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Glycerol carbonate methacrylate: a cross-linking
agent for hydroxyurethane-acrylate coatings

Roberto MORALES-CERRADA, Bernard BOUTEVIN, Sylvain CAILLOL

ABSTRACT

Poly(meth)acrylates are well-known commodity polymers widely used for coating applications
due to easy production, low cost and interesting properties such as their relatively high
thermal stability, resistance to breakage and transparency. Some of these properties can be
improved by cross-linking, therefore an additional functionalization is necessary. Carbonate
group allowed reaction with amines to generate a urethane linkage without the use of toxic
and harmful isocyanates. We have synthesized (meth)acrylic copolymers functionalized with
cyclic carbonates groups using butyl acrylate (BA), methyl methacrylate (MMA) and glycerol
carbonate methacrylate (GCMA) as comonomers to obtain cross-linkable polymers. Different
ratios of BA and MMA have been used in order to evaluate the effect on the thermo-
mechanical properties. The cross-linking was performed with tris(2-aminoethyl)amine at 80°C
during 2h and was quantitative. The cross-linked hydroxyurethane acrylate copolymers were
fully characterized and were used as coatings on glass and steel. The ease of the application
and curing process as well as the adhesion strength tests showed that these cross-linked
copolymers are promising materials as coating on glass and steel.

1. Introduction

Coatings are a particularly important part of the material industry. Many every day and specific
products are coated by different materials depending of their uses or applications. Indeed,
coatings have many uses such as protection and safety, corrosion prevention, decorative
finishing or surfaces cleanliness. Thus, the improvement of the coating materials, the ease of
their application, their adhesion and their cost as well as their manufacturing from renewable
and sustainable resources[1] are major issues nowadays. Organic coatings meet many of these
characteristics and are therefore widely used in the coating industry today.

Among all the polymers employed for coatings, polyacrylates are quite common for coating
applications due to their easy production, low cost and interesting properties such as their
relatively high thermal stability and resistance to breakage. Concretely, copolymers of
poly(butyl acrylate-co-methyl methacrylate) (P(BA-co-MMA)) are extensively used for
adhesives and coatings.[4] In addition, they could bear a large variety of functional groups that
allow various cross-linking reactions.[5] For instance, the curing with melamine resins,[6] or
the cross-linking reaction of a copolymer of glycidyl methacrylate with amines or carboxylic
acids are common techniques for the cross-linking of acrylic resins.[7, 8] Polyurethanes and
especially biobased polyurethanes[9] are polymers widely used for coating applications, which



can improve the coating properties.[10] In addition, the formation of a carbamate linkage by
reaction between a hydroxyl-functionalized polyacrylate (e.g. copolymer of 2-hydroxyl
acrylate) with diisocyanates is also a technique widely used to obtain cross-linked
polyurethane acrylates.[11] However, this method involves the use of isocyanates, which are
toxic and probably carcinogenic.[12-15] Furthermore, environmental awareness and new
regulations urge industry to seek new reagents, less damaging or harmful for the environment.
Among the possibilities to synthesize non-isocyanates polyurethanes (NIPU), which can be
used for coatings applications [16], the reaction between cyclic carbonates and amines is one
of the most studied. Indeed, this promising route [17-19] could allow interestingly to obtain
partially or fully biobased polyhydroxyurethanes.[16, 20-22] Hence, the aminolysis reaction of
cyclic carbonates generates hydroxyurethane linkages, more suitable for coatings due to the
presence of the hydroxyl functions on the B-carbon of the urethane moiety. These hydroxyl
groups contribute to the formation of additional intramolecular and intermolecular hydrogen
bonds that improve the adhesion properties of the material as well as thermal and chemical
resistance.[17, 19, 23]

Thus, the functionalization of a radically polymerizable monomer with a cyclic carbonate
moiety allows the cross-linking of the resulting polymer with hydroxyurethane bonds.[24]
Hence, cyclic carbonate monomers have been studied and commercialized since 1950s,[25-27]
however their intensive use in industry has only been developed in the last 15 years.[28]
Different synthetic pathways and studies on cyclic carbonate function and its insertion into
monomers have been published by various authors and companies.[29-43] Among these
monomers, the 2-(oxo-1,3-dioxolan-4-yl) methyl methacrylate or glycerol carbonate
methacrylate (also called glycerin carbonate methacrylate or GCMA, Scheme 1) is the most
studied monomer for the synthesis of cyclic carbonate functionalized polymers.[44]
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Scheme 1. Structure of glycerol carbonate methacrylate (GCMA).

The high reactivity of cyclic carbonate methacrylate monomers was reported for both photo-
[45-49] and thermal radical polymerizations.[44, 50-52]. Camara et al.[44] studied the radical
copolymerization of this monomer and demonstrated that the carbonate group activates the
double bond of the methacrylic function. Thus, the polymerization of GCMA was 1.7 times
faster than the one of the methyl methacrylate (MMA). In addition, they noted that
homopolymerization could lead to gelation, depending on the monomer concentration and
the solvent used. Indeed, they reported DMSO as the best solvent for this monomer since
gelation was not observed until a concentration of 3 mol-L?, contrary to toluene, acetonitrile
or methyl ethyl ketone where the gelation occurred at lower concentrations. The gelation was
attributed to the hydrogen transfer reaction from the cyclic carbonate to the methacrylic
radical, allowing the combination of the cyclic carbonate radical with another methacrylic
radical and then the cross-linking. This explanation was first proposed by Brosse et al.[53] and
then confirmed by subsequent studies.[44, 52]

Moreover, the reactivity of the aminolysis reaction of cyclic carbonate [54] depends on various
factors such as the structure and substituents of both amine[55, 56] and cyclic carbonate,[57,
58] the molar ratio,[59, 60] the solvent[54, 58] and the temperature of reaction.[21, 22] Thus,



for the aminolysis reaction of copolymers of GCMA, the choice of the amine is a key factor to
allow a high reactivity at mild temperature in a short period of time. Due to the presence of a
nitrogen in beta position to the primary amine, tris-(2-aminoethyl)amine (TAEA) has been
reported very reactive toward cyclic carbonate group, leading to highly cross-linked
thermosets.[24, 61-70]

Even if the copolymerization of GCMA in acrylate copolymers has already been studied,[44]
neither the aminolysis reaction nor the use as cross-linker agent have been. Hence, we report
for the first-time copolymers of butyl acrylate (BA) and methyl methacrylate (MMA) with
glycerol carbonate methacrylate (GCMA) and their cross-linking with TAEA to yield hybrid
hydroxyurethane-acrylate thermosets. The coating adhesion and hardness of theses
copolymers were studied with the aim of using them for coatings applications.

2. Materials and methods
2.1. Materials

Butyl acrylate (BA, Sigma-Aldrich, 299%), methyl methacrylate (MMA, Sigma-Aldrich, 99%),
glycerol carbonate methacrylate (GCMA, Specific Polymers), 2,2'-azobis(2-methylpropionitrile)
(AIBN, Fluka Analytical, >298%), tris(2-aminoethyl)amine (TAEA, Sigma-Aldrich, 96%), dimethyl
sulfoxide (DMSO, VWR Chemicals, Analytical reagent), methanol (MeOH, VWR Chemicals,
AnalR NORMAPUR), methyl ethyl ketone (MEK, Acros Organics, ACS Reagent), deuterated
dimethyl sulfoxide (DMSO-ds;, 99.5% D, Euriso-top) and deuterated chloroform (CDCl;, 99.5%
D, Euriso-top) were used as received.

2.2. Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance™ Il 400 MHz
spectrometer. The instrumental parameters for recording "H NMR spectra were as follows: flip
angle 30°, acquisition time 4 s, pulse delay 1 s, number of scans 16, and a pulse width of 3.08

LS.
2.3. Fourier transform infrared (FTIR)

Fourier transform infrared (FTIR) spectra were recorded by attenuated total reflection (ATR) in
transmission mode with a ThermoFisher Nicolet 210 FT-IR spectrometer. Spectra were
recorded between 4000 and 750 cm™ with a spectrum resolution of 4 cm™. All spectra were
averaged over 32 scans. The characteristic IR absorption bands are reported in cm™.

2.4. Size-exclusion chromatography (SEC)

The apparent number average molar masses and dispersities (D) of the synthesized polymers
were determined by size-exclusion chromatography (SEC) using a triple-detection SEC from
Agilent Technologies with its corresponding Agilent software. The system used two PL1113-
6300 ResiPore 300 x 7.5 mm columns with THF the eluent with a flow rate of 0.8 mL min™. The
detector suite was composed of a PL0390-0605390 LC light scattering detector with two
diffusion angles (15° and 90°), a PL0390-06034 capillary viscometer, and a 390-LC PL0390-0601
refractive index detector. The number average molar masses and the dispersity were
calculated from the refractive index. The entire SEC-HPLC system was thermostated at 35 °C.
PMMA standards were used for calibration. Typical sample concentration was 10 mg mL™.

2.5. Thermogravimetric analyses (TGA)



Thermogravimetric analyses (TGA) of the purified and dried copolymers samples were
performed under nitrogen using a TGA 51 apparatus from TA Instruments. Approximately 10
mg of sample was placed in an aluminum crucible and heated from room temperature to 500
°C under nitrogen atmosphere (60 mL-min™).

2.6. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) analyses were carried out using a NETZSCH DSC200F3
calorimeter. Constant calibration was performed using indium, n-octadecane and n-octane
standards. Nitrogen was used as the purge gas (40 mL-min™). Approximately 10 mg of sample
was placed in pierced aluminum pans and the thermal properties were recorded between -150
°C and 150 °C at 20 °C:min™ to observe the glass transition temperature. The glass transition
temperatures (T,) were calculated from the second heating run. All the reported temperatures
are middle values.

2.7. Dynamic Mechanical Analyses (DMA)

Dynamic Mechanical Analyses (DMA) were carried out on Metravib DMA 25 with Dynatest
6.83 software. Uniaxial stretching of samples was performed while heating at a rate of 3
°C-min™ from -110 °C to 150 °C, keeping frequency at 1 Hz with a fixed strain (10> m).

2.8. Synthesis of poly(butyl acrylate-co-methyl methacrylate-co-glycerol carbonate
methacrylate) (P(BA-co-MMA-co-GCMA))

As a representative example, in a 250 mL round-bottomed flask, 3.980 g of BA (31.05 mmol),
3.110 g of MMA (31.06 mmol), 1.464 g of GCMA (7.86 mmol), and 397 mg of AIBN (2.42 mmol)
were dissolved in 70 mL of DMSO. On the other hand, in a 25 mL round-bottomed flask, 1.454
g of GCMA (7.81 mmol) were dissolved in 5 mL of DMSO. Both solutions were purged by
nitrogen bubbling for 20 min. Then the first solution was heated-up to 70 °C, and the second
solution was introduced in a syringe and it was added dropwise with a syringe driver (0.8
mL/h). The solution was kept with magnetic stirring at 70 °C for 16 h. Then, resulting
copolymer was precipitated by slow addition in 800 mL of cold methanol at 0 °C. The
copolymer was dried in a vacuum oven for 24 h under vacuum at 70 °C, obtaining 6.671 g of
P(BA-co-MMA-co-GCMA) . Yield was calculated with the obtained mass of the precipitated
polymer divided by the total mass of the reagents (yield = 64%). The resulting polymer was
analyzed by 'H NMR in DMSO-d;, SEC in THF, TGA, and DSC.

2.9. Synthesis of P(BA-co-MMA)

In a 100 mL round-bottomed flask, 2.804 g of BA (21.88 mmol), 2.196 g of MMA (21.93 mmol)
and 200 mg of AIBN (1.22 mmol) were dissolved in 43 mL of DMSO. The solution was purged
by nitrogen bubbling for 20 min. Then it was heated-up to 70 °C and it was kept with magnetic
stirring at 70 °C for 16 h. Then, resulting copolymer was precipitated by slow addition in 450
mL of cold methanol at 0 °C. The copolymer was dried in a vacuum oven for 24 h under
vacuum at 70 °C, obtaining 2.110 g of P(BA-co-MMA). Yield was calculated with the obtained
mass of the precipitated polymer divided by the total mass of the reagents (yield = 41%). The
resulting polymer was analyzed by 'H NMR in DMSO-d,, FTIR, SEC, TGA, and DSC.

2.10. Cross-linking of P(BA-co-MMA-co-GCMA) with TAEA

As a representative example, 500 mg of P(BA-co-MMA-co-GCMA) ([BA]:[MMA]:[GCMA] =
44:38:18) were dissolved in 0.5 mL of MEK in a hemolysis tube. Then, 128 mg (0.84 mmol) of



TAEA were added and the viscous solution was mixed with a vortex mixer. Then the solution is
quickly transferred to a rectangular aluminum pan, which it was introduce to the oven at 80 °C
for 2 h. The resulting materials were analyzed by FTIR, TGA, DSC and DMA.

2.11. Swelling index

Three samples of around 30 mg each, were separately put in THF for 24 h. The swelling index
(SI) was calculated using the Equation 1 where m; is the mass of the material after swelling in
THF and m; is the initial mass of the material.

SI (%) = =2 % 100 (1)

my
2.12. Gel content

After SI measurements, the three samples were dried in a ventilated oven at 70 °C for 24 h.
The gel content (GC) was calculated using the Equation 2, where m; is the mass of the material
after the oven and m, is the initial mass of the material.

GC (%) = % x 100 (2)
2

2.13. Film application

As a representative example of a cross-linked film application in a surface, 500 mg of P(BA-co-
MMA-co-GCMA) [38:44:18]) were dissolved in 0.5 mL of MEK in a hemolysis tube and it was
mixed with a vortex. Then, 107 mg (0.70 mmol) of TAEA were added and the viscous solution
was mixed with a vortex mixer. The film was quickly applied in the chosen surface (steel or
glass) with a TQC VF2147 baker film applicator (width 60 mm, gap 200 um) pushed by a TQC
Sheen Automatic Film Applicator 1133N film applicator. The solvent was evaporated at room
temperature for 1 h and the films were introduced in an oven at 80 °C for 2 h. The thickness of
the films was measured for films applied in a polytetrafluoroethylene (PTFE) sheet by the same
method, which can be easily detached and measured using a caliper (150£50 pum).

2.14. Adhesion strength

The adhesion property of four different films (P(BA-co-MMA-co-GCMA) [47:35:18] and P(BA-
co-MMA-co-GCMA) [38:44:18], cured and uncured for both copolymers) on steel and glass was
characterized using the ASTM D3359 standard test method (tape test) using a TQC CC2000
cross cute adhesion test kit. In this method, two series of properly spaced and parallel incisions
are drawn with a crosshatch cutter on coating casted on steel and glass plates to obtain a
pattern of 25 squares. After the tape has been applied and pulled off with a standard scotch,
the cut area is then inspected and rated according to the percentage of the square remaining
on the test panel. There are six levels of adhesion performance from 0 to 5, 0 corresponding to
an extremely poor adhesion performance and 5 corresponding to an excellent adhesion
performance.

3. Results and discussion
3.1. Synthesis and characterization of P(BA-co-MMA-co-GCMA)



Copolymerization of BA, MMA and GCMA was performed in DMSO for 16 h at 70 °C using AIBN
as initiator (Scheme 2). Three BA/MMA/GCMA copolymers were synthesized with different BA
and MMA ratios but with the same GCMA ratio (Table 1, entries 1 to 3). The use of different BA
and MMA ratios allowed to modulate some properties of the resulting copolymers such as the
glass transition temperature (T,). Additionally, a BA/MMA copolymer (without GCMA) was also
synthesized in order to compare the influence of the GCMA in the copolymer properties (Table
1, entry 4). More details about the reaction can be found in the Appendix A (supplementary
data) section 1.

D AIBN
<A . % Y& o s
70°C, 16 h
BA GCMA H\ K[ =0

P(BA-co-MMA-co-GCMA)
Scheme 2. Copolymerization of BA, MMA and GCMA.

Table 1. Results obtained for BA, MMA and GCMA copolymerization.

Entry [BA]:[MMA]:[GCMA] [BA]:[MMA]:[GCMA] | Yield | Mn (g:mol™) b
initial monomer ratio copolymer ratio® (%)°

1 50:30:20 47:35:18 59 17,500 3.9

2 40:40:20 38:44:18 64 16,500 3.1

3 30:50:20 31:51:18 58 18,300 3.6

4 50:50:0 45:55:0 41 33,000 1.5

Calculated by integration of 'H NMR spectrum of the precipitated polymer.
® Calculated by weight of the precipitated polymer.

Yields of the resulting copolymers displayed in Table 1 were calculated with the weights of the
precipitated copolymers and the sum of all the introduced monomers and initiator for each
entry. Despite fair yields, 'H NMR spectra of the crude reactions after 16 h showed that almost
all the monomers have reacted (Figure Al). The low intensity of the signals corresponding to
the unsaturation of the monomers did not allow to integrate them accurately, but a
conversion 295% of all the monomers can be considered for each entry. The difference
between yield and conversion may be explained by the formation of low molar masses chains,
removed by precipitation in cold methanol.

The presence of the three monomers in the resulting copolymers was confirmed by 'H NMR
spectra of the precipitated polymers of entries 1 to 3 (Figure 1, A2, and A3). The precipitated
polymers showed all the expected signals of the P(BA-co-MMA-co-GCMA). The assignment of
these signals have been carried out with the already reported values of the BA/MMA
copolymers[71] and the GCMA copolymer.[44] The peaks centered at 3.55 and 3.95 ppm
correspond to the -OCH; from the MMA (g) and to the -OCH,- from BA (c), respectively.
Additionally, the *H NMR spectra exhibit the characteristic signals from the cyclic carbonate
moiety between 4.10 and 5.10 ppm, confirming the insertion of the GCMA in the copolymer.
The 'H NMR spectrum of the BA and MMA copolymer also shows the presence of the expected
signal for this copolymer (Figure A4).
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Figure 1. 'H NMR spectrum (400 MHz, DMSO-dj) of entry 2 (P(BA-co-MMA-co-GCMA) [38:44:18]). The starred
resonance is due to the solvent.

The composition of each copolymer was determined using the integration values of the
corresponding signals in "H NMR spectra of the precipitated polymers by equations 3, 4 and 5.

(Ih’+j+c_1h’_1j)/2

%BA = 3
0 T -1
Ii,Ih’+j+c Iy I],’g ( )
1 2 e
1,/3
— g
WMMA = ———20_—  (a)
i "h'+j+c R/ T g
1 2 e
I;/1
WGCMA = —————— (5)
i "h'+j+c h' T g
1 2 "3

The copolymer compositions obtained by *H NMR (Table 1) indicated that the monomer ratios
in the precipitated copolymers are close to the expected ones. Nevertheless, copolymers of
entries 1 to 3 possess a slightly higher MMA ratio than expected, whereas the BA and GCMA
ones are lower. Moreover, entry 4 showed the same behavior between BA and MMA ratios.
This phenomenon may be explained by the reactivity ratios of BA and MMA copolymerization
(rga = 0.3 and rymwa = 2.0).[72, 73] Both BA and MMA radicals react preferably with a MMA
monomer rather than BA monomer. Therefore, all the generated radicals in the
copolymerization of BA, MMA and GCMA react preferably first with a GCMA, then with a MMA
and finally with a BA monomer. However, GCMA ratio is also slightly lower than expected in all
the copolymers (entries 1 to 3). This is probably due to the slow addition of this monomer
during the polymerization, maintaining a low concentration.

FTIR spectra of entries 1 to 4 are superimposed in Figure 2 and confirmed the presence of
GCMA in the polymer chains. The spectra of entries 1 to 3 show two strong bands at V = 1750
and 1800 cm™ corresponding to the carbonyl groups of the esters of both BA, MMA and GCMA



and to the carbonyl group of the cyclic carbonate, respectively. Entry 4, which corresponds to
the copolymer of BA/MMA, does not show any signal at ¥ = 1800 cm™ as expected. The strong
bands present in all the entries between ¥ = 1000 and ¥ = 1250 cm™ can be attributed to the C-
O stretching from the esters. The peaks present between ¥ = 2800 and ¥ = 3100 cm™ are due
to the C-H stretching of the alkyl chains.

— Entry 1 (P(BA-co-MMA-co-GCMA) [47:35:18))
----- Entry 2 (P(BA-co-MMA-co-GCMA) [38:44:18])
- Entry 3 (P(BA-co-MMA-co-GCMA) [31:51:18])

—rmme Entry 4 (P(BA-co-MMA) [45:55])
2,0 4
—~ 154 ‘
-
3 i
(0]
Q
S 1,04
2
o
w
e}
< o
0,54
' i
M Bl
0,0 === g

T T T ¥ | I— T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 2. FTIR spectra (ATR) of entry 1 (P(BA-co-MMA-co-GCMA) [47:35:18]), entry 2 (P(BA-co-MMA-co-GCMA)
[38:44:18]), entry 3 (P(BA-co-MMA-co-GCMA) [31:51:18]) and entry 4 (P(BA-co-MMA) [45:55]).



The size exclusion chromatograms of entries 1 to 4 are presented in Figure 3, and number
average molar masses and dispersities of the obtained copolymers are shown in Table 1.
Entries 1 to 3 exhibit one main population centered between 13.5 to 14.5 min, and a second
small population centered around 17 min, which is less visible but also present in the case of
entry 1. Thus, GCMA induced the formation of a second population composed of smaller molar
masses chains which are not removed by precipitation, resulting in an increase of the
dispersity. Concerning the entry 4, the dispersity was lower than for the copolymers containing
GCMA since only one population was observed.

Entry 1 (P(BA-co-MMA-co-GCMA) [47:35:18])
————— Entry 2 (P(BA-co-MMA-co-GCMA) [38:44:18])

Entry 3 (P(BA-co-MMA-co-GCMA) [31:51:18])
- Entry 4 (P(BA-co-MMA) [45:55])

Rentention time (min)

Figure 3. SEC chromatograms of entry 1 (P(BA-co-MMA-co-GCMA) [47:35:18]), entry 2 (P(BA-co-MMA-co-GCMA)
[38:44:18]), entry 3 (P(BA-co-MMA-co-GCMA) [31:51:18]) and entry 4 (P(BA-co-MMA) [45:55]).

Thermogravimetric analyses (TGA) of entries 1 to 4 are presented in Figures A8 and the results
are summarized in Table 2. All the copolymers synthesized in this work showed a relatively
good thermal stability since the 5% of weight loss temperatures was close to 300 °C. However,
this temperature increased slightly with the BA ratio (entries 1 to 3), as already reported by
Kumar Konaganti et al.,[74] which observed that thermal stability of the BA and MMA
copolymers increased with the mole percentage of BA in the copolymer. They concluded that
this difference was observed because of the different degradation mechanism depending on
the BA and MMA ratio (one-step or two-step process).The comparison of these values with the
value obtained for entry 4 suggests that the introduction of GCMA monomer in the copolymer
do not significantly change the thermal stability of the copolymer. On the other hand, the DSC
thermograms, displayed in Figure 5, A10, A11 and A12 and which results are recapped in Table
2, indicated that higher ratios of BA in the polymer chain decreased the glass transition
temperatures (T,) as expected.[75] The presence of the GCMA seems to increase the T, value
of resulting copolymer compare to a BA/MMA copolymer, which was in good agreement with
the previously reported results.[75] This can be easily observed comparing the T, of entry 2



and 4: both entries have a similar BA and MMA relative ratios, and the observed T, for entry 2
is 29 °C higher than T, of entry 4, which does not contain GCMA monomer. This behavior is
also expected since the T, of the GCMA homopolymer is higher than both homopoly(BA) and
homopoly(MMA).[44]

Table 2. Results of thermogravimetric analyses and differential scanning calorimetry of entries 1 to 4.

Entry [BA]:[MMA]:[GCMA] Tase (°C) Char yield® (%) T, (°C)
1 47:35:18 314 3.1 31
2 38:44:18 294 1.1 44
3 31:51:18 289 2.2 59
4 45:55:0 304 3.2 15

® Determined at 500 °C

3.2. Cross-linking of P(BA-co-MMA-co-GCMA) with TAEA

The three copolymers containing GCMA (entries 1 to 3) were cured by the aminolysis reaction
of the cyclic carbonate group with tris(2-aminoethyl)amine (TAEA), leading to the cross-linked
copolymers by hydroxyurethane linkages (entries 5 to 7, respectively), as depicted in Scheme
3. Methyl ethyl ketone (MEK) was chosen as solvent since it is a suitable solvent for the
copolymers and is widely used as solvent in the industry. For each copolymer, one equivalent
of TAEA for each equivalent of GCMA was added, which was calculated from the percentage of
cyclic carbonate in the copolymer obtained by 'H NMR. Once the corresponding amount of
TAEA was added, the viscosity of the solution increased rapidly, suggesting that the reaction
occurred at room temperature. The color of the viscous copolymer solution, initially colorless
to slightly white, turned to yellow after the addition of TAEA, and then to light brownish yellow
after 2 h at 80 °C.

H2N\/\N/\/NH2

NH, OH OH

(TAEA) oS _o N_~ ~_N_o_L_o
X y z c T N T
o o0 O (‘) o o 2h,80°C O (e} (0] (6]
o HN_ _O
fe} 0.

Scheme 3. Cross-linking reaction of P(BA-co-MMA-co-GCMA) with TAEA.

FTIR spectroscopy is a useful tool to check the efficiency of the cross-linking reaction of these
copolymers. FTIR spectra of entries 5 to 7, superimposed with their respective uncross-linked
copolymers are displayed in figures A5, 4 and A6, respectively. As described above, the cyclic
carbonate function produces a band at ¥ = 1800 cm™ which is clearly separated of the strong



carbonyl peak generated from the carbonyl of esters groups (¥ = 1720 cm™). Thus, even if we
are not able to quantify the remaining cyclic carbonate in the polymer, we can conclude that
the cross-linked reaction yields for all the copolymers containing GCMA were quantitative
since the cyclic carbonyl band was not visible after curing reaction with TAEA. Additionally, the
presence of the urethane moieties was evidenced by two overlapped wide bands centered at V
= 3350 cm™, corresponding to N-H and O-H stretching of the hydroxyurethane bond, as well as
a shoulder at ¥ = 1670 cm™ which can be attributed to the C=0 stretching of the urethane
linkage.

— Entry 2 (P(BA-co-MMA-co-GCMA) [38:44:18])
R [— Entry 6 (P(BA-co-MMA-co-GCMA) [38:44:18] + TAEA)

2,0 1

1,6 1
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Figure 4. FTIR spectra (ATR) of entry 2 (P(BA-co-MMA-co-GCMA) [38:44:18]) and entry 6 (P(BA-co-MMA-co-GCMA)
[38:44:18] + TAEA).

TGA analyses showed a strong decrease of the 5% weight loss temperature compare to the
uncured copolymers as shown in Table 3 and Figure A9. This is probably due to the
decomposition of the urethane linkage, which starts to revert from 160 °C. Above 250 °C,
urethane linkage starts to decompose, yielding free isocyanates, alcohols, free amines, olefins
and carbon dioxide.[76]Moreover, the reversibility of the hydroxyurethane linkage formed by
TAEA is even easier compare to other amines and may occur at relatively low
temperatures.[77, 78] Additionally, a small amount of unreacted TAEA may be present in the
material. On the other hand, the cross-linked copolymers with higher BA ratios exhibited
higher 5% weight loss temperature values, following the same behavior that the uncured
copolymers and previously observed by Kumar Konaganti et al.[74] for BA/MMA copolymers.
Additionally, cross-linked copolymers exhibited higher char yields than uncross-linked ones
because of their higher number of covalent bonds in the material, especially for entry 7, in
which the char yield value reached 11% (vs 2.2% for entry 3).

DSC thermograms of the cured copolymers are displayed in Figures 5, A10 and A11 and their
results are summarized in Table 3. All the cured copolymers exhibited similar glass transition



temperature values (around 35 °C) contrary to their uncured precursors. Thus, the BA/MMA
relative ratio does not affect significantly the T, values after the curing process. Usually, the T,
values of cross-linked (co)polymers should be higher than their respective uncross-linked ones.
However, in this case, we observed that the T, did not increase significantly or even decreased
compared to the respective uncured copolymers. This is probably due to the presence of a
small amount of dangling chain of non-fully reacted TAEA in the material, which can affect
considerably to the T, value of the material.
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Figure 5. DSC thermograms of of entry 2 (P(BA-co-MMA-co-GCMA) [38:44:18]) and entry 6 (P(BA-co-MMA-co-
GCMA) [38:44:18] + TAEA).

Table 3. TGA, DSC, swelling index and gel content values of P(BA-co-MMA-co-GCMA) copolymers cross-linked with
TAEA.

Entry | [BAJ:IMMAJ:[GCMA] Td5% Char T, (°C) SI(%) | GC (%)
yield® (%)

5 47:35:18 221 5.7 36 172 100

6 38:44:18 188 4.0 34 149 100

7 31:51:18 179 11.1 37 170 100

Swelling indexes of entries 5 to 7 were measured immersing cured copolymer samples in THF
for 24 h and comparing the weight before and after the immersion. The resulting values
showed that swelling index was between 149% (entry 6), and 170% (entries 5 and 7). On the
other hand, the high yields of the aminolysis reaction of P(BA-co-MMA-co-GCMA) with TAEA
showed by FTIR spectroscopy was confirmed by the gel content of the cured copolymers. Thus,
the reaction of the cyclic carbonate with TAEA can be considered as quantitative.

Thermo-mechanical properties of the three cross-linked materials have been measured by
DMA and the results are displayed in Table 4. The storage modulus (E’) and tan 6 as function of



the temperature are displayed in Figures A13 and A1l4, respectively. The alpha-transition
temperatures (Ta) have been measured at the maximum of the tan & for each cross-linked
copolymer. All the cross-linked copolymers have similar thermo-mechanical properties. The T,
values are rather higher than T, values obtained by DSC (between +33 to +37 °C) which is
generally the case. The relatively broad peaks of tan & for all materials suggest some
heterogeneity along the polymer chains, probably because of the different reactivity ratios of
the three monomers employed to synthesize the copolymer and cross-linking nodes
therefrom. Glassy and rubbery storage modulus have been taken for all the samples at -50 and
130 °C, respectively. The three cross-linked copolymers exhibited similar values and similar
stiffness. Thus, the BA/MMA ratio does not affect significantly the thermo-mechanical
properties.

Table 4. Thermo-mechanical properties of the cross-linked copolymers (entries 5 to 7) obtained by DMA.

Entry | [BAJ:[MMAJ:[GCMA] E’ glassy at -50 °C (10° | E’ rubbery at 130 °C (10° Ta (°0)
Pa) Pa)
5 47:35:18 2.29 1.32 72
6 38:44:18 2.30 1.58 67
7 31:51:18 1.79 1.15 74

3.3. P(BA-co-MMA-co-GCMA) films on steel and glass

Films of some of the cross-linked copolymers were performed on two different surfaces (steel
and glass) to check their adhesion strength for coating applications. Additionally, a few films of
the uncross-linked copolymers were also performed on the same surfaces in order to compare
their adhesion to these surfaces and then to verify the influence of the cross-linking on the
adhesion capacity. Adhesion tests were carried out owing to ASTM D3359 method (Tape Test).
Thus, a 150450 pm layer of the selected copolymers were applied on steel and glass surface
with a bar coater. The copolymers were previously solubilized in a small amount of MEK,
resulting in a viscous solution. MEK was chosen because both copolymers and TAEA were
soluble in this solvent, which is commonly used in the coating industry. The results of the
adhesion tests are displayed in Table 5, and pictures of the results of the ASTM D3359 method
(Tape Test) on steel and glass of entry 2 and 6 are shown in Figures A15 to A18. All the tested
copolymers (both cross-linked and uncross-linked) exhibited a good adhesion on steel (entries
1, 2, 5 and 6). However, the adhesion was significantly better on glass for cured copolymers
(entries 5 and 6) compare to the uncross-linked ones (entries 1 and 2). Thus, the curing
reaction of P(BA-co-MMA-co-GCMA) with TAEA increased considerably the adhesion of the
films on glass. Hydrogen bonds may be formed between the amine groups of TAEA and the
hydroxyl groups of the silica surface, leading to an enhanced adhesion of the material to the
glass surfaces.

Table 5. Results of the adhesion tests (ASTM D3359).

Entry [BA]:[MMA]:[GCMA] | ASTM D3359 on steel* | ASTM D3359 on glass*
1 47:35:18 5 2
2 38:44:18 4 1
5 47:35:18 5 5
6 38:44:18 5 5

* 5 = best adhesion; 0 = worst adhesion.




4. Conclusion

Three new copolymers of BA, MMA and GCMA were successfully synthesized and
characterized. The different BA/MMA ratios allowed to modulate some properties of the
resulting copolymers, especially the T, value which increased with the MMA content. The use
of GCMA, a comonomer bearing a cyclic carbonate function, allowed the cross-linking reaction
of the copolymers by aminolysis. This cross-linking reaction consisted in the reaction between
the cyclic carbonate function and TAEA to form a hydroxyurethane linkages, avoiding the use
of isocyanates. The curing reaction was quantitative for all the copolymers in the employed
conditions and started even at room temperature without the use of any catalyst. The thermo-
mechanical properties of all cross-linked copolymers were rather similar and apparently did
not have a strong dependency on the BA/MMA ratio. The adhesion strength tests showed that
both cross-linked and uncross-linked copolymers were appropriate for coating applications on
steel surfaces. However, cross-linking reaction considerably increased the adhesion on glass,
which was weak before the cross-linking reaction. Thus, given the thermal, mechanical and
adhesion properties of these copolymers, as well as the ease of curing process, these materials
are suitable for coatings applications on different surfaces such as steel or glass.
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