the vial were filtered and the
solid was washed with 10 mL of hot DI water to ensure complete removal of water-soluble
materials. The recovered products of the reaction were then dried in a vacuum oven at 65 °C for
12 hours before weighing.

The homogeneous glycolysis reaction was adapted from procedures outlined in the
literature.® Five grams of dry PET was added to round bottom flask with 48 mL of NMP, and 12
mL of EG. The flask was heated to 165 °C and 55 mg of Zn(Ac)2 was added to the flask. A 3 mL
aliquot was taken every 2 minutes until 10 minutes have elapsed. Each aliquot was analyzed in a
similar manner to the products from the heterogenous reactions.

The mass and molecular weight of the products of the depolymerization reaction were
determined, where NMR is used to determine the molecular weight of the PET. Representative
spectra for the starting PET material (Figure S1), 100:1 PET:Zn(Ac)2 heterogeneous glycolysis
products(Figures S2-S25, and the homogeneous reactions (Figures S26-S28) are found in the
supporting information. In this NMR experiment, the initial and depolymerized PET were
dissolved in HFIP at a concentration of 20 mg/mL. The samples were agitated for 2 days to
completely dissolve the PET. This PET solution (50 pL) was added to 800 uL of CDCl3 in an
NMR tube. Proton NMR analysis was performed on a Jeol JIM-ECZS 400 MHz. NMR data was
analyzed using MestReNova 14.2.3. The baseline was manually corrected. The number average

molecular wight (M,) was calculated using the method outlined by Falkenstein et al.”® In this



procedure, the NMR spectra for PET has two sharp singlets that correspond to the four protons
from the terephthalate ring and the four proton oxyethylene units at ~8.1 and ~4.7 ppm,
respectively. A weak signal near 4.0 ppm corresponds to the methylene protons of the a adjacent
to the hydroxyl end group of the PET chains. Assuming each PET chain has one hydroxyl chain
end on average, the degree of polymerization (DP) is calculated from the ratio of the average
integration from the peaks at 8.1 and 4.7 ppm and the hydroxyl end group at 4.0 ppm, then
dividing by 4 (number of protons per repeat unit for the terephthalate or oxyethylene signals) to
get the DP. Doing this for the starting materials gave a DP of 127 and 112, which corresponds to
a M, of 24,400 and 21,500 g/mol. This result was verified by a commercial size exclusion
chromatography analysis by PolyAnalytik (in supporting information as Figure S29).

The products of the 175 °C at 20 minutes 200:1 PET:Zn(Ac)2 heterogeneous
depolymerization reaction (M, = 4900 g/mol) were examined as reactants in the synthesis of
block copolymers. In this reaction, the product of the depolymerization was added to a reaction
flask with polyethylene glycol as described in the literature.”! Following literature procedure, the
flask was sealed and the atmosphere was replaced with nitrogen. The flask was then heated to
280 °C with stirring for 30 minutes. After the reaction was complete, the flask was cooled to
room temperature where a brown solid was present. The solid was dissolved in HFIP and the
product of this reaction was crashed out in water to remove any unreacted PEG. The material
was filtered and dried in a vacuum oven at 60 °C overnight. Analysis of the product was
performed using NMR and DSC. The NMR analysis mimics those described above for the pure
PET materials. DSC analysis was performed on a TA Instruments Q-2000, with a heat ramp of
10 °C/min with a range from -85-285 °C. The samples were heat cycled once to remove thermal

history and the second scan was used for analysis.
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Results and Discussion
Evolution of Chain Structure during Heterogeneous Glycolysis of PET

A primary goal of this experiment is to elucidate the evolution of chain structure during
the glycolysis of PET. Figure 1 plots the mass fraction of depolymerized PET from the
heterogeneous catalysis reaction that is recovered after washing with water as a function of
reaction time. Inspection of this figure shows that the amount of depolymerized PET that is
recovered at any given reaction time decreases with an increase in reaction temperature, which is
consistent with a faster depolymerization reaction at higher temperature. It is interesting that at
165 °C, nearly all of the mass of the original PET is recovered even after 80 minutes. This
implies that the depolymerization reaction is sufficiently slow to create oligomeric products that
are suitably large that they are insoluble in water. On the other hand, when the reaction is run at
185 °C, as much as 35-40% of the original PET is not recovered at later reaction times (70-80
minutes). This indicates that a significant portion of the PET has been depolymerized to create

water soluble products under these conditions.
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Figure 1- Fraction of water insoluble materials over the observed time for the
heterogenous reaction at 165 °C (black squares), 175 °C (red triangles) and
185 °C (blue circles).

The number average molecular weights (M») of the products of the heterogeneous
depolymerization reaction using a catalyst loading of 100:1 PET:Zn(Ac)2 are determined with
NMR. The M, of the products of the depolymerization reaction are plotted in Figure 2 as a
function of reaction time for the three reaction temperatures. Figure 2 shows that the average
chain length of the depolymerization products decreases rapidly in the first 10 minutes, but then
gradually decreases further as the reaction proceeds. To account for a modest difference in the
original molecular weight of the starting PET material, the relative change in molecular weight
of the depolymerization products as a function of reaction time is determined by dividing the M,
of the depolymerization product at different reaction times by the starting M,. This normalized

progress of the decrease in chain length during the depolymerization is plotted in Figure 3 as a
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function of reaction time for the three reaction temperatures. Inspection of this figure further
documents the acceleration of the depolymerization reaction with an increase in temperature,
where the reactions at 185 and 175 °C reach a minimum chain that is ca. 10% of the original
chain length after ~ 40 minutes of reaction time, while the chain length of the products of the
heterogeneous reaction at 165 °C does not level off at longer reaction times. It is interesting that

the limiting molecular weight that is accessible from the water washing at long reaction times is

independent of reaction temperature.
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Figure 2- Decrease in M, of the PET as a function of glycolysis reaction time

at different temperatures for the heterogeneous reactions. The reaction

conditions are PET: Zn(Ac)2 of 100:1 at 165 °C (black squares), 175 °C (red
triangles) and 185 °C (blue circles).

13



. . m 165°C
ol o 100:1 PET:Zn(Ac), A e
® 185°C
gc 0.8
=
< 06 .
=
o [ |
£
= A
S 044 [ ]
(]
A n
; y -
= [ ]
i) 0-2 L4 A A .
§ [ ] [ ) ‘ : A A
[ ] [ ]
0.0 4

Time (min)

Figure 3- The normalized decrease in M, as a function of glycolysis reaction
time at different temperatures for the heterogenous glycolysis. The reaction
conditions are PET: Zn(Ac)2 of 100:1 at 165 °C (black squares), 175 °C (red
triangles) and 185 °C (blue circles).

The loading of catalyst impacts the rate of reaction, where it has been shown that higher
loadings of catalyst results in faster depolymerization of PET.!° The impact of catalyst loading
on the evolution of depolymerization products from the heterogenous reaction was examined,
where the catalyst loading was halved to 200:1 PET:Zn(Ac).. The results were analyzed in
similar fashion as the 100:1 PET: Zn(Ac)2 samples. Figure 4 plots the mass fraction of
depolymerized PET that is recovered after washing with water as a function of reaction time for
the three different temperatures. Halving the amount of catalyst appears to slow the heterogenous
reaction at 165 and 175 °C, as the amount of recovered PET remain relatively unchanged over
the observed reaction time. At 185 °C, the rate of the reaction appears faster than the reaction

using 100:1 PET: Zn(Ac): catalyst loading. For instance, the amount of PET recovered after 60
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minutes is about 60% of the original PET in the 200:1 reaction, while ca. about 75-80% of the
original PET is recovered after 60 minutes in the 100:1 reaction. Figure 5 plots the M, of the
depolymerized PET as a function of reaction time for the three temperatures for the 200:1
catalyst loading. The variation in amount of recovered PET as a function of reaction time can be
correlated to this decrease in chain length with reaction. For the 165 °C and 175 °C reactions, the
M, of the recovered PET never decreases below 3000 g/mol. Thus, all of the products are
insoluble in water, and all of the depolymerized PET is recoverable over the observed reaction
time. For the 185 °C, the M, of the recovered is ~ 2900 g/mol after 40 minutes of reaction. Thus,
further depolymerization creates shorter PET chains that become soluble in water and product is
lost during the water wash.

This initial analysis suggests that lowering the catalyst counterintuitively increases the
reaction rate of the heterogenous reaction. To critically evaluate this interpretation, Figure 6 plots
the normalized decrease in chain length as a function of reaction time for the two different
catalyst loadings for all three temperatures to account for variation in original PET chain length.
At 165 °C, there is a significant difference in the change in the chain length, where the higher
catalyst loading reduces the chain length at a much faster rate than the lowest catalyst loading.
As the temperature increases, this variation with catalyst loading is dampened, indicating that
there is little impact on the rate of the depolymerization reaction by changing the catalyst loading
at higher temperatures. Thus, it appears that monitoring the decrease in the normalized chain
length with reaction time is the most sensitive parameter to elucidate the impact of catalyst

loading on the heterogenous reaction progress.
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Figure 4- Mass fraction of water insoluble products from the heterogenous
reaction as a function of the observed reaction time using 200:1 PET:Zn(Ac)2
loading at 165 °C (black squares), 175 °C (red triangles) and 185 °C (blue
circles).
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Figure 5- Decrease in M, of the depolymerized PET as a function of reaction
time at different temperatures for the heterogenous glycolysis reaction.
Reaction conditions are 200:1 PET:Zn(Ac)2 catalyst loading at 165 °C (black
squares), 175 °C (red triangles) and 185 °C (blue circles).
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Figure 6- Normalized decrease in M, as a function of reaction time for both catalyst loadings
(100:1 (red squares) and 200:1 (black triangles) PET:Zn(Ac2)) at 165 °C (top-left), 175 °C (top-
right), and 185 °C (bottom).

Evolution of Chain Structure during Homogeneous Glycolysis of PET

The homogeneous catalysis of the glycolysis of PET has also been studied, where
previous work showed that dissolving the PET speeds up the reaction significantly. In a study by
Liu et al., 82% of the PET was converted to BHET at a reaction time of one minute using
solvents such as dimethyl sulfoxide or NMP at 180 °C.%° By lowering the temperature, the

reaction slows and the chain evolution may be observed in a similar fashion to the heterogenous
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reactions. Thus, the homogeneous depolymerization of PET was monitored at 165 °C, which is
the lowest temperature that produced a homogenous solution. Figure 7 plots the mass fraction of
depolymerized PET that is recovered from the aliquots after washing with water as a function of
reaction time. Comparison of these results to those of the heterogenous reactions shows that the
PET depolymerizes much more quickly, with approximately 50% yield in 4 minutes. This
decrease is accompanied by rapid chain depolymerization of the PET, as shown in Figure 8.
Figure 8 plots the M, of the depolymerized PET from the homogeneous reaction as a function of
reaction time. The homogeneous reaction leads to the rapid depolymerization of the PET chain in
a matter of minutes. For instance, after two minutes of reaction, the molecular weight of the
recovered PET is under 1000 g/mol. This molecular weight does not change significantly with
further reaction time to 4- and 6-minutes . After 8- and 10-minute reactions, the products
exhibited no distinguishable end group peaks in the NMR. The use of homogenous reaction
conditions, therefore, leads to the quick depolymerization of PET, even at lower temperatures,
and these rapid changes do not allow for the interception of telechelic intermediates that can be

used to produce value-added products.
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Figure 7- Mass fraction of water insoluble products as a function of the
observed reaction for the homogeneous glycolysis in NMP at 165 °C
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Figure 8--Decrease in M, of the depolymerized PET as a function of reaction
time for the homogeneous glycolysis in at 165 °C.

Block Copolymer Synthesis

We are interested in developing an understanding of how the intermediate products of the
depolymerization reaction may be used as precursors to value-added products. One target is to
use the telechelic oligomers that emerge from the depolymerization as reactants in the production
of block copolymers. There are many reactions that can produce PET copolymers, but a method
that can be readily scaled up is preferable. One approach that fits this criterion is the melt-mixing
of PET telechelics with other polymers to form blocky copolymers. In our studies, we will
examine the ability of the telechelic products of the depolymerization reaction to react with
polyethylene glycol (PEG) to form block copolymers. The proposed melt-mixed reaction

between PET and PEG is outlined in Figure 9. This reaction has some similarity to the glycolysis
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depolymerization reaction, where the -OH of the PEG will react with the carbonyl, replacing

ethylene glycol in the PET backbone and inserting a PEG block.
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Figure 9- Reaction scheme for the synthesis of PET-b-PEG.

The products of the material were analyzed using both NMR and DSC to evaluate the
success of the proposed reaction. The NMR spectra of the PET oligomers from the 175 °C at 20
minutes 200:1 PET:Zn(Ac)2 heterogeneous and PEG starting materials and the product of the
melt-mixed reaction are presented in Figure 10. The spectrum for the product of the melt-mixed
reaction exhibit peaks for PET at 8 and 4.7 ppm, but also the peaks for PEG at 3.6 and 3.8 ppm,
which indicate incorporation of PEG blocks in the product.”! The recovery procedure of this
product includes dissolution in HFIP, precipitation in water, and further heating and washing
with hot water to remove residual, unreacted PEG. Thus, we expect that the peak at 3.6 ppm

indicates the incorporation of PEG into a copolymer. To further verify the successful formation
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of block copolymer during the melt-mixing, the DSC of the starting materials and product are
shown in Figure 11. The DSC of the PET starting materials shows a melting peak near 246 °C,
while the PEG shows a melting peak at ~60 °C. The DSC curve of the product of the melt-
mixing shows two glass transitions, one at -48 °C and another at 7 °C, and two melt peaks, at 37
°C and 193 °C. These results are consistent with previous work that synthesized PEG/PET
copolymers.’> Thermal analysis of the PET/PEG copolymers synthesized in these previous
studies found two melting temperatures, one at ~ 37 °C that is ascribed to the melting of the PEG
block and one at ~245 °C that is assigned to the melting of the PET block. The melting transition
of the PEG block in our products is similar to this previous work, however, our melting peak for
the PET block is lower than reported by Hu et al. We ascribe this to incorporation of more PEG
in our block copolymers than those produced by Hu et al., where the copolymers synthesized by
Hu et al. incorporate ca. 25% PEG. As our melt-mixed reaction involved ~1:1 molar ratio of
PET:PEG in the melt-mixed reaction, we expect that the resulting block copolymers will
incorporate more PEG. The decrease in the melting temperature of our PET block at ~193 °C is

consistent with the disruption of the PET domains due to the presence of more PEG blocks.”!
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Figure 10-NMR spectra PET oligomers from the 175 °C at 20 minutes 200:1 PET:Zn(Ac)2
heterogeneous glycolysis reaction, PEG, and melt mix product.
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Figure 11- DSC thermograms for PET oligomers from the 175 °C at 20 minutes 200:1
PET:Zn(Ac)2 heterogeneous glycolysis reaction (top trace), PEG 4000 (middle trace) and the
PET-b-PEG product (bottom trace) from melt mixing the two materials.

To rule out the presence of a PET/PEG blend in the melt-mixed product, the DSC curve
of a dry blend of pure PET and PEG was also obtained. This DSC curve is shown in Figure 12,
showing the melt peaks of the two pure components. The melt peak of PEG is at 55 °C and that
of PET presents at ~250 °C. These curves are very similar to the sum of the DSC curves of the
individual components, verifying there is no reaction between these materials during the DSC
experiment. Comparing the black trace for the melt mix product in Figure 11 and the curve in
Figure 12 shows drastic differences, further supporting that the product of the melt mixed

reaction are block copolymers and not an unreacted blend of the two reactants.
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Figure 12-DSC thermogram of a blend of glycolyzed PET material and PEG 4000.

The results presented above elucidate the evolution of chain structure during the
heterogeneous depolymerization of PET by glycolysis catalyzed by zinc acetate. From these
experiments, the effects of catalyst loading, reaction time, and temperature on the evolution of
chain structure and percent of recovered PET are revealed. Altering the temperature appears to
have the largest impact on the evolution of chain length of the products and yield. Decreasing the
catalyst loading shows insignificant changes to the change in the chain length with reaction time
for higher temperatures, but at 165 °C, the change in catalyst loading provides avenues to extract

oligomers of higher M, than using the higher catalyst loading. Tuning these parameters in
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conjunction to the time of reaction offers pathways to produce telechelic oligomers with target
molecular weights using heterogenous conditions. The homogeneous glycolysis reaction in a
solvent, such as NMP, leads to rapid depolymerization of the PET. The oligomers produced from
the heterogenous reaction can then be used in the production of block copolymers. These
oligomers can be mixed with a broad range of diols, where transesterification reactions produce

block copolymers that may be useful in the compatibilization of PET blends.

Conclusion

This work monitors the evolution of chain structure in the depolymerization of PET by
glycolysis. The impact of catalyst loading, reaction type, reaction time, and temperature on the
evolution of product chain length and yield was established. These results show that for the
heterogeneous reaction, at lower temperatures (165 °C), the rate is sufficiently slow to access a
broad range of molecular weight products (3,000 — 10,000 Daltons) at high yield (nearly 100 %).
At higher temperatures (175 and 185 °C) the reaction is significantly faster, such that the
resulting oligomers produced are of a narrower molecular weight range (2,000-5,000 Daltons)
with significant loss of original PET, up to 40%, as water soluble products. Lowering the catalyst
loading results in little change to the reaction products at higher temperatures, but produces
higher molecular weight oligomers at lower temperatures. The use of NMP as a solvent speeds
up the homogeneous reaction significantly, where the depolymerization occurred so quickly that
it is difficult to intercept oligomers of usable molecular weight. The products from the
heterogenous reactions can be further utilized in reactions to produce block copolymers. Through
melt mixing the depolymerized PET with PEG, block copolymers were successfully synthesized.

These experiments reveal the impact of temperature, catalyst loading, and reaction time on the

27



properties of the oligomeric products of glycolysis, and how these parameters can be tuned to
produce target oligomeric products of PET. These materials can then be used to produce block
copolymers, which may prove useful as compatibilizers of PET blends.
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