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Crosslinking CO2-switchable polymers for paints
and coatings applications†

Raz Abbasi,a Amy Mitchell,b Philip G. Jessop *b and Michael F. Cunningham *a

The emission of volatile organic compounds (VOCs) from solvent-based paints and coatings and its detri-

mental effect on humans and the environment have encouraged the industry to move towards more

environmentally friendly options. Water-based paints and coatings, however, require a complex film for-

mation process involving the coalescence of colloidal polymeric particles in the aqueous medium which

adversely affects the critical properties of the film. Despite the advances in water-based formulations, they

are still outperformed by solvent-based coatings, particularly in high performance applications. Our group pre-

viously demonstrated the potential of CO2-switchable polymers in paints and coatings applications to achieve

an aqueous zero-VOC formulation that uses the same film formation process as solvent-based formulations.

The normally water-insoluble CO2-switchable polymer can be fully dissolved in carbonated water rather than

organic solvents. Subsequently, upon application of the solution to a surface, the polymer switches to a water-

insoluble form as the CO2 and water evaporate. This technology offers both environmental friendliness and

high performance. In this study, we focus on improving the solvent resistance of the resulting coatings by uti-

lizing a crosslinking reaction. In order to achieve a 1K crosslinking system, the crosslinking reaction should be

hindered when CO2 is present to achieve stability and occur during the film formation process as the CO2

evaporates. To accomplish this goal, possible reactions are initially investigated using model compounds that

mimic the structure of the polymer and crosslinking agent in terms of their reactivity in the presence and

absence of CO2. The promising candidates were then applied in a coating formulation and evaluated in terms

of the performance of the crosslinked coatings and the stability of the formulation.

Introduction

Paints and coatings are used in numerous applications and
make up the largest single use of organic solvents among
different industry sectors, accounting for almost half of all
organic solvent usage.1 This widespread usage contributes sig-
nificantly to the emissions of volatile organic compounds
(VOCs) which pose a significant threat to not only human
health but also the environment.2,3 For instance, exposure of
workers to VOCs leads to inhalation risks, which can result in
serious short- and long-term health problems. In addition,
these compounds are highly flammable, pose fire hazards,
and cause smog formation.2

In recent years, there has been a shift from conventional
solvent-borne coatings towards more environmentally friendly for-
mulas, such as water-borne, powder, high solid contents, and

radiation curable coatings. Water-based technology currently
holds the largest architectural and decorative coating market
share.4 However, despite the ongoing advances in water-based
coatings they are still outperformed by solvent-based coatings in
performance factors such as chemical resistance, corrosion,
abrasion resistance, and high gloss finish.5 As a result, solvent-
based technology is still dominant in most industrial applications
that require high performance coatings.

In a solvent-based system, casting of the fully dissolved
polymeric solution in an organic solvent on a substrate surface
followed by solvent evaporation results in the entanglement
of polymer chains into a network. This network forms a film
with a high degree of polymer–polymer interpenetration
since macromolecules are homogeneously distributed in the
solvent.6 This leads to a high performance and high gloss
coating. On the other hand, in water-based coatings, also
known as latexes, polymeric particles are suspended in the
aqueous medium. Film formation begins with water evapor-
ation after application to a substrate. As the coating dries, the
colloidal particles come into direct contact, followed by
gradual coalescence to form a film.7–9 Softer polymer chains
with a low glass-to-rubber transition temperature (Tg) are
required to facilitate the coalescence process which has a
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direct effect on the final properties of the coating.10 The difference
in the film formation mechanisms, solvent-based versus water-
based, affects the final coating microstructure which in turn influ-
ences critical film properties including gloss, sheen, hardness,
abrasion resistance, swelling, and durability. For instance, latex
coatings generally have rougher microscale surfaces compared to
solvent-based coatings which reduce the gloss level.

An ideal coating would have the performance advantages of
solvent-based coatings and the environmental advantages of
water-based coatings. This ideal coating formulation would
require polymers that can be dissolved in the aqueous
medium before application and can be switched to a water-in-
soluble form after casting onto a substrate. One of the most
promising classes of polymers for this purpose is CO2-respon-
sive polymers.11 CO2 as a trigger for stimuli-responsive
materials has attracted considerable attention since it is
benign, inexpensive, recyclable, abundant, and does not
accumulate in the system.12,13 A polymer with specific func-
tional groups such as amines or amidines becomes protonated
(charged) by the addition of CO2 (e.g., in carbonated water)
and reverts to the unprotonated (neutral) state upon removal
of the trigger (e.g., upon CO2 evaporation). This results in a
reversible change in some properties of the polymer including
solubility, pH, and osmotic pressure.14,15 As such, CO2-switch-
able polymers can undergo a reversible hydrophobic–hydro-
philic transition upon the addition of CO2 which is of great
interest for coating applications. Ho et al. demonstrated the
potential of CO2-switchable polymers to serve as a replacement
for solvent-based coatings by synthesizing different copoly-
mers containing CO2-switchable monomers including diethyl-
aminoethyl methacrylate (DEAEMA), dimethylaminoethyl
methacrylate (DMAEMA), or tert-butylaminoethyl methacrylate
(tBAEMA), with well-known non-switchable comonomers in
the coating industry such as methyl methacrylate (MMA) and
butyl methacrylate (BMA).11

The hydrophobic nature of a CO2-switchable polymer in the
neutral state provides water resistance to the final film;
however, the ideal coating should offer both water and solvent
resistance. For this purpose, crosslinking reactions can be
used to enhance the chemical resistance and the mechanical
strength by forming a covalently bonded three-dimensional
polymer network.16–19 Formulations of polymers and cross-
linking agents in coatings can be classified into one-com-
ponent (1K) and two-component (2K) systems. In 1K systems,
the crosslinking agent is always present in the formulation,
and the crosslinking reaction does not occur until the time of
application. On the other hand, in 2K systems, the crosslinker
(known as an activator or hardener) is added to the system just
prior to the application.

In this study, we have investigated crosslinking strategies
for zero-VOC coatings made from CO2-switchable polymers,
specifically targeting 1K crosslinking chemistry. The desired
1K system requires crosslinking chemistry that is inhibited in
the presence of CO2 (i.e. while the coating formulation is
stored) but reacts rapidly in the absence of CO2 (i.e. after appli-
cation) at room temperature. Moreover, the crosslinking agent

must be soluble in carbonated water and inert to side reactions
with CO2.

The focus of this study is to achieve crosslinking by alkyl-
ation of amines using bromine compounds at room tempera-
ture. The low hydrolysis rate of alkyl bromides makes them
appropriate crosslinkers for a 1K system by providing a
sufficiently long shelf-life.20,21 For this purpose, the crosslinking
chemistry of coatings containing CO2-switchable polymers was
initially investigated via nuclear magnetic resonance (NMR)
spectroscopy using model compounds (small molecule ana-
logues of a polymer chain and crosslinking agent). The cross-
linking agents were then applied to a polymeric system to inves-
tigate the chemical and water resistance of the crosslinked films
as well as the stability of the formulation during storage.

Experimental methods
Materials

Small molecules including 3-bromo-1-propanol (BPO, 97%),
1,3-dibromo-2-propanol (DBPO, 98%), 2-(methylamino)ethanol
(MAE, ≥98%), 1,3-bis(tris(hydroxymethyl)methylamino)propane,
(BTP, ≥99%), bis(2-bromoethyl)ether (BBEE, ≥95%), 2-dimethyl-
aminoethanol (DMAE, ≥99.5%), 2-diethylaminoethanol (DEAE,
≥99.5%), and glycolic acid (GA) of 99% purity were purchased
from MilliporeSigma and used as received. Monomers includ-
ing diethylaminoethyl methacrylate (DEAEMA, 99%, contain-
ing 1500 ppm MEHQ as an inhibitor), dimethylaminoethyl
methacrylate (DMAEMA, 98%, containing 700–1000 ppm
monomethyl ether hydroquinone as an inhibitor), methyl
methacrylate (MMA, 99%, containing ≤30 ppm MEHQ as an
inhibitor), and butyl methacrylate (BMA, 99%, containing
monomethyl ether hydroquinone as an inhibitor), were pur-
chased from MilliporeSigma and passed through inhibitor
remover columns prior to use. Azobisisobutyronitrile (AIBN,
98%) was purchased from MilliporeSigma and recrystallized
from its solution in ethanol. Anhydrous dimethylformamide
(DMF, 99%) and acetic acid (≥99.7%) were purchased from
Thermo Fisher Scientific. Solvents including acetone (≥99.5%),
tetrahydrofuran (THF, ≥99.9%), toluene (≥99.5%), methyl ethyl
ketone (MEK, ≥99.9%), and methanol (≥99.9%) were purchased
from MilliporeSigma and used as received. All the water used in
this study was deionized using a Synergy MilliQ system and had
a resistivity of 18.2 MΩ cm−1 before exposure to air. Carbon
dioxide (grade 3.0) and nitrogen were obtained from Praxair.

General procedure for study with small molecules

To gain insight into the reaction between different types of
amines (mimicking the pendant group of the polymeric
amine) and a bromo compound in the presence and absence
of CO2, model compounds were employed. Each selected
amine was mixed with 3-bromo-1-propanol (BPO) in a
1 : 1 molar ratio with respect to the number of nitrogen atoms
in the amine compound, in deuterium oxide (D2O). The con-
centration of small molecules in D2O was maintained at
15 wt% for all experiments. The name and structure of the
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studied model compounds are shown in Table 1, which
includes the bulky and non-bulky secondary and tertiary
amines with BPO. The solutions were made at room tempera-
ture and stirred vigorously. In addition, to simulate the effects
of the solution being exposed to CO2, one equivalent of glyco-
lic acid was added to protonate the amine (charged state).
Glycolic acid was chosen because it is nonvolatile and its con-
jugate base, glycolate anion, is a structural mimic of the bicar-
bonate anion. 1H NMR spectra were recorded at three time
intervals (immediately, 1 day, and 1 week after mixing) for
both protonated (charged) and unprotonated (neutral) forms.
Additionally, mass spectrometry was conducted for each
mixture in water after 1 week, to verify the obtained product.

1H NMR spectroscopy using a Bruker Avance 400 MHz (at
400.30 MHz) spectrometer was used to monitor the reaction pro-
gress with model compounds at 298 K. Small molecules were
mixed in a 1 : 1 molar ratio at a concentration of 15 wt% in D2O.

Mass spectroscopy (MS) was performed using a Velos Pro
Orbitrap (ThermoFisher, San Jose, CA) by ESI in positive-ion
mode. As a result, the pseudo-molecular ion MH+ (positive ion
mode) was observed in the obtained mass spectra. The instru-
ment was controlled using Xcalibur 2.2 SP1 software. Samples
were prepared at a concentration of 20 mg mL−1.

Synthesis and characterization of copolymers

CO2-switchable polymers including p(DMAEMA-co-BMA) and
p(DEAEMA-co-MMA) were synthesized via free radical polymeriz-
ation with monomer compositions of 50 : 50 and 80 : 20 (mole
ratio), respectively. As shown in our previous study, polymers made
with these compositions exhibit CO2-switchable behavior.11 In a
typical polymerization, anhydrous DMF (250 mL) was added to a
500 mL Schlenk flask and degassed via nitrogen bubbling for 1 h,
followed by the addition of 13.8 mL DMAEMA (0.081 mol) and
13 mL BMA (0.082 mol) for p(DMAEMA-co-BMA), and 37.6 mL
DEAEMA (0.187 mol) and 5 mL MMA (0.047 mol) for p(DEAEMA-
co-MMA). The mixture was degassed with nitrogen for an additional
30 minutes. The AIBN initiator was then added to the solution
(0.5 mol% based on the total amount of monomers), and the flask
was submerged in an oil bath pre-heated to 75 °C and stirred
(400 rpm) for 6 hours under a nitrogen atmosphere. The flask was
then cooled to room temperature. The crude reaction mixture was
then added dropwise into a beaker with 4 L of water and stirred vig-
orously. The precipitated polymer was collected by gravity or
vacuum filtration and dried under vacuum (65 °C, overnight).

The molecular weight and dispersity (Đ) of copolymers were
determined by size exclusion chromatography (SEC) using a

Table 1 Names and structures of the studied model compounds via 1H NMR spectroscopy
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Waters 2695 separation module equipped with a set of Waters
Styragel columns, connected to a Waters 2414 differential refract-
ometer at 40 °C. THF was used as the eluent with a flow rate of
0.3 mL min−1 and the injection volume was set to 30 μL. Polymers
were dissolved in THF and filtered through a 0.2 μm syringe filter
prior to the injection. The average molar masses (Mn andMw) and
dispersity were derived according to a calibration curve based on
the low dispersity pMMA standards ranging from 535 to
1 020 000 g mol−1 (InfinityLab EasiVial, Agilent Technologies).

Additionally, the composition of the purified copolymers
was determined using 1H NMR spectroscopy with a Bruker
Avance 500 MHz at 298 K (CDCl3 used as solvent).

Differential scanning calorimetry (DSC) was performed
using a TA Instruments Q100 DSC analyzer to determine the
copolymer’s Tg. Nitrogen was used in DSC experiments with a
flow rate of 50 mL min−1. Three cycles were performed starting
at −20 °C and heating to 200 °C, followed by an isothermal
hold then cooling back to −20 °C and heating back to 200 °C.
All heating and cooling rates were 10 °C min−1.

Evaluation of coating formulation stability and coat formation

To dissolve the copolymers in carbonated water, Milli-Q water
was added to a 100 mL round bottom flask equipped with a gas
dispersion tube (connected to a CO2 tank via a gas regulator) and
a vent needle. CO2 was sparged through the water via the gas dis-
persion tube for 30 min to obtain carbonated water with a pH of
approximately 4. The polymer was then crushed and gradually
added to carbonated water. The concentration of the polymer in
carbonated water was 20 wt% for all experiments. The flask was
left under a CO2 atmosphere overnight to achieve a clear solution
of dissolved polymer in carbonated water. Afterward, the cross-
linking agent was added in different molar ratios (5 : 10, 2 : 10,
1 : 10, and 1 : 30 for the crosslinking agent : amine repeating unit)
to the given solution, stirred, and left for 24 h. The resulting
mixture was then cast onto a flat silicon mold and allowed to cure
at room temperature for 1 week to obtain the crosslinked films.

Additionally, the stability of the coating formulations (with
the polymers in their charged state) over time in the presence
of the crosslinking agent was studied using an Agilent 1260
Infinity II SEC system equipped with a set of PSS NOVEMA
Max Lux columns, connected to an Agilent GPC/SEC MDS triple
detection unit. A solution of 0.02 wt% LiBr and 0.3 M formic acid
in HPLC grade water was used as the eluent. The flow rate and
injection volume were set to 1 mL min−1 and 100 μL, respect-
ively. The temperature of the columns and RI detector was
set to 40 °C. The coating’s mixture containing the polymer
and the crosslinking agent dissolved in carbonated water
was allowed to age for 1 month. Subsequently, a solution of
GA was added to the mixture prior to analysis (to prevent any
further crosslinking reaction during the analysis). The
samples were filtered using a 0.2 μm filter prior to the injec-
tion. The RI detector was calibrated using a set of low disper-
sity poly(2-vinylpyridine) standards ranging from 1110 to
446 000 g mol−1 (PSS Polymer Standard Service GmbH).

The viscosity of the coating formulation was measured
using an Anton Paar MCR 702 rotational rheometer, with a

cup-bob geometry employed. The temperature was maintained
at 20 °C during the test.

To obtain gel fractions, the crosslinked films were weighed,
placed into a filtration cellulose thimble and Soxhlet extracted
using 250 mL of refluxing THF for 7 days. The films were then
dried under a vacuum for at least 48 h. The gel fractions of the
dried films were calculated using eqn (1).

Gel fraction ¼ Wd

Wi
� 100 ð1Þ

where Wi is the initial weight of the film before extraction and
Wd is the weight of the dried film after extraction.

To evaluate the solvent and water resistance of the cross-
linked films and their behavior in contact with different
solvents, the swelling index was measured by immersing 0.2 g
of a crosslinked film in an excess of different solvents and
shaking for 24 h at room temperature. The swollen films were
then taken out from the solvent, quickly filtered, and
weighed.22 The swelling ratio is calculated using eqn (2).

Swelling ratio ¼ Ws �Wd

Wd
ð2Þ

where Ws is the weight of the swollen sample and Wd is the
initial weight of the dried sample. Swelling ratios were
measured in triplicate.

The double rub test was conducted on the crosslinked and
uncrosslinked films according to ASTM D5402 – 19.23 The cotton
swab was dipped into different solvents listed in Table 2 and
rubbed on the coated films on the steel plates. After every 25
rubs, the cotton swabs were charged with the solvent.

Results and discussion

To establish an effective 1K crosslinking system suitable for
paints and coatings prepared using CO2 switchable techno-
logy, it is crucial for the polymers to remain relatively free of
crosslinking while the formulation is stored (e.g., in the can)
but undergo extensive crosslinking while they are forming a
coating on the substrate. To achieve this objective, the pro-
gression of the reaction between the pendant group of poly-
meric amines and the dibromide crosslinking agent was moni-
tored over time under two conditions: when the amine is pro-
tonated (with glycolic acid) and when it is in its neutral state.
To simulate the polymer structure and investigate these pro-
cesses, model compounds were employed that resemble the
structure of the polymers and the crosslinker. The reaction
progress and resulting products were analyzed using 1H NMR
and mass spectroscopy. In the subsequent section, the reac-
tions between different amines and a bromo alcohol (BPO), as
outlined in Table 1, will be discussed.

Reaction between tertiary amines and BPO

The Menshutkin reaction between unprotonated DMAE (non-
bulky tertiary amine) and BPO resulted in the expected qua-
ternary ammonium salt.24 The key indication is the appear-
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ance of a new singlet peak at 3.04 ppm associated with the
methyl groups attached to the nitrogen in the product
(Fig. 1).25 This peak is present in the spectrum recorded
immediately after mixing and increases in area and height sig-
nificantly over 1 week, after which all of the dominant peaks
in the 1H NMR spectrum are associated with the product
(Fig. S1–S3† present the integration values and 2D-NMR

spectra of the product). The formation of the product (m/z:
148.13) was also confirmed by mass spectroscopy (Fig. 2).

In this reaction, chemical shifts associated with the remain-
ing DMAE shifted down-field over time with the signals associ-
ated with the methylene and methyl groups attached to the
nitrogen showing a significant change in the position. This
phenomenon is attributed to the change in pH and concen-
tration over the course of the reaction. As the reaction proceeds
the concentration of DMAE (starting material) decreases,
which leads to lower pH as well as higher percent protonation
of the remaining DMAE, causing the down-field shift in the
NMR spectrum.26

When protonated DMAE (protonated with glycolic acid) was
exposed to BPO, no expected quaternary salt formed. The
spectra shown in Fig. 1 do not exhibit any significant peak
associated with the quaternary salt product as indicated by the
singlet at 3.04 pm over 1 week. In summary, the NMR analysis
reveals that this mixture undergoes a rapid reaction in the
neutral state and an extremely slow reaction when the amines
are protonated which aligns with the desired behaviors for a
1K crosslinking system.

DEAE underwent only a very slow reaction with BPO at
room temperature in the neutral state. The signal associated
with the methylene protons in the ethyl groups of the product
appeared after 1 day and developed further over 1 week
(Fig. S4†). However, the conversion of the product is only
about 23% after 1 week (based upon the integration of the
triplet peaks at 1.20 ppm for the product, and 0.93 ppm for
the starting material). Compared with DMAE, the steric hin-
drance of the two ethyl groups attached to the nitrogen slows
the reaction significantly. Steric hindrance and solvent polarity
are known to have an impact on the quaternization rate in the
Menshutkin reaction.27,28 This reaction requires elevated
temperatures to promote the formation of the product.29 It is
therefore not appropriate for use in a paint formulation.

The reaction between secondary amines and BPO

The reaction between MAE (non-bulky secondary amine) and
BPO can lead to a mono addition product via nucleophilic ali-
phatic substitution (Fig. S5†).30 In the spectrum recorded
immediately after mixing the two compounds, the dominant

Fig. 1 Overlaid 1H NMR spectra of DMAE and BPO, when the amine is
in the neutral state (above) and protonated state (below).

Fig. 2 Mass spectrum of the mixture of DMAE and BPO in water after 1
week.

Table 2 The swelling ratios of p(DMAEEMA-co-BMA) (50 : 50 mole
ratio) crosslinked with the BBEE crosslinker

Solvent

Swelling ratio (BBEE : DMAEMA repeating
unit)

Uncrosslinked 5 : 10 1 : 10

Acetone D 0.15 0.41
THF D 0.19 0.46
Toluene D 0.16 0.56
MEK D 0.23 0.45
Methanol D 0.17 0.51
1 M acetic acid D 0.92 2.45
Water 0.23 0.16 0.24
Carbonated water D 0.25 0.32

D = film dissolved.
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peaks are associated with the starting materials. As the reac-
tion proceeds, the peaks belonging to the product grow in
comparison with the starting materials (after 1 day). This trend
continues to the 1 week spectrum when all chemical shifts
associated with the expected amino alcohol product (3-amino-
2-(((2-hydroxyethyl)(methyl)amino)methyl)propan-1-ol) are
present in the spectra along with a trace of residual starting
materials (labeled in Fig. S5†). In this mixture, the chemical
shifts of the protons on BPO stay at the same position over the
course of the reaction. In contrast, the peaks of the MAE (start-
ing material) and the amino alcohol product shift down-field
with protons on the methylene and methyl groups attached to
the nitrogen displaying significant movement. As mentioned
previously, this is attributed to the change in pH and concen-
tration over the course of the reaction. In addition, the HBr
byproduct also affects the system by further protonating MAE
which leads to a reduction of the electron density around the
nitrogen atom due to the presence of the positively charged
hydrogen ion.

The mass-to-charge ratio (m/z) of 134.11 observed in the
mass spectrum matches the expected m/z of the product
(Fig. S7†). The MAE and BPO mixture, therefore, resulted in a
rapid reaction at room temperature when the amine was in a
neutral state, the desired outcome for a 1K crosslinking system.

Performing the same MAE–BPO reaction but in the pres-
ence of an equivalent of acid led to a low but non-negligible
product yield after 1 week. The product conversion was 18%
after 1 day and did not further increase over 1 week, indicating
that the reaction did not significantly proceed after the first
day. The cause of this limited product formation may have
been the incomplete protonation of the MAE with glycolic
acid. In this case, a small amount of unprotonated MAE may
have reacted with BPO to form a product in 1 day. Since there
is no more unprotonated amine in the medium, it prevents the
reaction from progressing further. In summary, the reaction
between the non-bulky secondary amine MAE and bromo com-
pound BPO resulted in fast product formation at room temp-
erature if the amine is neutral but a low yield of the product
when the amine is protonated, although it is believed the pro-
tonation was incomplete.

The reaction of the bulky secondary amine (BTP) and BPO
in the absence of added acid yielded no detectable product
after 1 week (Fig. S6†), likely due to the steric hindrance of the
BTP preventing the reaction. Mass spectroscopy showed a sig-
nificant peak with the exact mass of BTP (m/z: 283.2) starting
material and a peak belonging to m/z of the possible mono-
addition product (Fig. S8†). However, it seems that the conver-
sion was not large enough for the product to be detected by
NMR spectroscopy.

Based on the reactions studied using model compounds,
DMAE and MAE with BPO demonstrated the most promising
results for use in 1K crosslinking reactions in CO2-switchable
coating formulations. The tertiary amine DMAE is still pre-
ferred since the secondary amine MAE is sterically unhindered
and forms carbamates in the presence of CO2 which would
lead to a mixture of carbamates and bicarbonates in carbo-

nated water. Since carbamates are thermodynamically stable,
they typically require heating to drive off CO2 and revert them
back to their neutral state. In contrast, tertiary amines exclu-
sively form bicarbonates, which are more easily converted back
to the neutral form.26,31

Crosslinking study in the polymeric system

The names and structures of CO2-switchable polymers contain-
ing non-bulky tertiary amines, which the NMR study suggested
could undergo a crosslinking reaction in the presence of a
dibromide crosslinking agent at room temperature, are pro-
vided in Table 1. pDMAEMA, chosen for this study, has a pKaH

(the pKa of the protonated form) in the range of 7.0–7.5 and
forms a cationic polyelectrolyte when its amine groups become
protonated at lower pH values.32 As shown in our previous
study, the copolymerization of DMAEMA with a more hydro-
phobic monomer like BMA in a 50 : 50 monomer composition
(mole ratio) results in a hydrophobic CO2-switchable copoly-
mer which forms a homogeneous solution in carbonated
water, whereas the copolymer is insoluble in regular (noncar-
bonated) water.11 p(DMAEMA-co-BMA), synthesized via free
radical polymerization, was selected for further crosslinking
study (Scheme 1). The 1H NMR spectrum of the purified copo-
lymer is provided in Fig. S11.† Moreover, the properties of the
synthesized copolymer are shown in Table S1.† The coating
formulation used in the crosslinking study contains 20 wt%
polymer for all experiments. With a relatively low viscosity of
27 mPa s (Fig. S13†), this allows for additional modifications,
including the potential incorporation of additives.

In the following sections, the influence of the dibromide
crosslinking agent structure, the degree of crosslinking, the
stability of the coating formula, and the behavior of the cross-
linked coatings in different solvents will be discussed.

Scheme 1 Crosslinking reaction between p(DMAEMA-co-BMA) and a
dibromide crosslinking agent (DBPO or BBEE). Red and blue spheres
represent switchable monomers (DMAEMA) and non-switchable mono-
mers (BMA), respectively. CO2-switchable polymers with switchable
moieties containing amine groups (red spheres) are fully dissolved in
carbonated water because the amine groups are protonated. In this
state, the polymer is unreactive with the crosslinker. Upon exposure to
air, the switchable amine groups convert to their neutral form and react
with the crosslinker to form a crosslinked polymeric network.
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1,3-Dibromo-1-propanol (DBPO) was initially chosen as a
dibromide water-soluble crosslinker. DBPO at 5 : 10, 2 : 10,
1 : 10, and 1 : 30 molar ratios (crosslinking agent : DMAEMA
repeating unit) was added to a 20 wt% solution of the
p(DMAEMA-co-BMA) copolymer in carbonated water. The
mixture was then cast on a silicon mold to form a film. The
dried film was then allowed to sit for 1 week at room tempera-
ture. To determine the gel fraction of the dried films after
crosslinking, Soxhlet extraction was conducted for 1 week in
refluxing THF. The crosslinked films revealed 97, 97, 96, and
83% gel fractions, respectively (Fig. 3). Furthermore, to deter-
mine if there was any effect of the solvent type on the degree
of crosslinking, a crosslinked sample was prepared using
a solution of p(DMAEMA-co-BMA) copolymer in THF with
the DBPO crosslinker added at a molar ratio of 5 : 10
(DBPO : DMAEMA repeating unit). The process of making the
crosslinked film was conducted under the same conditions as
the polymer dissolved in carbonated water. The gel fraction
was approximately identical for both experiments (96% and
97%) showing that both final films were highly crosslinked.

In addition, the crosslinking of pDEAEMA was studied
under the same conditions. The pKaH value of the homopoly-
mer of DEAEMA is in the range of 6.9–7.5.32 In addition, it is
quite hydrophobic in its neutral form which provides water re-
sistance for the final coating. However, according to the NMR
studies with model compounds, unprotonated DEAE (the
small-molecule analogue for pDEAEMA) did not result in a
high reaction yield over the course of 1 week. In order to deter-
mine whether the reaction with an analogous polymeric amine
would also be slow, DEAEMA was copolymerized with MMA in
a 20 : 80 MMA : DEAEMA mole ratio to give a Tg that is appro-
priate for coatings, as done in our previous study.11 The 1H
NMR spectrum of the copolymer after purification is illus-
trated in Fig. S12.† The crosslinking degree of p(DEAEMA-co-
MMA) was evaluated in the presence of a DBPO crosslinking
agent at room temperature with a 5 : 10 molar ratio of cross-
linking agent : DEAEMA repeating unit. The gel fraction of the
dried film was 16%, which is in approximate agreement with

the NMR small molecule study that resulted in a 23% product
conversion after 1 week.

The stability of the coating formula

The dibromo alcohol crosslinking agent (DBPO) was mixed
with DMAE in D2O followed by sparging CO2. The reaction was
then monitored via NMR analysis and compared with the
same mixture in which the amine functional group is proto-
nated using GA, to evaluate the reactivity of the solution when
CO2 is present in the formula. The results suggested that
DBPO reacts with CO2 leading to the formation of a cyclic car-
bonate by cycloaddition of carbon dioxide to DBPO (Fig. S9
and S10†). The synthesis of cyclic carbonates using alkylene
halohydrins as one of the reagents with CO2 has been shown
in different studies.33–36

This side reaction appears to have a low product yield;
however, it could affect the stability and shelf-life of the
system. This is due to a possible decrease in the efficiency of
the crosslinking agent in the long term as a portion of the
crosslinker could convert to cyclic carbonates and become
unavailable to participate in the crosslinking reaction.
Consequently, DBPO is more suitable for a 2K system or poss-
ibly a 1K system with a limited shelf-life.

To achieve a self-crosslinking 1K formula, the formation of
the cyclic carbonate side product can be avoided by selecting
dibromo ether (BBEE) as a crosslinker that does not contain
hydroxyl groups. To assess the extent of a potential side reac-
tion using BBEE, an NMR study was conducted. No detectable
reaction was found when the amine (DMAE) was protonated in
the presence of CO2. Moreover, it is anticipated that the alkyl
dibromide compounds will possess a satisfactory half-life suit-
able for a 1K crosslinking agent system because hydrolysis of
structurally similar alkylbromides has a half-life on the order
of a year or more.20 A crosslinked film of p(DMAEMA-co-BMA)
(50 : 50 molar ratio of monomer composition) using the BBEE
crosslinker was then obtained under the same conditions as
the previous tests. The Soxhlet extraction revealed a 99% gel
fraction with the addition of BBEE in a molar ratio of 1 : 10
(crosslinking agent : DMAEMA repeating unit). Therefore,
using the dibromo ether crosslinker BBEE eliminates the issue
of the cyclic carbonate side product formation from the reac-
tion with CO2 and results in a high degree of crosslinking.

To investigate the stability of the coating formulation over
time, the molecular weight distribution of the polymer was
monitored. Crosslinking would lead to higher molecular
weight polymers which can be monitored via SEC analysis.
The coating solution was aged for 1 month with the cross-
linker. The SEC analysis was conducted to determine if there
were any changes in the molecular weight distribution and
compared with the fresh solution (polymer in carbonated
water in the presence of the crosslinks without aging). Fig. 4
shows the molecular weight distributions of the two samples.
A slight shift in molecular weight distribution was observed in
the lower molecular weight region, however, there is no evi-
dence of a shift at the higher molecular weight region by the
crosslinking reaction. In addition, the solution remained

Fig. 3 The gel fractions of p(DMAEMA-co-BMA) (50 : 50 mole ratio)
crosslinked with DBPO and BBEE. Gel fractions were determined by
Soxhlet extraction in refluxing THF for 1 week.
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transparent with no sign of the presence of the solid phase,
indicating that there is little to no crosslinking taking place
during the storage of the carbonated formulation.

Swelling test

To examine the solvent resistance of the coatings after cross-
linking, the swelling ratio was measured by exposing the dried
free coatings to various solvents. The film’s swelling ratios
were measured after 24 h of shaking the samples in excess sol-
vents at room temperature (Table 2). For the films crosslinked
with 1 mole BBEE per 10 moles DMAEMA repeating unit, sol-
vents such as acetone, THF, toluene, and MEK swelled the
network with ratios of 0.41 to 0.56. Increasing the crosslinking
agent to 5 moles BBEE per 10 moles DMAEMA repeating unit
decreased the swelling ratios to 0.15 to 0.23. Higher cross-
linking density decreased the solvent penetration to the cross-
linked polymeric networks thereby decreasing swelling ratio
values. The film cast in the absence of a crosslinking agent
was susceptible to dissolution in all solvents except for water.
Therefore, the introduction of the dibromide crosslinker sig-
nificantly enhanced the solvent resistance of the coating. The
obtained swelling ratios are lower than the reported swelling
ratios of latexes crosslinked by conventional crosslinking
systems.37–42 As a comparison, crosslinked latexes using a 1K
crosslinking system with the adipic acid dihydrazide (ADH)
crosslinker showed swelling ratios between 3.16 and 6.48 in
MEK (the weight ratio of the films after and before being
immersed in solvent for 24 h).37 Another study on self-cross-
linking acrylate containing fluorine and N-hydroxymethyl
acrylamide (NMA) as the crosslinker reported swelling ratios of
7.01–9.81 in acetone, 11.08–16.75 in THF, and 0.55–0.78 in
methanol (the weight ratio of the films after being immersed
in solvents minus the dried film weight over the weight before
immersion in solvent for 48 h).41

The greatest swelling ratio was observed when the cross-
linked films were immersed in acetic acid. The crosslinked
films made with 1 : 10 and 5 : 10 molar ratios (BBEE : DMAEMA

repeating unit) demonstrated swelling ratios of 2.45, and 0.92
in acetic acid, respectively. The pH of 1 M acetic acid is 2,
which impacts the swelling ratio by protonating the tertiary
amine units. As a comparison, the equilibrium swelling ratio
of the crosslinked p(DEAEMA-co-BMA) (60 : 40 mole ratio)
using the ethylene glycol dimethacrylate crosslinker in a buffer
solution of pH 4 is reported to be approximately 12 at 25 °C.43

In neutral water, the swelling ratios (water uptake) of the
crosslinked films with 1 : 10 and 5 : 10 molar ratios of the
BBEE : DMAEMA repeating unit are 0.24, and 0.16, respectively.
These ratios are greater in carbonated water (0.25, and 0.32)
than in neutral water due to the acidic environment of the car-
bonated water (pH of approximately 4) that can protonate ter-
tiary amine groups. The uncrosslinked films dissolved in car-
bonated water under the same conditions.

Conclusions

The superior performance of solvent-based coatings compared
to conventional water-based systems (latexes) results from the
full dissolution of the polymeric binder in a solvent. However,
in response to environmental and health considerations, it is
essential to replace solvent-based coatings with water-based
alternatives due to the elimination of VOCs. In this research,
we enhanced the solvent resistance of a zero-VOC water-based
coating made of a CO2-responsive polymer. The CO2-switch-
able polymeric binder exhibits hydrophobic properties in the
neutral state but becomes hydrophilic in the presence of CO2

and water forming a homogeneous solution. This approach
combines the performance advantages and eco-friendliness of
both systems.

The solvent resistance of the coating was successfully
improved by introducing a 1K self-crosslinking system trig-
gered by CO2 removal. The coating formulation consists of
p(DMAEMA-co-BMA) and a dibromide compound crosslinking
agent. In this study, the reaction between different small mole-
cule amines and a bromo alcohol compound, mimicking the
pendant group of polymeric amines and a bromide cross-
linking agent respectively, was initially investigated. The 1H
NMR study of model compounds suggested that the non-bulky
tertiary amine (DMAE) reacts quickly with BPO under air and
the reaction is inhibited under CO2. This met the require-
ments of a 1K crosslinking system where the crosslinking
agent is present in the formula and the reaction does not take
place until the time of application.

The addition of the BBEE crosslinker in a 1 : 10 molar ratio
(BBEE : DMAEMA repeating unit) resulted in a 99% gel fraction
to the crosslinked coatings when dried at room temperature.
The swelling tests indicated that the uncrosslinked films were
soluble in the different organic solvents, whereas the cross-
linked films remained intact and insoluble even after 24 hours
of shaking in excess amounts of different solvents (acetone,
THF, toluene, methanol, acetic acid, and carbonated water)
indicating a significant improvement in the solvent resistance
of the coatings after crosslinking.

Fig. 4 The molecular weight distribution of p(DMAEMA-co-BMA) dis-
solved in carbonated water in the presence of the crosslinking agent,
aged for 1 month (aged sample) and without aging (fresh sample).
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The prototype formulation does not crosslink during
storage because the bromide crosslinker cannot react with the
protonated amine. Storing the polymer in a carbonated water
solution showed no evidence of higher molecular weight chain
formation due to the crosslinking reaction in the higher mole-
cular weight region. Moreover, the solution remained liquid
and transparent over the time of storage.

The proposed approach for enhancing the solvent resistance
of coatings made from CO2-switchable polymers should lead to
the development of a new environmentally friendly and high
performance coating and contribute significantly to reducing
VOC emissions arising from the paints and coatings industry.
Furthermore, the crosslinking chemistry that relies on CO2

switching could bring significant advantages to the field of CO2-
switchable polymers beyond paints and coatings applications.

Future research to further improve paints and coatings for-
mulation made from CO2-responsive polymers will involve
increasing the solid content of the formulation by decreasing
the molecular weight of the polymers while maintaining low
viscosity. An increase in molecular weight can be achieved
post-coating application through a crosslinking reaction
during the drying phase. CO2-switchable polymers with a
lower amine content will also be explored to mitigate the risk
of yellowing in clear coatings.
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