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ABSTRACT

Waterborne isocyanate-free grafted poly(hydroxy urethane)-poly(butyl methacrylate) hybrid
dispersions were synthesized by miniemulsion polymerization. Grafting was induced by
including methacrylate functionalities in the poly(hydroxy urethane) and was controlled by the
degree of functionalization. It is shown that grafting enabled a fine tuning of the mechanical

properties of the PHU containing hybrids.
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1. Introduction

Polymer-polymer hybrids are used to access materials that present superior performance due to
the synergistic combination of the properties of the constitutive polymers.[1-4] Hybrid
polyurethane-poly(meth)acrylic waterborne dispersions is one industrially relevant and
environmentally benign example of these materials.[5] PUs provide the material superior
mechanical properties such as toughness, flexibility and abrasion resistance[6—8] whereas the
relatively low cost poly(meth)acrylics increases the outdoor and alkali resistance, as well as the
pigment compatibility.[9-11] These dispersions find applications in areas such as adhesives[12—
15] and/or coatings[16,17] as recently reviewed.[S] These hybrids can be prepared by blending
of PU and poly(meth)acrylic dispersions.[18-22] However, blends yield films with poor
mechanical properties because of the strong phase segregation. This problem is avoided by bi-
phasic particles providing intimate contact between the two polymers,[16,17,29,21-28] which

form films with better properties due to a more homogeneous distribution of the two polymers.

Mehravar et al. highlighted the challenge of reducing the environmental impact of the current
industrial processes for the production of PU-(meth)acrylic hybrids (based on the use of
isocyanates) by developing isocyanate-free synthetic methods.[5] The field of water-based non-
isocyanate polyurethanes (NIPUs) has also been recently reviewed.[30] In contrast with classical
PUs, the literature dealing with hybrid NIPU waterborne dispersions is very limited.[31-34] For
the specific case of the NIPU-(meth)acrylic hybrids, only two studies have been reported where
urethane functionalities are incorporated as pendant groups leading to a remarkable simultaneous
increase of Young modulus, tensile strength and elongation at break.[31,32] In a previous
article,[35] we developed a synthetic strategy to prepare waterborne poly(hydroxy

urethane)s)/(meth)acrylic hybrids. Poly(hydroxy urethane)s — PHUs — a special class of NIPUs,



were first formed by bulk aminolysis of cyclic carbonates and a vegetable oil-based diamine
(Priamine™ 1075) and then dissolved in butyl methacrylate (BMA). The resulting solution was
then miniemulsified. The polymerization of BMA led to hybrid particles exhibiting a core-shell
morphology with the PHU in the shell. The performance of these latexes revealed that the
Young’s modulus and stress at break decreased with the PHU content while the strain at break
and the toughness showed a moderate increase. TEM and AFM images of the films showed that
a substantial phase segregation occurred with the formation of large PHU domains, which
reduced the interaction between the NIPU and the methacrylate, potentially limiting the

properties achievable.

A way to avoid phase segregation is by grafting the PHU and the methacrylic polymer. This is an
unexplored field and the results available for conventional PU-(meth)acrylate hybrids about the
effect of grafting on the resulting performance (e.g. mechanical properties) are not particularly
helpful as a guide because they are controversial. Thus, although there are many examples
showing an improvement of the mechanical properties with grafting in terms of increased
mechanical strength and Young’s modulus,[23,36] there are also others where grafting has

limited effect.[16,17,37]

Therefore, in this article, waterborne grafted PHU-poly(meth)acrylate hybrid dispersions were
developed and the effect of grafting on the particle and film morphologies as well as on the

mechanical properties of the films was investigated.

2. Experimental

2.1. Materials. Butyl acetate (BAc, > 99 %), butyl methacrylate (BMA, 99%), stearyl

acrylate (SA, 97 %), tetrabutylammonium bromide (TBABT), glycidyl methacrylate (GMA, > 97



%), methacrylic anhydride (94 %) and tert-butyl hydroperoxide (TBHP, 70 % in water) were
purchased from Sigma Aldrich; Sebacoyl Chloride (97 %) from Alfa Aesar; Glycerol 1,2-
carbonate (90 %) from ABCR GmbH; Ascorbic acid (AsA, > 99.5 %) from Fluka; Hydrochloric
acid (HCI) in isopropanol (0.1 mol.L") from Panreac; Trimethylamine (NEt3, 99 %) from Fisher;
and Acetone was from VWR Chemicals. Silwet L-77® was purchased from Helena Chemical
Company. Croda kindly provided Priamine™ 1075 (P1075). Dow Chemical kindly provided
alkyl diphenyl oxide disulfonate (Dowfax™ 2A1, D2A1, 45 wt% in water). Deionized water was

used throughout the work.

2.2. Experimental design. The synthesis of the waterborne grafted PHU-(meth)acrylic
hybrids was carried out by dissolving PHUs containing methacrylic groups in a mixture of BMA
and SA (the PHU was 20 wt% based on BMA, and SA was 4 wt% based on the total organic
phase), dispersing the mixture in an aqueous solution of Dowfax 2A1 using sonication, and
polymerizing the resulting miniemulsion employing a redox initiator system (TBHP/AsAc). Two

different kinds of methacrylic functionalized PHUs were used.

In the first type, the methacrylic functionality was fixed at the PHU chain end. The synthesis is
summarized in Scheme 1. The formulation used is given in Table S1 (Supporting Information).
An amine-terminated PHU was synthesized by aminolysis between a sebacic acid-derived bis-
cyclic carbonate (bisCC-Cio) and an excess of the commercially available Priamine™ 1075
(P1075). The excess of diamine was chosen to target a degree of polymerization of 10. The
reaction was performed without catalyst for 4 h at 90°C in bulk in a Schlenk tube using a helical
stirrer specifically designed to fit in the Schlenk vessel (Step #1). The amount of NH2-moieties

was measured by titration with HCI in isopropanol. The amine-terminated PHU was then reacted



with the equimolecular amount of mono-carbonate derivative of glycidyl methacrylate
(monoCC-GMA) at 90 °C for 20h (Step #2). bisCC-Cio was synthesized according to the
procedure described in our previous article.[35] No purification of the functionalized PHUs was

performed after reaction.

The second type of methacrylic-functionalized PHUs contained the methacrylic groups
distributed along the PHU chain and was synthesized as depicted in Scheme 2. The formulation
used is given in Table S2 (Supporting Information). The amine functionalized PHU was prepared
by aminolysis between bisCC-Cjo and P1075 as described above. Then, methacrylic anhydride
was added and the system was kept for 20h at 90°C. The amount of methacrylic anhydride was
half of the theoretical amount of OH-moieties produced during PHU synthesis (assuming
complete conversion of the cyclic carbonate groups). No purification of the functionalized PHUs

was performed after reaction.

The monoCC-GMA was synthesized by reacting glycidyl methacrylate (GMA) with carbon
dioxide (CO2) in acetone under pressure using tetrabutylammonium bromide (TBABr) as
catalyst — Scheme 3. 9.5 g (66.83 mmol) of glycidyl methacrylate and 0.285 g (0.88 mmol) of
tetrabutylammonium bromide (TBABr) were mixed together and dissolved in 50 mL acetone.
The mixture was maintained at 80°C under 30 bars of CO2 and mechanical stirring during 5
days. Full conversion was obtained according to 'H-NMR analysis Figure S1 (Supporting
Information). Removal of the acetone solvent under reduced pressure allowed recovering the

final product that was utilized without any further purification.

For the sake of comparison, a non-functionalized poly(hydroxy urethane) was synthesized by

aminolysis reaction between bisCC-Cio and P1075 using a stoichiometric ratio for the reactive



moieties.[35] No catalyst was added for the polymerization reactions and no purification of the
PHUs was performed after reaction. (The molar masses measured by SEC in DMF — PS

calibration — were: M,, = 2,2.10* g.mol! and D = 1.9).
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The formulations used for the synthesis of the waterborne PHU-(meth)acrylates hybrids by
miniemulsion polymerization are summarized in Table 1 and further details are given in the
Supporting Information (Table S3). In order to prepare the miniemulsion, the functionalized
PHUs (20 wt% based on BMA) were dissolved in a mixture of BMA and SA (SA being 4 wt%
based on organic phase) at 80°C. The organic phase was added dropwise to an aqueous solution

of Dowfax 2A1 (1 wt% based on organic phase) in deionized water under vigorous magnetic



stirring. The resulting 40 wt% solids content coarse emulsion was sonicated for 30 min in a
Hielscher Ultrasonics GmbH (ref UIS250V; 100% amplitude, 0.8s duty cycle). After
miniemulsification, another 1 wt% (based on organic phase) of Dowfax 2A1 was added to the
miniemulsion. The reason for this post-stabilization step is that for this system, the droplet size
was controlled by the available surfactant and therefore the droplets were sparingly covered by
the surfactant, namely close to the stability limit.[38,39] The resulting miniemulsion was
transferred into a 3-neck round-bottom flask. An aqueous solution of TBHP was then added as a
shot so that it had enough time to partition between the aqueous and the organic phase. After the
nitrogen flushing (at least 50 min at 70°C), an aqueous solution of AsAc was fed during 2.5h.

Note that TBHP does not suffer any significant decomposition at 70°C.[40]

The reaction mixture was left under magnetic stirring at 70°C during the entire period of feeding.
Regular sampling was performed in order to gauge the conversion (by gravimetry) and the
particle size (by DLS). At the end of the process, the latex was cooled down to room temperature
and filtered through a 85 pm mesh in order to collect and measure the amount of formed

coagulum (if any).

Table 1: Formulations used in the miniemulsion polymerizations (details in Table S3)

Composition
PHU 20 wt%
, BMA 80 Wt%} POWLE 40 wide solids

basic SA 4 wi%

reetpe Dowfax™ 2A1 1 wt% (wbo)
Water

Post-Stabilization DOWX 2AL 1wt (who)

Water <lg
TBHP 0.1 wt% (wbo)

Initiation AsAc 0.1 wt% (wbo)
Water <lg




2.3. Film casting. Films were cast from the latexes in silicone molds. A 1 wt% of wetting
agent (Silwet L-77®) was used to reduce the surface tension of the dispersion allowing good
wetting of the silicone. The wetting agent may also plasticize the polymer, and hence affect the
mechanical properties of the film, but will not interfere in the comparison between the different
polymers. Rectangular specimens were cast for tensile tests (10 x 40 x 0.3 mm?) at 30°C, 55%
relative humidity for 48h. Square samples were cast for TEM (10 x 10 x 0.5 mm?) at RT, 55%

relative humidity for 48h. These samples were cut with a cryo-microtome device.

2.4. Characterization. A Bruker Avance 400 spectrometer (400.20 MHz or 400.33 MHz)
was used to record '"H-NMR spectra. The samples were dissolved in DMSO-d6 at room
temperature for the analyses. The conversion of the carbonate was calculated using Eq. 1 from
the integrals of the CH: in alpha-position of the urethane moiety (6 = 2.9 ppm) and of the

quaternary carbon of the bis-cyclic carbonate monomers (6 = 5 ppm).

J Urethane(s - 20

(1

Conversion (%)carp = T Urethanegs :
ppm = 2.9
2

+ [ Carbonate(s . =5

The urethane : urea : amide ratio was calculated according to the integrals of the labile protons

using the following equations:

J Urethane s =71

Y%urethane =

) JUreas g (2)
[ Urethane (Bppm=7.1) T [ Amide Gppm =7.7) T +

[ Amide (5

ppm = 7.7)

%Amide = 3
mide fUrea(Sppm:&s) ( )

J Urethane (s =71y + [ Amide s, =77 + >



%urea = 1 — Y%urethane = Yamide (4)

Dynamic light scattering (DLS) measurements were performed in a Zetasizer Nano Z (Malvern
Instruments). The reported values are the average of three repeated measurements of the z-
average values, measured at 25°C after 15 sec equilibration time, of a sample of the latex that

had previously been diluted in deionized water.

Size Exclusion Chromatography (SEC) in dimethylformamide (DMF with 1 g/L of LiBr salt)
was used to measure the PHUs’ molar masses. The equipment was composed of an Ultimate
3000 system from Thermoscientific equipped with diode array detector. A differential refractive
index detector (dRI) from Wyatt technology was also part of the equipment. Two KD803 Shodex
gel columns and one KD804 Shodex gel columns (300 x 8 mm) (exclusion limits from 1000 Da
to 700 000 Da) were used. The flowrate was 0.8 mL min! and the temperature 50°C. Polystyrene

standards (Easivial kit from Agilent) were used, with Mys ranging from 162 to 364 000 Da.

Regarding the hybrids, the molar mass distribution of the whole polymer was measured by
asymmetric-flow field-flow fractionation (AF4, Wyatt Eclipse 3) with multiangle Laser light
scattering (MALLS) and refractive index (RI) detectors and using THF as the solvent. The setup
consisted of a pump (LC-20, Shimadzu) coupled to a DAWN Heleos multiangle light scattering
laser photometer (MALS, Wyatt) equipped with a He—Ne laser (A = 658 nm) and an Optilab Rex
differential refractometer (A = 658 nm) (RI, Wyatt Technology). In AF4, the separation is based
on the interplay between the flows of the carrier and the Brownian motion of the
macromolecules occurring in an open channel in which one of the walls is a membrane.[41] The

sample is first fixed against the membrane using a cross-flow. The interplay between the cross-
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flow and the diffusion creates a profile of macromolecular sizes such as the large sizes are closer
to the membrane wall. The parabolic flow along the cell makes that the macromolecules that are
further away from the membrane (i.e., the smaller ones) are eluted first. The main advantage of
AF4 is that, due to the lack of stationary phase, very large macromolecules can be analyzed. The
data collection and treatment were carried out by ASTRA 6 software (Wyatt Technology). The
samples were prepared by dispersing the latexes directly in THF (5 mg of polymer latex in 1 mL
of THF).[15] The molar mass was calculated from the RI/MALLS data using the Debye plot

(with second-order Berry formalism).

Titration of the excess of NHz-moieties (chain-ends) was performed with HCI in isopropanol,

using bromocresol green as a color indicator. The reported values are an average of 3 replicates.

Transmission electron microscopy (TEM) was used in order to study the particle and film
morphologies. The device was a TECNAI G? 20 TWIN microscope operated at 200 kV and
equipped with LaB6 filament, and high angle annular dark-field-scanning transmission electron
microscopy (HAADF-STEM). Phosphotungstic acid was used as a staining agent for the

particles and ultra-thin sections of the films (about 80 nm) were analyzed without any staining.

Differential Scanning Calorimetry (DSC) thermograms were measured using a DSC Q100
apparatus from TA Instruments. For each film sample, the following temperature program was
applied: from -80°C to 130°C at 10°C min! and from 130°C to -80°C at 10°C min’'. The glass
transition temperatures (7gs) were calculated from the first heating ramp so that the properties of

the films after casting are obtained.

The minimum film formation temperature (MFFT) was measured by applying a thin layer of

latex (60 um thickness) onto a steel bar with a temperature gradient. After the water evaporated

11



and the film formed, thermocouples located at regular distances allowed for the measurement of
the MFFT, which was defined as the temperature at which both a clear coat was observed and a

clear cut could be made with a knife without formation of powder.

Tensile stress-strain measurements were carried out from the cast rectangular films (10 x 40 x
0.3 mm?) with a texture analyzer (Stable Micro Systems Ltd., Godalming, UK). The reported
results were the average of at least 3 different specimens measured at a constant velocity of 0.42
mm.s!. The Young’s modulus was determined as the slope of the stress-strain curve before the
yield point (elastic region) and the toughness was determined as the area under the obtained

curve.

The gel content was measured gravimetrically after 24 h of Soxhlet extraction in technical-grade

tetrahydrofuran (THF) according to previously reported method.[16]

3. Results and Discussion

3.1. Synthesis of the functionalized PHUs

Bi-functional methacrylate-terminated PHU.

The synthesis of a methacrylate-terminated PHU was performed as described in Scheme 1. Some
of its characteristics are given in Table 2. Step #1 corresponded to the formation of the NHo-
terminated PHU by reaction of bisCC-Cio and P1075 and Step #2 is the functionalization of the
NH;-terminated PHU with monoCC-GMA. Both reactions were carried out in bulk. It can be
seen that the measured molar mass was higher than that targeted. For the SEC, this was likely
due to the use of PS standards. In the case of the degree of polymerization obtained from the

titration of the amine groups, the even higher value found was likely due to the reaction between

12



NH: groups and the urethane and/or the ester moieties of the PHU backbone that resulted in a
consumption of amine groups (Scheme S1). Actually, the resulting urea and amide groups were

detected by "H-NMR, (Figure 1 and Table 2).
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Table 2: Characteristics of the bi-functional, methacrylate-terminated PHU

C ion” Titration®
Run Targeted Reaction Reaction m Amide : Urea : Urethane M, . frration
DP* Step Time U R Ratio® [g.mol] [NHoJopp ~ Mnapp 0,
1 -1 app
[mol.g”] [g.mol”]
Bi- 10 #1 4h n.d. - 25:13:65 11600 1.8 1.51.10" 13350 28
functional #2 20h 66%  60% 18:17:65 13400 1.9 2.42.10° - -

* Calculated according to Carother’s theory

® Calculated via '"H-NMR

¢ Conversion of the carbonate moiety into urethane

4 Conversion of the methacrylic protons of monoCC-GMA into methacrylic protons attached to the PHU
backbone

¢ Calculated from the labile proton zone

"SEC performed in DMF with LiBr salts. PS standards.

¢ Performed with HCI in isopropanol with bromocresol green as indicator

n.d. not determined

14
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Figure 1: Stacked '"H-NMR Spectra of bisCC-Cio and the NH,-terminated PHU (Telech — Step #1) in
DMSO-d6.

The amine-terminated PHU was then functionalized with monoCC-GMA. The shifts of the peaks
corresponding to the acrylic protons at 5.68 and 6.06 ppm (noted F2 in Figure 2) in the '"H-NMR
spectra confirmed the incorporation of monoCC-GMA. In addition, no NH2 moieties were
detected when the resulting methacrylic-functionalized PHU was titrated with HCIl in

1sopropanol.
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Figure 2: Stacked '"H-NMR Spectra of monoCC-GMA and the methacrylic-terminated PHU (Telech —
Step #2) in DMSO-d6.

Multi-functionalized PHU. Methacrylate groups were grafted along the PHU chain by reacting
the OH-groups of the PHUs with methacrylic anhydride using the formulation in Table S2
(Scheme 2). The amount of added methacrylic anhydride was adjusted so that 50% of the
theoretical amount of hydroxyl moieties got functionalized. The resulting 'H-NMRs are shown

in Figure 3 and some characteristics of the multi-functionalized PHU are listed in Table 3. The
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peak at 2.9 ppm in the 'H-NMR spectrum of the NH,-terminated PHU pre-polymer confirmed
the formation of the urethane moiety. However, some characteristic peaks of the PHUs such as
the one corresponding to the CHz moiety in alpha position of the ester-groups of the bisCC-Cio
(usually showing at chemical shifts closed to 2.1-2.2 ppm) could not be observed. This was due
to a poor solubility of the sample in DMSO-d6 and in DMF, since small white agglomerates
could be observed. Nevertheless, after functionalization with methacrylic anhydride, no
problems of solubility were observed and the cyclic carbonate moiety could be clearly observed
(around 5 ppm), allowing for the calculation of the conversion. For the peak assignments of the
methacrylate multi-functionalized PHUs, we followed the recent work of Miilhaupt and
coworkers.[42] The peaks of the methacrylic protons (peaks F2 at 5.61 and 5.98 ppm, zoom in
Figure 3) appeared at higher chemical shifts than the ones of methacrylic acid. From these peaks
it was calculated that about 60% of the methacrylic anhydride reacted with pendant OH-groups
of the PHU backbone. Therefore, about 30% of the pendant OH-groups were substituted. The
peak at 5.28 ppm (F3) was attributed to the quaternary proton attached to the functionalized
pendant OH-groups. All these informations indicated that the PHU was functionalized with
methacrylic groups in the backbone. Moreover, labile protons of amide and urea moieties could
be noticed, suggesting the occurrence of side-reactions as described above. Finally, it was
surprising to observe the appearance of a broad peak at 7.83 ppm (circled in red in Figure 3), that
could unfortunately not be identified. Because of its proximity with the amide labile proton, it
could be assumed that NH> moieties (from free P1075 or NHz-terminated growing chains of
PHU) reacted with methacrylic anhydride to form the corresponding amide, following a similar

mechanism to the one described in Scheme S1, but no further investigation was performed.
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Table 3: Characteristics of the multi-functionalized radical-reactive PHU pre-polymer

s b Amide : Urea : .
R Targeted Reaction Reaction  Conversion U M, ¢
un a . rethane
DP Step Time Ureth® Meth® Ratio® [g.mol]
Multi- 10 #1 4h n.d. - n.d. 4100 *  1.1%*
functional #2 20h 66%  60% 19:19:62 7500 1.4

 Calculated according to Carother’s theory

® Calculated via '"H-NMR

¢ Conversion of the carbonate moiety into urethane

¢ Conversion of methacrylic protons of monoCC-GMA into methacrylic
protons attached to the PHU backbone

¢ Calculated from the labile proton zone in "H-NMR

"SEC performed in DMF with LiBr salts (PS calibration)

¢ Performed with HCl in isopropanol with bromocresol green as indicator

* An insoluble fraction in DMF was noticed

n.d. not determined

3.2. Synthesis of the hybrid latexes

The hybrid latexes were prepared by miniemulsion polymerization. 40 wt% solids content
miniemulsions containing butyl methacrylate (BMA), stearyl acrylate (SA) (4 wt% of organic
phase) and PHU (20 wt% based on BMA) were prepared as detailed in the experimental section.
The free radical polymerization was initiated with the fert-butyl hydroperoxide / ascorbic acid

(TBHP/AsAc) redox pair. TBHP was in the initial charge and AsAc was fed during 2.5 h.

Figure 4 presents the evolution of the gravimetric BMA conversion for the miniemulsion
polymerizations carried out with the two methacrylic functionalized PHUs. It can be seen that
induction periods were observed because the radicals initially formed upon feeding of AsAc

were consumed by the inhibitor contained in the monomers (notice that monomers of technical
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grade were used). The multi-functionalized PHU presented a shorter inhibition period (discussed

below). Conversions approaching 100% at the end of the process were obtained.
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T T T T T 1
50 100 150 200
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Figure 4: Conversion of BMA obtained by gravimetry upon polymerization with different functionalized
PHUSs: a) bi-functional, b) multi-functional PHU.

Figure 5 depicts the evolution of the particle size (z-average) and the number of particles per liter
during polymerization. The number of particles was calculated from the measured diameter by
DLS. It can be seen that the number of particles remained constant during the whole process,
which indicates an efficient nucleation of the miniemulsion droplets and an absence of
significant secondary nucleation. On the other hand, much lower particle diameters were
obtained in the case of the multi-functionalized PHUs than for bi-functionalized PHUs. This can
be explained by the presence of methacrylic acid that was formed upon functionalization and not
removed before dissolving the reactive PHU into BMA. The methacrylic acid increased the
hydrophilicity and the charge density on the surface of the particles increased, resulting in a
decrease in the particle diameter. The higher number of particles resulted in a shorter inhibition

period.
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Figure 5: Evolution of the particle size and of the number of particles upon free radical polymerization of
cross-linked H-NIPUs

The characteristics of the synthesized latexes are listed in Table 4. For comparison purposes, this
Table also includes the latex synthesized with a non-functionalized PHU,[35] although it should
be kept in mind that the comparison is not straightforward as the concentration of initiator was
lower in this experiment. Asymmetric flow field flow fractionation (AF4) was utilized in order to
measure the molar mass of the obtained products. AF4 uses an open channel for separation and
therefore large molar masses and even cross-linked particles can be measured. The AF4 traces

for RI and LS detectors and the molar mass distributions are given in Figure 6. It is worth
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pointing out that the response of the LS detector is more sensitive to higher molar masses, and
therefore the LS and RI traces are different. Actually, for the present case, the low molar mass
peak was not detected by the LS detector. It can be seen that the RI trace for the non-
functionalized PHU showed two peaks. The small one corresponded to the PHU (values in italics
in Table 4) and the large one to poly(butyl methacrylate). The relative mass of the two peaks is
close to 1/5, which corresponds to the weight fraction between PHU and (meth)acrylate

monomers used in the formulation.

The RI trace of the bi-functionalized PHU presented two peaks clearly indicating that there was
some PHU that was not grafted to the (meth)acrylic polymer. A 65% grafted fraction of PHU
was estimated from the areas of the two peaks. Possible reasons for the limited grafting are the
existence of a fraction of non-functionalized PHU and/or the slower reactivity of the telechelic
methacrylic groups (it is known that macromonomers are less reactive than regular
monomers).[43,44] Figure 6 also presents the molar mass distribution. It can be seen that the
molar masses were in the range of 7.10% g.mol"!, which is about 30% smaller than the size of the
polymer particle (about 150 nm), suggesting that a large portion of the polymer in the particles
formed a single cross-linked macromolecule. This is supported by the high gel fraction (84%)
determined by Soxhlet extraction. This indicated that a substantial part of the functionalized

PHU was really bi-functionalized.

The RI trace of the multifuctionalized PHU did not present any residue of ungrafted PHU
(Figure 6¢) showing a complete incorporation of the PHU into the (meth)acrylic polymer. In
addition, a high gel content (84%) was determined by Sohxlet extraction in THF. The molar
mass was about 4.10% g.mol!, which corresponded well with the size of the particles (106 nm in

Table 4). Comparison with the bifunctional PHU suggested a stronger grafting for the
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multifunctional PHU. This hypothesis is supported by the

higher temperatures (see below in Figure 8).
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Figure 6: AF4 traces of the latexes (a) non-functionalized PHU, b) bi-functionalized PHU and c)
multi-functionalized PHU) and d) Molar Mass Distributions as obtained by means of AF4

Table 4: Characteristics of the synthesized latexes (20 wt% NIPU, 2h30 feeding)

Particle

Type of reactive ~ Coagulation Size? M,s” M,s® » GelContent T MFFT
PHU [Wt%] [nm] [g.mol!] [g.mol!] [%]° [°C] [°C]
. PR 4.1.10¢ 72100 1.8
Non-functionalized 2.1 138 1.7.107 50100 3.0 0 -20/27 15
Bi-functionalized 2.2 152 5.0.108  6.6.108 1.3 84 -13/26 18
Multi-functionalized 2 106 3.6.108 43108 1.2 84 -12/26 27
* Measured by DLS
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® Determined by AF4 (Asymmetric Flow Field Flow Fractionation). For the non-functionalized PHU, M,s
and Mys for the PHU (italics) and for the polymethacrylate are given.

¢ Measured by Soxhlet extraction of the latexes

4 Measured by DSC of the dried films

¢ Non-crosslinked latex, 20wt% PHU, fed during 2h30 with AsAc

- not determined because of a too low LS signal

An attempt to determine the morphology of the hybrid particles was carried out by means of
TEM using phosphotungstic as staining agent. The resulting pictures are provided in Figure 7.
No evidence of presence of different phases could be observed. However, this does not mean that
the particles were homogeneous due to grafting as the particles looked homogeneous even with
the non-functionalized PHU. The reason was that the amount of PHU (20 wt%) was not enough
to see the PHU that was located at the surface of the particle (in a particle of 150 nm, 20% of the
matter corresponds to a 5 nm thick shell). On the other hand, the TEM analyses confirmed the
particle sizes observed by DLS, with much smaller particle diameters for the multifunctional

PHU.

3.3. Film properties

Clear films were prepared at room temperature (Figure S3). Table 4 shows that the minimum
film forming temperature (MFFT) increased with the crosslinking density. The effect of the
polymer structure was also observed in the T,s (Figure 8). All the hybrids presented two 7S, one
corresponding to the (meth)acrylic polymer and another one to the PHU. However, whereas the
T, of the (meth)acrylic part was roughly unaffected (about 26-27°C), that of the PHU varied
from -20°C for the non-functionalized to -12°C for the multifunctionalized one, which is a strong

proof of grafting.
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Therefore, the increase in MFFT with the extent of grafting/crosslinking can be attributed to the
decrease of the fraction of free soft PHU and the stronger mechanical properties of the

crosslinked particles.

Non-functionalized Bi-functionalized Multi-functionalized

(Scale bar: 200 nm) (Scale bar: 500 nm) (Scale bar: 500 nm)

Figure 7: TEM images of the hybrid particles.

In order to shed some light on these results, the morphology of the films cast at room
temperature and 55% relative humidity was studied. Figure 9 presents the TEM images of the
cross-sections of the films. It can be seen that in the film containing the bi-functional PHU, the
presence of particles with a core-shell morphology was evident. The dark phase was attributed to
be PHU, as it was shown in a previous study,[35] that for PHU-polyBMA hybrids, PHU clusters
appeared darker. This kind of particles could also been seen in the case of the multi-
functionalized PHU, although in this case, they are not as evident, in part due to the smaller

particle size.
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Figure 9: TEM pictures of cryo-microtome cuts of the cast films made from hybrids of different
architectures (20wt.% PHU, room temperature, 55% relative humidity). No staining was performed and
the phase contrast is only due to the latex composition. The dark phase was identified as the
poly(hydroxyurethane).

Figure 10 presents the stress-strain curves obtained in tensile experiments. Latexes containing
multi-functionalized PHUs formed films prone to crack likely because the casting temperature
(30 °C) was close to the MFFT (27 °C) and the films cast for the tensile tests were thicker than
the film prepared for the MFFT test. Thicker films tend to crack easier than thin films because
the stresses created during film formation are greater in thicker films.[45] The mechanical
properties are listed in Table 5. It can be seen that incorporation of PHU into the poly(butyl
methacrylate — co — stearyl acrylate) (P(BMA-co-SA)) chains initially reduced the stiffness of
the P(BMA-co-SA) initially lowering the Young’s modulus. The formation of crosslinks in the
multifunctionalized PHU counteracted the softening effect of the PHU leading to a clear increase
of the Young’s modulus. A similar trend was found for the stress at break. The strain at break
showed the opposite behavior with the longest one corresponding to the softest bi-functional

PHU containing latex. The toughness, which represents the compromise between stress and
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strain at break, was maximum for bi-functional PHU-containing latex. It is worth pointing out

that the wetting agent acted as a plasticizer (Figure S5).

It can be concluded that grafting enabled fine tuning of the mechanical properties of the PHU

containing hybrids and that a mild incorporation of the PHU into the P(BMA-co-SA) chains led

to tougher coatings, whereas crosslinking increased the stiffness of the films.

Clearly, the present approach is not limited to the (meth)acrylic monomers used in this work,

opening the way to access materials for different end-uses (e.g. adhesives of low T, and coatings

with even higher Ty).

Non-functionalized
—— Bi-functionalized
Multi-functionalized

O 1 T T T T T T T T

0 20 40 60 80
Strain (%)

Figure 10: Stress-strain curves of the cast films (30°C, 55% humidity 1wt% wetting agent)

Table 5: Tensile test results of the cast films. The films were cast at 30°C, 55% humidity with 1wt% of

wetting agent.

Temperature Young Strain at Stress at Toughness
Fo Cl Architecture Modulus break break [N%Pa]
[MPa] [%] [MPa]
30 Non-funct. 52 +11 41.4 6.1 1.5 +£0.05 0.63 £0.10
30 Bi-funct. 46 + 11 76.2 +£9.2 1.3+£04 1.14 £0.15
30 Multi-funct. 86 +£20 52+4.0 22+0.7 0.09 +0.07
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4. Conclusions

In this study, waterborne isocyanate free grafted poly(hydroxy urethane)-poly(meth)acrylate
(PHU-PMA) hybrid dispersions were synthesized and the effect of grafting on the particle and
film morphologies as well as on the mechanical properties of the films was investigated. The
dispersions were prepared by free radical polymerization of a miniemulsion in which the organic
phase was a mixture of methacrylate functionalized PHU, BMA and SA. TBHP/AsAc was used
as a redox pair. Functionalized PHUs with different architectures were prepared. Bi-functional
PHUs were synthesized by reacting amine terminated PHUs with mono-carbonated glycidyl
methacrylate (monoCC-GMA). A functionalized PHU having multiple methacrylic groups in the
backbone was also prepared by reacting the OH groups of the PHU with methacrylic anhydride.

A non-functionalized hybrid was prepared for comparative purposes.

The structure of the functionalized PHU had a substantial effect on the polymer hybrid. All
hybrids presented two Ts, one at about 26-27 °C that corresponded to the (meth)acrylic polymer
and another one at a lower temperature for the PHU. This lower temperature increased from -20
°C for the hybrid containing non-functionalized to -12°C for the hybrid prepared with the multi-
functionalized PHU, which indicates that grafting increased with the methacrylic
functionalization. Functionalization had also a strong effect on the molar mass distribution. AF4
measurements showed that the non-functionalized and the bi-functional (methacrylate-
terminated) hybrids presented two peaks, the small one corresponding to the ungrafted PHU and
the large one to the poly(butyl methacrylate — co — stearyl acrylate) that included the PHU
grafted. This result was expected for the non-functionalized PHU, but is was surprising for the

bi-functionalized PHU, because it indicates that some PHUs were not functionalized or were not
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reactive enough. The multifunctionalized hybrid presented a single peak. Functionalized hybrids
yielded macroscopic gel. Clear films were cast from all the hybrids, although that of the
multifunctional PHU was prone to crack. For the functionalized PHUs, the minimum film

forming temperature (MFFT) increased with the crosslinking density.

The incorporation of some PHU into the P(BMA-co-SA) chains reduced the stiffness of the
P(BMA-co-SA) initially lowering the Young’s modulus and stress at break and increasing the
strain at break and toughness. Higher incorporation of PHU led to the formation of crosslinks
that counteracted the softening effect of the PHU leading to a clear increase of the Young’s

modulus and stress at break, but a lower strain at break and toughness was obtained.

The results presented in this article show that grafting enabled a fine tuning of the mechanical
properties of the PHU containing hybrids, with an increased stiffness of the films with the
crosslinking density. Using other (meth)acrylic monomers, this approach opens the possibility to

access materials with widely different end-uses.
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