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Using a bioderived CO,-responsive polymer as an
easily removed pressure sensitive adhesivet
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Pressure sensitive adhesives (PSAs) are used extensively in industry for adhering labels onto substrates.
These labels are expected to adhere to the desired substrate during use but be easily removed after
serving their purpose. However, strong PSAs can be difficult to remove and can cause significant frustra-
tion to consumers and the recycling industry. These conflicting properties of excellent adhesion during
use but easy removal at the end-of-life require the material to switch its properties. We have developed a
bioderived CO,-responsive adhesive synthesized from a castor oil derivative. The inclusion of CO,-
responsive groups allows the bioderived polymer to be readily dissolved into carbonated water. Removal
of CO, and water produces a PSA which displays excellent adhesion comparable to that of commercial
cellophane tapes. This new PSA adheres to many common packaging materials such as plastics, metals,
and wood. The PSA displays excellent water resistance even after 5 days submerged in neutral water, with
no observable loss in adhesive performance. However, exposure to carbonated water causes the PSA to
separate easily from the substrate. This bioderived CO,-responsive PSA potentially offers practical advan-
tages in many applications including facilitating the removal of labels from used containers before
recycling.

1. This work describes a bioderived adhesive that uses carbonated water as solvent for application and removal. The adhesive can be easily removed when the

materials to which it is adhered are to be recycled. Easy removal facilitates plastics recycling without contamination from the adhesive.
2. This pressure sensitive adhesive addresses functional and environmental problems that are associated with the recycling of products having labels. The

adhesive was synthesized using bioderived chemicals, uses carbonated water as a polymerization and removal solvent, and provides the desired adhesive pro-

perties when needed.

3. Further optimization of the reaction conditions and introduction of flow chemistry would be useful in limiting reagent use, reducing waste generation,

and minimizing energy consumption. Utilizing bioderived amine sources would further reduce the dependence on nonrenewable resources.

Introduction

mer after purchase or before recycling. However, this does not
always happen because some PSAs are difficult to remove,

Pressure-sensitive adhesives (PSAs) are crucial in the manufac-
turing and consumer goods sectors. Labels are coated on the
back side with PSAs that allow for excellent adhesion to pro-
ducts or packaging but may need to be removed by the custo-
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which causes user frustration or can damage the desired item.
In addition, adhesive performance plays a significant role in
material recycling. In plastic recycling, residual adhesives can
alter the properties of polymers once the plastic is melted
down. This contamination diminishes the value of the recycled
plastic."”> The removal of adhesives during the recycling
process needs to be facile and inexpensive. Having an adhesive
that can switch from strong adhesion during use to no
adhesion at the end of life would alleviate consumer frustra-
tions and make the recycling process more efficient and
sustainable.

Stimuli-responsive materials hold promise in addressing
the need for conflicting properties within a single material.
Various stimuli, including light, pH, voltage, heat, and ultra-
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sound, have been used to trigger changes in the properties of
stimuli-responsive adhesives.®”” However, using these stimuli
for preparing stimuli-responsive PSAs has challenges, particu-
larly in terms of feasibility for consumers to apply the stimulus
and large scale use of the stimulus in the recycling industry.
Using light as a stimulus appears attractive but has disadvan-
tages, as light-responsive PSAs are usually UV-responsive. The
use of UV radiation is potentially harmful to users as signifi-
cant exposure can lead to cancer.® The UV radiation must be
able to penetrate through any layers between the light source
and the adhesive to induce a response. Thermo-responsive
adhesives are attractive but can require significant heat
exposure, such as 70-80 °C, to induce a rapid response.®'°
Excessive and prolonged heating is costly and could damage
the substrate. Voltage as a stimulus is unlikely to be widely
used in the recycling industry as the substrate must be conduc-
tive and electrically connected to the equipment to induce a
response within the adhesive. Ultrasonic debonding would be
energy-intensive at scale and, therefore, also unappealing.
While stimuli-responsive materials in principle offer a poten-
tial solution to conflicting properties within an adhesive,
many stimuli are not suitable for solving the recycling problem
that adhesives present.

CO, gas has been shown to induce property changes, like
adhesion in certain materials, which are known as CO,-respon-
sive materials."* CO, has become widely available to the public
with the popularization of at-home carbonated water
machines. Industrially, it is a waste gas that is captured, com-
pressed, and sold at low cost.">™ CO, as a stimulus has
benefits over all the aforementioned stimuli; it is non-hazar-
dous, low cost and does not require the material to be trans-
parent, conductive, or electrically bonded to the equipment to
induce a response. No specialized equipment is needed to
introduce CO, into the system. CO,-responsive polymers typi-
cally require amine functional groups that have the appropri-
ate basicity to achieve the desired expression of two different
properties."*

In the literature, there is precedent for a CO,-responsive
adhesive. Richard Weiss and colleagues reported a siloxane
polymer containing primary amine side groups."" When
treated with CO,, these side groups formed carbamate salts
(RNH;'[R'HNCO,”], where R and R’ represent different
polymer chains), leading to intermolecular electrostatic inter-
actions - ionic crosslinking. However, switching the adhesive
back to the CO,-free non-sticky state was not tested.

When CO, enters water, it forms dissolved CO, and a small
amount of carbonic acid, both of which are acidic. Either of
them can then protonate an amine, causing it to become
charged, which results in a change in the amine’s properties.'
Tertiary or bulky secondary amines are usually selected as the
CO,-responsive functionality as these amines do not form car-
bamate salts. They exclusively form the bicarbonate salt, which
can easily be converted back to the neutral amine (Reaction
(1)).'® An aqueous polymer solution containing protonated
CO,-responsive polymers can be reversed in minutes at
ambient temperatures by bubbling with inert gas, or, to accel-
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erate the process, the solution can be heated to >~60 °C to
remove CO,. This switching mechanism can be used to design
PSAs that easily dissolve into carbonated water but are poorly
water-soluble after CO, has been removed.

+CO,
NR; + H,0 —TO [HNR;"][HCO; ] (1)

To our knowledge, there are no reports of a PSA that con-
tains CO,-responsive polymers that use carbonated water as
the solvent. This type of CO,-responsive PSA allows the
polymer to be synthesized directly in carbonated water as the
monomers are CO,-responsive. This CO,-responsive mecha-
nism would eliminate the need for organic solvents during the
solution polymerization step and replace them with water,
which is significantly safer to handle. Purifying the polymer
may also not be needed as the polymerization can go to com-
plete conversion and the polymer is already in the desired
application solvent. After the CO,-responsive PSA solution is
applied, CO, and water would evaporate, altering the PSA pro-
perties to provide good adhesion and water resistance. At the
end of use, carbonated water can again dissolve the PSA for
facile removal, although merely softening the polymer coating
may be sufficient to allow its removal.

Using CO,-responsive polymers could provide a simple
solution for the consumer and recycling industry to separate
difficult to remove PSAs from substrates; however, the sustain-
able design and manufacturing of adhesives also needs to be
addressed. Using biological materials to prepare adhesives pre-
dates using synthetic polymers. Before the use of synthetic
polymers, adhesives were prepared from materials such as
animal proteins, starch, and natural rubbers.'”™*° These earlier
bio-based adhesives were later replaced with synthetic poly-
mers as the synthetic adhesives provided better adhesion
strength, and improved water resistance.”® However, with a
recent societal shift towards more sustainable and environ-
mentally sourced materials, bio-based adhesives have ree-
merged with improved water resistance and adhesion.
Researchers are modifying bio-based materials like lignin,**
soy meal proteins,** and triglycerides® to provide sustainable
adhesives with improved performance.

Various biomass feedstocks and bio-based platform chemi-
cals are available to produce bio-based adhesives. Certain
material characteristics are sought specifically for PSAs, like
excellent tack, shear adhesion, peel strength, and water resis-
tance which are conventionally achieved by using soft pet-
roleum-based hydrophobic polymers like butyl acrylate and
2-ethylhexyl acrylate. To use bio-based materials as an alterna-
tive adhesive, the bioderived polymers would ideally mimic
petroleum-based adhesives in terms of properties and possibly
structure. For example, fatty acids are hydrophobic and exist as
oils or waxes. When modified into a polymer, the fatty acid-
derived polymers can possess adhesive properties.”® While
many bio-based materials can be sourced, we chose to work
from fatty acids because their hydrophobicity is similar to that
of petroleum-based adhesives. Castor oil is an excellent candi-
date for sourcing fatty acids that can be readily modified. As a
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nonedible crop, castor oil consists of triglycerides that contain
eight different fatty acids with ricinoleic acid making up about
90% of the composition.”* Pyrolysis of castor oil produces
undecenoic acid,* which can be easily converted into 11-bro-
moundecanoic acid or 11-bromoundecanol both of which
could make suitable starting materials for bioderived
adhesives.”®”” The terminal bromide in combination with
either the carboxylic acid or alcohol allows for the addition of
other functionalities. Polymerizable functional groups and
amines can be installed at either end of the molecule to
produce a bioderived CO,-responsive monomer.

Herein, a bioderived CO,-responsive PSA is described that
can easily dissolve in carbonated water but is resistant to dis-
solution in neutral water after drying. 11-Bromoundecanol
(11-BUDol) was modified using diethylamine and methacryloyl
chloride to provide a methacrylate-based monomer with a long
alkyl chain, terminated with a CO,-responsive moiety. The
monomer was polymerized in carbonated water and the result-
ing polymer solutions were used without requiring purifi-
cation. Standard PSA tests in accordance with the Pressure
Sensitive Tape Council standards were completed to measure
the peel strength, tack, and shear adhesion of the bioderived
CO,-responsive PSA. The adhesion properties were compared
against commercial PSA tapes. The bioderived CO,-responsive
PSA was cast on polypropylene film and adhered to various
substrates to observe the adhesion performance. After per-
formance testing the bioderived CO,-responsive PSA was
removed easily using carbonated water.

Experimental methods and materials

Materials

Acetonitrile (anhydrous, 99.8%), hexanes (ACS grade), diethyl-
amine (>99.5%), triethylamine (>99%), and methacryloyl
chloride (97%) were purchased from Millipore Sigma. Toluene
(ACS grade) and anhydrous magnesium sulfate were purchased
from Fisher Scientific. 11-Bromoundecanol was purchased
from TCI America. Sodium carbonate was purchased from
VWR International. The thermal initiator 2,2'-azobis[2-(2-imi-
dazolin-2-yl)propane] (VA-061) was purchased from Fujifilm
Wako Chemicals and recrystallized from ethanol to remove
impurities. Carbon dioxide gas (CO,, 3.0) was purchased from
Linde Canada. Scotch® Magic™ tape and Fisherbrand™ label-
ling tape were purchased from Staples and Fisher Scientific,
respectively. Materials were used as received unless otherwise
stated.

Synthesis of 11-(diethylamino)undecan-1-ol (DEAUol)

To a 250 mL Schlenk flask, under an inert atmosphere, anhy-
drous acetonitrile (80 mL) was added via a syringe.
11-Bromoundecanol (5 g, 20 mmol), and diethylamine (10 mL,
100 mmol) were then dissolved into the acetonitrile under
inert conditions. A condenser was fitted to the flask, and the
reaction was refluxed for 24 h. Afterwards, the solvent was
evaporated under reduced pressure. A 50 mL solution of satu-
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rated sodium carbonate was added to the solution and allowed
to stir for 5 min. The product was extracted with 3 x 50 ml of
toluene. The organic layer was collected, dried over MgSOy, fil-
tered, and evaporated under reduced pressure. A viscous dark
orange oil remained (yield 98%). 'H NMR (499.86 MHz,
CDCl;) 6 3.62 (t, J = 6.7 Hz, 2H), 2.52 (q, J = 7.1 Hz, 4H),
2.43-2.34 (m, 2H), 1.55 (p, J = 7.2 Hz, 2H), 1.43 (p, J = 7.2 Hz,
2H), 1.37-1.20 (m, 14H), 1.01 ppm (t, J = 7.2 Hz, 6H). **C {'H}
NMR (125.81 MHz, CDCl;) § 77.41, 77.16, 76.91, 62.71, 53.02,
46.86, 32.93, 29.69, 29.67, 29.61, 29.53, 27.82, 26.83, 25.89,
11.54 ppm. Calculated M + 1 = 244.26349 g mol™*, observed M
+1 =244.26408 g mol .

Synthesis of 11-(diethylamino)undecyl methacrylate
(DEAUMA)

To a 100 mL Schlenk flask under an inert atmosphere, anhy-
drous acetonitrile (30 mL) was added via a syringe, followed by
triethylamine (3.26 mL, 23.4 mmol). In a separate flask, under
an inert atmosphere, DEAUoI (4.75 g, 19.5 mmol) was dis-
solved in anhydrous acetonitrile (20 mL) and then added to
the Schlenk flask via syringe. The solution was chilled in an
ice bath for 1 h prior to the dropwise addition of methacryloyl
chloride (2.29 mL, 23.4 mol). The addition occurred over
15 min. The mixture was left to react for 24 h, and spon-
taneously warmed from 0 °C to room temperature (20 °C) over
the period of the reaction. After 24 h, the solvent was evapor-
ated under reduced pressure. A 50 mL solution of saturated
sodium carbonate was added to the flask and allowed to stir
for 5 min. The mixture was poured into a separatory funnel
and washed with toluene (3 x 50 ml). The organic fractions
were combined, dried over MgSO,, filtered, and evaporated
under reduced pressure. The residue was purified by column
chromatography using hexanes: triethylamine at v/v = 95/5 as
eluent and silica as the stationary phase. The eluate was col-
lected and evaporated under reduced pressure. A clear, slightly
yellow oil remained (yield 94%). "H NMR (499.86 MHz, CDCl;)
5 6.09 (s, 1H), 5.53 (s, 1H), 4.13 (t, J = 6.7 Hz, 2H), 2.51 (q, ] =
7.2 Hz, 4H), 2.42-2.35 (m, 2H), 1.93 (s, 3H), 1.70-1.61 (m, 2H),
1.47-1.39 (m, 2H), 1.27 (s, 14H), 1.01 ppm (t, J = 7.1 Hz, 6H).
3¢ {'"H} NMR (125.81 MHz, CDCl;) § 167.46, 136.59, 125.03,
77.41, 77.16, 76.91, 64.80, 53.09, 46.95, 29.65, 29.61, 29.53,
29.51, 29.26, 28.64, 27.75, 27.11, 26.00, 18.31, 11.75 ppm.
Calculated M + 1 = 312.28970 g mol ', observed M + 1 =
312.29092 g mol ™",

Polymerization of 11-(diethylamino)undecyl methacrylate
(PDEAUMA)

The synthesis of PDEAUMA was achieved by free radical
polymerization (FRP) using 2,2’-azobis[2-(2-imidazolin-2-yl)
propane| (VA-061) as the initiator. A 15 wt% mixture of
DEAUMA monomer in deionized (DI) water was added to a
100 mL cylindrical glass vessel. The mixture was bubbled with
CO, using a 22-gauge stainless steel needle for 30 min to pro-
tonate the DEAUMA, thereby making it soluble in carbonated
water. VA-061 (0.50 mol%, relative to monomer) was then
added to the solution and stirred using a mechanical stirrer
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for 30 min under continuous bubbling of CO,. The vessel was
heated to 45 °C and continuously stirred for 24 h. The system
was sealed under an atmosphere of CO, for the duration of the
reaction. After 24 h, the flask was cooled to room temperature
and the resulting polymer solution was used for testing with
no purification. CO, was bubbled continuously into the
polymer solution during the cooling phase to saturate the solu-
tion, preventing the polymer from precipitating out of the solu-
tion. The flask was then sealed under an atmosphere of CO,.

Material characterization

The purity and composition of each isolated product were
determined by performing "H and *C NMR spectroscopy
using a Bruker NEO-500 MHz spectrometer and deuterated
chloroform as the solvent. Attenuated Total Reflectance-
Fourier Transform Infrared (ATR-FTIR) spectroscopy was per-
formed on a Bruker Alpha compact FT-IR spectrometer. Opus
v.8.9 software was used to obtain the IR spectrum. Mass spec-
trometry was performed using a Thermo Scientific Orbitrap
Velos Pro Easy-nLC/HESI Hybrid Ion Trap-Orbitrap Mass
Spectrometer. Samples were dissolved into methanol at
approximately 10 nM and injected directly into the mass
spectrometer.

Gel permeation chromatography (GPC) was used to obtain
the molecular weights and dispersity of PDEAUMA and was
compared against calibrated monodisperse polystyrene stan-
dards. Samples were dried in a vacuum oven for 24 h, dis-
solved in tetrahydrofuran (THF) at a concentration of 5 mg
mL™", and filtered using a 0.22 pm Chromspec filter before
injection. A Waters 2695 separation module equipped with a
Waters 410 differential refractometer used THF as the eluting
solvent at a flow rate of 1 mL min~" through a Waters Styragel
HR (4.6 x 300 mm) 4, 3, 1 and 0.5 separation columns.
Differential scanning calorimetry (DSC) was performed using a
TA Instruments Q100 DSC to determine the polymer dry glass
transition temperature (Ty). DSC analysis was performed under
a nitrogen atmosphere with a single heating and cooling cycle
before T, determination to remove any thermal history that
the polymer had during sample preparation. N, flow was set to
50 mL min~". A DSC cycle was performed starting at =70 °C
and heating to 150 °C, followed by an isothermal hold for
5 min, then cooling back to —70 °C and heating back to
150 °C. All heating and cooling rates were 10 °C min~". The
PDEAUMA was dried under vacuum for 24 h prior to analysis.

PDEAUMA PSA performance

Pressure Sensitive Tape Council standards (PSTC) including
PSTC16, PSTC101, and PSTC107A for tack, 180° peel strength,
and shear adhesion, respectively, were followed for sample
preparation and testing.”® PDEAUMA 15 wt% solution in car-
bonated water was cast on 50 pm corona-treated Mylar sheets
using a #50 Meyer rod for all samples. The sample was dried
under controlled conditions (25 °C and relative humidity (RH)
=50 + 5%) for 30 min and coated again using a #50 Meyer rod.
After the second coating the sample was dried under con-
trolled conditions for 24 h. An Instron 3000 Universal tester
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and Bluehill 2 Materials Testing Software were used to
measure the tack and peel strength as the force per unit width
required to remove the PSA from the substrate. Using a lab-
built tester, shear adhesion was measured as the time a PSA
strip can hold against a constant vertical force. All tests were
performed six times, with the average results and standard
deviations reported.

Tack measurements (PSTC-16). Tack strips, measuring
25.4 mm by 154.4 mm, were prepared and shaped into a loop
by taping 25.4 mm of each end. This loop was then clamped in
the upper grip of an Instron testing machine. The upper grip
was lowered at a rate of 1 mm s~ until a 25.4 mm by 25.4 mm
section of the adhesive strip was pressed firmly against a stain-
less steel block with a side length of 25.4 mm and clamped in
the lower grip. Next, the upper grip was pulled up at 5 mm s™*
to detach the adhesive, and the highest force measured (in N
m™") during removal was recorded as the “tack”, or stickiness
level, of the adhesive.

Peel strength measurements (PSTC-101). A 180° peel
strength test was employed. PSA strips of dimensions 25.4 mm
x 127 mm were cut and adhered to a stainless steel substrate
via the application of a 2040 g roll coater (four times, coating
speed = ~35 mm s ). Next, the substrate and the PSA strip
were fixed in the lower and upper grips, with the latter pulled
upward at a rate of 5 mm s~ . The peel strength was reported
as the average force required for peeling unit width of the strip
(Nm™).

Shear adhesion strength measurements (PSTC-107A). Strips
of dimensions 12.7 mm X 127 mm were cut, and one strip end
was laminated on a stainless-steel substrate, similar to that
described for the peel strength (12.7 mm x 12.7 mm area of
contact). A c-clamp was then used to hang the stainless steel
testing plate to which the adhesive strip is affixed before secur-
ing a 500 g weight to the other end of the strip. The time
required (h) until the covered area was removed was reported
as shear adhesion.

To test the compatibility of PDEAUMA with various sub-
strates, including glass, polyethylene terephthalate, polypropyl-
ene, polystyrene, Teflon, aluminium, matte steel, and wood,
PDEAUMA solution in carbonated water was cast on poly-
propylene film (25.4 mm x 127 mm) using a #50 Meyer rod
and dried at ambient conditions to simulate a plastic-backed
label. This procedure was performed twice. The label was then
applied to the substrate by hand with a 25.4 mm x 76.2 mm
area of contact. Adhered substrates were immediately lifted
and held for 1 min to observe if the label would separate from
the substrate.

Neutral water stability of PDAEUMA

A glass slide (25.4 mm x 76.2 mm) was coated with 15 wt%
PDEAUMA solution in carbonated water using a #50 Meyer rod
and dried at ambient conditions. This procedure was per-
formed twice in order to increase the thickness. A commercial
adhesive, which consisted of a 40 wt% of polyvinyl acetate
emulsion (PVA, commercial white glue), was coated onto a sep-
arate glass slide using a #50 Meyer rod and dried for 1 h at

This journal is © The Royal Society of Chemistry 2025
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ambient conditions. This procedure was also performed twice.
The coated glass slides were submerged into separate beakers
of deionized (DI) water with a pH of approximately 7 and left
to soak for 5 days. After 5 days, the coated glass slides were
removed from the DI water and left to dry for 10 min at
ambient conditions. The dried adhesives were then placed in
contact with polypropylene film (25.4 mm x 127 mm) to
observe whether their adhesive properties remained.

Removal of PDEAUMA using carbonated water

After testing its adhesion, the PDEAUMA coated glass slide
was submerged in 500 mL of saturated carbonated water and
observed. The carbonated water was stirred at 1000 rpm. To
prepare the carbonated water, DI water was sparged with CO,
gas using a gas dispersion tube for 4 h to ensure saturation.
The adhesive was wiped with a finger after each minute of
exposure to carbonated water until complete removal of the
adhesive was achieved.

Results and discussion
Synthesis of DEAUMA

Using 11-BUDol as the starting material, a bioderived CO,-
responsive monomer was prepared. 11-BUDol was reacted with
an excess of diethylamine to ensure the reaction proceeded to
completion, and to ensure the HBr generated during the reac-
tion was neutralized. Diethylamine was installed first instead
of methacryloyl chloride because it eliminated an undesired
side product believed to be the cyclic ether of 11-BUDol that
occurred when attempting to install methacryloyl chloride
first. DEAUoI appeared as a dark orange oil after purification.
Following purification, DEAUol was reacted with methacryloyl
chloride to produce the monomer DEAUMA (Scheme 1). After
purification, a faint yellow oil remained. Both DEAUol and
DEAUMA were examined using 'H and *C NMR spectroscopy
to confirm their structures and purity (see ESIT). Mass spec-
trometry and ATR-IR spectroscopy were also used to confirm
the formation of final products.

Synthesis of PDEAUMA

To synthesize PDEAUMA, FRP was performed in carbonated
water using VA-061 as the thermal initiator (Scheme 2). The ter-
tiary amine groups contained within DEAUMA were protonated
by the carbonated water so that the monomer dissolved.
VA-061 is a thermal initiator that is soluble in carbonated
water. VA-061 contains two imidazoline rings, both of which
can become protonated in carbonated water, lowering VA-061’s

MeCN

—
NSNS+ HN —_— HO N> + HBr
HO Br THN_ Teflux, 24 b
Q MeCN 9
Y*a + HO NS Yko NN+ HCI
L RT,24h

Scheme 1 Reaction pathway to produce DEAUMA.
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O
A SN 0
S 2

O) OH

Scheme 2 Polymerization of DEAUMA in carbonated water using
VA-061 as the thermal initiator.

10 h half-life from 61 °C to 45 °C.>° The lower temperature is
advantageous when synthesizing CO,-responsive polymers
because as temperature increases, the solubility of CO, in
water decreases, which could cause the monomer and polymer
to deprotonate and precipitate, thus potentially hindering the
reaction progress. Using "H NMR spectroscopy, it was deter-
mined that the polymerization progressed to >99% conversion
in 24 h, which was ideal as this removed the need for a purifi-
cation step. The polymer solution appeared slightly yellow,
translucent, and viscous, similar to syrup. According to GPC
analysis, the number and weight average molecular weights
were determined to be 19 and 48 kDa respectively, with the dis-
persity being 2.5. The T, (glass transition temperature)
obtained by DSC analysis was —2.2 °C.

PDEAUMA adhesive performance

PSAs used on labels must adhere to a variety of different sub-
strates. To observe the adhesion capabilities of PDEAUMA, it
was coated onto a polypropylene film (25.4 mm x 127 mm).
After drying, the PDEAUMA coated film was adhered onto
glass, various plastics, Teflon, aluminium, matte steel, and
wood (Fig. 1). After adhesion had been established, the sub-
strate was lifted off the table by the adhesive tape and held for
1 min. The adhesive tape successfully adhered to all sub-
strates, supported their weight, and did not separate during
the duration of testing. PDEAUMA demonstrated excellent
adhesion to both smooth and rough surfaces. The PDEAUMA
PSA adhered easily to a variety of materials commonly used in
packaging and infrastructure industries.

An adhesive’s tack, peel strength, and shear strength are
governed, in part, by molecular weight distribution and the
polymer’s T,. A high molecular weight dispersity is beneficial
when producing adhesives. Low molecular weight polymers
contribute to the tack and peel strength of the adhesive,
whereas high molecular weight polymers improve the poly-
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Fig.1 Images of a PDEAUMA-coated polypropylene film on various
substrates. (A) Glass, (B) polyethylene terephthalate, (C) polypropylene,
(D) polystyrene, (E) Teflon, (F) aluminium, (G) matte steel, (H) wood.
Substrates were held for 1 min to observe if any separation would occur.
The PDEAUMA-coated polypropylene film held all the substrates for the
duration of testing.

mer’s shear strength.*® Thus, a broad distribution is expected
to exhibit good performance for all three properties. The T, of
an adhesive also affects its tack. Low T, polymers exhibit
better tack, meaning they are stickier than higher T, polymers.
Depending on the application of the PSA, certain properties
may be favoured over others. For example, labels require good
tack and peel strength as they are bonded directly to substrates
and are not under any significant load. However, PSA tapes
used to secure items together must have a high shear strength
to deal with shear forces applied when under a load.

New bioderived PSAs must have comparable adhesive pro-
perties to commercially available adhesives if they are to be
commercially viable. PDEAUMA was compared against two
commercial PSA tapes, Scotch® Magic™ tape and
Fisherbrand™ labeling tape (Table 1, raw data in Fig. S11
through S1671). The adhesive tapes prepared using PDEAUMA
demonstrated good adhesion properties without any additives
or optimization of the formulation required. The molecular
weight distribution obtained by FRP produced an adhesive
with good tack and peel strength, ideal for PSAs used in labels.
PDEAUMA had higher loop tack and peel strength than
Scotch® Magic™ tape. The tack and peel strength of
Fisherbrand™ labelling tape did surpass PDEAUMA but this

Table 1 Average tack, peel strength, and shear adhesion for PDEAUMA
compared to commercially available Scotch® Magic™ tape and
Fisherbrand™ labelling tape

Loop tack 180° peel Shear
Sample (Nm™) strength (Nm™)  adhesion (h)
15 wt% PDEAUMA 390 £ 75 240 £ 39 31+3
Scotch magic tape 168 + 14 146 + 44 >168¢
Fisherbrand 537 +31 553 + 38 >168¢
labeling tape

“Experiment was stopped after 1 week, as no tapes had separated from
the substrate.
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provided a reference for how PDEAUMA compares to other
commercial PSA tapes. In the shear adhesion testing
PDEAUMA held a 500 g weight for 31 h on average which was
lower than that of both the commercial tapes but PDEAUMA
was designed as a label PSA, which is not expected to be under
significant load. PDEAUMA consistently displayed cohesive
failure during the tack, peel strength and shear adhesion
testing, as residue remained on both the backing and the sub-
strate after testing. The tack and peel strength results pro-
duced by PDEAUMA are comparable to those of some commer-
cial PSA tapes, which is promising for potentially replacing
petroleum-based adhesives with bioderived CO,-responsive
adhesives.

PDEAUMA water resistance and removal

A sought-after feature of most adhesives is their water resis-
tance. A good label PSA should not dissolve or deteriorate if
exposed to water during use. Water and bicarbonate species that
remain trapped in the adhesive coating after drying pose a
concern as this will increase the hydrophilicity of the adhesive.
The increased hydrophilicity will lower the adhesive water resis-
tance which is undesirable. To ensure that no water or bicarbon-
ate species remained trapped on the adhesive coating before
testing its water resistance, ATR-FTIR was used to analyze
PDEAUMA during its drying process. The ATR crystal was
coated with the 15 wt% carbonated solution of PDEAUMA using
a #50 Meyer rod and then left to dry in ambient conditions.
ATR-FTIR spectra were obtained in 5 min increments until no
water or bicarbonate peaks remained. The OH stretching of
water is observed around 3400 cm™" and the carbonyl stretching
of bicarbonate is observed around 1650 cm™" (Fig. 2, top). Over
15 min, the water and bicarbonate stretching peak decreased in
size. After 20 min there were no observable peaks for water and
bicarbonate, indicating the coating was completely dry and no
water and bicarbonate species were trapped in the adhesive.
After determining that PDEAUMA contains no trapped
water or bicarbonate species, the water resistance of the new
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Fig. 2 ATR-FTIR spectra of PDEAUMA drying. PDEAUMA was coated on
the ATR-FTIR crystal using a #50 Meyer rod. The applied coating was left
to dry in ambient conditions until no water or bicarbonate species was
detected. Spectra were obtained in 5 min increments.
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adhesive was tested. Separate glass slides were coated with
either 15 wt% PDEAUMA or 40 wt% PVA solution (commercial
white glue), dried and subjected to a water resistance test. The
PVA adhesive was used as a visual comparison to demonstrate
the water resistance performance of the PDEAUMA adhesive.
PVA is water-sensitive, so it was expected to fail when sub-
merged in water. The glass slides were submerged in DI water
for 5 days and monitored periodically for any degradation to
the coatings (Fig. 3). Within the first minute of testing, the
PVA coating immediately whitened, indicating that an inter-
action with water was occurring. However, for PDEAUMA, the
faint whitening of the coatings did not begin until one hour
after exposure. After 1 day of exposure, considerable whitening
was observed for the PDEAUMA coating. However, no separ-
ation or physical disintegration could be observed. The PVA-
coated slide had clear signs of coating disintegration, the
bottom portion of the adhesive separated from the glass slide
and parts of the adhesive were floating in the water. After 5
days, the coated slides were observed again. The PVA adhesive
had significant separation and disintegration, but the
PDEAUMA-coated slide still showed neither disintegration nor
separation. The PDEAUMA-coated slide appeared to be in the
same state as it was after 1 day (Fig. 3, lower). The glass slides
were removed from the water and dried for 10 min in the air.
The damaged PVA coating remained white, indicating irrevers-
ible damage. The remaining PVA coating demonstrated no
adhesive properties. The PDEAUMA coating whitening sub-
sided as the coating dried over the 10 min. The long alkyl
chains of PDEAUMA provide significant hydrophobicity, con-
tributing to the observed water resistance. Whitening did not
indicate a performance loss, as the adhesive remained fully
attached to the glass surface. The PDEAUMA coating also
became tacky again after 10 min of drying; the PDEAUMA-
coated glass slide was adhered to a polypropylene film with no
issues and could lift the glass slide with no observed perform-
ance loss (Fig. 4D).

With PDEAUMA consistently displaying cohesive failure, its
ability to be easily removed from backings and valuable sub-

PVA 40 wt%

PDEAUMA 15 wi%

Fig. 3 Neutral water stability test of PDEAUMA against PVA adhesive.
PDEAUMA and PVA were coated onto glass slides, dried and then sub-
merged into DI for 5 days. The PVA deteriorated over the course of 5
days whereas PDEAUMA only whitened during the same period. There
was no degradation observed in the PDEAUMA coating.
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Fig. 4 Images of PDEAUMA and PVA after 5 days of neutral water
exposure. (A) PDEAUMA (left) and PVA (right) immediately after removal
from DI water. (B) PDEAUMA after 10 min of drying at ambient con-
ditions. (C) Damaged PVA coating after 10 min of drying at ambient con-
ditions. (D) The PDEAUMA-coated glass slide adhered to a polypropyl-
ene film 10 min after drying.

strates is important for recycling these materials. A PDEAUMA-
coated glass slide was prepared to represent a discarded sub-
strate with adhesive residue remaining on it. The coated glass
slide was placed into carbonated water to cause protonation of
the amine groups and debonding of the adhesive from the
glass. The coated glass slide was submerged in carbonated
water. After 1 min of exposure to carbonated water, swelling of
the PDEAUMA coating was observed. A portion of the partially
protonated PDEAUMA was removed with a single pass of a
finger. After 2 min of exposure, a significant portion of the
remaining PDEAUMA was removed and exposed the bare glass.
After 3 min of exposure and a single finger wipe, the remain-
ing PDEAUMA was removed, leaving no PDEAUMA on the
exposed area (Fig. 5). Faint cloudiness remained around the
edges but exhibited no adhesive properties after 30 min of
drying at ambient conditions.

The removal experiment was repeated to observe the
surface of the adhesive coating more closely using optical
microscopy. A new glass slide was coated with 15 wt%
PDEAUMA and left to dry in ambient conditions for 24 h. After
24 h, the glass slide was observed using an optical microscope
with 20 times magnification to provide better surface detail
(Fig. 6A). A portion of the coated glass slide was exposed to
1 mL of carbonated water for 1 min and then wiped once with
a finger. This procedure removed a portion of the adhesive
(Fig. 6B). Repeating this process twice removed almost all the
adhesive in the viewing area (Fig. 6D). As a comparison, a sep-
arate part of the coated glass slide, which was not exposed to
carbonated water, was wiped three times. Only minor damage
was observed to the adhesive coating, indicating that the
adhesive coating is strongly adhered to the glass (Fig. 6E).
Using carbonated water to protonate PDEAUMA swells and dis-
solves the polymer, weaking the adhesive bond to the glass,
allowing for facile removal compared to abrading the coating
with no carbonated water.

The previous experiments represented a label that had been
peeled from a substrate, leaving exposed adhesive residue on
the desired substrate. However, in certain situations, such as
recycling glass or plastic products, the adhesive may not be
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Fig. 5 PDEAUMA removal using carbonated water. (A) PDEAUMA-
coated glass slide after 1 min of exposure to carbonated water and
wiped once with a finger. (B) PDEAUMA-coated glass slide after 2 min of
exposure to carbonated water and wiped once with a finger (C)
PDEAUMA-coated glass slide after 3 min of exposure to carbonated
water and wiped once with a finger. (D) Comparison of a PDEAUMA-
coated glass slide (left) and the PDEAUMA-coated glass slide that was
exposed to carbonated water for 3 min and wiped 3 times (right). The
reflection of the lamp lights can be clearly observed on the wiped glass
slide as the PDEAUMA has been completely removed from the bottom
portion and is no longer distorting the light.

fully exposed; it remains in contact between the substrate and
the label backing. To observe if it was possible to remove the
label as well as the adhesive from the substrate simul-
taneously, paper and polypropylene labels were adhered onto
separate glass slides using PDEAUMA (Fig. 7A and D). The
labelled glass slides were submerged in 400 mL of saturated
carbonated water that was prepared by bubbling CO, through
deionized water for 16 h. The slides were stirred in the carbo-
nated water for 5 min to allow protonation and swelling to
occur. PDEAUMA is capable of protonating and swelling
enough to be removed in 3 min but given that the presence of
the label was expected to hinder the contact between
PDEAUMA and carbonated water, more time was given to allow
for protonation to occur. After 5 min, the labelled glass slides
were removed from the carbonated water and examined. The
paper label had considerable damage, with pieces of it separ-
ating from the glass slide upon removal from the carbonated
water (Fig. 7B). The coated slide was wiped 3 times with a
paper towel, successfully cleaning the remaining residue off.
Only a small portion of PDEAUMA remained around the
edges. However, the polypropylene labelled glass produced
undesirable results. The polypropylene is impermeable to
water, allowing only the thin edges to be exposed to carbo-
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Fig. 6 Optical Microscopy images of a PDEAUMA coated glass slide
after exposure to carbonated water and abrading with a finger at 20
times magnification. (A) A PDEAUMA coated glass slide before exposure
to carbonated water. B PDEAUMA-coated glass slide after 1 min of
exposure to carbonated water and wiped once with a finger. (C)
PDEAUMA-coated glass slide after 2 min of exposure to carbonated
water and wiped once with a finger (D) PDEAUMA-coated glass slide
after 3 min of exposure to carbonated water and wiped once with a
finger. (E) PDEAUMA-coated glass slide not exposed to carbonated
water but still wiped 3 times with a finger. Only minor damage was
observed.

nated water. Protonation and swelling did occur at the edges
(Fig. 7E) but the majority of the adhesive remained sticky and
resisted removal using the paper towel (Fig. 7F). The experi-
ment was repeated using the polypropylene labelled glass. The
exposure time was increased to 1 h. This increased exposure
time produced the same result as the prior experiment; proto-
nation and swelling around the edges but no change in pro-
perties in the center of the adhesive coating. The impermeable
polypropylene, coupled with a low surface area, hindered the
mass transfer of carbonated water to PDEAUMA. This prevents
most of the PDEAUMA coating from being protonated, which
would be necessary for the adhesive to be easily removed.
Thus, PDEAUMA adhesive placed between two impermeable
materials is not easily removed with carbonated water.
However, using porous materials like paper labels allows car-
bonated water to reach the PDEAUMA layer, causing protona-
tion and swelling which facilitates easy removal of the label
and adhesive layer. These results demonstrate that the CO,-
responsiveness of the PDEAUMA endows it with all three of
the properties that we sought in a PSA: good adhesion per-
formance, water resistance during use, and easy separation
from a substrate at the end-of-life.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Paper and polypropylene labels adhered to a glass substrate
using PDEAUMA before and after carbonated water exposure. (A) Glass
slide with paper label prior to carbonated water exposure. (B) Glass slide
with paper label after 5 min of carbonated water exposure. (C) Glass
slide after 5 wipes with a paper towel. (D) Glass slide with polypropylene
label prior to carbonated water exposure. (E) Glass slide with polypropyl-
ene label after 5 min of carbonated water exposure. The polypropylene
label remained adhered to the glass with only the edges swelling
slightly. (F) PDEAUMA-coated glass slide after the polypropylene label
was removed and the coating was wiped 5 times with a paper towel.

Conclusions

New sustainable PSAS that perform well during use but are
easily removed at the end-of-life will facilitate recycling while
minimizing the use of petroleum-based PSAS. Using the fatty
alcohol 11-BUDol as the starting material, a bioderived CO,-
responsive monomer was synthesized and subsequently poly-
merized using carbonated water as the solvent. The polymer,
PDEAUMA, had tack and peel strengths similar to commer-
cially available Scotch® Magic™ Tape and Fisherbrand™ lab-
elling tape without any additives to improve its adhesive pro-
perties. PDEAUMA adhered to many common substrates like
glass, various plastics, aluminium, steel, and wood, all of
which can be found in the packaging industry. PDEAUMA dis-
played excellent water resistance over 5 days with no observed
degradation. After removal from neutral water and 10 min of
drying, PDEAUMA continued to display its adhesive properties
with no observable loss in performance. When submerged in
carbonated water, PDEAUMA swelled within 1 min and could
be partially removed from the substrate with the wipe of a
finger. After 3 minutes of total exposure to carbonated water,
and three wipes with a finger, PDEAUMA was easily removed
from the substrate, demonstrating that PDEAUMA had no
adhesion to the substrate. Paper labels adhered to a glass sub-
strate using PDEAUMA can also be removed directly by expos-
ing the entire label to carbonated water. After 5 minutes of
exposure, the paper label could be removed and the PDEAUMA
residue was wiped off the glass substrate using a paper towel.
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This bioderived CO,-responsive PSA provides a potential route
towards sustainable PSAs that can improve the recyclability of
various substrates. While facile removal and the bio-based syn-
thesis are favourable aspects of this PSA, it is difficult at this
stage to make an accurate comparison of its environmental
harm to that of competing PSAs. In particular, the degradation
rate of this polymer in the environment is unknown.
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