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ARTICLE INFO ABSTRACT

Keywords:

Phosphorus modified polyurethane/acrylic hybrid dispersions were prepared for flame retardant transparent
wood coatings. The polymerisation was carried out in three steps. In the first one, the polyurethane was syn-
thesised using an acrylic monomer as solvent. The second step involved water addition that promoted the phase
inversion and lastly, acrylic part was polymerised. The phosphorous compounds were covalently linked to
polyurethane using a phosphorylated polyol and to the acrylic phase using an acrylic phosphate. Polymerisation
was monitored by FTIR and NMR and the molar mass of the hybrids was measured by AF4 and SEC. The effects of
the phosphorus in fire-retardant properties were analysed by thermogravimetry and pyrolysis combustion flow
calorimetry. The introduction of phosphorus did not produce significant changes in the polymerisation process
but promoted the cross-linking of the coatings. The coated wood samples maintained the transparency and good
properties with the introduction of phosphorus and presented a slight reduction in the Peak Heat Release Rate
measured by cone calorimeter. The action of phosphorus as a fire retardant was effective as it gave rise to sig-

Waterborne polyurethane/acrylic dispersions
Phosphorous polyol

Phosphorous acrylate

Fire retardant

nificant reduction of the CO and CO, peaks.

1. Introduction

Waterborne polyurethanes present good film-forming abilities, as
well as excellent toughness and flexibility. However, they offer poor
water resistance and high cost, drawbacks that can be reduced when
combined with acrylic polymers. Thus, the combination of poly-
urethanes and acrylic polymers (polyurethane/acrylic hybrid disper-
sions) results in coatings with superior properties [1,2].

Waterborne polyurethanes are mainly obtained by a step-growth
polyaddition reaction taking advantage of the so-called acetone pro-
cess [3,4]. In this process, the polyurethane is synthesised in acetone
using an acid-functionalized diol, which acts as internal emulsifier. Af-
terwards, water is added to the reaction medium and nanoprecipitation
of the polymer takes place. Lastly, the solvent is removed, and the
Volatile Organic Compound (VOC) free waterborne polyurethane
dispersion is obtained. However, acrylic latexes are produced by radical
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chain emulsion polymerisation reaction [5]. This demonstrates that
there are important differences between the processes for obtaining
waterborne polyurethanes and acrylic emulsions, and most significantly,
the blends of these polymers present poor properties because of the low
compatibility between urethane and acrylic phases. Accordingly, several
strategies have been employed to develop polyurethane/acrylic hybrids
with good compatibility [6]. The simplest way to combine both poly-
mers is to mix previously prepared polyurethane and acrylic dispersions.
Nevertheless, since the compatibility between both components is low,
the resulting dispersion exhibits phase separation. This challenge in
terms of compatibility, could be overcome using different synthetic
strategies. With this purpose, the waterborne polyurethane can be syn-
thesised in a first step and, after the water addition, the acrylic polymer
is in situ generated by radical polymerisation. Some authors add the
acrylic monomer as solvent in the polyurethane synthesis reaction [7]
while others add the acrylic monomer once the polyurethane dispersion
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Scheme 1. Synthesis of the PU/PMMA dispersion.

is generated [8]. In terms of sustainability, the first method presents
advantages, since no volatile organic compounds are used.

Regardless of the synthesis method, the polyurethane and acrylic
phases are not completely compatible, and the final dispersion can
present a biphasic morphology. In order to increase compatibility,
acrylic moieties can be introduced into the polyurethane structure using
hydroxyacrylates. These monomers are introduced as chain ends into
the polyurethane structure and are able to covalently link both phases,
increasing the compatibility and improving the properties of the final
coating [9].

An especially important application of Polyurethane/acrylic hybrid
dispersions is wood coating [10,11]. In this application, the coating
must protect the substrate, but additionally the aesthetic properties of
wood should be maintained. In order to fulfil this requirement, the
coating must be transparent. In addition, due to the inherent

flammability of wood, there is a growing interest in the development of
fire resistant coatings [12,13]. However, the addition of flame-retardant
compounds often leads to a decrease in the transparency of the coating.
The introduction of covalently bonded fire retardant has proven to be a
good strategy to attain good flame-retardant properties while main-
taining the transparency of the coating. Thus, several polyurethane (and
acrylic latex) dispersions have been covalently modified with flame-
retardant compounds [14-19]. However, reports on fire-retardant
polyurethane/acrylic hybrids are scarcely found in open literature.

In light of the above, the present work deals with the preparation of
phosphorous-modified polyurethane/acrylic hybrid dispersions for
flame-retardant transparent wood coatings. The phosphorous com-
pounds were covalently linked to both, polyurethane and acrylic phases,
and the effect of phosphorus on dispersion characteristics and fire-
retardant properties were analysed by thermogravimetry and pyrolysis
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Table 1
Nomenclature and description of the different dispersions.
Samples IPDI PCL DMPA Exolit MMA Sartomer
[g (mmol)] [g (mmol)] [g (mmol)] [g (mmol)] [g (mmol)] [g (mmo)]
PU/PMMA _w/0_HEMA 10.19 (45.85) 31.00 (15.50) 4.07 (30.35) - 28.68 (286.46) -
PU/PMMA _DMPA15% 10.19 (45.85) 30.69 (15.35) 4.07 (30.35) - 28.68 (286.46) -
PU/PMMA 13.56 (60.98) 30.69 (15.35) 6.10 (45.48) - 28.68 (286.46) -
PU/PMMA _E40% 13.56 (60.98) 18.41 (9.21) 6.10 (45.48) 4.05 (6.14) 28.68 (251.27) -
PU/PMMA _E50% 13.56 (60.98) 15.35 (7.68) 6.10 (45.48) 5.06 (7.67) 28.68 (251.27) -
PU/PMMA _E60% 13.56 (60.98) 12.28 (6.14) 6.10 (45.48) 6.08 (9.21) 28.68 (251.27) -
PU/PMMA _E70% 13.56 (60.98) 9.21 (4.60) 6.10 (45.48) 7.09 (10.74) 28.68 (251.27) -
PU/PMMA S10% 13.56 (61.00) 30.69 (15.35) 6.10 (45.48) - 25.81 (226.13) 2.87 (14.80)
PU/PMMA _S20% 13.56 (61.00) 30.69 (15.35) 6.10 (45.48) - 22.95 (201.07) 5.73 (29.54)
PU/PMMA _E50%_S5% 13.56 (61.00) 15.35 (7.68) 6.10 (45.48) 5.06 (7.67) 27.25 (238.74) 1.43 (7.37)
combustion flow calorimetry. The best dispersions were tested as wood
coatings. Table 2 . '
Formulation of the wood coatings.
2. Experimental F_PU/ F_PU/ F_PU/
PMMA PMMA E50% PMMA _S10%
2.1. Materials Dispersion [wt 96.2 96.0 96.6
%]
. X . Defoamer [wt 1.1 1.0 1.0
Isophorone diisocyanate (IPDI, Sigma-Aldrich; 98 %), poly- %]
caprolactone diol (PCL, Sigma-Aldrich; Mn ~ 2000 g-rnolfl), 2,2-bis Coalescent [wt 1.1 1.1 1.0
(hydroxymethyl)propionic acid (DMPA, Sigma-Aldrich; 98 %), methyl ) %]
methacrylate (MMA, Sigma-Aldrich; 99 %), dibutyltin dilaurate Thickener (E/"‘;t 05 0.8 05
. . 0.
(DBTDL, Sigma-Aldrich; 95 %), 2-hydroxyethyl methacrylate (HEMA, Surface additive [wt 11 12 1.0
Sigma-Aldrich; 97 %), triethylamine (TEA, Sigma-Aldrich; >99 %), %]
potassium persulfate (KPS, Sigma-Aldrich; >99.0 %), deionized water Formulation solids [wt 24.6 24.6 24.5

(Quimibacter, <1 pSem™1), polyethyl-phosphate glycol ester
(commercially named as Exolit® OP 550, Clariant; 660 g-mol ™", phos-
phorus content16-18 wt%), phosphate ester of 2-hydroxyethyl meth-
acrylate (named as Sartomer® 9054, Arkema Group, phosphorus
content 16 wt%), VOC-free silicone-containing defoamer for aqueous
systems commonly named BYK 028 (BYK Chemie GmbH; VOC <1500
ppm), silicone surfactant for aqueous coatings known as BYK 346 (BYK
Chemie GmbH; active ingredients 52 %), 2-butoxyethanol (BG, Dow
Chemicals), and non-ionic polyurethane in butyl triglycol/water
rheology modifier called Tafigel® PUR 60 (Miizing Chemie; active in-
gredients 40 %) were used as received.

2.2. Synthesis

PU/PMMA dispersions were prepared using three-steps (Scheme 1).
This synthesis took place in a jacketed reactor attached to a water bath.

In the first step, the PU prepolymer was obtained by the reaction
between the diisocyanate (IPDI) and the diol (PCL). MMA was used as
solvent (60 % of the final MMA amount was added) and DBTDL (0.03 wt
% of the PU) as catalyst. In this step, acid groups were incorporated by
means of an internal emulsifier (DMPA) in order to obtain stable dis-
persions. The reaction was mechanically stirred at 200 rpm and
continued at 70 °C for 5 h. HEMA was subsequently incorporated (0.040
g, 0.310 mmol) and left for further 5 h. At this point the NCO/OH ratio
was 1, and the chains were end capped with acrylic moieties.

In the second step, water was added giving rise to a dispersion. For
this, the reactor was cooled to 25 °C and afterwards TEA (TEA:DMPA
molar ratio 1.05:1) and the remaining MMA (40 % of the final MMA
amount) were placed. TEA neutralised the acid groups to obtain stable
particles upon completion of the phase inversion to water. For this
process, half of the final water quantity was added (addition rate 3 mL-
min’l). The total amount of water resulted in a final solids content of 24
wt%.

In the third step, the MMA of the particles was polymerised. Thus,
the initiator (KPS) was added (0.05 wt% of the total MMA amount), and
the reaction proceeded for 2 h at 70 °C under nitrogen atmosphere. The
remaining water was incorporated after complete synthesis.

content %]

In order to produce flame retardance, two different phosphorous
compounds were incorporated. A diol phosphate, named Exolit OP 550,
and a methacrylate phosphate, denoted Sartomer 9054. As Exolit
replaced the PCL diol, it was incorporated at the first step to keep the
NCO/OH ratio constant. Sartomer substituted the MMA and therefore it
was incorporated once the PU was obtained (third step). Weight ratio of
the PU and the acrylic part was maintained constant.

Table 1 summarises the synthesis reaction. The different dispersions
obtained were named according to the changes made on the basis of the
so-called PU/PMMA dispersion. Note that PU/PMMA_w/o_HEMA and
PU/PMMA_DMPA15% referred to the dispersion obtained without and
with HEMA capping the PU prepolymer, respectively. Both dispersions
contained 15 wt% of DMPA of the total amount of PU. For all the other
dispersions, the employed DMPA amount was increased to 20 wt%. The
letter E stood for the diol phosphate Exolit and S for Sartomer. The
following number indicated the weight percentage of the PCL or/and
MMA that were replaced by Exolit or/and Sartomer, respectively.

2.3. Coating preparation

Wood coatings were formulated mixing some of the dispersions with
a VOC-free defoamer (BYK 028), a coalescent agent (BG), a thickener
(Tafigel® PUR 60) and silicon surface additive (BYK 346) as shown in
Table 2. All components were mechanically stirred at 10 rpm for 10 min
in a DISPERMAT CV3 Plus from VMA-GETZMANN GmbH dissolver.
Different components were added, and their concentration was adjusted
in order to obtain good film formation properties.

2.4. Measurements

2.4.1. Neat polyurethane/acrylic hybrids

Infrared spectra were recorded in a Nicolet 6700-IR (Thermo Sci-
entific) in ATR mode (Specac MKII Golden Gate). Experiments were
performed using 10 scans and a resolution of 4 cm™!.

Dry films were dissolved in deuterated chloroform and 'H NMR
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experiments were performed in a Bruker (Advance 300 DPX model).

The coatings of neat polyurethane/acrylic hybrids were obtained
after casting the dispersions described in Table 1 on Teflon moulds for 3
days at room temperature and other 3 days under vacuum. These sam-
ples were used for DSC, TGA, NMR, gel content and microcalorimetry
experiments. For contact angle measurements, samples were cast over
glass microscope slides using a 100 pm applicator and were dried in the
same way as described before.

The average molar masses of the synthesised dispersions were
determined in a Thermo Scientific size exclusion chromatograph (SEC),
containing a refractive index detector (RefractoMax 521) and an iso-
cratic pump (Dionex UltiMate 3000). Measurements were performed in
Tetrahydrofuran (THF) at a flow rate of 1 mL-min~! and polystyrene
calibration standards ranging from 162 g-mol~! to 3,150,000 g:mol~!
were used. The measurements were carried out at 25 °C. Dry samples
were dissolved in THF at a final concentration of approximately 2.8 wt%
and filtered before injection.

The absolute molar mass distribution of the polymer was measured
by Asymmetric-Flow Field-Flow Fractionation (AF4) in combination
with a multi-angle light scattering (MALS) Dawn Heleos II (Wyatt
Technology) and a refractive index (RI) detector Optilab Rex (Wyatt
Technology). THF was used as the mobile phase and fractionation was
controlled by a Wyatt Eclipse 3 AF4 separation system controller. The
spacer used in the channel was 490 pm width and the membrane was of
regenerated cellulose with a cut-off 10 KDa. The samples were prepared
at about 10 mg polymer -mL~! THF and 100 pL of solution were injected
without prior filtration. The data collection and treatment were carried
out by ASTRA software version 6.1 (Wyatt Technology). The absolute
molar mass was calculated from the MALS/RI data using the Debye plot
with first-order Zimm and second-order Berry formalism. For the spe-
cific refractive index increment value (dn~dc_1), the average of the PU
(60 wt%, dn-de™! = 0.149 mL-g 1) and MMA (40 wt%, dn-dc™! = 0.084
mL-g~!) were considered. Therefore, the employed dn-de™! value was
0.123 mLg~! and the measurements were carried out at room
temperature.

Particle size was analysed by dynamic light scattering (DLS) (90Plus
Particle Size Analyzer, Brookhaven Instruments). Measurements were
conducted at a fixed angle of 90°, and at temperature of 25 °C. A
refractive index of 1.520 was employed. Before the measurement 50 pL
of the dispersion were diluted with 1.5 mL of distilled water.

Transition electron microscopy (TEM) was employed to analyse the
morphology of the final particles in a Talos F200i (Thermo Scientific)
field emission gun instrument equipped with Bruker XFlash 100 XEDS
spectrometer. Images were performed in the STEM mode under high
annular dark field (HAADF) detector for Z contrast imaging in STEM
conditions. Those conditions were a camera length of 160 mm and a
semiconvergent angle of 6 mrad. The dispersions were diluted is distilled
water (0.05 wt%) and sonicated for 1 h before letting them dry at
ambient temperature over standard TEM copper grids (200 Mesh)
covered by a pure carbon film. The grid was glow discharged before the
drop of suspension was added.

The gel content of the dry coatings was determined by Soxhlet
extraction in THF. Samples of about 1 g were placed on the corre-
sponding filter paper bags, and they were dried for 24 h at 60 °C. Then,
the extraction was left for 24 h. Finally, samples were left to dry for
another 24 h at 60 °C. The results were the average of three
measurements.

Water static contact angle (CA) was determined using the sessile
drop method in a Phoenix 300 (Surface Electro Optics) goniometer with
an image processing system (Data Physics Instruments GmbH). A drop
size of about 20-50 pL was employed and the average value was
calculated from at least eight readings.

Differential scanning calorimetry (DSC) measurements of the dried
samples were performed on a TA Instruments DSC Q2000. Samples were
heated in nitrogen from —80 °C to 150 °C at a heating rate of 10 °C-
min~!. A second run was done using the previous conditions after
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cooling the samples at 50 °C:min . About 3-5 mg of the sample were
used for each analysis.

Thermogravimetric analyses (TGA) were performed on a TGA Q500
from TA Instruments. Dry samples were heated under nitrogen from
30 °C to 800 °C using a heating rate of 10 °C-min ' and under a nitrogen
flow of 90 mL-min~*. About 5-25 mg of the sample obtained by casting
were used for the analyses.

Flammability of the coatings was determined in a pyrolysis com-
bustion flow calorimetry (PCFC) from Fire Testing Technology. 6-8 mg
of samples were heated at a rate of 1 °C-s™'. The sample was heated to
700 °C, and a combined gas flow rate of 100 mL-min~! (oxygen con-
centration of 20 vol%) was applied in the combustor (temperature
900 °C). A total of three measurements were performed for each sample.
The heat release capacity (HRC), peak release rate (pHRR) and total heat
release rate (tHRR) were calculated from the oxygen consumption,
heating rate, sample weight and flow rate.

A gas chromatograph (Shimadzu GC 14-A with a SGE BP-624 col-
umn) was employed to determine the MMA amount in the final
dispersion. The measurements were carried out at a 170 °C injector
temperature, 250 °C detector temperature, under helium gas and under
a constant pressure of 0.5 kg-cm 2. The employed temperature program
was the following: 50 °C for 2 min, heated to 80 °C at a heating rate of
10 °C-min~!, 80 °C for 5 min, heated to 100 °C at a heating rate of 5 °C-
min~}, 100 °C for 5 min, heated to 240 °C at a heating rate of 25 °C:
min~! and 240 °C for 3 min. For sample preparation 2 mg-g ! of external
standard pentanol and 5 mg-g~! of a radical inhibitor (hydroquinone)
were introduced into a 5 mL vial with 2 g of dispersion. 5 pL were
injected.

2.4.2. Formulated coatings

Colorimetric measurements of the formulated wood coatings were
carried out to quantify the film transparency using a CM-2600d Spec-
trophotometer (Konica Minolta). The CIELAB system values were
determined by this technique: L* (lightness), a* (red and green) and b*
(yellow and blue). L* values were analysed where zero represents black
and 100 represents white. To consider the sample as transparent, values
below 25-30 were those being sought. The given values were the
average of at least 10 measurements.

The gloss of the different formulated coatings was determined in a
glossmeter (BYK GARDNER micro-TRI-gloss) according to UNE-EN ISO
2813:2014. For this purpose, the light reflected by the surface at
different incidence angles was measured, being 20° for highly reflective
surfaces, 60° for semi-gloss surfaces and 85° for matte surfaces respec-
tively. Initially, all samples were analysed at 60° and if the result ob-
tained was <10 gloss units, it was considered a matte surface and the
analysis was repeated at the corresponding geometry. In contrast, if the
value obtained exceeded the 70 gloss units, it was deemed a highly
reflective surface and a geometry of 20° was required to obtain the real
result. A mean value of 10 measurements was reported. For this purpose,
formulations were applied on dark glass using a 120 pm thick Baker
Applicator (Neurtek Instruments). Furthermore, sapele and oak wood
substrates were employed, for which three light layers of about 80 g-m 2
each were applied. The samples were dried for a week at room tem-
perature prior to analysis.

Adhesion to the different substrates of the formulated coatings was
measured using a cross-cut tester following the UNE-EN ISO 2409:2020
standard. The wood substrates chosen were sapele and oak thus, the
incisions were made with 2 mm spacing, using a 9 mm width edge cutter
(NT-cutter, Zehntner GmbH Testing Instruments) and a ZCT 2160.2
Cross-cut Template (Zehntner GmbH Testing Instruments) and a roll 25
mm width adhesive tape (Zehntner GmbH Testing Instruments) was also
necessary to complete the test. For sample preparation the same pro-
cedure as for gloss measurement was followed but just wood substrates
were analysed.

The water resistance of the formulated coatings was determined
using an internal procedure. A small cotton amount was wetted with
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Fig. 1. FTIR of the PU/PMMA sample at different PU polymerisation reac-
tion times.

about 2 mL of water and then placed on top of the sample and covered
with a watch glass. The water was left for 3 h, and the changes were
noted.

In terms of transparency and water sensibility, the formulations were
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applied on contrast white/black cardboards (B/N test charts from
Neurtek Instruments) using an ATX Automatic Applicator (Neurtek In-
struments) at a 40 mm-min ' application rate and a 120 pm thick Baker
Applicator (Neurtek Instruments). Prior to the measurements, samples
were dried for one week at room temperature.

A Fisher Instruments ultramicrohardness device (Fischerscope®
H100) with a Vicker indenter was used to compare the hardness of the
formulated films. The test proceeded by loading and unloading cycles in
the range of 0.4-10 nN. Each cycle was divided into 40 loading steps
with an intermediate time of 0.5 s, resulting in a total loading time of
19.5 s. A mean value of five measurements was registered. The analysis
was performer on the same dark glass samples as gloss and the films
were left to dry for at least 2 weeks under ambient conditions, ensuring
that the films were completely dried.

Cone calorimetry tests were done in order to analyse the fire reaction
performance of the samples. For this purpose, time to ignition (TTI),
total heat release rate (THR), effective heat of combustion (EHC), peak
heat release rate (pHRR), time to peak heat release rate (TT pHRR), final
residue and released CO and CO, were analysed according to ISO 5660-
1:2015. An incident heat flux of 50 kW-m 2 was applied at a distance of
25 mm from the heater and the tests were executed in a horizontal
orientation. In order to carry out the measurements, the dispersions
were applied to 88.4 mm surface area substrates (Fimapan, wooden
particle boards from FINSA) and the final thickness obtained was about
12 mm. 3 g of the final formulation were applied and left dry for 24 h at
20 °C and after the second application of 3 g and drying for another 24 h
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at 37 °C, they were left in the conditioning room (50 % relative humidity
and 23 °C) for 3 days. The measurements were reproducible within +£10
%, thus the data reported were the average of two replicates.

3. Results and discussions

3.1. Synthesis and chemical characterization of the PU/acrylic hybrid.
FTIR/NMR/SEC/AF4/STEM

FTIR and NMR were employed to follow the PU synthesis reaction
and the MMA polymerisation, respectively.

The PU reaction, as explained in previous section, took place in two
steps: first, an NCO end capped prepolymer was obtained (5 h) and af-
terwards, HEMA was added to complete the reaction. The first step of the
reaction was followed by infrared spectroscopy as it is very appropriate
to monitor the isocyanate disappearance. The infrared spectra were
recorded at different reaction times after drying the samples in order to
evaporate the MMA. The spectra for the first reaction are shown in
Fig. 1. As expected, the absorbance of the isocyanate characteristic
stretching band at 2260 cm™! decreased throughout the reaction. In
addition, the generated urethane groups were responsible for the bands
at 3325 cm’l, 1710 cm ™! (amide I) and 1533 ¢cm ! (amide II) (corre-
sponding to the stretching vibration of -NH and -C=0 and bending vi-
bration of -NH, successively) [3,20]. All these changes confirmed the
formation of urethane groups. Moreover, after 5 h, the absorbance of the
isocyanate stretching was negligible, corroborating that the first step
was successfully completed.

Likewise, the same procedure was followed when Exolit was incor-
porated into the polymer chain. Infrared spectra for PU/PMMA_E50%
sample are shown in Fig. S1. The disappearance of the isocyanate
stretching vibration after 5 h confirmed the introduction of the phos-
phorylated polyol in the polymer structure.

In order to follow and quantify the PMMA /urethane ratio during the
reaction 'H NMR was employed. The spectra obtained for the PU/
PMMA _w/o_HEMA dispersion are shown in Fig. 2a and its scale-
expanded spectra in Fig. 2b. The main signals corresponded to IPDI,
PCL and PMMA as can be appreciated in the signal assignment displayed
in Fig. 2c. Note that the spectra were recorded after removal of the

Table 3
Gel content and molar masses measured by SEC/RI.
M, My D Gel
[gmol 1] [gmol '] [%]
PU/PMMA_w/0_HEMA 21,706 46,372 2.1 0
PU/PMMA_DMPA15% 21,593 56,855 2.6 0
PU/PMMA 18,435 49,599 2.7 0
PU/PMMA _E40% 11,368 41,636 3.66 65 £ 11
PU/PMMA _E50% 12,410 33,067 2.66 53+1
PU/PMMA _E60% 8594 13,822 1.61 41 + 36
PU/PMMA _E70% 9650 17,934 1.86 30+6
PU/PMMA _S10% 7356 17,373 2.36 66 + 2

unpolymerised methyl methacrylate, so that the monomers character-
istic double bond signals between 5 and 6 ppm were not visible in any
spectrum. The area at 3.60 ppm (corresponding to the poly(methyl
methacrylate) methyl nuclei attached to the oxygen side of the ester)
was quantified taking as reference the signal at 4.15 ppm (concerning to
the methylene nuclei of PCL attached to the ester group) (see Fig. 2c).
The PMMA weight percent of the hybrid dispersion is shown in Fig. 2d
[21].

Based on the results obtained, it is worth noting that the poly(methyl
methacrylate) percentage reached a maximum in 40 min and afterwards
remained constant suggesting that there was no methyl methacrylate
monomer available to react. The final PMMA percentage was close to 30
% even though according to the reaction stoichiometry a theoretical
value of 40 wt% should be reached. In order to establish the origin of
these differences, the residual monomer concentration was measured by
GC and a value of 500 ppm was obtained. Even though this value was
high, the residual monomer could not explain the reduction of the
PMMA content in the polymer. For the purpose of ensuring that there
was no more MMA available to react, an excess amount of thermal
initiator was incorporated and made to react for another 2 h. The NMR
spectrum obtained are shown in Fig. S2 and as can be seen there was no
change on the PMMA signal area. Therefore, we argued that the rest of
the methyl methacrylate was evaporated during the synthesis because of
a non-appropriate sealing of the reactor.

Similarly, the polymerisation of the MMA was also studied for the
sample containing Exolit (Fig. 3) and the results were similar to the
previous ones. On the one hand, as in the non-phosphorus containing
hybrid, the PMMA percentage reached the maximum in 40 min. On the
other hand, the PMMA content was lower than the theoretical one which
was related to the evaporation of the monomer (residual monomer
content of the sample was 50 ppm). In light of the above, it was clear the
Exolit had not significant effect on the MMA polymerisation rate.

The incorporation of the acrylic phosphate Sartomer to the polymer
could not be followed by 'H NMR because there were no isolated signals
for this monomer. However, the incorporation of this monomer could be
corroborated by FTIR (Fig. S3). As observed, pure Sartomer presented a
strong absorption in the 900-1000 cm ™! region that was related to the
phosphate stretching vibration. This signal was present on sample PU/
PMMA _S10%. Moreover, no band assigned to the C=C stretching was
observed corroborating the polymerisation of the double bond and the
successful incorporation of Sartomer in the resin.

It is to mention that the reactions gelled in the first step when >70 %
of the polyol was replaced by phosphorylated polyol. Similarly, gelation
occurred in the third step when >10 % of MMA was replaced by the
phosphorylated acrylate or when both phosphorylated compounds were
added. The gelation of the reaction in the first step could be related to
the phosphate ester exchange reaction. According to the literature,
phosphate esters (such as Exolit) can produce transesterification re-
actions with alcohols [22]. It could be argued that the occurrence of the
reaction between Exolit and the polyol produced cross-linking points
and therefore it was in the origin of the gelation. Furthermore, the
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Fig. 4. a) PU/PMMA sample SEC chromatogram and b) molar mass distributions obtained by AF4/MALS/RI for different hybrids.

gelation produced with the addition of Sartomer, was related to the
phosphoric acid groups that aggregated and cross-linked during the
polymerisation [20].

As a consequence of the gelation, the maximum phosphorus amount
that could be incorporated in the polymers (calculated considering the
phosphorus content of Exolit and Sartomer provided by the manufac-
turer) was limited to 1.73 £ 0.14 wt%. Moreover, the introduction of
phosphorus in the formulation promoted the above-mentioned cross-
linking reactions and the dried films presented high values of the gel
content (Table 3). Surprisingly, the gel content decreased with the Exolit
amount. The origin of this unexpected result was related to the phos-
phate ester interchange reaction. As stated previously, this reaction
provoked the formation of crosslinking points and therefore it was not
possible to use high Exolit amount. However, because of the structure of
the phosphorylated polyol, the interchange reaction could also give rise
to formation of monofunctional alcohols, which could act as chain
stoppers reducing the molecular weight. Consequently, it seems that
with increasing the Exolit concentration the gel content was reduced
because of the chain stopper effect. However, there was a concentration
where the crosslinking effect became predominant and the reaction
gelled. Finally, the highest gel content was reached for the Sartomer
containing sample. Accordingly, the cross-linking ability of the phos-
phorous acrylate was higher than that of the phosphorous containing
polyol.

SEC/RI was used to determine the molar mass of polymers. Fig. 4a

shows the SEC chromatogram of the PU/PMMA sample. Most signifi-
cantly, a bimodal distribution was observed. This distribution was a
consequence of the different molar mass of the polyurethane and acrylic
chains. As the poly(methyl methacrylate) was obtained by radical
polymerisation, it could be argued that it was responsible for the high
molar mass fractions. It is worth noting that this signal appeared at the
exclusion limit of the employed SEC column. Therefore, only the poly-
urethane fraction was characterized by SEC/RI (Table 3).

As observed in Table 3, among the samples without phosphorous, the
molar mass (Mw) and polydispersity index of the polyurethane was
slightly higher for the samples compatibilized with HEMA. As HEMA
was located as chain end in the Polyurethane backbone, it could be
polymerised by radical polymerisation and therefore this effect
increased the molecular weight. The samples containing phosphorous
were filtered before injection in SEC/RI due to the high gel contents
arising from the cross-linking reactions. Therefore, only the soluble part
was analysed. However, with the addition of the phosphorous com-
pounds, the molar mass of the polyurethane chains decreased consid-
erably. This result was related to the interchange reaction that could
gave rise to formation of monofunctional alcohols, reducing the mo-
lecular weight of the Polyurethane as well as the gel content, as stated
previously.

With regard to the data obtained by AF4/MALS/RI (Fig. 4b), a
bimodal molar mass distribution was observed for all the hybrid poly-
mers as well as the SEC/RI results. The hybrid without acrylic

Fig. 5. STEM analysis of the sample PU/PMMA. At a scale bar of a) 50 nm and b) 100 nm.



M. Puyadena et al.

Progress in Organic Coatings 170 (2022) 107005

Fig. 6. STEM analysis of the sample PU/PMMA _E50%. At a scale bar of a) 50 nm and b) 100 nm.

Fig. 7. STEM analysis of the sample PU/PMMA_S10%. At a scale bar of a) 50 nm and b) 100 nm.

compatibiliser (PU/PMMA_w/o_HEMA) showed a low molar mass peak
at about 10* g'mol ! which agreed with the molar mass observed in the
SEC/RI for the polyurethane fraction (Table 3) and another peak at
higher molar masses (10° g-mol™!) corresponding to the acrylic fraction.
These values were very close to those reported in literature for similar
hybrids [23]. However, the incorporation of HEMA (sample PU/
PMMA _DMPA15%) caused a shift to higher molar masses in both peaks.

Even though all the hybrids that did not contain phosphorous pre-
sented considerably high molar masses, they did not present any gel. On
the contrary, when the phosphorous compounds (Exolit/Sartomer) were
used, as mentioned, significant gel content values were obtained
(Table 3). AF4/MALS/RI offered the possibility to analyse the whole
sample (including gel). Thus, when the Exolit containing samples

Table 4
Properties of the dispersions and films.

Samples Particle size Water contact angle

[nm] [°1

PU/PMMA_w/0o_HEMA 49 +1 78 £3
PU/PMMA_DMPA15% 72 %1 79+1
PU/PMMA 55+1 77 £ 2
PU/PMMA _E40% 90 £ 2 83+3
PU/PMMA _E50% 82+1 71+1
PU/PMMA _E60% 259 + 4 62 + 2
PU/PMMA _E70% 302 +73 55+ 2
PU/PMMA _S10% 116 +£8 79+3

(without filtration) were analysed by AF4/MALS/RI both peaks shifted
to higher molar masses comparing to the no phosphorylated samples.
Opposite results were registered for the Polyurethane fraction by SEC-
RI, probably because of the difficulty of AF4/MALS/RI in measuring
the low molar masses when very high molar masses (gel) are present.
However, it was not observed a clear trend between the molar mass and
the Exolit content but the measured huge molar masses should be related
with the grafting and cross-linking generated by the transesterification
side reaction. In relation to the addition of Sartomer, the increase of the
molar mass of both segments was a consequence of the high interactions
between the phosphoric acid groups and chemical cross-linking re-
actions [24].

The morphology of the particles was studied by STEM images. The
results are shown in Figs. 5, 6 and 7, for dispersions PU/PMMA, PU/
PMMA _E50% and PU/PMMA_S10% respectively. This technique is able
to detect different electronic densities; therefore, it can be useful to
elucidate the distribution of the PU and PMMA in the particles. Different
types of particles of diameter close to 50 nm were appreciated in the
sample PU/PMMA. Some showed higher contrast than others. According
to the literature, the high contrast particles contained high PMMA
amount while the low contrast ones contained high PU percentage
[10,25]. Some core-shell morphology particles could be distinguished
here and there where the PU surrounded the PMMA core [25] [10].

On the other hand, it was observed that the incorporation of Exolit
(Fig. 6) caused coalescence of the particles to such an extent that it
created cross-linked structures. The incorporation of Sartomer (Fig. 7),
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in contrast, gave a lower contrast matrix where high contrast particles
could be observed. Thus, it could be said that a completely cross-linked
PU film was obtained, where PMMA particles were dispersed.

3.2. Characterization of the dispersions

The main characteristic considered to optimise the dispersion was
the particle size, since this is directly related to the final film appearance.
Thus, considering that the final application of the synthesised dispersion
was for wood coating, the film was intended to be transparent and
consequently small particle size was required [26,27]. The obtained
particles sizes are collected in Table 4.

The sample without HEMA presented a particle size close to 50 nm. It
should be mentioned that the addition of a compatibiliser should make
the films more transparent because it caused better component mixing
[28]. However, the incorporation of the compatibilising agent increased
the particle size from 49 to 72 nm. The particle size depended on the
DMPA concentration and its location in the particle surface. Most
probably, the chemical linkage between the phases reduced the mobility
of the carboxylate groups toward the particle surface. Consequently, the
particle size was higher for the HEMA containing samples. With the aim
of maintaining a small particle size, as proposed by S.J. Peng et al. the
amount of the internal emulsifier (DMPA) was increased [29,30] from
15 (PU/PMMA DMPA15%) to 20 wt% (PU/PMMA), thus achieving a
particle size close to 50 nm. It is worth noting that this data were in
accordance with the STEM analysis.

Of a particular note, increasing the phosphorous compound con-
centration made the particle size increase and at this point, the film was
no longer transparent. This effect was magnified when more Exolit was
incorporated as the dispersions coagulated and could be related to both:
a) the crosslinking of the polymer and b) the hydrophilic segments of
Exolit since according to the literature more hydrophilic alcohols pro-
duce bigger particles [9].

The data obtained for the contact angle are summarised in Table 4.
The results show that there were no important changes on the hydro-
phobic/hydrophilic character of the film with the addition of the com-
patibilising agent and the incorporation of a higher proportion of
internal emulsifying agent. However, the introduction of the phos-
phorylated polyol reduced the contact angle, especially when the con-
tent was higher than 50, making the sample more hydrophilic. This
result could be related to the polar groups of the phosphorous com-
pounds that make the polymer more hydrophilic [31,32]. In addition,
the phosphorylated polyol contained polyethylene oxide segments that
could decrease the contact angle value. On the contrary, the contact
angle was not modified by the introduction of the phosphorus contain-
ing acrylate, probably because of the low phosphorus content of the
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Table 5
Data obtained from TGA results.
Samples P Tonset”  Trmax" Residue at 800 °C in
[wt%] [°C] [°C] Nz
[%]
PU/PMMA _w/ - 212 333; 434 0.7
o_HEMA
PU/PMMA - 217 342; 404; 0.4
433
PU/PMMA _E50% 117 + 191 309; 401; 2.1
0.10 427
PU/PMMA _S10% 0.55 185 329; 407; 0.2
435

@ P: theoretical phosphorus content.
b T sets Temperature at which the weight loss was 5 % of the total mass.
¢ Tmax: Temperature at maximum weight loss rate calculated from DTG.

dispersion.

3.3. Properties of the films

3.3.1. Pure resin

Pure resin dispersions were casted over microscope glass slides, and
the photographs of the films can be found in Fig. S4. The film trans-
parency was related to the PCL crystallisation as will be analysed in the
following paragraphs.

Fig. 8 shows the DSC results and the data obtained from such ana-
lyses are summarised in the Table S1. In the first run, the samples that
did not contain phosphorus showed a melting endotherm close to 50 °C
which according to the literature corresponded to the crystalline PCL
segments [33]. This transition was not present in the samples containing
Exolit and Sartomer. In the second run all the samples were amorphous
and presented two glass transitions. Therefore, as stated in literature,
polyurethane and poly(methyl methacrylate) segments were phase
separated. The low temperature transition (close to —50 °C) corre-
sponded to the PU soft segment [34] while the transition near 100 °C
was related to the PMMA part of the hybrid [35] and was probably
overlapped with that of the PU hard segments.

As observed, for non-phosphorus containing samples, the introduc-
tion of the compatibilising agent did not produce significant changes in
the PCL melting. However, in the second run the glass transitions of
polyurethane and acrylic segments in sample PU/PMMA_DMPA15%
were slightly closer from each other, suggesting once again that the
HEMA acted as compatibilising agent. Moreover, with the increment of
the DMPA from 15 to 20 wt% the high temperature glass transition
showed superior values since the hard segment content was enlarged
with the DMPA [36].

The introduction of phosphorous compounds produced an important
decrease of the crystallinity of the PCL since the cross-linking restricted
the PCL movement [37]. The decrease was even higher when Exolit was
used due to the alteration of the chain regularity and the polyurethane
packing provoked by the presence of a second diol [38]. There were no
appreciable changes in the Ty when dealing with Exolit, whereas in the
case of Sartomer, the PMMA T, was increased. This could be explained
by the high cross-linked structure of the samples containing Sartomer.

The TGA results obtained for the samples PU/PMMA_w/o_HEMA,
PU/PMMA, PU/PMMA _E50% and PU/PMMA _S10% are summarised in
Table 5 and the complete data obtained is shown in Fig. S5. The weight
loss changes are more clearly observed in the differential thermog-
ravimetry (DTG) curves. According to the literature, for PU/PMMA_w/
o_HEMA two different weight loss steps could be distinguished: the first
one corresponds to the decomposition of the hard segments and the
second one to the soft segments and the acrylic part. By contrast PU/
PMMA exhibited three stages instead of two, the one in the middle
corresponding to the overlap of the soft segments and acrylic part [39].
Therefore, it would be concluded that the compatibilisation was
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Table 6
Microcalorimetry data obtained for different formulations.

Samples P HRC tHR Residue at 700 °C in
[wt%] gt kig'l 0,
KM [%]
PU/PMMA - 222+ 5.5 24 + 1.6 £ 0.4
0.1
PU/ 1.17 £ 226 + 22 + 2.5+0.7
PMMA _E50% 0.10 14.8 0.6
PU/ 0.55 268 + 23 + 1.5+0.1
PMMA _S10% 13.0 0.3

successful in some degree. These results were in accordance with those
obtained by STEM and SEC.

Samples containing phosphorus showed a similar behaviour and the
degradation took place in three steps. However, a remarkable change
occurred in the onset degradation temperature, which decreased with
the incorporation of phosphorus in the formulation. Therefore, it could
be argued that the incorporation of the phosphorous compounds might
accelerate the thermal decomposition of the matrix. According to the
literature, phosphorus is considered to be the first element being
released because P—O bond is weaker than the C—O one. The C—0O
bond requires of 256 kJ-mol ! whereas the P—O bond needs just 149 kJ-
mol ! [19,38].

The released phosphorus remaining in the condensed-phase can
promote the creation of a stable phosphorus-carbon layer at the surface
and, thus, improve the thermal stability at high temperature [40].
Moreover, the phosphoric acid arising from the P—O decomposition
could act as a urethane debonding catalyst and contribute to the polyol
dehydrogenation, thereby decreasing the remaining steps temperatures
as shown in the Fig. S5 data. Even though the incorporation of phos-
phorous compounds decreased the polymer degradation temperatures,
it also could accelerate the formation of the char yield at high temper-
atures [38]. This could be the reason why when Exolit was used a
slightly higher residue was obtained. However, due to the small phos-
phorus amount of the sample, the value of the residue was still low. It
should be noted that for Sartomer there was no appreciable increase in
the residual percentage. One reason for this could be that there was no
enough phosphorus in the film to create the char [41].

Likewise, the result obtained for PU/PMMA, PU/PMMA_E50% and
PU/PMMA S10% by the microcalorimetry are shown in Fig. 9 and the
data for HRC (heat release capacity), pHRR (peak heat release rate), tHR
(total heat release), percentage of residue obtained and P (theoretical
phosphorus weight percentage of the sample) are given in Table 6. As
microcalorimetry involves analysing such small samples, the quantita-
tive data obtained were not representative [42]. However, the data were
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used to make a screening of the fire behaviour of all the formulations,
and similar conclusions to those of the TGA were obtained. It was found
that the first stage was related to the phosphorous compounds, which led
to small heat release. Once the phosphorus was released, the phosphoric
acid should generate the polymer dehydrogenation giving rise to a
carbonaceous char. This layer should reduce the heat, O, and flammable
gases transfer between the combustion and the non-combustion zones
[43]. However, in the microcalorimetry the sample degradation takes
place in the pyrolysis chamber, and not in real fire conditions. Thus, the
released compounds are combusted at 900 °C. This could explain why
there was only a small reduction in the total heat release. As regards the
final residue data, similar results as for the TGA were obtained. The
differences in these values were very small and may be due to the
temperature at which they were measured and the use of the oxidative
environment in the case of PCFCs.

3.3.2. Formulated dispersions

The transparency of the coatings was evaluated by colorimetric test
(Table S2). The CIE L*a*b* colour system, also known as CIELAB, makes
possible to quantitatively determine the colour of an object by means of
three-dimensional Cartesian coordinates: L* (lightness), a* (red-green
chromatic coordinate) and b* (yellow blue chromatic coordinate). This
system is based on the statement that human cannot perceive red and
green, yellow and blue or white and black at the same time. [44,45]. As
the aim was to measure the transparency, the colour difference to the
pattern (AE*ab (D65)) was evaluated. This value must be <2 for the
sample being considered the same as the pattern. Therefore, if the colour
of the final object is similar to that of the substrate the coating is
considered transparent. Likewise, as samples were applied on black
cardboards of an L* value of about 28.70 4 0.05, similar values for the
final applications were expected. As observed, there were no remarkable
differences between the formulations. For all the studied cases, the L*
values and AE*ab (D65) values smaller than 30 and 2, respectively, were
obtained. Therefore, all the formulations were highly transparent.

The gloss results for the formulations applied at different surfaces are
shown in Table S3. In dark glass a decrease in the reflected light was
observed when phosphorous compounds were incorporated into the
polymeric chain, even though the surface was still considered to be
highly reflective. Similar results were obtained by F. Celebi et al. when
phosphorous phenyl dihydroxy was incorporated to the polyurethane
chain [46]. The decrease in gloss was attributed to the higher surface
roughness provoked by the particles and aggregates [47]. Therefore, it
could be concluded that the phosphorous compounds made the particles
aggregates, which was in agreement with the results discussed above.
When the formulations were applied on wood, either sapele or oak, the
gloss decreased significantly, due to the pores making the surface un-
even. Hence, PU/PMMA _E50% on sapele was considered a matte coating
and in the case of oak, it was close to being considered matte.

The cross-cut-adhesion test results of the formulations on different
substrates are summarised on Table S4 and Fig. S6. For PU/PMMA and
PU/PMMA_E50%, the adhesion of the coating to wood was maximum
and no separation was observed. The hydrogen bonds between the
urethane moieties and the hydroxyls of the wood substrates contributed
to good adhesion strength [48]. However, for PU/PMMA _S10% this
property decreased slightly, concluding that cross-linking promoted by
Sartomer restricted in some extent the creation of hydrogen bonds. This
agreed with the result of STEM where it was appreciated that the cross-
linking of the PU was obtained where PMMA particles were dispersed.

Water sensibility was analysed by keeping water in contact with the
coated surface (Fig. S7). Waterborne coatings tend to trap water by
hydrophilic groups [49]. In the case of PU/PMMA, the appearance of
blisters was observed, which disappeared when the sample was dried.
For PU/PMMA_S10%, a slightly whitish colour was observed, which also
disappeared on drying. Both cases were demonstrations of water ab-
sorption. When Exolit was incorporated to the chain, since it contained
hydrophilic polyethylene oxide segments, the film was destroyed after
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Fig. 10. a) Heat release rate and b) total heat release rate measured by cone calorimetry.
Table 8
Cone calorimetry data obtained for different formulations.
Samples P TTI THR EHC PHRR TT pHRR pHRR TT pHRR Residue tCco tCO,
[wt%] [s] [MJm %] MIkg '] [kW-m 2] [s] [kW-m 2] [s] [%] [kg/kg] [kg/kg]
PU/PMMA - 21.5 109.3 14.4 319.9 43 270.8 440 16.2 0.03 1.3
PU/PMMA _E50% 1.17 £ 0.10 18.5 115.3 14.8 278.1 40 290.8 430 15.8 0.03 1.3
PU/PMMA _S10% 0.55 23.3 107.0 14.1 311.4 38 185.2 582 19.4 0.04 1.2

water contact.

Hardness was measured by the resistance the film makes when load
is applied. This resistance restrained the indenter point from penetrating
as shown in Fig. S8. Consequently, the film that did not allow the
indenter to penetrate was the hardest and the one that allowed pene-
tration was the softness. According to the hardness results displayed in
Table S5, when Exolit was incorporated into the chain, an increase in
film hardness was observed. This effect was attributed to the decrease in
polycaprolactone diol content, which contributed to the soft segment of
the polyurethane. So, in this sample a part of the PCL was replaced by
Exolit, a lower molar mass diol that makes the obtained film harder [50].
On the other hand, when Sartomer was incorporated the hardness did
not show significant changes.

Cone calorimetry was used to study the fire behaviour of the
formulated coatings. As the formulations were applied on wood particle
board substrates when HRR was analysed as a function of time (see
Fig. 10a), the characteristic wood double peak was appreciated. The first
peak, before carbonisation and the second one, at the end of the test, was
related to the char cracking or to the increase of the pyrolysis efficiency
[41]. The fire-retardant contribution requires the smoothing of these
two peaks to obtain two broad peaks of smaller area, which means a
significant reduction in HRR [51]. Therefore, a decrease in THR was
expected, although the phosphorus amount was not large enough to
maintain its effect in the condensed-phase.

For Exolit containing samples, the influence of phosphorus on TTI,
THR, EHC, pHRR and final residue content was observed (see Table 8).
The decrease in the time to ignition, when phosphorus was incorporated
into the polymeric chain, confirmed that phosphorus required less en-
ergy to be released. As for pHRR data obtained, from PU/PMMA to PU/
PMMA_E50% a decrease of 13 % for the first peak and an increase of 7 %
for the second peak was appreciated. On this basis, it could be concluded
that phosphorus could act on the fire combustion process in its early
stages, although this effect could not be sustained over time, resulting in
the increase of the heat released in later stages. Therefore, it could be
said that phosphorus was not able to generate the carbonaceous layer, so
there was no improvement regarding THR, EHC and final residue
quantity [17,19]. In addition to heat, released CO and CO, were also
recorded (tCO and tCO respectively), but they did not show any
improvement with the addition of phosphorus. However, a remarkable
diminution of the peak of both gases was appreciated. Furthermore, the
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maximum peak occurred at higher times. Considering this, the action of
the phosphorus as flame retardant was effective but the amount in the
prepared samples was not high enough.

In the Sartomer containing samples, in terms of released heat no
significant changes could be appreciated in the characteristic first peak
of the wood (decrease of 3 %). However, the main differences occurred
once this peak occurred, since there was a significant delay (of 142 s)
and decrease (of 32 %) in the second peak. This effect could be explained
by the formation of the carbonaceous layer after the phosphorus release.
It is worth noting that in contrast to TGA and PCFC results, the residue of
the sample containing Exolit was very similar to that of pure PU while
the sample containing Sartomer presented a higher residue. The origin
of these differences was probably due to the higher heating rate
employed in the Cone Calorimeter. [52]. Even though a delay was given
in the released heat, there was no large variation on the released total
amount (see Fig. 10b) and effective heat of combustion. On the other
hand, for the released CO and COj, similar results to those with regard to
Exolit were obtained, but in a lesser extent.

4. Conclusions

Phosphorus modified Polyurethane/acrylic hybrid dispersions were
successfully obtained. Urethane and acrylic segments were phase sepa-
rated but correct compatibilisation was reached when using HEMA. The
introduction of phosphorus in the formulation (via polyol or acrylic
phosphate) increased the particle size and promoted their aggregation
giving rise to cross-linked coatings. Dispersions with high amounts of
acrylic phosphate coagulated and it was not possible to obtain stable
dispersions combining the phosphorylated polyol and acrylic monomer.
As the phosphorus was covalently bonded, all the coatings were trans-
parent. Dispersions were formulated as wood coatings and the cone
calorimeter data showed that the action of phosphorus as fire retardant
was not very noticeable. In order to reach optimal fire-resistance, the
phosphorus content of the coatings should be increased, but it was not
possible using the present strategy.
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