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ARTICLE INFO ABSTRACT

Keywords: Waterborne polyurethane dispersions (WPUs) are environmentally friendly coatings since they present low
UV curable acrylic end-capped waterborne amount of volatile organic compound amounts (VOCs). In the majority of the WPUs the dispersions are balanced
polyurethanes

with anionic groups and accordingly their stability at low pH is limited. In order to this drawback to be solved, in
this work a tertiary amine containing chain extender (triethanolamine, TEOA) was introduced together with a
conventional internal emulsifier (carboxylic acid) in acrylic end-capped polyurethane dispersions giving rise to
amphoteric UV curable WPUs. After adding a radical photo-initiator and film formation, the coatings were cured
under UV irradiation. The properties of amphoteric and anionic dispersions were compared. The best properties
were obtained for the samples containing a 1/1 amine/acid molar ratio. Thus, while the anionic dispersions
coagulated at low pH values, the 1/1 amphoteric dispersion showed high stability to pH changes. After curing
this sample with UV irradiation, the gel content of the film was higher and the water vapour transmission rate
was lower than that of the anionic polyurethane because of the strong acid/base interaction. The results showed
that the amphoteric WPUs are promising for various applications, offering stability over a wider pH range than

Amphoteric stabilisation
Dispersion stability

traditional formulations.

1. Introduction

Due to environmental concerns, Waterborne Polyurethane Disper-
sions (WPU) are increasingly replacing solvent-based formulations
[1,2]. WPUs can be considered environmentally friendly compounds
since they do not contain volatile organic compounds (VOCs) and
therefore they can be used as green coatings and adhesives [3].

Like the vast majority of commercial polyurethanes, WPU disper-
sions are obtained by the polyaddition reaction between polyisocyanates
and polyols that renders urethane groups [4]. However, it is well known
that isocyanate groups are highly reactive towards water molecules, and
accordingly to obtain WPUs different strategies such as the mini-
emulsion polymerisation [5], the prepolymer process [6] and the
acetone process [7,8] have been developed.

The prepolymer and the acetone processes are the most employed
strategies to obtain WPUs. In these two methods, the dispersion is ob-
tained in different steps, and they present similar characteristics [2]. In
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the first step, the polyurethane is prepared using a polyisocyanate, a
polyol, and an internal emulsifier (that will stabilise the dispersion). In
the acetone process to reduce the viscosity, the first step takes place in a
low boiling point solvent (usually acetone) while in the prepolymer
process the viscosity is controlled by reducing the molecular weight of
the polyurethane. In the second step, in both methodologies water is
added to the system, and consequently, polymer particles are generated.
Afterwards in the prepolymer process, the reaction proceeds via a chain
extension with a diamine. However, in the acetone process, the last step
involves solvent removal under vacuum yielding the final VOC-free
dispersion.

For a WPU dispersion with good colloidal stability to be obtained, the
internal emulsifier is a key factor that allows the emulsification process
at low shear rates. Although alcohols containing ionic and non-ionic
groups can be used as stabilising agents [9] the majority of WPUs
contain ionic type internal surfactants. Among the ionic surfactants, the
anionic groups (mainly carboxylate groups) are preferred. Thus, the 2,2-
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bis(hydroxymethyl)propionic acid (DMPA) is the most employed inter-
nal surfactant in the WPU synthesis.

However, due to the presence of the internal emulsifier WPUs pre-
sent lower water resistance than their solvent-based counterparts. The
cross-linking of the films is a common strategy to reduce the water
sensitivity of the WPUs. Thus, cross-linking can be induced via sol-gel
reaction [10,11] and also via acrylic end groups [12,13]. Another
drawback of the ionically stabilised WPUs is their low stability against
electrolytes [2]. The ionic polyurethane particles are stabilised because
of the ionic double layer generated between the functionalised diol
linked to the polyurethane and the counterion that is located in the
water phase. Consequently, if the pH of the dispersion is changed (for
example because of the introduction of an additive) the polyurethane
particles coagulate.

One possible solution to reduce this effect is the introduction of
amphoteric groups in the structure of the polyurethane [14,15]. In these
systems, as they present both anionic and cationic groups, the change of
the pH produces a rearrangement of the polyurethane particles that
avoids the undesired coagulation of the system. However, although the
amphoteric dispersions could present better properties than anionic or
cationic ones the reports about these systems are scarcely found in the
open literature. Thus, in some papers, zwitterionic polyurethanes con-
taining sulphobetaine have been prepared to give antifouling [16,17]
and self-healing solvent-based coatings [18]. Amphoteric hydrogels
have also been prepared by mixing waterborne polyurethane with an
acrylic emulsion to obtain multifunctional sensors [19]. Finally, some
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authors reported the synthesis of amphoteric polyurethane dispersions
including carboxylic acid and tertiary amine groups in the polymer
structure [20,21].

As expected, the introduction of amphoteric units increases the sta-
bility of the dispersions. However, to the best of our knowledge, no
report has been done about the introduction of amphoteric groups in
UV-curable waterborne polyurethane dispersions. Accordingly, the
main goal of the present study was to prepare these types of dispersions
and compare the behaviour with the conventional anionic-based ones.

2. Experimental
2.1. Materials

IPDI (isophorone diisocyanate, Sigma-Aldrich; 98 %), PCL (poly-
caprolactone diol, Sigma-Aldrich; Mn ~ 2000 g-molfl), DMPA (2,2-bis
(hydroxymethyl)propionic acid, Sigma-Aldrich; 98 %), TEA (triethyl-
amine, Sigma-Aldrich; >99 %), TEOA (triethanolamine, Panreac; 99 %),
DBTDL (dibutyltin dilaurate, Sigma-Aldrich; 95 %), HEMA (2-hydrox-
yethyl methacrylate, Sigma-Aldrich; 97 %), 1-HCHPK (1-hydrox-
ycyclohexyl phenyl ketone, Sigma-Aldrich), acetone (Sigma-Aldrich,
>99.8 %), deionised water (Quimibacter, <1 pS~cm’1), THF (tetrahy-
drofuran, Oppac; 99.9 %), DMF (dimethyl formamide, Sigma-Aldrich;
>99.9 %), HCl (hydrochloric acid, Panreac; 37 %) and NaOH (sodium
hydroxide, Sigma-Aldrich; 99.99 %) were employed as received.
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Scheme 1. Synthesis of the polyurethane prepolymer by acetone process.
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2.2. Synthesis of PU

Waterborne polyurethane dispersions were synthesised through the
acetone process as described in Scheme 1.

First, the diisocyanate (IPDI), the diol (PCL), and the internal
emulsifier (DMPA) were placed in a jacked reactor attached to a water
bath and were mechanically stirred at 200 rpm for 3 h at 56 °C. Acetone
(40 wt% of the final polymer) was used as a solvent, a base (TEA, 105
mol% of DMPA) was employed to neutralise the DMPA acid groups, and
a catalyst (DBTDL, 1 wt% of the final polymer) for increasing the reac-
tion rate. Afterwards, TEOA was introduced into the medium when it
was concerned and the reaction continued for another 4 h. The final
polyurethane prepolymer was obtained once it was reacted with HEMA
for further 2 h. In order to avoid the sample crosslinking, TEOA was
considered as difunctional when calculating the reaction stoichiometry.

Subsequently, the reactor was cooled down to 25 °C, and water was
added at 200 rpm producing the phase inversion. The amount of water
was calculated to obtain dispersions with a final solid content of 30 wt%.
Water based dispersions were obtained after acetone removal by a rotary
evaporator under vacuum (100 mbar) at 30 °C for 1 h.

The amount of reagents employed for each synthesis is summarised
in Table 1. Noteworthy, the samples were named according to the pro-
portion of diol substituted by TEOA.

Crosslinked films for the gel content, DMA, WVTR and TGA mea-
surements were obtained as follows. 25 g of the final dispersion was
mixed with the corresponding amount of UV sensitive initiator (1-
HCHPK) (0.5 wt%: 0.0375 g, 1 wt%: 0.0750 g and 1.5 wt%: 0.1125 g)
and were dried over Teflon molds for 1 week in a dark place at room
temperature. After drying, the samples were irradiated with a UV source
lamp (Vilber-Lourmat VL-6LC UV) at 254 nm with an intensity of 1
mW-cm 2 for 1 h for each side of the film. For the contact angle mea-
surements 100 pm thick samples were applied over microscope slides
and were left to dry for at least 3 days in a dark place at room temper-
ature. The dried samples were irradiated with the same UV lamp for 30
min.

2.3. Measurements

The polyurethane reaction kinetics was followed on a Nicolet 6700-
IR (Thermo Scientific) FTIR (Fourier-transform infrared) spectroscopy
attached to an ATR (attenuated total reflectance) accessory from Specac
MKII Golden Gate. The spectra were recorded at different polymerisa-
tion times in a 4000-600 cm ™! range with a resolution of 4 cm ™! and 10
scans. The conversion of the NCO groups was calculated using Eq. (1)

[22].
()
A3000
100 —~+

A0
A3000
to

where Ay is the area of the stretching band of the isocyanate group at
2260 cm ™! and Asqggo is the area of the bands due to the stretching vi-
bration of the methyl and methylene groups close to 3000 cm ™.
Differential scanning calorimetry (DSC) measurements were per-
formed on a DSC Q2000 from TA Instruments to analyse the thermal
properties of the samples and to follow the photo-polymerisation reac-

Conversion (%) = 100 — (€]

Table 1
Amount of reagents used.
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tion. The photo-DSC measurements were performed at 25 °C irradiating
20 mm? area samples for 5 min with a UV source lamp (Vilber-Lourmat
VL-6LC UV) at 254 nm with a 1 mW-cm ™2 intensity, resting for another
5 min and repeating this procedure three times. The first irradiation
stage gave information about the polymerisation, the second one was to
ensure that the reaction was completed and the last one was taken as
baseline. Samples were prepared drying about 5-10 mg of the dispersion
in a dark place for at least 3 days at room temperature. From the area
under the exothermic peak, the reaction conversion and the polymeri-
sation rate (Rp) were calculated with Eqgs. (2) and (3) respectively.
Where AH; was the measured photo-polymerisation reaction enthalpy at
time t. The theoretical reaction enthalpy (AHP®") was calculated ac-
cording to Eq. (4), where the employed methacrylate molar enthalpy
was 54.4 kJ-mol~! [23], the functionality (f) was 2 and the Mweor wag
the theoretical polymer molecular weight.

AH,

Conversion = AH:)“E‘" 2)
d(conversion)  (dH/dt)
Rp = = 3
P dt AH ®
cor 44 ef
AHg] = Mw!heor (4)

Conventional DSC measurements were carried out in the same
calorimeter. Samples were heated from —80 °C to 150 °C at a heating
rate of 10 °C-min~! under nitrogen flow. Afterwards, samples were
cooled as quickly as possible to —80 °C and a second heating scan was
made in the same conditions as the first one. For the cross-linked poly-
mers samples cured in the photo-DSC were used. The non-cured pre-
polymers were prepared drying the samples with the same procedure
used in the photo-DSC experiments. The PCL crystallinity (Xc) was
calculated by Eq. (5), where AH was the sample melting enthalpy, AH®
the melting enthalpy of the 100 % crystalline PCL (135.44 J-g~1) [24]
and PCL wt% the weight percentage of the PCL of the analysed sample.

AH

Xe=—pg—rr
AH" ¢ PCL wt%

()

Thermogravimetric analyses (TGA) were performed on a TGA Q500
from TA Instruments. Samples of about 5-25 mg were heated from 30 °C
to 800 °C at a heating rate of 10 °C-min~! and under a nitrogen flow of
90 mL-min .

z-Potential or electrokinetic potential measurements were carried
out on a Malvern Zetasizer Ultra (Malvern Paralytical Instruments). The
measurements were carried out as a function of pH by Zetasizer MPT-3
Multi-purpose Titrator (Malvern Paralytical Instruments). Using this
analysis, the IEP (isoelectric point) and the particle size values as a
function of the pH were calculated. Samples were diluted with distilled
water (concentration of 0.5 mg~mL’1) and were sonicated for 1 h at
room temperature. The measurements were performed on plastic zeta
DTS1070 cuvettes, from pH 12 to 3, at a temperature of 25 °C and a
backscatter angle of 175°. The pH values were adjusted using HCI (0.1
and 0.5 M) or NaOH (0.5 M) solutions.

Thermo Scientific size exclusion chromatography (SEC), fitted with a
Dionex UltiMate 3000 isocratic pump and a RefractoMax 521 refractive
index detector, was used to measure the molecular weight. The mea-
surements were performed at 25 °C and a flow rate of 1 mL-min~". The

Samples IPDI [g (mmol)] PCL [g (mmol)]

DMPA [g (mmol)] TEOA [g (mmol)] HEMA [g (mmol)]

PU_PCL/TEOA_100/0
PU_PCL/TEOA_75/25
PU_PCL/TEOA_50/50
PU_PCL/TEOA_25/75

6.22 (28.00) 32.00 (16.00)
24.00 (12.00)
16.00 (8.00)

8.00 (4.00)

1.07 (8.00) -
0.60 (4.00)
1.19 (8.00)
1.80 (12.00)

1.07 (8.00)




M. Puyadena et al.

samples were prepared drying the final dispersions in a dark place for 1
week at room temperature. 10-20 mg of the dried sample were dissolved
in 1 mL of tetrahydrofuran (THF) and the solutions were filtered before
injection. The calibration was made with polystyrene standards of a
range of 162-3,150,000 g-mol .

The gel content (GC) of the synthesised samples before and after
curing was determined by Soxhlet extraction in THF and DMF. The
samples were dried for 24 h at 60 °C before and after extraction. The
extraction process proceeded in boiling THF and DMF for 24 h. The final
data obtained were an average of three.

A Phoenix 300 goniometer from Surface Electro Optics with an
image processing system from Data Physics Instruments GmbH was
employed to measure the static contact angle (CA). Measurements were
performed with distilled water droplets of about 15-20 pL, after a con-
tact period of 30 s, and registered CA was an average value of at least
eight readings.

Water vapour transmission rate (WVTR) was measured employing a
polytetrafluoroethylene gravimetric permeation cell following ASTM
E96-95. The partially filled cell was sealed with the membrane to be
analysed. Weight loss due to the permeation through the membrane was
measured with a Sartorius BP210D balance. The measurements were
performed at room temperature (25 °C) and relative humidity of about
55.5 % RH. Samples were prepared following the same procedure
employed in the Soxhlet extraction and the results obtained were an
average of three measurements. The film thickness was measured by a
Duo-Check ST-10 apparatus (Neurtek Instruments).

The obtained data for gel content, and water vapour transmission
rate were analysed by variance analysis (ANOVA) with Tukey's multiple
comparison tests at p < 0.05 to identify the differences between groups.

Dynamic-mechanical analysis (DMA) was performed on an Eplexor
100N (Gabo Qualimeter) at 1 Hz, in a single cantilever bending mode,
with an elastic deformation of 0.5 % and a dynamic deformation of 0.2
% from —80 °C to 150 °C at a heating rate of 2 °C-min . The samples
employed were 5 x 10 x 3 mm® rectangular stripes. The samples were
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and different alcohols was monitored by FTIR. For this purpose, samples
were removed from the reactor at different times and placed on the ATR
crystal. The spectra were recorded after acetone evaporation (5 min).
Fig. 1 shows the spectra for samples PU_PCL/TEOA _50/50. As the re-
action progressed, bands related to the isocyanate and alcohol groups
decreased and those concerning the urethane groups increased. Hence,
the isocyanate v N=C=0 band at 2260 cm™! decreased with time, and
amide I (v C=0 at 1715 cm™") and amide II (§ —NH at 1530 cm™})
absorption bands of the urethane increased [13,25]. In the OH stretch-
ing vibration region (3600-3200 cm™!) bands related alcohol groups
decreased, but they were overlapped with the generated NH stretching
vibration. It is worth mentioning that PCL carbonyl stretching (v C=0 at
1735 cm™!) overlapped with the urethane amide I carbonyl.

Accordingly, for all the cases the overall reaction conversion was
monitored by analysing the isocyanate characteristic band (2260 cm™!)
reduction and normalizing the value with methyl and methylene group
stretching vibration bands between 2800 c¢m ! and 3000 cm ! [26]. The
final conversion values obtained in the different reactions are sum-
marised in Table 2. As expected, almost total conversion was registered
in all the reactions.

The molecular weight of the polymers obtained in the different re-
actions are summarised in Table 2. The slight increase of M, from
PU_PCL/TEOA_100/0 to PU_PCL/TEOA_75/25 was related to the tri-
functional nature of TEOA that allowed the crosslinking of the polymer.
Therefore, although TEOA was considered as difunctional when calcu-
lating the stoichiometry, partial crosslinking happened. However, for
the higher TEOA percentages the molecular weight was not measured
because the samples were not soluble in THF. This fact was related in
addition to the previously mentioned partial crosslinking, to the ionic

Table 2
Polyurethane conversion, molecular weight data, and dispersions properties.

Samples Conversion M, M, b IEP
prepared as for WVTR measurements. The storage modulus (E), loss [%] [g:mol ] [g-mol ]
" . : /R
modu.lus (E"), and th<.31.r ratio (tan 8 = E'/E"), known as loss factor or PUPCL/ o 22,537 47.845 21 a5
damping, were quantified. TEOA_100/0
PU_PCL/ 97 23,775 56,140 24 48
3. Results and discussions TEOA 75/25
PU_PCL/ 100 / / / 4.1
. o TEOA_50/50
3.1. Synthesis and characterization of the polyurethane prepolymer PU_PCL/ 100 / / / 5.0
TEOA_25/75
The urethane group formation by reaction between the isocyanate
- Time
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Fig. 1. a) FTIR and b) scale-expanded spectra between 2400 and 2200 cm ™! of PU_PCL/TEOA_50/50 samples at different polyurethane polymerisation reac-

tion stages.
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interaction between the acid groups of the DMPA and the tertiary ni-
trogen of TEOA that prevented the solution in THF. This effect is also
analysed in the section devoted to gel content results.

After the polyurethane synthesis, water was added to produce the
phase inversion. Some experiments were performed without neutral-
izing the DMPA acid groups with triethylamine (TEA) but no stable
dispersions were obtained. This effect was attributed to the ionic acid/
base interaction between DMPA and TEOA. Therefore, the incorporation
of TEA was necessary in order to avoid the polymer/polymer interaction
and all the dispersions were obtained after the incorporation of TEA. It
can be argued that instead of deprotonating the acid groups, stable
dispersions would have been obtained protonating TEOA. However, as
anionic emulsifiers tend to provide better application properties the first
option was chosen.

The IEP is known as the pH value at which the charges in the chain
are zero [27]. The values in the different dispersions were measured,
and the results are shown in Table 2. As observed, regardless of sample
composition, values around 4-5 were obtained. These values were
related to the protonation at low pH of the carboxylate groups of the
DMPA [28]. When the pH values were lower than the IEP, the particles
aggregated and precipitation occurred in the PU_PCL/TEOA_100/
0 sample. The other samples presented higher stability.

The particle size of all the dispersions was measured in a pH range
from 12 to 3. The results are shown in Fig. 2. As observed, at basic pH the
particle size of all the dispersions was between 100 and 200 nm.
Moreover, the particle size distribution increased with the TEOA addi-
tion. According to literature, when the polyol length is higher, more
flexible chains are obtained, which allows the fragmentation of the
prepolymer to primary particles of the dispersed phase to smaller and
more homogeneous particles [29]. In the sample PU_PCL/TEOA_25/75,
the particle size showed two different populations. This fact was related
to the high hydroxyl excess employed in the stoichiometry of this

160
a 1504 pH=3.0

Intensity (a.u.)

pH =120

T T 1
100 1000 10000

Particle size (nm)

Intensity (a.u.)

pH=12.0

T T 1
100 1000 10000

Particle size (nm)

Intensity (a.u.)
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reaction since TEOA was considered as difunctional for the reagent
amount calculation. Therefore, the formulation presumably contained
free TEOA and was non-homogeneous. In all the formulations, when the
pH was reduced the particle size increased because of the protonation of
the acid groups of the DMPA.

The particle size as a function of the pH of the samples excluding the
previously mentioned PU_PCL/TEOA_25/75 sample is shown in Fig. 3.
As observed, the particle size remained similar until pH 6 (close to the
isoelectric point) where a huge increase of the value was observed for
the sample without TEOA that presented a particle size close to 700 nm
at low pH. However, the increase of the particle size at low pH of the

800
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Fig. 2. Particle size measurements at different pH values for samples a) PU_PCL/TEOA_100/0, b) PU_PCL/TEOA_75/25, c) PU_PCL/TEOA_50/50, and d) PU_PCL/

TEOA_25/75.



M. Puyadena et al.

TEOA containing samples was lower. This effect was related to the
protonation of the tertiary amine at low pH. Consequently, in an acid
medium, the stabilising effect of DMPA was cancelled, but the proton-
ation of the TEOA gave rise to cationic stabilisation. However, the sta-
bilisation was not as effective as the anionic one since the particle size
increased at low pH. Accordingly, the results showed that the samples
containing TEOA in addition to DMPA were amphoteric, and more sta-
ble dispersions were obtained after the IEP. Consequently, they can be
employed in a wider range of pH. However, for highest TEOA concen-
tration, the change in the NCO/OH ratio provoked the formation of non-
homogeneous dispersion that presented low stability towards pH
changes.

3.2. Synthesis and characterization of the final polyurethane

Films were obtained after the addition of the photo-initiator and
water removal in the dark. Afterwards, samples were cured, and FTIR
spectra were recorded before and after UV irradiation (Fig. S1). The
decrease of the =C—H double bond out-of-plane bending band at 810
em ! [30,31] showed that UV irradiation provoked the polymerisation
of the acrylic double bond. However, the area of this band was too low to
follow the reaction as reported in previous works [30]. Accordingly, the
curing reaction was followed by photo-DSC. Fig. 4a shows the poly-
merisation rate for the sample PU_PCL/TEOA_100/0 containing
different amounts of photo-initiator. As observed, some final values
were higher than 100 % because of the errors involved in the calcula-
tion. The results showed that the polymerisation rate increased and it
reached its maximum after some seconds and afterward decreased due
to the immobilisation caused by the curing [30]. Moreover, as expected,
the photo-initiator amount caused an increase in the polymerisation
rate. In addition, it should be noted that the increment in the photo-
initiator amount from 0.5 to 1 wt% increased the final polymerisation
conversion (Fig. 4b). This could be explained by the increment of free
radical formation. However, similar final conversion values were ob-
tained for a photo-initiator amount of 1 and 1.5 wt%.

The effect of TEOA in the photo-polymerisation process was analysed
for samples with a photo-initiator content of 1.5 wt%, and the poly-
merisation rate and conversion are shown in Fig. 5. It can be highlighted
that the incorporation of TEOA increased the polymerisation rate. This
fact was related to the lower PCL content of the samples when the TEOA
concentration was increased. Considering that the photo-polymerisation
happened at room temperature, the PCL crystals could reduce the
radical diffusion decreasing the polymerisation rate. However, the
samples PU_PCL/TEOA_75/25 and PU_PCL/TEOA_50/50 did to reach
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total conversion (Fig. 5b). This effect was caused by the diffusional
limitations in the polymerisation reaction due the acid/base interaction
of the samples [32]. However, for the sample PU_PCL/TEOA_25/75_1.5
% higher conversion was obtained. This was explained by the high hy-
droxyl excess employed in the polymerisation of the sample that
increased the chain mobility.

The gel contents for the samples in both THF and DMF are shown in
Table 3. According to the data obtained for THF, as expected, the gel
content increased when the radical reaction took place. However, no
difference was observed concerning the initiator amount, unlike the
previously concluded in the photo-DSC analysis. The authors attribute
this to the fact that the UV reaction is limited by the exposed surface
when large scales are employed. Since in real application, as coatings,
the thickness is low it was considered that this effect would not happen.

Moreover, the incorporation of TEOA caused the increment of the gel
content in THF to such an extent that before curing a value of 75 % was
obtained for the sample PU_PCL/TEOA_50/50. As TEOA is a trifunc-
tional compound cross-linked chains could be obtained. Additionally, it
could be argued that the acid groups of DMPA and the tertiary amine
groups of TEOA were able to create ionic bonds when dried [33]. To
corroborate this, the extractions were repeated in a more polar solvent
able to break the ionic interactions (DMF). The results showed that when
DMF was employed, before the acrylic polymerisation, the gel content of
samples PU_PCL/TEOA_50/50 and PU_PCL/TEOA_25/75 decreased
significantly concluding that TEOA was able to create ionic bonds,
which were destroyed when dissolving in DMF. This effect was espe-
cially relevant in the sample PU_PCL/TEOA_50/50 since it presented an
equimolecular concentration of acid and tertiary amine groups that
favoured the ionic interaction. Accordingly, the highest gel content in
both solvents were obtained for the 1/1 acid/amine molar ratio. The gel
content of the sample containing the highest TEOA concentration
(PU_PCL/TEOA_25/75) when extracted with DMF was very low. This
result demonstrated that this sample was not covalently cross-linked and
that the insolubility in THF was because of the ionic interaction between
the amine and acid groups. This was related again to the high hydroxyl
excess of this sample that prevents correct cross-linking. FTIR spectra of
samples before and after DMF extraction were recorded but no differ-
ences were observed (see Fig. S2).

TGA and DTGA measurements of all the samples before curing are
collected in Fig. 6 and the UV-cured samples with 1 wt% of photo-
initiator in Fig. 7. In both cases, the sample PU_PCL/TEOA_25/75
showed a reduced thermal stability since the weight loss process started
at lower temperature. This result was related to the excess of hydroxyl
groups employed in the synthesis of this sample that gave rise to the
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Fig. 4. a) Polymerisation rate and b) conversion of UV curing obtained from photo-DSC of sample PU_PCL/TEOA_100/0 with different initiator concentration.
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Fig. 5. a) Polymerisation rate and b) conversion of UV curing obtained from photo-DSC of samples with 1.5 wt% initiator with different TEOA concentration.

Table 3
Properties of the obtained films.
Samples Initiator [wt%] GC THF [%] GC DMF [%] CA [°]
PU_PCL/TEOA_100/ 0 0 0 80+5
0 0.5 28+3 21£5 82+ 4
1 27 £2 - 82+3
1.5 29+1 - 81+4
PU_PCL/TEOA_75/ 0 0 0 83+3
25 0.5 49 +1 46 £ 10 81 +4
1 52+7 - 84 +3
1.5 53+2 - 83+ 4
PU_PCL/TEOA_50/ 0 75+ 2 47 £7 80+1
50 0.5 84+7 76 £ 10 81+3
1 81 +2 - 83+1
1.5 76 £ 2 - 83+1
PU_PCL/TEOA_25/ 0 23+3 2+1 86+ 4
75 0.5 59+1 9+6 86 +3
1 58 +2 - 90 +5
1.5 55+2 - 91+4

formation of low molecular weight species that presented lower thermal
stability. Excluding this sample all the films showed a similar behaviour.
Thus, the films were stable until 250 °C where according to literature
polyurethanes start to degrade from the hard segment [34,35]. More-
over, no significant differences were observed in the initial thermal
stability of the samples and accordingly it was stated that the curing
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process did not increase the thermal stability of the samples [35-37].
However, the incorporation of TEOA broadened the curve (as observed
clearly in the DTGA curves), increasing the thermal stability at high
temperatures.

Fig. S3 shows the conventional DSC run for samples PU_PCL/
TEOA_100/0 with different initiator amounts and the data for all the
samples are summarised in Table 4. In the first run, an endotherm peak
was appreciable at about 45 °C (Ty,), which indicates that the PCL chains
were able to fold and form crystalline structures [38,39]. In the second
heating run cold crystallisation was appreciable, so the data obtained
were collected from the first run [40,41]. Based on the first run, the
polymer crystallinity (X.) degree was calculated, which decreased with
the photo-initiator concentration. The decrease in the crystallinity was
related to the cross-linking generated by the acrylic double bonds since
the cross-linking restricts the chain mobility and prevents the lamellae
arrangement [42]. Similarly, a slight decrease was appreciable in the
PCL glass-transition temperature (Tg) with the photo-initiator concen-
tration. This decrease could be explained by the decrease in the PCL
crystallinity, which restricted chain mobility. Therefore, the higher
photo-initiator concentration caused a decrease in the PCL crystallinity
and a decrease in the T, Noteworthy, there was not a clear hard-
segment glass transition temperature, as stated by other authors in the
literature [43].

When TEOA was incorporated a reduction of the crystallinity degree
and melting temperature of the PCL happened (see Fig. S4 and results in
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Fig. 6. a) TGA and b) DTG curves of the different films.
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Fig. 7. a) TGA and b) DTG curves of the different films with 1.0 wt% initiator.

Table 4
Data obtained from DSC results.
Samples Initiator [wt Tm AH X [% Ty
%] [°C] g™ PCL] [r°cl
PU_PCL/ 0 46 43 41 —46
TEOA_100/0 0.5 46 36 34 —46
1 46 38 37 —48
1.5 46 34 32 —48
PU_PCL/ 0 39 26 27 —47
TEOA_75/25 0.5 44 27 29 —48
1 44 25 27 —-50
1.5 45 13 13 —-53
PU_PCL/ 0 38 17 21 —-53
TEOA_50/50 0.5 43 14 17 —51
1 43 14 17 —53
1.5 43 14 17 —52
PU_PCL/ 0 41 7 12 —56
TEOA_25/75 0.5 46 1 2 -59
1 48 3 5 —54
1.5 47 3 5 —58

Table 4). As the different formulations were obtained replacing the PCL
by TEOA the samples containing higher TEOA concentration presented
lower PCL content. As a consequence, the PCL segments were more
isolated in a more rigid medium preventing the crystallisation. The Ty
values were also reduced with the TEOA concentration because the
decrease in the PCL crystallinity, which restricted chain mobility.

The DMA results for the samples before and after curing are shown in
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Figs. 8 and 9, respectively. According to the loss factor results, Tg values
similar to those obtained by DSC were obtained. In addition, before
curing the glassy state storage modulus increased with the TEOA content
of the samples. This effect was related to a reduction of the chain flex-
ibility when replacing PCL by a short alcohol [44]. Sample PU_PCL/
TEOA_25/75 showed a different behaviour probably related to the high
hydroxyl excess employed in this formulation. Additionally, except for
this sample, the rubbery plateau showed higher values with the incor-
poration of TEOA, due to either cross-linking caused by the trifuntion-
ality or ionic forces. All the samples showed a huge decrease of the
storage modulus close to the PCL melting temperature. As expected, the
incorporation of TEOA shifted the decrease to lower temperatures since
it reduced the PCL crystallisation degree (as shown by the DSC results)
[44]. After curing, the sample without TEOA and the sample containing
the highest TEOA concentration (PU_PCL/TEOA_25/75) showed higher
storage modulus values than the others. This result was related to the
acrylic conversion studied by photo-DSC that was higher in these two
samples.

Therefore, a general tendency of the storage modulus when
increasing the TEOA content could not be established since the
amphoteric character affected the acrylic conversion and the PCL crys-
tallinity degree. Thus, it was not possible to separate the effect of the
acid/base ionic interaction from the changes originated in the covalent
crosslinking degree of the samples.

The contact angle of the samples was measured, and the results are
shown in Table 3. As observed, all the samples presented contact angles
close to 80°. The water vapour transmission rate (WVTR) data are shown
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Fig. 8. a) Storage modulus and b) loss factor data.
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Fig. 9. a) Storage modulus and b) loss factor data for cured samples containing 1 wt% initiator.

in Fig. 10. As observed, WVTR values decreased with the incorporation
of TEOA into the chain until sample PU_PCL/TEOA_50/50. According to
the literature, this behaviour was related to the generation of a rigid
ionic complexed network that acts as a physical obstacle against water
penetration [45]. Sample PU_PCL/TEOA_50/50 presented the lowest
WVTR since it was obtained using the equimolar ratio between the acid
and amine groups. Sample PU_PCL/TEOA_25/75, containing the highest
TEOA concentration showed higher WVTR values. In order this behav-
iour to be explained different factors should be borne in mind. On the
one hand in this sample, the DMPA/TEOA mol ratio was 1/1.5 and
therefore the excess of tertiary amine groups could favour the water
solubility. On the other hand, according to gel content measurement,
this sample presented low covalent cross-linking. This could provoke an
increase in the water diffusivity that reduced the tortuous path of the
penetrant. Both factors provoked the increase in the WVTR in this
sample that presented the penetrant. Both factors provoked the increase
in the WVTR in this sample that presented the highest values.

4. Conclusions

In this study, waterborne UV-curable polyurethane dispersions with
amphoteric properties were successfully synthesised by incorporating
triethanolamine (TEOA) in addition to conventional anionic internal
surfactant. The dispersions showed excellent stability against pH vari-
ations, attributed to the amphoteric nature imparted by TEOA. There-
fore, the colloidal stability of the dispersions was maintained at low pH.
The best properties were obtained for the samples containing 1/1
amine/acid molar ratio. Thus, while the anionic dispersions coagulated
at low pH values the 1/1 amphoteric dispersion showed high stability to
pH changes. After curing this sample with UV irradiation, the gel content
of the film was higher and the water vapour transmission rate was lower
than that of the conventional polyurethane because of the strong acid/
base interaction. All these results demonstrate the potential of ampho-
teric WPUs for applications requiring stability over a broad pH spec-
trum, and can be of great interest for the development of
environmentally friendly coatings and adhesives. Further exploration of
specific applications and optimisation of formulation parameters could
improve the performance and versatility of these amphoteric UV-curable
WPUs.
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