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UV-curable polyurethane-acrylate hybrids made
by a prepolymer-free process and free-standing
polymer—metal oxide films made in a wholly
water-based UV curing processt
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Acrylates are widely used for UV curing to coat substrates and to
form shaped articles. Of late, UV curing has gained prominence in
3D printing and additive manufacturing technologies. The process
described here helps in enhancing the concentration of acrylates
at specified locations of the polymer chain, is free from volatile
components, and is entirely based on water.

The UV curing of acrylates and hybrid polyurethane acrylates
has historically been used for protective coatings,"” in photo-
lithography,® and in dentistry.* Polyurethane-acrylates are also
used as adhesives.>® Recently, their applications have been
reported in biomedicines,” roll-to-roll printing of adhesive
layers for transferring complex microstructures® and oil-water
separation technologies.’ Over the years the UV curing process
has evolved and expanded into emerging areas like additive
manufacturing.’®** Conventionally, aqueous polyurethane
dispersions'*'* or reactive diluents are used in UV curing
applications." In spite of its many attractive features, there are
many concerns about the UV curing process. For example, the
reactive diluents used in the curing process pose issues of tox-
icity, volatility, and irritation to the eyes and skin."” The
aqueous polyurethane dispersion process is complicated since
it involves an inversion step of transferring the components
from an organic solvent to the aqueous medium. This process
not only introduces residual solvents but also requires volatile
organic bases like triethyl amine or gaseous bases like
ammonia to facilitate dispersion in water by neutralizing
acidic functionalities present in the prepolymer.’ In addition,
the introduction of the acrylate functionality that is essential
for the curing process is either limited to chain ends or
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requires sensitive multifunctional reagents like hydroxy acry-
lates to increase its concentration. In order to achieve an
optimum performance of cured substrates in terms of hard-
ness, and resistance to scratch, solvent, and stain, a higher
concentration of acrylate functionalities is needed."'® As the
process offers enormous promise in some emerging areas like
the photocurable direct-ink-writing method,’ significant
improvements are needed in the development of photocurable
components.

First and foremost, unlike the conventional photocurable
components used currently, the number of crosslinking sites
needs to be increased and preferably its location pre-
determined and specified in the polymer chain. Handling of
components should be simplified and equally importantly, the
number of components should be minimized. By keeping
these aspects in mind, we developed a UV curing approach
that fundamentally makes use of the acid-base interaction
between a urethane-based polymer consisting of the tertiary
amine functionality and an acidic photocurable monomer like
acrylic acid as shown in Scheme 1.

The proposed approach has several advantages as com-
pared to the conventional process. The prepolymer process as
practiced conventionally actually limits the molecular weight
of polyurethane due to two major reasons. One is that,
because of the end-capping mechanism, the molecular weight
is inherently limited. Secondly, since the dilution of end
groups becomes prominent with increasing molecular weight,
the molecular weight needs to be kept low. This restriction on
the molecular weight of the prepolymer also prevents the use
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Scheme 1 A wholly water-based UV curing process with variable
photocurable units at specified locations.
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of multiple components. Thus, one is hindered from making
use of the immense diversity of material properties that poly-
urethane chemistry offers. The proposed approach overcomes
these limitations in a facile manner. It can be visualized that
the proposed approach makes it possible to use any kind of
polymer backbone that enables this acid-base interaction,
thereby enhancing the property variation of UV-cured sub-
strates. As acid-base interactions are fairly strong, no volatile
reactant or reagent is eliminated into the atmosphere in the
proposed process. To fine-tune the properties of cured sub-
strates, it is possible to use other curable components. In
addition, functional components can be included in the
curing process to obtain cured coated substrates as well as
free-standing functional films.

Polymer-metal oxide hybrid films have wide applications,
and the application area is determined by the nature of the
polymer and the type of metal oxide. Polymer-metal oxide
hybrid materials have been used in catalysis,"”” in electronic
applications as thin film transistors,'® in solar cells,'*** as
memristors,?® in flexible electronic devices,** in semi-conduc-
tors for wearable electronics,”” as hardeners,'® as barrier
films,>® as nanocomposites,””*® in corrosion resistant
coatings®®?° and in gas separation membranes.*' > Hence, we
chose to demonstrate the wholly water-based, prepolymer-free
UV curing process for preparing poly(urethane-acrylate-TiO,)
(PU-AA-TiO,) and poly(urethane-acrylate-SiO,) (PU-AA-SiO,)
hybrid films, as TiO, and SiO, are widely used in coating and
other applications.

The tertiary amine-containing polyurethane was prepared
as shown in Scheme 2 by stepwise addition of monomers.

Polyethylene glycol 400 (PEG 400) was reacted with iso-
phoron diisocyanate (IPDI) by heating in N,N-dimethyl forma-
mide (DMF) in the presence of the catalyst, dibutyltin dilaurate
(DBTDL), followed by reacting with N-methyl diaethanolamine
(MDEA) and subsequently with 1,4-butanediol (BD). At the end
of the reaction, the polymer solution was precipitated in water
to isolate PU1.

PU1 was characterized by FT-IR and "H-NMR spectroscopic
analysis to confirm its chemical structure. PU1 was also
characterized by gel permeation chromatography and thermo-
gravimetric analysis. The number average molecular weight
(av. M,) of PU 1 using THF as the eluent was 10 100 Daltons
with a polydispersity, P, of 1.8. Fig. S11 shows the 'H-NMR
spectrum of PU1.
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Scheme 2 Preparation of the “basic” polyurethane, PU1.
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Fig. 1 Appearance and characteristics of aqueous dispersions and the
cured film.

In the next step, PU1 was suspended in deionized water,
acrylic acid was added and the solution was then stirred under
ambient conditions for 6 h to provide a solid content of
10 wt%. As shown in Fig. 1, initially, chunks of PU1, some
floating and others immersed in deionized water, were visible.
Subsequently, the chunks of PU1 were smoothly dispersed
after adding acrylic acid (AA) and upon stirring under ambient
conditions. Dynamic light scattering analysis indicated that
the particles formed were unimodal with a PDI of 0.173
(Fig. 2).

After mixing with the photoinitiator, 2-hydroxy-4'-(2-hydro-
xyethoxy)-2-methylpropiophenone, the aqueous dispersion was
cured under UV using a bench top UV lamp (4,36 nm) (a UV
gel nail polish dryer) under a nitrogen atmosphere to yield a
free-standing film. The FT-IR analysis of cured PU1-AA indi-
cated the broadening of the signal in the carbonyl region as
compared to PU1 as shown in Fig. 3 due to the additional
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Fig. 2 Particle size of the PU1-AA aqueous dispersion.
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Fig. 3 FT-IR analysis of PU1 and PU1-AA.
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absorption in the carbonyl region caused by the introduction
of acrylates. The absence of signals corresponding to the C=C
bond in Fig. 3 indicated that the curing is nearly quantitative.

In a separate experiment, to the dispersion of PU1 and AA
in deionized water, TiO, and SiO, were added in separate vials
followed by addition of the photoinitiator. After mixing well by
stirring under ambient conditions, the dispersions were trans-
ferred to a Teflon disc and cured using a bench-top UV lamp
under a nitrogen atmosphere for an hour. At the end of the
curing reaction, the cured film was removed from the Teflon
disc and rinsed with deionized water and then dried under
ambient conditions. A control experiment was conducted in
which a similar aqueous medium consisting of AA and TiO,
was used without PU1 and then cured as before after adding
the photoinitiator. Unlike the TiO, cured with PU1, as shown
in Fig. 4, no film was obtained in the control experiment.

The stability of the PU1-AA-TiO, film was tested by heating
it in deionized water at 90 °C for 12 h. As shown in Fig. 4, the
film remained intact after hot water treatment. No aggregation
was noticed in the heat-treated film and the metal oxide
remained well dispersed similar to the untreated, cured hybrid
film. But for the shrinkage induced by heat treatment, no sep-
aration of inorganic oxides was noticed as the water used for
heating the film remained clear, thereby indicating the com-
pleteness of the curing and the strong interactions that pre-
vailed among the hybrid components. SiO, dispersed in PU1-
AA was similarly cured to obtain a free-standing film of PU1-
AA-SiO,.

SEM analysis of PU1-AA-metal oxide hybrid films was con-
ducted as shown in Fig. 5 and indicated that the films were
smooth and homogeneous.

Thermogravimetric analysis (TGA) confirmed the presence
of metal oxides in the hybrid films. As expected for an ali-

Fig. 4 The PU1-AA-TiO; film (a) after curing and (b) after being heated
in water at 90 °C for 12 h, and (c) the solid formed by the aqueous dis-
persion of AA-TiO, after UV curing.

Fig. 5 SEM images of (a) PU1-AA-TiO, and (b) PU1-AA-SiO, films.
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phatic polymer, no residue remained after heating PU1-AA
under a nitrogen atmosphere at 600 °C due to the complete
degradation of PU1-AA.

Residues were observed in both PU1-AA-TiO, and PU1-
AA-SiO,, after heating up to 800 °C under a nitrogen atmo-
sphere. Fig. 6 shows the TGA of hybrid polymer PU1-AA and
polymer-metal oxide hybrids. The shape of the thermograms
also indicated the absence of any volatiles in the cured films.
The thermal stability of the polymer-metal oxide hybrid film
was better as the thermogram was stable up to the degradation
of the polymer chain that started at 265 °C. The metal oxide-
free polymer film PU1-AA started to degrade at 180 °C. The low
thermal stability is due to the aliphatic nature of the polymers.
The improved thermal stability of the polymer-metal oxide
hybrid film is likely due to the fact that the metal oxide in the
hybrid film acted like a heat sink and protected the organic
polymer initially.

Acid-base interactions were utilized to overcome some of
the challenges prevailing in the acrylate-based UV curing
process. This not only enabled an increase in the concen-
tration of the photocurable acrylate functionality but also
helped to anchor the photocurable functionality at pre-
determined positions through the interaction of the carboxylic
acid functionality with the tertiary amino group. In addition,
the end-capping approach commonly employed in the conven-
tional UV curing of urethane-acrylate hybrid systems was
entirely avoided. The tertiary amine-containing polymer was
smoothly dispersed in deionized water after adding acrylic
acid and stirring under ambient conditions. DLS studies indi-
cated the formation of uniform monodisperse particles.
Hybrid poly(acrylate-urethane) films and polymer-metal oxide
hybrid films were obtained by a UV curing process that is free
from volatile solvents, reagents and is entirely based on water.
Hybrid polymer-metal oxide films were found to be stable
after curing as shown by hot water treatment. In the absence
of “basic” polyurethane, the UV cured AA-TiO, system did not
form a free-standing hybrid film of polymer-metal oxide. This
approach has been extended for making free-standing
coloured and colourless polymer films, transparent and
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Fig. 6 The thermogravimetric analysis of polymer hybrids and

polymer—metal oxide hybrids.
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opaque coated substrates of metals and glass and photocur-
able inks. These results will be reported shortly. Cured sub-
strates bearing an ammonium functionality have been
reported to be useful as anti-fog coatings.>®

With growing concerns about emissions from solvents and
residual volatiles from coatings®’° and the fact that UV
curing is gaining prominence in additive manufacturing,*"*>
the process reported here holds much promise across a wide
range of applications. The polymer-metal oxide hybrid films
prepared here can be extended to prepare corrosion-resistant
coated substrates, hybrid membranes and functional films
using other metal oxides. The acid-base interactions can be
fundamentally extended to many polymeric systems, thereby
broadening the substrate scope and thus offering tremendous
possibilities in the areas of additive manufacturing, coating
and 3D printing. The availability of both the wide range of raw
materials for making polyurethanes and the extensive litera-
ture on the structure-property understanding of polyurethanes
makes it possible to prepare non-volatile, photocurable
systems. Importantly, this development potentially shifts the
operation from industrial manufacturing facilities to the
domain of a do-it-yourself (DIY) kind of activity.
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