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ABSTRACT

A transurethane polycondensation pathway has been used to produce acrylate terminated
Non-Isocyanate PolyUrethane (NIPUA) oligomers (A-Ol) with controlled molecular weights
and chemical structures. These compounds were then photo-crosslinked under UV
radiations to afford several NIPU acrylate coatings. The influence of the content in urethane
functions as well as the chemical structures on the thermal and mechanical properties of the
final coatings has been demonstrated. The obtained coatings exhibited thermal stabilities
above 255 °C, Young modulus ranging from 2.6 to 9.2 MPa, tensile strength up to 11.8 MPa
and elongation at break varying from 20 to 520 %.
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INTRODUCTION

Polyurethanes (PUs) are a very important family of polymer materials displaying
versatile properties and chemical structures, which afford them a large spectrum of
application fields such as shipbuilding, biomaterials, automotive, paints, coatings, adhesives,
clothes and footwears.

Polyurethane acrylate systems (PUAs) are formulations containing acrylate-
terminated resins that are widely used to produce protective coatings. These coatings
generally have very good abrasion resistance, high chemical resistance and very flexible
mechanical properties.'? PUAs are conventionally obtained by functionalizing hydroxyl-
terminated oligomers, synthesized by the conventional reaction between polyols and toxic
diisocyanates, which are synthesized from amines and toxic phosgene.? Since the early
2000s, some groups have begun to adapt the synthesis of PUA materials by non-isocyanate
routes (NIPUAs).411

Some works have described the photochemical crosslinking  of
poly(hydroxyurethane) acrylate (PHUA) oligomers, obtained by polyaddition of cyclic
dicarbonate and diamine monomers followed by various functionalization techniques.®%12-14
However, as far as we know, no studies have been carried out on the photo-crosslinking of
NIPUA systems obtained by the transurethane polycondensation reaction, which is one of
the most promising free isocyanate routes to polyurethanes.’>2! This technique involves the
reaction of dialkyl dicarbamates®?'® or dihydroxyethyl dicarbamates!®?! with diols, in
presence of organic or organo-metallic catalysts. However, with dihydroxyethyl
dicarbamates, a back-biting side reaction may occur at certain conditions leading to
formation of urea moieties.'>?! On the other hand, unlike the aminolysis of cyclic carbonate
route leading to poly(hydroxyurethane) structures (PHUs),222* this technique has the
advantage of yielding conventional PU structures. Another advantage of this approach, is the
wide choice of BMC monomers comparing to diisocyanate monomers, which offers a higher
potential for variations in structure and properties of the final polyurethane materials.

In this work, we describe the synthesis of new NIPUA oligomers through the use of
the transurethane polycondensation reaction between dialkyl dicarbamates and diols,
followed by an acrylation step. The preparation of coatings by photo-crosslinking of the
prepared NIPUAs as well as the assessment of their thermal and mechanical properties are
reported.



EXPERIMENTAL

Materials

Poly(tetramethylene oxide) (PTMO) of M,, = 650 and 2000 g/mol, 1,6-diaminohexane (98%),
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), dimethyl carbonate (DMC, 99%, anhydrous), 1,4-
butanediol (99%), and 4,4’-methylenebis(cyclohexylamine) (Hi12MDA, >98%) were obtained from
Sigma Aldrich. Acryloyl chloride (96%), trimethylolpropane (TMP, 99%), 4-methoxyphenol (MeHQ,
99%) and triethylamine (99%) were supplied by Fisher Scientific. Diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (Irgacure 819 or BAPO) and Ethyl phenyl(2,4,6-trimethylbenzoyl)
phosphinate (TPO-L or LucirinL) were supplied by BASF. All the other reagents and solvents were
used without further purification.

Synthesis

Preparation of dimethyl dicarbamate monomers

In a round-bottomed flask equipped with a magnetic stirrer, diamine (1 eq.), TBD (0.1 eq.)
and DMC (10 eq.) were added and stirred for 5 h at 80°C (24 h for BMC-Hi;). The reaction medium
was then cooled to room temperature. Crystallized products (BMC-Cs and BMC-H1;) were recovered
by filtration (yield > 85 %) and washed by distilled water to remove TBD. In the case of BMC-Pr, the
liquid product was washed with distilled water in diethyl ether medium. Then, the organic phase was
dried over MgSO; filtrated and the solvent was evaporated.

Dimethylhexane-1,6-dicarbamate (BMC-Cq)

'H NMR (300 MHz, CDCls, 8): 4.67 (s, broad, 2H; NH), 3.65 (s, 6H; NH(CO)OCHs), 3.15 (m, 4H; NHCH,);
1.48 (m, 4H; NHCH,CH,), 1.32 (m, 4H; NHCH,CH,CH,). *C NMR (75 MHz, CDCls, 8): 26.2, 29.9, 40.7,
52.0, 157.1 ; IR (ATR): v[B300 cm™ (m; vnn), (11700 (S, Vco H-bonded) €M™, (11530 cm™ (S, VnH bending). DSC:
Tm=115°C.

4,4’-methylenebis(cyclohexylamine) (BMC-Hi,)

'H-NMR (300 MHz, CDCls, 6): 3.77 and 3.40 (m, 2H; NHCH); 3.66 (s, 6H; NH(CO)OCHs), 2.1 to 0.75
(20H; methylene and cycle CH and CH,). ¥*C-NMR (75 MHz, CDCls, §): 156.4 (C=0), 51.9 (OCHs), 50.5
(NHCH), 47.1 (NHCH), 44.1 (NHCHCH,), 42.9 (NHCHCH,), 33.7 and 33.6 (CH), 33.4 (bridge CH.), 32.6
(CH), 32.0 (bridge CH>), 29.7 (CH3), 28.0 (CH,). DSC: Tn= 189 °C.

Dimethyl Dicarbamate of Priamine 1074 (BMC-Pr)

1H-NMR (300 MHz, CDCls, 8): 4.68 (s, broad, 2H; NH), 3.65 (s, 6H; NH(CO)OCHs), 3.15 (m, 4H; NHCH),
2 to 1 (54H; CH and CHy), 0.87 (m, 6H, CHs). 3C-NMR (75 MHz, CDCls, §): 157.2 (C=0), 52.0 (OCHs),
41.2 (NHCHy), 37.2 (CH,), 33.7 (CH>), 32.0 (CH,), 30.1 (CH>), 29.8 (CH,), 29.6 (CH;), 29.4 (CH,), 26.8
(CH,), 22.8 (CH,), 19.8 (cycle CH), 14.2 (CHs). DSC: T,<-70 °C.

Preparation of hydroxy-terminated NIPU oligomers (H-0I)

In a three-necked round-bottom flask equipped with a mechanical stirrer, a Dean Stark
condenser and connected to a vacuum pump (or a 5 L-four-necked-jacketed glass reactor equipped
with a mechanical stirrer and thermometer for 1kg scale), bismethylcarbamate (BMC),
poly(tetramethylene oxide) (PTMO) and chain extender were added at an appropriate molar ratio
previously calculated by Carothers theory to reach the desired M, The temperature was
progressively risen to 160 °C under nitrogen flow and stirring. Then, 10 mol% KOMe catalyst relative
to BMC monomer was added. After 1 h of reaction at 160 °C, Dean Stark condenser was removed



and the reaction mixture was placed under vacuum (400 mbar, 1 h). Finally, the pressure was
carefully reduced to 0.5 mbar for 4 h. After cooling to room temperature under nitrogen flow, the
obtained oligomers were recovered without any purification. In the case of using BD as chain
extender, evaporation was quantified by NMR calculations. In order to obtain the oligomer with the
right molecular weight, the experiment was performed a second time, adjusting BD equivalents.

Preparation of Acrylate-terminated NIPU Oligomers (A-Ol)

In a round bottom flask equipped with a magnetic stirrer (or a 5 L-four-necked-jacketed glass reactor
equipped with a mechanical stirrer and thermometer for 1kg scale), a hydroxy-terminated NIPU
oligomer was introduced, under a nitrogen stream. The oligomer was solubilized in anhydrous DCM.
Triethylamine (3.5 eq.), previously distilled over KOH pellets, was added to the reaction mixture.
After cooling the mixture to 0 °C with an ice bath, acryloyl chloride (3 eq.) was added dropwise to the
reaction mixture. Then, the mixture was allowed to react for 6 h at room temperature. Filtration of
triethylammonium salts was carried out. The mixture was then washed three times by HCI (1M),
NaOH (1M) and brine. First organic phase was recovered and the oligomer parts remaining in the
aqueous phase were extracted by DCM. The organic phases were combined, dried over MgS0., and
filtrated. 4-methoxyphenol stabilizer was added (from 100 to 500 ppm depending of the oligomer
molecular weight) and solvent was evaporated. Finally, the resulting yellow product was dried using
high vacuum at 25°C.

Preparation of photo-crosslinked NIPU coatings (NIPUAs)

The formulations were prepared by dissolving A-Ol in an appropriate amount of butyl acetate to
reach a convenient viscosity. Subsequently, 3.3 wt% of BAPO-TPOL photoinitiator mixture (1:1) was
added to the medium. Formulations were stirred (heated to 70 °C if necessary) for 2 hours to obtain
homogeneous medium. Then, the formulations obtained were cast on rigid mat steel "Q-panel"
plates supplied by Labomat. After degreasing the plates with a cloth soaked in ethanol (EtOH), two
types of coatings were obtained for each type of formulation, i.e “thin” and “thick” films. In order to
obtain thin films, the desired formulation was applied on top of the plate and the wet thickness was
controlled by a roll coater. To obtain thick films, blades of adhesive tape were used on the edges to
calibrate the thickness. The plates were then placed in a UV conveyor (UV Fusion Light Hammer 6) to
perform the photo-crosslinking.

Measurements and Instrumentation

'H and 3C NMR analysis were performed on a Bruker 300 Fourier Transform spectrometer at
300 MHz and 75 MHz, respectively, in CDCls; solutions containing tetramethylsilane (TMS) as internal
standard. FTIR spectra were acquired with Perkin-ElImer Spectrum 2000 FTIR, provided with a
diamond ATR device (Attenuated Total Reflection). Spectra were recorded from 10 scans in the 650
to 4000 cm™ range.

Average molecular weights of polymers (M, and My) and dispersity (D = Mw/M;y) were
assessed by Size Exclusion Chromatography (SEC). Polymers were dissolved in dichloromethane,
filtered (0.45 um) and analyzed at 25°C by a Varian PL-GPC50 system provided with two mixed
packed columns (PL gel mixed type C). Dichloromethane was used as the mobile phase and PMMA
standards (from 875 to 62000 g mol™) were used for calibration.



Thermo-Gravimetric Analysis (TGA) was achieved with a TGA Q500 device (TA Instruments),
using a heating rate of 10°C/min under a nitrogen flow. The temperature at 5% of weight loss (Tsy)
was used as reference to estimate the degradation of polymers.

Differential Scanning Calorimetry (DSC) analysis was performed with a DSC Q2000 device (TA
Instruments), using a heating rate of 10°C/min under a nitrogen flow. The midpoint method was used
to evaluate the glass transition temperature (Tg). Melting temperature (Tm) was measured at the
maximum of the endothermic signal. DSC curves were recorded in a temperature range of -70 to
250°C.

The thickness of crosslinked thin films was measured in accordance with ISO 2808: 2007 by
magnetic determination using the PosiTector 6000. Films characterized by this device had
thicknesses of less than 50 um with an accuracy of £ 1.0 micron. The device consists of a probe to be
applied against the coating, previously deposited on a flat surface. The thickness of the thick
crosslinked films (between 100 um and 1 mm) was measured with the Digimatic micrometer, with an
accuracy of £ 1.0 micron. The coating was clamped by a micrometer screw between the two circular
measuring surfaces of the device.

The tensile analyses were performed on a Zwick/Roell device equipped with a 500 N force
sensor, two jaws (pneumatic or manual clamping, depending on the type of sample characterized)
and a movable crosshead. The tests were carried out in accordance with I1SO 527_3 "Test conditions
for films and foils". For each coating, between 5 and 15 rectangular specimens were cut out with a
scalpel. Specimens with unevenness or notches were systematically removed. The manually clamped
jaws limit the width of the specimens to 6 mm, the specimens had the following dimensions: a total
length I3 of 50 mm; a width b of exactly 4 mm; a thickness h always less than 1 mm. The values of b
and h were measured precisely at three points and the average of the three measurements were
used for the calculations. The distance between jaws Lo is fixed at 35 millimetres. The test speed u
was fixed at 20 mm/min, and the preload value was maintained at 0.05 MPa. After each sample has
been broken, the following values shall be determined as a function of the cross-section A(A=b x h,
expressed in mm?) of the sample: The breaking strength of the material o, (MPa) which corresponds
to the stress experienced when the specimen breaks, equal to the maximum stress; the elongation at
break & (%) which corresponds to the elongation of the material before it breaks; Young's modulus
or Elasticity E (MPa) which corresponds to the slope of the stress/strain curve in the range between
€1=0.05% and €, = 0.25% of the elongation of the material considered reversible.

For swelling tests, mass (mi) samples of approximately 15 mg (thin films) and 50 mg (thick
films) are placed in 4 mL pill dispensers containing 3.5 mL volume of THF and then placed under
magnetic agitation at room temperature for 24 hrs. The samples were removed from the solvent,
dried on the surface with absorbent paper and weighed (my). These samples were then dried in a
vacuum oven at 40°C for 24 h and weighed (m¢). Then, we have calculated:

- The extractables rate (tex) of the samples, expressed in %:

Mi —Mf 100 Eq.1

Tpx =

- The swelling (Q) of the samples, expressed in %:

mMph —Ms

x 100 Eq.2
ms



RESULTS AND DISCUSSION
Synthesis and characterizations of acrylated NIPUs oligomers

Bis(methyl carbamate) monomers (BMC, Scheme 1) were prepared by reacting a large excess
of dimethylcarbonate (DMC) (to avoid cyclization and chain extension) with several diamines, using
TBD as catalyst, as previously described.'®?® The monomers mixture was allowed to react during 6 h
at 80 °C. Three diamines were used, i.e. hexamethylene diamine (Cs) which can be considered as
potentially biobased;*>?® 4,4’-methylenebis(cyclohexylamine) (Hi;) which is a petroleum-based
monomer ; and Priamine (Pr) from Croda which is fully biosourced (from vegetable oils). Furthermore,
DMC?2 can also be obtained from renewable feedstock. Solid BMCs (Cs and Hi,) were recovered by
crystallization, whereas liquid BMC-Pr was recovered by extraction in diethyl ether after washing
with water.
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Scheme 1. Synthesis approach of acrylated NIPU oligomers.

In order to obtain NIPU oligomers with hydroxyl chain-ends (H-Ol), the synthesized BMCs
were engaged in a transurethane polycondensation reaction with an excess of poly(tetramethylene
oxide) (PTMO), a di-hydroxylated polyether with different molecular weights (M,, = 650 or 2000
g/mol) (Scheme 1). PTMO affords interesting properties by giving the final material good resistance
to hydrolysis and good mechanical characteristics.?® The obtained oligomers were denoted "H-BMC-
M, PTMOQO". As an example, the H-OIl oligomer synthesized from BMC-Pr and PTMO of M,, = 2000
g/mol was denoted "H-Pr-2000". Two NIPU materials bearing butane diol (BD) or trimethylolpropane
(TMP) as chain extenders were also prepared (A-Cs-2000/BD-1/2 and A-Ce-650/TMP-1/0.5,
respectively).

The targeted M,, values for NIPU series based on PTMO650 and PTM02000, were of 2000
and 5500 g/mol, respectively. Thus, the targeted X, was deduced from the following equation:



Mn = (Xn - 1) X MO + Mdiol Eq3

With:
- M, = Molecular weight of the repeating unit = (My;o; + Mpyc — 2Myeon)/2
- My;,; = Average molecular weight of “PTMO + chain extender” mixture, with respect to
their equivalent ratio.
- Mgy = Molecular weight of BMC.
- Mpyeon = Molecular weight of methanol.

Using Carothers' theory,*® the degree of polymerization "X, " as well as the number of

repeating units "n", can be expressed as follows: 3!

1+7r
= —F—=2n+1 Eq.4
1+r—2rp

n

With:
- r =stoichiometric ratio of reagents, withr< 1
- p =conversion of the limiting reagent monomer.

Assuming that p - 1, the stoichiometric excess of diols to be used « 1/r » can be deducted as
follows:

1 X, +1
r X,—1

Eq.5

The hydroxy-terminated (H-Ol) NIPU oligomers were functionalized by the use of acryloyl
chloride to obtain oligomers with acrylate chain-ends designated as A-Ol. After reaction at room
temperature in DCM, the medium was washed several times with acidic and basic aqueous solutions
to remove reaction by-products, and then the A-Ol was obtained after drying over MgS0O, and
evaporation of DCM. The double bonds were stabilized before the evaporation step by adding
around 300 ppm of methoxyphenol (MeHQ) to prevent crosslinking of the products. The A-Ol
obtained were named "A-BMC-MnPTMO".

The FTIR spectra (Figure 1) showed the disappearance of the stretching band of the terminal
hydroxyl functions (H-O) at around 3500 cm™, as well as the appearance of the bending bands of the
C-H bond of the acrylate group at around 1410 cm™ (in-plane) and at around 810 cm™ (out-of-plane).
The C=0 stretching vibration band of the ester-acrylate groups appeared at around 1725 cm™, and
was overlapped with the C=0 stretching vibration band of the free urethane groups (1720 cm).
Other urethane bands were also observed at 1686 cm™ (H-bonded C=0, stretching) and 1526 cm™ (N-
H bending). The band at around 3300 cm™ arose from stretching vibration of N-H bonds of urethane
groups.

1H NMR analysis (Figure 2) showed that the signal "6" of the terminal methylene groups was
strongly shifted by the electron-withdrawal inductive effect of the introduced acrylate groups. (t,
from 6 = 3.61 ppm (CH,-OH) to approximately § = 4.17 ppm (CH,-OCOCH=CH,)). The new acrylate
proton signals appeared at around 6 = 6.39 ppm (signal "10", dd, R-OCOCHCHuransH, 3Jtrans = 17 Hz, 2J
~ 1 Hz), § = 6.11 ppm (signal "9", dd, R-OCOCHCH>, 3Jirans = 17 Hz, 3Js = 10 Hz) and & = 5.81 ppm



(Signal "11", dd, R‘OCOCHCHcisH, 3Jci5

= 10 Hz, 2J = 1 Hz). 13C NMR analysis (supporting data)

revealed the signals of the two acrylate carbons (6 = 130.5 and 128.6 ppm), as well as the quaternary
carbon of the acrylate ester group (6 = 166.3 ppm).
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+ Ve=0 (free urethanes)
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— VNH (urethanes) -
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— .
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Figure 1: FTIR spectra of the oligomers H-C6-650 and A-C6-650.
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Figure 2: *H NMR spectra of H-Cs-650 (A) and A-Cs-650 oligomers (B).

The physico-chemical characteristics of A-Ol are listed in Table 1. They have a yellowish
appearance and were obtained in good yields. The lowest yields (59 - 65 %) were obtained with A-C6-



650/TMP-1/0.5 and A-C6-2000/BD-1/2 because of their lower solubility in DCM, which was the
reaction and extraction solvent. This low solubility is ascribed to higher percentages of urethane
functions and hard segments (%Ua-o,, %HS) within these materials.

Table 1: Physico-chemical characteristics of some prepared A-Ol oligomers.

Step  Global

M3 M, %U .
A-OI n? n? ( /rr:ol) ( /rr:ol) p* (; HAS?” Aspect
s : ’
A-C6-650 70 67 1900 2600 2.7 8.7 (12.4)
Waxy and
crumbly solids
A-Cs-650-5030 87 83 5030 8500 2.7  12.2(17.5)
A-Cs-650/TMP-
° / 65 59 1750 PS* PS*  12.1(21.7) Soft solid
1/0.5
Soft solid
Oily
A-Cs-2000 75 71 5550 12850 2.0 3.3(4.9) .
Waxy solid
A-Cs-2000/BD-1/2 59 55 2800 PS* PS* 9.4 (18.4) Crumbly solids
A-H1,-2000 93 83 5600 11100 2.5 3.2(7.3) Viscous oil
A-Pr-2000 96 92 5800 11900 2.2 2.9 (14.6) Viscous oil

1 Kg means kilogram scale; the ratio PTM0O650/TPM was 1/0.5; the ration PTMO/BD was 1/2)

2 Step n: Mass yield of Acrylation step; Global n: overall mass yield of the 3 synthesis steps (Scheme 1).

3 Calculated by *H NMR.

4 Calculated by GPC.

> Percentage of urethane: %U,_g; = [(2 X n X My,ernane)/ My ] X 100

Percentage of hard segments:
%HS = [[(a X (Mpyc — 2 X Myeon) + b X (Mpyc + Mpxtender — 2 X Myeon)) X 1] / My exp] x 100
a = PTMO molar fraction; b = chain extender molar fraction, with"a+ b = 1".

* Partially soluble in DCM.

In summary, we have obtained more than ten oligomers with exclusively acrylate (A-Ol)
chain-ends, using a simple process. The synthesis of some A-Ol was developed on a kilogram scale in
a 5-litre reactor, with good mass yields (see Table 1, orange lines). At both laboratory and kilogram
scale, the yields obtained throughout the synthesis process were highly dependent on the yields of
the acrylation stage (ngiobai = 59 - 92 %).

Preparation and characterizations of photo-crosslinked coatings

The acrylate oligomers A-Ol were formulated with a combination of two type | free-radical
photoinitiators (TPO-L and BAPO (1:1), Scheme 2) at 3.3 wt.%, in butyl acetate (AcOBu). The
formulations were photo-crosslinked under a UV conveyor equipped with a parabolic mercury vapor
lamp. For reproducibility, the light dose received by the sample after one pass was adjusted to about
1.2 J/cm? at a total intensity of about 10 W/cm? in the UVA + UVB + UVC ranges, the conveyor speed
was kept constant at 5 m/min. The coatings were prepared in two sets of thicknesses, i.e. around 50



pm (thin films) and around 200 um (thick films). The photochemical process was chosen because of
its multiple advantages comparing to a conventional thermal process (time and energy savings, etc.).

hv ,
/\”/O\:'/O\[(\ - Crosslinked NIPUA
o) o) Photoinitiators (3,3 w%) Coatings
NIPU oligomers o o _0O
(A-OI) LB Q
| P
Hepeg
Formulation in AcOBu
TPO-L or Irgacure 819 or BAPO

LucirinL BASF
Scheme 2. Photo-crosslinking approach of the A-Ol oligomers.

The obtained coatings were yellowish, transparent, smooth and have regular surfaces.
Photographs of some obtained coatings are available in the supporting data. However, A-Ce-
2000/BD-1/2 was rough and opaque, due to the partial solubilization of the segregated hard
segments of this oligomer in AcOBu.

The conversions were calculated by FTIR by monitoring the evolution of the absorbance
ascribed to the C-H bond deformation band in the plane of the C=C acrylate group at o = 1410 cm™.
The conversion X was calculated as follows:

= c=C
AGC _4f
Agef A}'ef
X=—c=c X 100 Eq.6
Ag .
ATe
0

With A5=¢ and Af=c the absorbance values of the §(=C-H) band at 1410 cm™, of the starting

A-Ol and the NIPUAs films formed after crosslinking, respectively. Agef and A]fefare the absorbance

values of the stretching band of the C-H sp3 bonds of these compounds.
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Figure 3. FTIR spectra of several interfaces of thin and thick films NIPUA-C¢-650 before and after
crosslinking.

For the NIPUA-Cs-650 film, FTIR spectra were recorded for each side of the thin and thick
coatings. The overlay of the bands at 1410 cm™ is shown in Figure 3. No significant differences in
conversion were noted at any interface or coating thickness. The study of other films confirmed
these claims. Thus, we chose to calculate FTIR conversion only at the film/air interface of thin
coatings.

The conversion values (x) of the acrilic functions are depicted in Table 2. Overall, one can
observe that x values are dependent on the molecular weight of A-Ol. Indeed, A-Ol with molecular
weight around 2000 g/mol (C.=> 2.0 meq/g) exhibited high conversion (x > 90 %), whereas A-Ol with
molecular weight around 5000 g/mol (C.-c> 0.7 meq/g) exhibited lower conversion (x = 75 %). These
conversions are in good agreement with the values in the literature for conventional PUAs
systems. 32

Table 2: Conversion and appearance of NIPUA coatings.

. Ce=c? DE? X Thickness
Coating code . 0 Aspect?
(mea/g) (%) (%) (um)
24+ 8
NIPUA-Ce-650 2.4 45 > 95 Y,S, T
194 +4
23t4
NIPUA-Ce-650-kg 2.6 53 > 95 Y,S, T
153 +13
28+4
NIPUA-H1,-650-kg 2.1 68 90 Y,S, T
219+1
40+3
NIPUA-Pr-650-kg 2.4 83 > 95 Y,S, T
132+ 24
10+3
NIPUA-C¢-650/TMP-1/0.5 3.0* 40 > 95 Y,SR, T
131+4
24+ 4
NIPUA-Cs-650-5030 0.9 26 84 Y,SR, T
153 +6
284
NIPUA-C¢-2000-kg 0.8 52 75 Y,S, T
160 + 11
233
NIPUA-H;,-2000 0.8 62 73 Y,S,F,T
165+6
275
NIPUA-Pr-2000 0.8 61 76 Y,S,F, T
205*5
2314
NIPUA-C¢-2000/BD-1/2 1.6 40 84 Y, SR, O
153+9

1 Double bond concentration of A-Ol oligomers.

2 Dry extract from A-Ol AcOBu formulations.

3 Conversion of acrylate double bonds estimated by FTIR.

4Y = Yellow, S = Soft, SR = Semi-rigid, F = Fragile, T = Transparent, O = Opaque.

* Estimated in relation to the theoretical functionality of the A-C6-650/TMP-1/0.5 oligomer (f = 2.33).



In order to discuss the crosslinking properties of the prepared films, we have defined
M (a—ayas the average molecular weight between acrylate functions, i.e. knots of the crosslinked
network. With the use of polyfunctional trimethylolpropane (f = 3), M (4_4) Was estimated with
respect to the theoretical functionality of the precursor A-C6-650/TMP-1/0.5 (f = 2,33), according to
the following equation:

My a-on

MC(A—A) = 2 X Eq.7

fra-on
with Mpa_ory @and fia—or) : the molecular weight and functionality of the A-C6-650/TMP-1/0.5

oligomer, respectively.

The swelling tests were conducted in THF, the percentages of extractables (tg,) and swelling
(Q) are listed in Table 3. One can observe that the 7, values of the NIPUA coatings are below 13 %,
and most of them are below 6 %, which is a characteristic of good crosslinked networks. Furthermore,
these coatings did not undergo any significant degradation in THF. As expected, crosslinking density,
which increases with decreasing M.4), had a clear impact on the swelling properties. Indeed, the
swelling percentages of coatings with Mca.4) values around 2000 g/mol were lower than those of
coatings with Ma.4) values around 5000 g/mol. Nevertheless, thick films, except NIPUA-C¢-2000/BD-
1/2 film, swell more in THF than their thin analogues with more and less the same amount of
extractables. This complex phenomenon could be ascribed to samples geometric reasons. For M¢-a)
values around 2000 g/mol, swelling percentages ranged from 24 to 45 % for thin films, and from 61
to 121% for thick films. For Ma.4) values around 5000 g/mol, swelling percentages varied from 127 to
232 % for thin films, and from 287 to 557 % for thick films. Thick NIPUA-Cs-2000/BD-1/2 film, which
has Mca-4 = 2800 g/mol, exhibited and intermediate swelling percentage (266%). However, its thin
analogue was out of the trend (Q=f(Mc-4) curves in the supporting data) and displayed a relatively
high swelling percentage (281%).

Table 3: Extractables and swelling percentages of NIPUA coatings.

Mea-a) Thin films Thick films
Coating code

(g/mol)* | Tex (%) Q (%) Tex (%) Q (%)
NIPUA-Cs-650 1900 1.2+0.9 272 5.3+0.5 121+3
NIPUA-Cs-650-kg 1750 2706 240 09+04 126+ 4

NIPUA-H1-650-kg 2100 22+0.1 344 0.9+0.1 95+6

NIPUA-Pr-650-kg 1850 10.4+0.8 45+ 4 1.0+0.1 61+1
NIPUA-Cs-650/TMP-1/0.5 1500 0504 242 8.0+0.1 88+12
NIPUA-C¢-650-5030 5030 6.6+0.3 136+8 | 12.8+0.9 557+19
NIPUA-Cs-2000/BD-1/2 2800 6.5+1.7 281+12 | 4003 2666
NIPUA-Ce-2000-kg 5650 24+04 180 + 27 53+1.1 313+14
NIPUA-H1,-2000 5600 0.6+0.4 232+27 | 2.8+0.1 287+25
NIPUA-Pr-2000 5800 341038 127 +2 33+14 346162

1 Average molecular weight between two acrylate functions.



Thermal properties

The thermal stability of the synthesized NIPUA coatings was evaluated by TGA under nitrogen
atmosphere. The temperatures at 5% of weight loss (Tsx) are displayed in Table 4. Typical TGA curves
are shown in Figures 4 and 5. As with conventional polyurethane, 3 thermal degradation of NIPUA-
Ol coatings is a two-step process, with degradation of the hard segment parts (HS, Tmax =~ 320 °C)
followed by the PTMO soft segment parts (SS, Tmax =~ 410 °C). Tsy ranged from 255 to 338 °C showing
very good thermal stabilities. The A-Ol oligomers showed similar two-step degradation profiles,
suggesting that crosslinking reaction has no significant influence on thermal stability. TGA curves
showed also that NIPUA-650 series are less thermally stable in terms of weight loss than their NIPUA-
2000 analogues, which is consistent with a higher concentration of urethane functions within the
NIPUA-650 series.

Table 4: Thermal properties of NIPUA coatings.

Ts!  TE AHE T2 AHe® T# AHS T

i d
Coating code 0 o ugh) (0 ugy) O e (O

NIPUA-Ce-650 282 - - - - 139 69 -
NIPUA-Ce-650-kg 304 - - - - 164 7 -
NIPUA-H12-650-kg 290 - - - - 191 13 -45
NIPUA-Pr-650-kg 325 - - - - 168 12 -59

NIPUA-Ce-650/TMP-1/0,5 261 - - - - 158 32 -57

NIPUA-Cg-650-5030 296 3 17 34 21 149 18 -
NIPUA-Ce-2000-kg 318 21 46 13 47 187 17 -
NIPUA- H1-2000 301 -28%  26* 8 26 - - -
NIPUA-Pr-2000 338 -37%  32* 9 32 184 18 -
NIPUA-Cs-2000/BD-1/2 285 0 28 11 32 182 21 -

1Determined by TGA.

2Determined by DSC. Tc: crystallization temperature (15 cooling cycle); Tm: melting temperature (1 heating
cycle).

3 Exothermic phenomena (Tx) determined by DSC from the 1 heating cycle.

* Cold crystallization (1°* heating cycle)

** NV = Not visible. Crystallization/melting temperatures of the hard segments.
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Figure 4: TGA curves (solid) and their first derivative curves (dashed) of NIPUA coatings based on BMC-Cs.
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Figure 5: TGA curves (solid) and their first derivative curves (dashed) of NIPUA-OI coatings using different BMC
and PTMO types.

The thermal properties of the NIPUA coatings were assessed by DSC. The thermal parameters
are presented in Table 4. Typical DSC curves are displayed in Figure 6 and supporting data. The glass
transition temperature of the soft segments (Tg (SS)) was observed for only three coatings in the
scanned temperature range (T > -60°C). These are NIPUA-H,-650-kg and NIPUA-Pr-650-kg, made
with asymmetrical BMC-H;; and BMC-Pr respectively, and NIPUA-Cs-650/TMP-1/0.5 containing
trimethylolpropane (TMP) as branching agent. These non-regular structures, bearing low molecular
weight PTMO0650, would promote SS and HS phase interactions and miscibility, which would increase
values of Tg (SS).3* Tg (SS) of the other coatings were not observed in the same scanning conditions,
likely due to the higher molecular weight of PTM02000, their lower urethane content, and the use of
symmetrical BMC-Cs promoting HS - HS interactions.?® Thus, the Tg values of these materials were
probably lower than -70°C, which is the limit of detection of the DSC system used.

It can also be noted that NIPUA coatings with Ma-a) higher than 2000 g/mol exhibited semi-
crystalline behavior. The melting (Tm) and crystallization temperatures (T.) ranging from 9 to 34°C



and from -37 to 3°C, with associated enthalpy values of 21 to 47 J.g?, and of 17 to 46 J.g7%,
respectively, correspond to the organized parts of the PTMO soft segments. The melting temperature
of the hard segments (Tm= 186°C) was observed only in the case of NIPUA-C¢-2000/BD-1/2, i.e. where
a chain extender (BD) is used, but with a low melting enthalpy (5 J.g!) and without any
recrystallization during the cooling cycle. This result is often observed in the case of conventional
polyurethanes and is due to the low content of hard segments in these materials. Furthermore, an
exothermic phenomenon was observed during the first heating cycle of the DSC analysis, which can
be explained by the thermal conversion of the residual acrylate groups and/or the degradation of the
photoinitiators.

NIPUA-Pr-2000

Heat Flow (W/g)

NIPUA-C6-2000/BD-1/2

1 T T
L -T0 -20 30 80 130 180
o Temperature (°C)

Universal V4 5ATA Instruments

Figure 6: DSC thermograms of NIPUA-2000 film series. 1°t heating (solid curves) et 2" heating (dashed curves).

Mechanical properties

The mechanical properties of the prepared thick NIPUAs films have been studied by the
uniaxial tensile test. The results are depicted in Table 5. Typical stress/strain curves are presented in
Figures 7 to 10.

For PTMOG650-based coatings, the stress/strain curves are shown in Figure 7. The Young's
modulus values of these NIPUA series show no significant dependence on the type of BMC used (E
between 4.94 and 6.63 MPa, Table 5). These coatings exhibited a low elasticity, with &, ranging from
20 to 47%, as well as a low mechanical stress at break (or between 1 and 2 MPa, Table 5).

The stress/strain curves of PTM02000-based coatings are shown in Figure 8. Comparing to
NIPUA-650 series, NIPUA-2000 coatings exhibited lower Young's modulus (E = 2 - 4 MPa) and higher
elongations at break (g, from 170 to 470 %, Table 5). The breaking stress o, ranged from 1.66 to 11.8
MPa. NIPUA based on BMC-Cs was the most elastic and the most resistant material, which can be
explained by its symmetric structure leading to more HS-HS interactions. Furthermore, the shape of
its tensile curve implies strain-induced crystallization and self-strengthen.



Table 5: Mechanical properties of NIPUA coatings.

Coating

NIPUA-Ce-650-kg
NIPUA-Ce-650
NIPUA-H1,-650-kg
NIPUA-Pr-650-kg
NIPUA-Ce-2000-kg
NIPUA-H1,-2000
NIPUA-Pr-2000

NIPUA-Cs-
650/TMP-1/0,5
NIPUA-Cs-650-
5030
NIPUA-Cs-
2000/BD-1/2

Meia-a*
(g/mol)

1750
1900
2100
1850
5650
5600
5800

1500

5030

2800

EZ
(MPa)
6.63+0.90
4,94 +0,39
6.34 +0.51
6.32*
2.69+0.32
2.62+0.39
2.60+0.91

7,38 0,77

9.22+2.46

6.80 £ 0.58

o

(MPa)
1.15+0.24
0,96 +0,09
2.03 £ 0.05

1.32*
11.8+3.5
1.66+£0.70
1.78+1.28

2,39+0,38

10.2+£1.82

9.17+1.381

! Average molecular weight between two acrylate functions.
2 E = Young modulus; or = breaking stress; er = elongation at break.
3 %HS = Hard segment percentage.
4 Double bond concentration of the A-Ol oligomer.
* Very fragile material. Value of the best test.

** Estimated through the theoretical functionality of the A-C6-650/TMP-1/0.5 precursor (f = 2,33 and M,= 1750

g/mol).
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Figure 7: Typical stress/strain curves of the NIPUA-BMC-650 series.
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Figure 9: Typical stress/strain curves of NIPUA with and without TMP.

For the same molecular weight, the incorporation of trimethylolpropane (TMP) into the
NIPUA structures improves all the mechanical parameters of the photo-crosslinked films (Figure 9
and Table 5). Indeed, its use has a double effect: - the percentage of urethane (%HS) is doubled,
resulting in an increase in -H bonds; - the crosslinking density increases due to its trifunctional

nature.

The impact of the increase in %HS can also be seen by comparing the properties between
NIPUA-C6-2000-kg (%HS = 4.4%, Mc= 5650 g/mol) and NIPUA-C6-650-5030 (%HS = 17%, Mc=5030
g/mol) coatings (Table 5, Figure 10). Stiffness properties are increased fourfold, i.e. E increased from
2.69 MPa to 9.22 MPa. However, strength properties (o. around 10.5 MPa) and elasticity (¢r around

500 %) were quite similar.
NIPUA based on BD as the chain extender, exhibited Young's modulus E around 7 MPa,

elongations at break g, around 300% and o, around 9 MPa (Figure 10, Table 5). Compared to NIPUA-
Ce-2000-kg, NIPUA-Cc-2000/BD-1/2 exhibited higher percentage of hard segments (%HS), which



explain its higher rigidity, and exhibited lower molecular weight between knots (Mca-s), Which
explain its lower elasticity. Nevertheless, these two parameters do not appear to have any influence

on the ultimate stress at break.
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Figure 10: Typical stress/strain curves of NIPUA coatings with different urethane contents.

In summary, the incorporation of urethane functions effectively improves the mechanical
properties of NIPUAs coatings, whether through the incorporation of a chain extender (BD) or a
crosslinking agent (TMP), or by increasing the amount of urethane groups within the polymer
backbone. However, the average molecular weight between knots must be sufficient to afford the

elasticity properties.

CONCLUSIONS

NIPUs oligomers with exclusively acrylate chain-ends (A-Ol) and controlled molecular weights
were synthesized by transurethane polycondensation followed by reaction with acryloyl chloride.
Ten NIPUs-acrylate coatings (NIPUAs) were prepared by photo-crosslinking of A-Ol formulations
under a high-intensity UV system. Analysis of the thermal and mechanical properties of NIPUAs
coatings highlighted the importance of the urethane function, especially for increasing strength and
rigidity of the materials, without excessive loss of elasticity. Thus, we have successfully synthesized a
range of coatings with thermal and mechanical properties in line with those of the flexible PUs
currently developed on the market, which can be amorphous or semi-crystalline (Tsy > 255°C, E = 2.6
—9.2 MPa, o, up to 11.8 MPa, &, = 20 - 520 %) by a route that totally eliminates the use of isocyanates.
Finally, some of the NIPUAs developed, in particular those based on the monomer BMC-C6, have
biosourced carbon levels very close to 100%, where only the acrylate functions at the chain-ends
derive from petroleum resources.
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