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The unique characteristics of simple acid—base interactions have
been exploited in designing new amine-functional reactive coales-
cing agents (RCAs). In addition to properties similar to commercial
state-of-the-art coalescing agents (CAs), these RCAs possess reactivity
that makes them suitable for producing true VOC-free/emission-free
waterborne coatings.

Paints and coatings play a crucial role in sustainable development
by protecting material surfaces, thereby extending their lifetime
and improving performance along with other functional and
aesthetic properties. This is particularly relevant in the auto-
motive, transport vehicles, construction, electronics, aviation
and marine industries, as well as low-carbon energy infrastruc-
tures such as windmills and solar cells. Among all major types of
coatings, waterborne coatings are regarded as one of the most
sustainable coatings due to the use of water as a dispersion
medium. The global market size'® of waterborne coatings was
USD 68.65 billion in 2023 and projected to reach USD 99.16 billion
by 2030, growing at a CAGR of 5.21% due to rapid urbanization
and industrialization. However, traditional waterborne coatings
and formulations often contain up to 10% high boiling organic
solvents as film-forming aids, also known as coalescing agents
(CAs), that contribute to volatile and intermediate volatility
organic compounds (VOCs and IVOCs). The total annual paint
VOC and IVOC emissions from the US alone was recently esti-
mated to be 48-155 Gg.'? Examples of some well-known CAs are
provided in Fig. S1 in the ESL{ CAs play a crucial role in the film
formation process by reducing the glass transition temperature
(Ty) and minimum film formation temperature (MFFT) of the
binder polymer of latex formulations, thereby enhancing chain
diffusion during film formation. A successful film formation
process is essential to avoid porosity and brittleness and to
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achieve desirable coating properties, such as gloss and scrub
resistance, which impact the performance and longevity of the
underlying substrates. However, these CAs are eventually released
into the environment once the film formation is complete,
contributing to VOCs. VOCs contribute to environmental pollu-
tion and are known to affect public health,> especially when
released from indoor coated surfaces. Although some current
commercial CAs, such as Texanol E-A (see ESIT Fig. S1), exhibit
very high boiling points (> 250 °C) and low volatility, and are not
classified as VOCs according to the European Union Decopaint
Directive 2004/42/EC, they too eventually get released into the
environment over a period of time. Therefore, both academia and
industry are constantly seeking newer technologies® and materials
to overcome the emission of VOCs and other small molecule
organic compounds (SOCs) from paints, coatings, and formulated
products. Some of the main approaches to address this issue are:
(i) use of reactive latices” that react during the drying process of
coatings; (ii) morphology control® of latex particles, either using
soft shell-hard core latex particles or the application of a blend of
soft and hard latex particles; (iii) use of multiphase systems, where
the hard phase is an inorganic filler® and (iv) utilizing reactive
coalescing agents (RCAs).” Recently, another interesting concept
has emerged involving the use of CO,-responsive polymer-based
latex technology.® However, among all these techniques, RCA
technology has an added advantage because it may not require
the synthesis of special polymer latices and can be used as a drop-
in method.

RCAs act like traditional CAs by reducing the T, and MFFT of
the latex/polymer. However, unlike traditional CAs that simply
evaporate after the drying process, RCAs chemically integrate into
the polymer matrix of the coating during the drying process
(Fig. 1b). This makes RCAs a valuable component in the formula-
tion of eco-friendly and sustainable waterborne coatings. RCAs
containing reactive functional groups such as dicyclopentenyl-
oxyactylate,” 2,2,4-trimethyl-3-oxopentanoate,'® glycidyl esters/
ethers,"" and fatty acids'> (see ESIf Fig. S2) have been reported
previously by several research groups. Recently, we have reported
hydroxy ethyl sulfone (HES) RCAs,"* where reactivity is triggered
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Fig. 1 Comparative emission characteristics of waterborne coatings for-
mulated using (a) traditional CAs and (b) RCAs and possible contribution to
UN sustainable development goals.
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by pH to produce reactive vinyl sulfone species that can easily
react with the hydroxyl groups of latex polymers. The reactivity of
HES-RCA with hydroxyl or amine-containing monomers/latex
polymer was confirmed by '"H NMR spectroscopy. Our group
has also earlier reported'* the recovery of T, loss of acrylic
copolymer, by both molecular dynamics (MD) simulation and
experimental methods, when the RCA like molecules react with
the polymer and permanently bond as a side chain.

In this study, we present the design and synthesis of a novel
class of high-boiling, low-volatility amine-functional™® reactive
coalescing agents (RCAs). These RCAs react with carboxylic acid
groups present in waterborne latices to produce emission-free
waterborne coatings. The RCAs were synthesized using an
atom-efficient aza-Michael addition reaction, characterized by
various analytical techniques, and tested for their ability to
reduce the minimum film formation temperature (MFFT) of
several commercial latices. The reactivity between these RCAs
and carboxylic acid-containing latex polymers through acid-base
ionic interactions was confirmed by nuclear magnetic resonance
(NMR) spectroscopy and head-space gas chromatography (HS-GC).
Finally, a representative RCA was used to formulate a pigmented
waterborne coating and was preliminarily evaluated for its hydro-
philicity and UV resistance. This study highlights the potential of
amine RCAs to create truly emission-free waterborne coatings,
aligning with the United Nations sustainable development goals'®
(Fig. 1).

In order to design new RCAs, we first examined the structures
of commercial CAs which are presented in Fig. S1 (see ESIT). CAs
are high boiling liquids with a wide range of polarity and
compatibility to different latex polymers, and they often contain
ether, ester and hydroxyl groups. These functional groups enable
them to disperse in the aqueous phase of coating materials.
Considering all these characteristics, our aim was to design
similar high boiling molecules with tertiary amine reactive func-
tionality that have a wide range of polymer compatibility and
coalescing ability. We, therefore, first synthesized four model
amine compounds, namely amine 1-4 (ESL Fig. S3), by reacting
diethanolamine with 2-ethylhexyl acrylate and n-butyl acrylate,
and 2-hydroxyethyl acrylate with dibutylamine and dihexylamine,
respectively, via a catalyst-free, atom-efficient aza-Michael addition
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reaction. However, these model amine compounds possessed
boiling points below 250 °C, designating them as VOCs according
to the European Union directive 2004/42/EC. Although these
molecules could potentially be reactive, we did not study them
further as they might be released to the environment during
storage, formulation, and application before drying of the coatings
due to their low boiling points (<250 °C).

Interestingly, we identified that using dibenzylamine as a
nucleophile instead of diethanolamine for the aza-Michael
addition reaction produced amine compounds (RCA 1-4) with
boiling points higher than 250 °C (Fig. 2¢, d and 3a, and ESL, ¥
Fig. S3), most likely due to the intermolecular n-n interaction of
phenyl groups. The presence of aromatic groups in CA struc-
tures is not uncommon, as several commercial CAs, including
Dowanol PPh and Eastman EHB contain phenyl groups (see,
ESIt Fig. S1). As shown in Fig. 3, all RCA 1-4 had significantly
higher boiling points and lower volatility (measured according
to EPA method 24, % weight loss at 110 °C, 1 h) compared to
industry-best CAs such as butyl carbitol (BC) and Texanol E-A.

These amine-functional RCAs were then investigated for
their coalescing characteristics, specifically their ability to reduce
the minimum film formation temperature (MFFT) using a wide
range of commercial latices. A couple of waterborne acrylic latices,
Joncryl 538A (L1) and N-2398 (L2), obtained from two different
commercial sources were utilized for this investigation. The
MFFTs of L1 and L2 were found to be 52.6 °C and 32.0 °C,
respectively. When 2 wt% of RCA 1-4 was mixed with L1 and L2,
the MFFT was reduced to 30.8-33.4 °C for L1 and 21.4-26.0 °C for
L2 (Fig. 3c and d). The results were comparable to those obtained
using commercial CAs like BC and Texanol E-A (Fig. 3¢ and d).

We presume that the amine group present in RCA 1-4
possibly interacts with the acid (-COOH) functional groups in
the latex. To understand the interaction of the amine of RCA1
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Fig. 2 (a) Proposed working mechanism of reactive amine RCAs, (b) three

well-known commercial CAs including their boiling points used as a
control, (c) general structure of amine RCAs developed in this work, and
(d) synthesis scheme of amine RCAs via aza-Michael reaction.
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Fig. 3 (a) Experimental boiling point and (b) volatility (% weight loss
@110 °C, 1 h, EPA method 24) of commercial CAs and RCAs. Effect of
different CAs and RCAs (2 wt% wrt latex) on the minimum film formation
temperature of commercial latices (c) L1 and (d) L2.

and acid group in latex, initially we used methacrylic acid (MAA) as
a mimic for the acid group of latex polymer. The amine-acid
interaction between RCA1 and methacrylic acid (MAA) monomer
was investigated using 'H and '*C nuclear magnetic resonance
(NMR) spectroscopy. As seen in Fig. S4 (see ESIt), the broad 'H
peak of the -COOH group of MAA in the 'H NMR spectra
disappeared when mixed with an equimolar amount of RCA1.
Similarly, the carbonyl (C—0) peak of MAA at 173.0 ppm in the *C
NMR spectra shifted upfield to 172.5 ppm when mixed with
equimolar RCA1 (Fig. S4 in ESIt).

Next, to investigate the reactivity of RCA1 with -COOH
containing latex, an in-house latex with known acid composition
was synthesized. Most commercial acrylic waterborne latices con-
tain carboxylic acid groups; however, they were not used in the
current study to prevent interference from other unknown additives
present in them. The in-house waterborne latex polymer (LP) with
the composition of poly("BMAs;, g-c0-MMA,, ,-c0-MAA;) was synthe-
sized via emulsion polymerization using ammonium persulfate as
a free radical initiator (see ESIT). All methacrylate monomers,
namely "butyl methacrylate ("BMA), methyl methacrylate (MMA),
and methacrylic acid (MAA), were utilized to avoid composition
drift"* during polymerization. The polymerization continued until
complete conversion of these vinyl monomers was achieved, which
was confirmed with NMR spectroscopy. Finally, a latex with 39%
solid content, latex particle size of 63 nm, M,, 281 kDa and an
MFFT of 56 °C was obtained. The addition of 2 wt% of RCA1 to
LP produced an LP-RCA1 (wet) blend (see ESLt Fig. S5) with a
reduced MFFT of 33 °C. This LP-RCA1 (wet) blend was then dried
at room temperature to yield LP-RCA1 dry (@RT) sample. The
presence of 'H NMR peaks at 7.13-7.27, 4.06, 3.6, 2.7 and
2.5 ppm confirmed the presence of RCA1 in the LP-RCA1 dry
(@RT) sample. The composition of RCA1 in the LP-RCA1 dry
(@RT) sample did not change over many months, as confirmed
by "H NMR spectroscopy.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 'H NMR analysis of the LP and LP-RCAL dry blend treated at 60 °C
for different days.

To check further whether any emission was occurring from
the LP-RCA1 dry (@RT) sample, an accelerated approach was
adopted. The LP-RCA1 dry (@RT) sample powder was placed in
an open glass bottle and heated in a convection oven at 60 °C for
75 days. A quantitative estimation from the "H NMR spectra of the
LP-RCA1 dry (@60 °C, 75 d) sample using an internal standard
confirmed that there was hardly any loss of RCA1 during this
heating process (Fig. 4). Additionally, it was observed that the
'H NMR signals of RCA1 of LP-RCA1l dry (@60 °C) samples
broadened over the period of heating (Fig. 4), indicating that the
RCA1 molecule was getting strongly attached to the -COOH group
of LP. The above observation aligns with our proposed working
mechanism (Fig. 2a) for the reactivity of RCAs with latex. Heating
the LP-RCA1 dry (@RT) sample powder at a further higher tem-
perature of 110 °C for 4 days showed similar results (Fig. S6 in
ESIT). In contrast, when a control sample of LP-PPh dry (@RT)
sample (PPh is a traditional CA) was heated similarly, the PPh
completely evaporated off from the sample (Fig. S6 in ESIY), leaving
no trace of PPh in the heated sample. This observation was
expected, because PPh is not a reactive coalescing agent like RCAL1.

Additionally, the LP-RCA1 dry (@RT) sample was analysed
using head-space gas chromatography (HS-GC). Both neat RCA1
and a physical mixture of RCA1 with the LP dry (@RT) sample
(i.e. RCAl-mixed-LP dry (@RT)) exhibited a peak at 2 minutes
(Fig. 5). Interestingly, the LP-RCA1 dry (@RT) sample did not
show the RCAL1 peak at 2 minutes, presumably due to the strong
interaction/reaction between RCA1 and LP. Mixing RCA1 with LP
in the wet form of latex facilitated strong molecular interaction/
reaction of the amine group of RCA1 with the -COOH group of
LP. Similar results, indicating stronger RCA1-latex polymer
interaction, were obtained when RCA1 was blended with com-
mercial latices L2 and L3 (Fig. S7 in ESIt). However, commercial
controls like PPh and BC, which are non-reactive coalescing
agents, were emitted from the blend samples when heated
during HS-GC analysis, as seen in Fig. S7 in the ESL¥}

Finally, a pigmented coating was formulated (procedure in
ESIT) using a commercial latex L3 (YS800AP, MFFT 27.2 °C),
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samples.

rutile TiO,, and dispersing agent BYK-154, with or without
RCAs. The coating formulated with RCA1 (2 wt% in wet)
produced defect-free, continuous, and non-tacky films (Fig. S8
in ESIt) that did not show any blistering, defects, or tackiness
even after being immersed in water for 2 days. The dry white
coating film did not significantly change its coloration even
after 100 hours of UV light exposure (ESL Fig. S9) despite the
amine nature of RCA1 and, additionally, RCA1 proved to retard the
thermo-oxidative coloration of polymer when heated at 110 °C (see
ESL Fig. S10) similar to hindered amine stabilizers."”

In summary, a novel class of amine-functional RCAs"® was
conceptualized and synthesized. These amine-functional RCAs
are readily synthesizable, possessing notable high boiling
points and exhibiting low volatility. RCAs were subjected to
comprehensive characterization and assessed for their capacity
to lower the MFFT of commercial latices. The reactivity of these
amine RCAs with carboxylic acid-containing latices was studied
using NMR spectroscopy and head-space gas chromatography
(HS-GC). Subsequently, a representative RCA was applied in
formulating a pigmented waterborne coating, which underwent
preliminary evaluation for its hydrophilicity and UV resistance
properties. This investigation highlights the potential of such
amine RCAs in the development of genuinely emission-free
waterborne paints, coatings and formulations (except for the
application in a highly acidic or basic environment), offering
promise for their role in advancing the UN’s sustainable
development goals.
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