7® ROYAL SOCIETY

Polymer
P OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

Designing catechol-poly(ethylene terephthalate)

{ M) Check for updates ‘
as a depolymerizable adhesive for PET packaging

Cite this: Polym. Chem., 2025, 16,
4590
Tan H. B. Nguyen, @ Corey T. Chiu,? William Renter,® Ferley Orozco,? Paul F. Egan®

and Samantha L. Kristufek (2 *@

2,3-Dihydroxyterephthalate, a catechol-functionalized derivative of the conventional poly(ethylene tere-
phthalate) monomer, was converted into a reactive monomer that polymerized into polyesters that exhibit
adhesive properties. The monomer synthesis required two steps and proceeded with an overall yield of 95%,
incorporating photoprotecting groups, ortho-nitrobenzyl (ONB), on the catechol to prevent side reactions.
Polymerization with ethylene glycol produced a catechol-protected material, poly(ONB-2,3-dihydroxyter-
ephthalate) (ONB-c-PET), and by varying the polymerization conditions, molecular weights ranged from 3000
to 8000 g mol™ with dispersity values ranging from 1.13 to 1.72. These polymers were deprotected using a UV
lamp (370 nm), producing poly(2,3-dihydroxyterephthalate), c-PET. The glass transition temperatures (Tg)
measured for ONB-c-PET and c-PET were 34 °C and 56 °C, respectively. Adhesion lap-shear testing of c-PET
(ASTM D1002) showed adhesion strengths of 0.77 + 0.09 MPa and 0.38 + 0.11 MPa on a PET substrate.
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monomers, 2,3-dihydroxyterephthalic acid and 2,3-dihydroxyterephthalate, can be separated from ethylene
terephthalate due to their water solubility. These results highlight the potential of this adhesive to facilitate the
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Introduction

Poly(ethylene terephthalate) (PET) is an aromatic polyester
polymer widely used in beverage bottles and textiles and is
labeled as #1 for U.S. recycling facilities. PET is the third most
produced plastic material, behind polyethylene (PE) and poly-
propylene (PP)." PET is often produced from the polycondensa-
tion reaction of dimethyl terephthalate (DMT) with ethylene
glycol (EG) in the presence of a metal catalyst. Valued for its
thermal and mechanical properties, its industrial uses are
extensive, including in bottling and textiles. Additionally, PET
has thermal stability up to 80 °C without losing any mechani-
cal properties, making it an ideal material for electronic com-
ponents, ie., computer microchips.> The good mechanical
properties of PET allow it to hold in heat and serve as a gas
barrier against other chemicals, such as oxygen and carbon
dioxide. While the advantages of PET are numerous, end-of-
life PET presents a global challenge. Research on
organocatalysts,®” enzymatic degradation,’ and chemical
recycling®® has made great advances in end-of-life processing.
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recycling of plastic materials contaminated with residual adhesives.

However, additional challenges, especially within industrial
processes, must also be addressed.

The production of PET is roughly 60 million tons per year,
of which only 30% is recycled, and the rest ends up in the
environment, both on land and in the sea.! It is estimated that
roughly 1.5 billion plastic bottles are discarded daily in nature,
totaling more than 500 billion plastic bottles per year.'” While
PET bottles are recyclable via glycolysis,"" methanolysis,"* hydro-
lysis,"* or aminolysis,'* sorting and separating PET bottles from
other mixed plastics is a practical challenge at an industrial
scale.”® For example, Eastman Chemicals®, located in Kingsport,
Tennessee, has opened the largest PET recycling plant in the
United States to recycle PET bottles via methanolysis.'® Once at a
plant, the bottles go through a complex process to remove labels,
adhesives, dirt, and food residues.”” The Association of Plastic
Recyclers’ (APR) critical guidance testing for PET has determined
that haze- and color-impacted PET cannot be recycled into clear
plastic bottles again.'® The discoloration comes from the con-
taminants, including adhesives. According to the APR, using
labels and adhesives designed for compatibility with PET re-
cycling is one of the most important steps package designers can
take to improve the recycling process.'® Specifically, wash-off
capabilities to cleanly remove adhesives need to be developed for
each type of plastic.

Adhesives have become integral to society through their
numerous uses, such as food storage, acrylic in drywall con-
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structions, and formaldehyde in concrete.”® Moreover,
adhesion is not solely a human innovation; nature also relies
on adhesive mechanisms. These examples include barnacles and
mussels on boats and rocks, human cell adhesion, and ice on
roads.”* One widely studied and mimicked motif is catechol (1,2-
dihydroxybenzene). This natural motif is found in mussels’
protein chains. This catechol motif allows mussels to form a
sticky adhesive to wet surfaces such as rocks, even under extreme
weather conditions.?? In addition, these catechol motifs also have
biological significance, e.g., Parkinson’s disease, due to the pres-
ence of the amino acid 1-3,4-dihydroxyphenylalanine (i-DOPA).>*
Mimetic materials have been well explored in a large number of
applications, including adhesives,> coatings, elastomers,*®
hydrogels,”” and other materials.”®*° Focusing on thermoplastic
catechol polymer adhesives, many additive properties have been
reported such as high strength underwater,*® applications in spe-
cialty adhesives,*' and enhancement to common adhesives such
as polysiloxane.** Catechol-based adhesives exemplify how
nature-inspired designs can drive innovation across diverse
material applications, including in nature-inspired adhesives.****
To begin to address the adhesive issue in recycling, we
explored the use of a catechol motif in a poly(ethylene tere-
phthalate) derivative. The starting monomer (2,3-bishydroxy-
terephthalic acid) was protected and polymerized to achieve
polyesters with reasonable molecular weights upon optimiz-
ation of the conditions. Then, the thermal and mechanical
properties of ¢-PET were analysed for its potential as a replace-
ment for the sticky labels on current beverage bottles (Fig. 1).

Experimental
Materials and methods

All chemicals and solvents were purchased from Oakwood
Chemicals®, Acros®, AmBeed®, or Fisher Scientific® and

degradation

Fig. 1 Dimethyl-2,3-dihydroxyterephthalate was chemically modified
to enable polymerization. Following deprotection, adhesive properties
were revealed, suggesting its potential as a wash-off adhesive.

This journal is © The Royal Society of Chemistry 2025
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used as received. Unless otherwise noted, all reactions were
conducted under a nitrogen atmosphere.

Fourier transform infrared (FTIR) spectroscopy. FTIR spectra
were recorded on a Nicolet iS10 infrared spectrometer using
an ATR attachment equipped with a diamond crystal. Spectra
were analyzed using the OMNIC software package and pro-
cessed with OriginLab 2024b.

Nuclear magnetic resonance (NMR) experiments. 'H NMR
and C-NMR spectra were recorded with chloroform-d
(CDCl;), dimethyl sulfoxide (DMSO-dg), or water (D,O) on a
JOEL ECS 400 MH1 spectrometer and analyzed using
MestReNova® software.

Size exclusion chromatography (SEC). SEC was performed
on an Agilent 1260 Infinity IT with a PL gel 5 pm MIXED-C 300
x 7.5 mm column equipped with light scattering (LS) and a
refractive index (RI) detector. The polymerized material was
dissolved in HPLC grade DMF with 0.025 M LiBr and then fil-
tered with a 0.2 pm PTFE filter. Values were calculated using
polystyrene as a standard. Data were processed using
OriginLab 2024b.

Thermal characterization. Thermogravimetric analysis (TGA)
was performed under a nitrogen environment using a
Shimadzu DTG-60H. Samples were first dried at 120 °C to
remove all residual solvents. Samples (5-10 mg) with a heating
rate of 10 °C min~" were measured at 5% degradation (Tgse),
and first derivative measurements were recorded as well.
Differential scanning calorimetry (DSC) measurements were
performed on a Shimadzu DSC-60 Plus with samples (4-8 mg)
using alumina pans. The experiment was conducted from 25
to 300 °C at a rate of 10 °C min~' under a nitrogen environ-
ment. The glass transition temperature (Tg) was determined by
taking the midpoint of the reversible exotherm on the 3rd
heating cycle.

Adhesion lap-shear testing. Lap shear adhesive testing was
used to measure the mechanical response of adhesive poly-
mers using a TA.XTPlus Connect instrument (Stable Micro
Systems, USA). Specimens were prepared according to ASTM
D1002, with the adhesive applied to a 25.4 mm X 12.7 mm
overlapping area on 127 mm x 25.4 mm aluminium substrates.
Samples underwent uniaxial tensile loading at 0.25 mm min~"
until failure. For the PET substrates, it was first cleaned with a
dilute sulfuric acid wash, followed by methanol. Next, the
polymer was heated to 100 °C to soften the material. The
adhesive was placed between the two PET coupons. Next, the
sample was placed in an oven at 50 °C with a weight on top
overnight. Once the sample was removed from the oven and
cooled, it was taken directly to testing.

All samples failed adhesively. Force and displacement
measurements were collected to calculate stress and strain
with 4-5 samples tested for each set of conditions.

Synthesis of monomers and polymers

Dimethyl-2,3-dihydroxyterephthalate. To a round bottom
flask were added 2,3-dihydroxyterephthalic acid (2.42 g,
12.2 mmol), methanol (250 mL), and concentrated sulfuric
acid (5 mL). The reaction mixture was then allowed to heat
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Scheme 1 Synthesis of dimethyl-2,3-dihydroxyterephthalate.

under reflux overnight. The reaction mixture was then cooled
down to room temperature, followed by the removal of the
solvent in vacuo. A saturated sodium bicarbonate solution
(50 mL) was added, followed by extraction with dichloro-
methane (DCM) (2 x 50 mL). The organic layer was then dried
with magnesium sulfate, filtered, and then concentrated
under vacuum to afford a light yellow solid (2.70 g, 98%). 'H
NMR (CDCl,, 400 MHz): 5 3.98 (s, 6H), 7.33 (s, 2H), 10.93 (s,
2H). *C NMR (CDCl;, 400 MHz): § 53.18, 116.27, 118.73,
151.94, 170.55. IR (neat) vmq: 3147, 2960, 1683, 1625, 1435,
1322, 1235, 1191, 1142, 1034, 983, 912, 828, 810, 788, 742, 695,
639, 556, 536, 474, 449 cm ™" (Scheme 1).

Dimethyl-2,3-bis(nitrobenzyl(oxo))terephthalate. To a round-
bottom flask was added dimethyl-2,3-dihydroxyterephthalate
(2.70 g, 11.94 mmol) in N,N-dimethylformamide (DMF)
(82 mL). Then, ortho-nitrobenzyl bromide (5.67 g, 26.25 mmol)
and potassium carbonate (6.93 g, 50.1 mmol) were added to
the flask. The reaction mixture was then heated to 80 °C and
stirred overnight. The reaction mixture was then diluted with
water (500 mL) to precipitate out dimethyl-2,3-bis(nitrobenzyl
(oxo))terephthalate. The product was collected by vacuum fil-
tration, followed by washing with methanol (50 mL) and dried
under vacuum to obtain a yellow solid (5.86 g, 98%). "H NMR
(CDCl;, 400 MHz): § 3.84 (s, 6H), 5.46 (s, 4H), 7.32-7.36 (dlt,
2H), 7.51-7.55 (dt, 2H), 7.68 (s, 2H), 7.90-7.92 (dd, 2H),
7.98-8.01 (dd, 2H). **C NMR (CDCl;, 400 MHz): & 52.55, 72.75,
124.43, 126.28, 127.93, 129.82, 133.82, 146.11, 152.46, 162.55,
165.24. IR (neat) vpa: 2951, 1724, 1613, 1578, 1522, 1480,
1427, 1365, 1335, 1281, 1240, 1193, 1147, 1083, 1042, 1021,
998, 902, 858, 838, 814, 804, 791, 758, 725, 686, 656, 478 cm -
(Scheme 2).

2,3-Bis(nitrobenzyl(oxo))terephthalic acid. To a round
bottom flask was added dimethyl-2,3-bis(nitrobenzyl(oxo))tere-
phthalate (5.86 g, 11.8 mmol). A solution of tetrahydrofuran
(THF) (80 mL) and 4% potassium hydroxide solution (KOH)
(80 mL) was then added, and the mixture was stirred overnight
at room temperature. THF was then evaporated. Diethyl ether

0) (o]
——————————————
—0 o—
S 2 K,CO3, DMF,

HO OH 80 °C, 98%

5
d

Scheme 2 Synthesis of
terephthalate.

dimethyl-2,3-bis(nitrobenzyl-(oxo))
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Scheme 3 Synthesis of 2,3-bis(nitrobenzyl(oxo))terephthalic acid.

(50 mL) was then added to the round-bottom flask, and the
aqueous layer was extracted once. The aqueous layer was acidi-
fied to pH 1 with concentrated hydrochloric acid (HCl) (6 mL).
The precipitate was then filtered and washed with water
(50 mL). 2,3-Bis(nitrobenzyl(oxo))terephthalic acid was then
collected and vacuum dried overnight to obtain a light yellow
solid (5.35 g, 97%). '"H NMR (DMSO-Ds, 400 MHz): & 5.36 (s,
4H), 7.48-7.52 (t, 2H), 7.58 (s, 2H), 7.61-7.63 (t, 2H), 7.79-7.81
(d, 2H), 8.00-8.02 (d, 2H). *C NMR (DMSO-Dg, 400 MHz): §
166.82, 151.65, 146.85, 134.40, 133.41, 131.16, 129.14, 129.07,
126.13, 124.92, 72.77. IR (neat) vmax: 3854, 3752, 3676, 3650,
3629, 2956, 1810, 1718, 1616, 1579, 1519, 1482, 1428, 1337,
1283, 1231, 1191, 1146, 1085, 1046, 1023, 1000, 908, 859, 806,
790, 758, 724, 687, 476, 432, 419 cm ™' (Scheme 3).

Poly(2,3-bis(nitrobenzyl(oxo))terephthalic acid). To a round
bottom flask was added 2,3-bis(nitrobenzyl(oxo))terephthalic
acid (200 mg, 0.427 mmol), followed by ethylene glycol (EG)
(33 pL, 0.59 mmol) and 0.05 M zinc acetate [Zn(OAc),] in EG
(427 pL). A distillation reaction was then carried out, and the
reaction mixture was heated to 200 °C for 1 hour. 0.03 M anti-
mony(ui) oxide (Sb,03) in EG (1.33 mL) was then added, and
the reaction mixture was heated to 280 °C overnight. The
excess EG was removed the next day in vacuo, while the reac-
tion mixture was stirred at 280 °C for 24 hours. After cooling
down to room temperature, a solution of chloroform:
trifluoroacetic acid (CHCl;:TfOH) (8:1) (10 mL) was then
added and stirred for thirty minutes. Next, cold methanol
(50 mL) was poured into the solution and stirred for an
additional 30 minutes. The solid material was then filtered
and dried in vacuo for two hours. 'H NMR (CDCl;, 400 MHz): §
3.87 (s, 4H), 4.00 (s, 4H), 4.47 (s, 3H), 4.64 (s, 1H), 7.87 (s,
10H), 8.56 (s, 1H) (Scheme 4).

Photodeprotection of  poly(2,3-bis(nitrobenzyl(oxo))ter-
ephthalic acid). To a round bottom flask containing poly(2,3-

HO/\/OH

1.0.05 M Zn(OAG),,
200°C,1h

D ———————
2.0.03 M Sb,0;,

280°C, 24 h
3. 0.05 mBair,
280°C, 24 h

ky—Q—(ﬁOH
By

ONB-c-PET

0 o
HO: :{ rOH
o 0
O.N ; NO.

Scheme 4 Synthesis of poly(2,3-bis(nitrobenzyl(oxo))-terephthalic

acid) (ONB-c-PET).
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bis(nitrobenzyl(oxo))terephthalic ~ acid) (1.5 g), 8:1
CHCI; : TfOH (50 mL) was added. The round bottom flask was
then placed on a stir plate about two centimeters away from a
UV lamp (370 nm), and the solution was irradiated for
48 hours. The solvent was then removed in vacuo, and excess
hexane was added to precipitate out poly(2,3-bishydroxyter-
ephthalic acid) (catechol-PET) as a sticky, black, and sticky solid
material. Further drying was done at 150 °C to remove leftover
solvents or water residues. Heating the catechol-PET polymer
above this temperature will turn the polymer into a hard, solid,
cross-linked network without any adhesive properties. "H NMR
(CDCl3, 400 MHz): § 3.66-3.74 (d, 2H), 4.24 (s, 2H), 4.52 (s, 2H),
7.15-7.43 (d, 2H). "*C NMR (DMSO-Ds, 400 MHz): § 60.80,
60.84, 63.36, 70.33, 72.82, 72.88, 144.10 (Scheme 5).
Poly[(2,3-bis(nitrobenzyl(oxo))terephthalic  acid)-co-ter-
ephthalic acid] (ONB-c-PET-80). To a round bottom flask were
added 2,3-bis(nitrobenzyl(oxo))terephthalic acid (375 mg,
0.80 mmol) and dimethyl terephthalate (DMT) (39 mg,
0.20 mmol), followed by ethylene glycol (EG) (90 pL,
1.62 mmol) and 0.05 M zinc acetate [Zn(OAc),] in EG
(0.80 mL). A distillation reaction was then carried out, and the
reaction mixture was heated to 200 °C for 1 hour. 0.03 M anti-
mony(u) oxide (Sb,0;) in EG (1.33 mL) was then added, and
the reaction mixture was heated to 280 °C overnight. The
excess EG was removed the next day in vacuo, while the reac-
tion mixture was stirred at 280 °C for 24 hours. After cooling
down to room temperature, a solution of chloroform:
trifluoroacetic acid (CHCl;:TfOH) (8:1) (10 mL) was then

ﬁOH
n hv 370 nm)
: : 8 1 CHCI3:TfOH

ONB-c-PET

N Ratis

Catechol-PET

Scheme 5 Synthesis of the catechol-PET homopolymer.
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added and stirred for thirty minutes. Next, cold methanol
(50 mL) was poured into the solution and stirred for an
additional 30 minutes. The solid material was then filtered
and dried in vacuo for two hours.

Depolymerization  of  poly[(2,3-bis(nitrobenzyl(oxo))ter-
ephthalic acid)]. The homopolymer (2.5 g) was refluxed in
methanol (250 mL) overnight with 10 mg of zinc acetate [Zn
(OAc),]. After cooling to room temperature, the methanol was
evaporated using a rotary evaporator. Then, 50 mL of saturated
sodium bicarbonate (NaHCO;) and 50 mL of dichloromethane
(DCM) were added to the round-bottom flask. The organic
layer was separated, dried with magnesium sulfate, and evap-
orated to afford 0.26 g of dimethyl-2,3-dihydroxyterephthalate.
The aqueous layer was acidified with 1 M HCI (5 mL) and then
distilled at 80 °C under vacuum to remove ethylene glycol and
water, recovering 0.20 g of 2,3-dihydroxy-4-(methoxycarbonyl)-
benzoic acid. The distillate was then redistilled at 80 °C under
vacuum to recover 0.10 g of ethylene glycol.

Results and discussion

Monomer and polymer synthesis

The synthesis of catechol-PET (c-PET) began with the prepa-
ration of the monomer, 2,3-bis(nitrobenzyl(oxo))terephthalic
acid (Scheme 6). First, an esterification reaction of 2,3-dihy-
droxyterephthalic acid using a catalytic amount of sulfuric acid
in refluxing methanol produced dimethyl-2,3-dihydroxyter-
ephthalate in 98% yield, similar to the method of Cohen and
co-workers.>® The catechol functionality was then protected
using ortho-nitrobenzyl bromide and potassium carbonate in
N,N-dimethylformamide (DMF) at 80 °C, affording dimethyl-
2,3-bis(nitrobenzyl(oxo))terephthalate in 98% yield. The pro-
tecting group was necessary prior to polymerization with EG;
otherwise, hyperbranched polymers could form. Specifically,
the use of the ortho-nitrobenzyl functionality as a photoprotec-
tive group allowed the ease of removal for adhesive properties
via an external stimulus such as light, which is highly advan-

Cf*Q*

4% KOH

K2C03 DMF THF rt
HO  OH 98% HO  OH 80 °C, 98% 97%
1 2 3
(o] o] Ho/\/OH O, OH
Ho oH 1.0.05 M Zn(OAc), in EG,
hv (370 nm
d % 200°C, 1h . ( ) »_Q_( _/_} "
O2N NO, 2.0.03 M Sby03 in EG, 8:1 CHCI3 TfOH
280°C, 24 h
3. 0.05 mBar, 280 °C, Catechol-PET
24h
4 ONB-c-PET

Scheme 6 Synthetic scheme for the protected catechol-PET homopolymer.
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tageous for an adhesive. The final step of the monomer syn-
thesis was completed by base-promoted ester hydrolysis using
a 1:1 ratio of 4% potassium hydroxide and tetrahydrofuran
(THF), followed by acidification to pH = 1 with concentrated
hydrochloric acid (HCI) to afford 2,3-bis(nitrobenzyl(oxo)ter-
ephthalic acid) in 97% yield. All small-molecule precursors
and monomers were characterized by 'H and '*C NMR
(Fig. S2-S13), HRMS (Fig. S14-516), and IR (Fig. $17-S20).
Early polymerization methods were performed by using
various catalysts previously used for PET synthesis to afford
poly(ONB-2,3-dihydroxyterephthalate) (ONB-c-PET).  These
included antimony(m) oxide (Sb,0;),3¢ titanium(v) butoxide
[Ti(OCH,CH,CH,CHj,),],>” antimony oxide (Sb,O;) or zinc
acetate dihydrate [Zn(OAc),-2H,0],*® 4-dimethylaminopyridine
(DMAP) and triflic acid (TfOH) (1:1),%° 1,8-diazabicyclo-[5.4.0]
undec-7-ene (DBU) and benzoic acid.*® The use of these cata-
lysts resulted in the production of oligomers of poly(2,3-bisni-
trobenzyl(oxo)-terephthalic acid), rather than higher molecular
weight polymers. Therefore, after exploring these catalysts, we
were delighted to discover that the dual catalyst action of
Sb,0; and Zn(OAc), could catalyze the step-growth polymeriz-
ation of 2,3-bis(nitrobenzyl(oxo))terephthalic acid and ethylene
glycol (EG). Specifically, the polymerization process of 2,3-bis
(nitrobenzyl(oxo)terephthalic acid) with 2.02 equivalents of
ethylene glycol using dual catalysts of zinc acetate (Zn(OAc),)
and antimony(u) oxide (Sb,0;) was chosen to mimic similar
polymerization conditions of PET in the literature.** However,
the excess ethylene glycol capped the polymer, limiting the
molecular weight, and the end cap protons were observed as
shown in Fig. S7. Three stages were used in each polymeriz-
ation process. First, 5 mol% of 0.05 M zinc acetate (Zn(OAc),)
in EG was added and heated to 200 °C. Next, 5 mol% of 0.03
M antimony(i) oxide (Sb,03) in EG was added, and the temp-
erature was then raised to 280 °C. The final stage allowed the
reaction to proceed under vacuum heating. The time was
altered for each stage to understand the effects on the mole-
cular weight and . All polymers were characterized by SEC
(Fig. S29-S38). The initial condition attempted gave M, =
4.04 kDa (Table 1, entry 1). Then, increasing the time for the
second and third stages did not increase the molecular weight
but did greatly broaden the dispersity (Table 1, entry 2). The
most significant rise in molecular weight was observed when
the heating duration of the second stage was extended to

Table 1 Synthetic conditions and SEC data for homopolymerization

View Article Online

Polymer Chemistry

24 hours. Traditionally, condensation polymerization exhibits
exponential growth in molecular weight over time, and the
highest molecular weight was obtained under these conditions
(Table 1, entry 3). Ethylene glycol is difficult to remove, and
therefore, the 24-hour mark on the vacuum removed it comple-
tely. In an effort to reduce the time used for the polymeriz-
ation, stages 1 and 2 were altered. Notably, increasing stage 1
anywhere between 3 and 24 h did not greatly increase the
molecular weight. This indicated that the activation from Zn
(OAc), was complete in 1 h (Table 1, entries 4-9). The excess
EG was removed the next day under vacuum (0.05 mBar) for
24 h (Table 1, entries 2-9). The dispersity values of poly(2,3-
bisnitrobenzyl(oxo)terephthalic acid) ranged from 1.1 to 1.7.
Current PET polymers have dispersity values that are much
broader, ranging from 1.5 to 7, which is most likely due to the
extra aromatic groups used as a protecting group that decrease
solubility.

After the polymerization heating stages, the reaction
mixture was then cooled down to room temperature and depro-
tected using a solution of 8:1 (v/v) chloroform : trifluoroacetic
acid (CHCIl;: TfOH). First, a beaker of cold methanol was
added to the reaction flask. The solution was then filtered and
dried to afford the poly(2,3-bis(nitro-benzyl(oxo))terephthalic
acid) polymer as a black, viscous liquid. The solution of 8:1
(v/v) chloroform : trifluoroacetic acid (TfOH) was then added,
and the solution was irradiated under a 370 nm UV lamp for
48 h. The solvent was then evaporated, followed by precipi-
tation into hexanes, which afforded the catechol-poly(ethylene
terephthalate) polymer (c-PET) as a black, sticky, hard solid
material.

The synthesis of the catechol-PET copolymer was per-
formed using a similar strategy to homopolymerization to
incorporate a cheap, commercially available monomer to
decrease the reliance on the synthesized monomer, which
included several steps and is more costly than terephthalic
acid ($0.092 vs. $2.90, Sigma-Aldrich 2025). To test the effect
on the thermal and mechanical properties, 20% terephthalic
acid comonomer was incorporated. Dimethyl terephthalate
(DMT) (Fig. S7) was synthesized starting with terephthalic
acid, refluxing in methanol. Then, thionyl chloride (SOCI,) was
slowly added dropwise into the solution and refluxed overnight
to afford the ester monomer.*” The reaction mixture was then
cooled down to room temperature and extracted. After remov-

Entry Stage 1 Stage 2 M, (kDa) M,, (kDa) b

1 0.05 M Zn(OAc),, 1 0.03 M Sb,03, 2 h, 1 h vacuum 4.04 4.55 1.13
2 0.05 M Zn(OAc),, 1 0.03 M Sb,03, 10 h, 24 h vacuum 2.48 3.96 1.60
3 0.05 M Zn(OAc),, 1 0.03 M Sb,03, 24 h, 24 h vacuum 8.19 10.14 1.24
4 0.05 M Zn(OAc),, 2 0.03 M Sb,03, 8 h, 24 h vacuum 5.39 7.34 1.36
5 0.05 M Zn(OAc),, 3 0.03 M Sb,03, 8 h, 24 h vacuum 2.58 4.29 1.66
6 0.05 M Zn(OAc),, 3 0.03 M Sb,03, 3 h, 24 h vacuum 2.62 4.50 1.72
7 0.05 M Zn(OAc),, 5 0.03 M Sb,03, 5 h, 24 h vacuum 5.18 6.44 1.25
8 0.05 M Zn(OAc),, 12 h 0.03 M Sb,03, 5 h, 24 h vacuum 2.87 3.09 1.33
9 0.05 M Zn(OAc),, 24 h 0.03 M Sb,03, 5 h, 24 h vacuum 2.82 3.25 1.15
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ing the solvent in vacuo, DMT was produced in >90% yields.
Next, 2,3-bis(nitrobenzyl(oxo)terephthalic acid) to DMT were
combined at a ratio of 8:2, polymerized, and then photode-
protected to afford the catechol-PET copolymer (Scheme 7)
using the optimized conditions for homopolymerization,
resulting in M;,, = 2.62 kDa and P = 3.80 for the protected
polymerization (ONB-c-PET-80). The deprotection was con-
firmed by FTIR, resulting in c-PET-80. While the degree of
incorporation was investigated, the overlapping peaks in the
"H NMR did not allow for the ratio to be determined.

Thermal characterization

The DSC thermogram results showed that poly(2,3-bisnitro-
benzyl(oxo)terephthalic acid) had a glass transition tempera-
ture (T,) of 34 °C. After the photodeprotection reaction, the T,
increased to 56 °C, attributed to the hydrogen bonding that
occurs upon deprotection. TGA studies (Table 2) showed that
ONB-c-PET had a degradation temperature of 284 °C and when
deprotected the degradation temperature was 317 °C. We pro-
posed that the deprotected polymer had a higher degradation
temperature of approximately 30 °C due to the hydrogen
bonding that is revealed when the nitrobenzyl groups are
removed. The copolymer had a higher Tso, at 370 °C due to the
incorporation of the terephthalic acid monomer. PET under-

HO/\/OH

1.0.05 M Zn(OAC),,
o 200°C, 1h

O— 2.0.03 M Sb,03,
280°C,24 h
3. 0.05 mBar,

Cﬁ 23 280°C, 24 h

*Q*ﬁf‘; AW

B

M, (kDa)

Mw (kDa) )

2.62 9.96 3.80

Scheme 7 Synthesis of the protected catechol-PET copolymer.

Table 2 TGA and DSC data for the protected and deprotected homo-
polymer and copolymer

DSC
TGA

Polymer Tsq, (°C) T, (°C) Cp(Tgtoc™

c-PET 317 56 0.17

ONB-c-PET 284 34 0.082

c-PET-80 370 45 0.0018

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

goes isothermal degradation in the temperature range of
270-370 °C.*> Together, these thermal analyses demonstrate
that photodeprotection significantly alters the polymer’s
thermal behavior, enhancing T, and Tgs¢, due to hydrogen
bonding.

Adhesion testing

Lap shear adhesion measurements were performed on the
¢-PET homopolymer and copolymers, similar to other cate-
chol-based materials.***> The configuration was lap shear
using an aluminium based on ASTM International D1002-05.°
The polymers were studied at room temperature to understand
the adhesion under conditions for the intended use. Lap-shear
results for all polymers are provided in Fig. 2A. c¢-PET and
¢-PET-80 have lap-shear adhesion strengths of 0.77 + 0.09 MPa
and 0.55 £ 0.16 MPa, respectively. The decrease in adhesion
strength by 29% is approximately proportional to the decrease
in catechol groups in the backbone of the copolymer due to
the incorporation of the comonomer without catechol groups.

Next, adhesion lap-shear testing on PET for the homopolymer
was performed using a modified procedure. Coupons of PET
from ULINE plastic juice bottles (model number: S-21727W) were
cut to the same size as the aluminium substrate from ASTM
International D1002-05. The polymer was heated to 100 °C to
allow for the polymer to soften and then placed between the PET
coupons. The sample was then placed in an oven at 50 °C with a
weight on it overnight. Once removed from the oven, the sample
was cooled to room temperature and taken directly to testing.
c-PET resulted in 0.38 + 0.11 MPa (Fig. 2B). The reported litera-
ture values showed that casein adhesives, the most commonly
used adhesive in PET bottling, have a range between 5.28 and
5.40 MPa on PET.” The c-PET material exhibits a lower adhesion
lap-shear strength relative to standard casein; however, its degrad-
ability and potential to improve recycling provide a viable alterna-
tive for adhesives.

Degradation studies

The recycling of PET bottles alleviates part of the plastic
pollution problem that persists in the environment by having
a closed-loop process. However, chemical recycling strategies
such as hydrolysis*® require high heat and pressure (>400 °C
and 400 atm) under neutral conditions. Here, we chose metha-
nolysis*® as our strategy to produce starting monomers
because it allows for shorter times, lower pressure, and lower
temperatures. Conditions used for the methanolysis were
200-280 °C and <1 atm. As shown in Fig. 3, the homopolymer
was refluxed in methanol overnight with zinc acetate
[Zn(OAc),], producing a mixture of monomers. After evapor-
ation of methanol, a solution of saturated sodium bicarbonate
(NaHCO;) and dichloromethane (DCM) was added. The
organic layer was evaporated to recover dimethyl-2,3-dihydroxy-
terephthalate. The aqueous layer was collected and acidified
with 1 M HCI, followed by distillation to recover 2,3-dihydroxy-
4-(methoxycarbonyl)-benzoic acid. The remaining materials
were oligomers. The distillate was then redistilled to recover
ethylene glycol (EG). Overall, 23% of the EG and 30% of the
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Fig. 2 Lap shear adhesion on aluminium plates using c-PET and c-PET80-PET (A) and c-PET on PET (B). Adhesion strengths were calculated from

an average of 4-5 replicates and reported with standard errors.

0 0
s_g }4 Pyon _FOmR
H{o o] n
HO  OH

Zn(OAc),

MeOH A

/\/OH
E

Fig. 3 'H NMR of the degradation of homopolymer via methanolysis in DMSO-Ds.

terephthalate derivatives were recovered (Fig. S39-S41), which
have the potential to be used again for polymerization.

Conclusions

The catechol motif was integrated into the common polyester
PET as a terephthalic acid derivative. The polymerization of
2,3-bis((2-nitrobenzyl)oxy)terephthalic acid with ethylene
glycol was performed by using a dual catalyst system of zinc
acetate and antimony(ur) oxide. Polymerization produced poly-
mers (M, = 3000-8000 g mol ') with dispersity values
(1.1-1.7). The photodeprotection step was performed using a
UV lamp (370 nm), which allowed access to the catechol-PET

4596 | Polym. Chem., 2025, 16, 4590-4598

polymer and copolymer when combined with DMT. Both cate-
chol-PET and catechol-PET copolymers exhibited adhesive pro-
perties on both aluminum and PET. This catechol-PET also
showed degradability by returning to starting monomers when
heated with methanol. Potential future applications of this
material include use as a substitute adhesive material for bev-
erage bottles to increase recyclability due to the ease of
washing off the labels.
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