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Abstract. A promising process to design non-isocyanate polyurethane (NIPU) foams has been developed. The transurethane
polycondensation reaction between fatty biscarbamates, fatty diols, and diamines was used to synthesize a biobased amino-
telechelic NIPU oligomer. The prepared oligomer (hard phase) was mixed with an amino-telechelic polydimethylsiloxane
(PDMS, soft phase) and then reacted with a biosourced tri-epoxide molecule as crosslinking agent, in the presence of
water/ethanol mixtures as physical blowing agents. The crosslinking reaction was followed by Fourier transform infrared
spectroscopy (FTIR) and rheometry. The foams can be obtained in less than 2 hours at 95 °C. The prepared foams exhibited
cell diameters ranging from 130 to 3090 um, as well as densities ranging from 55 to 950 kg/m3. Their thermal stability
thresholds were above 300 °C. They displayed glass transition temperature values ranging from —20 to —18°C, and low
values of the Young modulus ranging from 2.0-10° to 5.7-103 Pa. The hysteresis loss, the recovery time, and the firmness of

these foams were dependent on the PDMS content and/or the morphological parameters.
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1. Introduction

Polyurethanes (PUs) are a family of versatile and es-
sential polymers that can be found in many applica-
tion fields such as construction, furniture, bedding,
transportation, footwear, and everyday appliances.
Polyurethane foams have a significant share of the
polyurethane market that is projected to attain
13 million tons in 2024 [1-4].

Commercial PUs foams are usually prepared by reac-
tion of poly-ols with poly-isocyanates. Often, CO; is
used as a blowing agent and is produced in-situ by the
reaction between water and isocyanate [5—7]. A wide
range of versatile PU foams can be designed using
this straightforward pathway. Nevertheless, iso-
cyanates are toxic chemicals triggering social and
health concerns, which have led to a strengthening of
the law against them. For instance, PU formulations
containing more than 0.1% w/w of residual isocyanate
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are forbidden since 2009. To face this worldwide
issue, the development of new isocyanate-free
processes is of great interest. Today, the literature
mentions very few processes for the synthesis of non-
isocyanate polyurethane foams (NIPU). These
processes are mainly based on the synthesis of a
poly(hydroxyurethane) (PHU) matrix from diamine
and cyclic carbonates [8—18]. Nevertheless, with one
exception, the final foam can only be obtained using
high temperatures and/or reaction times, due to the
low reactivity of the cyclocarbonate groups.

One technique to design PHU foams is to use phys-
ical blowing agents that evaporate during the poly-
merization process. Solkane, which is a fluorocar-
bon, was used to prepare PHU foams. The process
was performed during 14 h at 80 °C [8]. Supercritical
CO, was also used as a blowing agent to prepare
PHU foams [9, 10]. Grignard ef al. [9] conducted the
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foaming process at 40 °C under 100 or 300 bars for
3 to 24 h, then at 80°C for 1 min. Mao et al. [10]
performed the foaming process at 80 °C under pres-
surization by CO, at 150 bar for 6 h.

The second and major technique involves the use of
chemical blowing agents. Cornille ef al. [11] have
prepared PHU foams using a self-blowing process.
Poly(hydrogenomethylsiloxane) (PHMS) was used
as a foaming agent that releases H; in-sifu by the re-
action of its SiH groups with a (di-)polyamine during
the polymer network formation. The foams were ob-
tained upon heating at 80 °C for 12 h, then at 120°C
for 4 h, respectively. They also succeeded in prepar-
ing these foams at room temperature for three days,
using a thiourea catalyst [ 12]. Using the same process,
Sternberg and Pilla [13] have prepared carbonated
Kraft Lignin, using glycerol carbonate or dimethyl
carbonate, and have reacted them with hexamethyl-
enediamine (HMDA) in the presence of PHMS as a
blowing agent, and dimethyl sulfoxide (DMSO) to
dissolve the lignin part. The foams were obtained at
150°C after 12 hours.

Clark et al. [ 14] have developed an exotic self-blow-
ing PHU foam through the reaction of polyamine
with cyclocarbonated sorbitol. A concomitant side re-
action led to release of CO; at 100 °C, forming the
foam after 20 h of reaction.

Monie et al. [15] prepared a self-blowing poly(hy-
droxyurethane-co-hydroxythioether) foam by react-
ing a cyclocarbonate, a diamine, and a thiol for 4 h
at 100°C. CO, was generated in-situ as a result of
the reaction of the thiol groups with the cyclocarbon-
ates. In another work, they reacted a thiolactone with
amine groups to generate the thiols. The prepared
foams had several bonds (hydroxyurethanes, thioeth-
ers, and amides) [16]. Coste et al. [17] used aminol-
ysis of a thiocyclic carbonate to initiate the reaction
between the released thiols and cyclic carbonates,
resulting in the release of CO, and blowing out the
PHU matrix. Recently, Bourguignon et al. [18] re-
ported a promising process to prepare water-induced
self-blown PHU foams. They added water and a cat-
alyst, such as 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) or KOH, to hydrolyze 5 membered cyclic
carbonates in the temperature range of 80-100°C,
for 3—-5 hours. This hydrolysis reaction released in-
situ CO, that acted as a blowing agent in PHU for-
mulations composed of a tris(cyclic carbonate) and
a diamine. In addition, they showed that by preheat-
ing all the components of the formulation separately

for 5 minutes at 100 °C, mixing them and injecting
them into a preheated mold (100 °C), they reduced
the foaming time from 3 h to 30 min. The resulting
foams exhibited properties quite similar to those of
their analogues prepared without preheating (3 h),
except for a lower density.

The transurethane polycondensation reaction be-
tween dialkyl dicarbamates [ 19-24] and diols, or be-
tween dialkyl carbonates and diamines [25-31], is one
of the most attractive route to NIPUs. Indeed, com-
pared to PHUs, NIPUs exhibit conventional polyure-
thane structures. In addition, NIPUs can be made
from a large selection of dialkyl dicarbamates or di-
alkyl dicarbonate molecules, ccomparedto the few
commercially available diisocyanate analogues that
are precursors of PUs. However, unlike the polyad-
dition reaction between polyamine and poly(cyclic-
carbonates), the transurethane polycondensation can-
not be used directly to prepare crosslinked NIPU
because it is achieved at high temperatures and vac-
uum to remove the released methanol and to displace
the equilibrium. This problem can be circumvented
by preparing telechelic NIPU oligomers allowing
post-crosslinking via polyaddition reactions under
mild conditions [21-32].

Xi et al. [25] have prepared NIPU foams by reaction
of glucose with dimethylcarbonate (DMC), followed
by a reaction with hexamethylene diamine, in the
presence of silane as a crosslinking agent. They used
NaHCOj as a chemical foaming agent that decom-
poses at high temperature releasing CO,. The foam-
ing process took 30 min at 200 °C. These authors
prepared similar NIPU foams using maleic acid as
foaming initiator and glutaraldehyde as crosslinking
agent. The final foams were obtained at room tem-
perature for 5 h, followed by curing at 103 °C for 4 h
[25-27]. In another work, they used this same
process at room temperature to prepare NIPU foams
based on mimosa tannin. The curing of the obtained
foams was performed at 70—-80 °C overnight [27, 28].
Recently, they prepared self-blowing NIPU foams
from tannic acid and citric acid, using a similar pro-
cedure [29]. The curing process was performed
overnight at 70 °C then at 25°C for 2 days. Singh
and Kaur [30] have prepared similar foams through
a reaction between xylose, dimethyl carbonate and
hexamethylene diamine, in the presence of citric
acid. The foaming/curing process lasted 2 h at 90 °C
then 24 h at room temperature. Smith et al. [31] have
used this methodology to produce foams from tannic
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acid, chitosan and DMC, in the presence of glu-
taraldehyde and other carboxylic acids, i.e. malic
acid, maleic acid, citric acid and aconitic acid. The
final foams were obtained after 72 h at room tem-
perature.

Recently, our team has prepared several biobased
amino-terminated NIPU using the transurethane poly-
condensation between dimethylcarbamates, diols
and diamines [32]. Then, they reacted them with a
polyepoxide molecule, in the presence of PHMS or
its copolymer poly(methylhydroxysiloxane)-co-poly
(dimethylsiloxane) (PHMS-co-PDMS) as blowing
agents, to obtain NIPU foams displaying conven-
tional PU structures. The foams were obtained after
30 min of heating at 100 °C (without any preheating)
or after 14.5 h at room temperature, which was, as far
as we know, the faster process to get NIPU foams
[32]. However, this process releases hydrogen, which
may limit its use in industry for safety reasons.

In this paper, we propose a solution to this problem-
atic by implementing a green and straightforward
process allowing the preparation of biobased NIPU
foams from biobased diols and diamines (derived
from vegetable oils), dimethyl carbonate (which can
be produced from CO,), a biobased polyepoxide (de-
rived from glycerol) as a crosslinking agent, an amino
terminated PDMS as a soft segment template and
surfactant, and water and/or ethanol as a blowing
agent. The morphological, thermal and mechanical
properties of these materials were investigated.

2. Materials

Dimethyl carbonate (DMC, 99%, Sigma Aldrich,
France), poly(dimethylsiloxane) bis(3-aminopropyl)
terminated (PMDS-A, Sigma Aldrich, France) and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%,
Sigma Aldrich, France). Polyglycerol polyglycidyl
ether (DENACOL EX512, Nagase ChemteX, France).
Dimer fatty diamide (Priamine® 1074, Cargill, France)
and dimer fatty diol (Pripol® 2033, Cargill, France).
All solvents and other reagents were used as re-
ceived.

3. Synthesis

3.1. Synthesis of bis-methyl dicarbamate
based on Priamine® 1074 (BMC)

Priamine® 1074 (1 eq.), TBD (0.1 eq.) and DMC

(10 eq.) were mixed and stirred for 6 h at 80°C, ina

single-neck round-bottom flask furnished with a mag-

netic stirrer. The mixture was then cooled down to
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room temperature, and then washed with water in di-
ethyl ether. The organic phase was dried over MgSQOy,,
which was then removed by filtration. After solvent
evaporation, the product was recovered as an orange
viscous liquid. 'H NMR (300 MHz, CDCls) § [ppm]:
4.64 (broad, 2H; NH), 3.65 (s, 6H; OCH3), 3.15 (m,
4H; NHCH,), 2.52 to 1 (m, 56H; CH and CH>), 0.87
(m, 6H, CH3). 13C NMR (75 MHz, CDCI3) § [ppm]:
157.1 (C=0), 52.0 (OCH3), 41.1 (NHCH,), 32.0 to
22.8 (CHy), 19.8 (CH), 14.2 (CHj3).

3.2. Synthesis of methylcarbamate-terminated
NIPU oligomer (NIPU-MC)

Pripol® 2033 (6g, 11.2mmol), BMC (16.74 g,
25.7 mmol), and TBD (0.16 g, 1.1 mmol) were mixed
under a nitrogen stream and stirred for 16 h at 160°C,
in a neat three-neck round-bottom flask furnished with
a mechanical stirrer. Then, the medium was placed
under vacuum at 0.5 mbar, during 2 h at 160°C. The
product was recovered as an orange viscous oil.
"H NMR (300 Hz, CDCl3) & [ppm]: 4.66 (broad, 3H;
NH), 4.02 (t, 4H; OCH,), 3.65 (s, 6H; OCH;), 3.14
(m, 8H; NHCH,), 2.52 to 1 (m, broad, 173H; CH and
CH,), 0.85 (m, 6H, CH;). 3CNMR (75 MHz,
CDCl3) 6 [ppm]: 157.1 (C=0), 156.8 (C=0), 64.83
(C-0), 51.9 (OCH3), 41.0 (NHCH,), 40.9 (NHCH,),
37.4t022.7 (CHy), 19.8 (CH), 14.2 (CHj3).

3.3. Synthesis of amine-terminated NIPU
oligomers (NIPU-A)

Priamine® 1074 (32.72 g, 60.6 mmol), NIPU-MC
(35.79 g,20.2 mmol.), and TBD (0.28 g, 2.0 mmol)
were mixed under a nitrogen stream and stirred for
16 h at 160°C, in a neat three-neck round-bottom
flask furnished with a mechanical stirrer. The medi-
um was then placed under vacuum at 0.5 mbar, dur-
ing 2 h at 160°C. The final product was recovered
as an orange viscous oil. NIPU-A: "H NMR (300 Hz,
CDCl3) 8 [ppm]: 4.68 (broad, 8H; NH), 4.02 (t, 3H;
NH(CO)OCH,), 3.65 (s, residual; OCHj3), 3.62 (t,
2H; HOCH,), 3.14 (m, 12H; NHCH,), 2.6-2 (m,
392H; CH and CH>), 0.88 (m, 6H, CH3). '3C NMR
(75 MHz, CDCls) & [ppm]: 163.7 (C=0), 158.9
(C=0), 157.1 (C=0), 156.8 (C=0), 64.8 (C-0), 53.4
(OCHs3), 42.2 (NHCH,), 40.4 (NHCH,), 37.4 t0 22.8
(CHy), 19.8 (CH), 14.2 (CH3).

3.4. Preparation of NIPU foams
In a polypropylene mould, NIPU-A, DENACOL
EX512, PDMS-A and a mixture of water/ethanol
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were mechanically blended together at variable molar
ratio. Then, the formulation was stirred during 2 min
at 2400 rpm using a Speedmixer DAC 150.FVZ.K.
A homogenous blend was obtained. The formulation
was then placed in an oven at 95 °C during 120 min
to produce the final NIPU foam.

4. Analysis

4.1. Fourier transform infrared spectroscopy
(FTIR)

FTIR analysis was achieved with PerkinElmer Spec-

trum 2000 FTIR (France). This instrument was fur-

nished with a diamond attenuated total reflectance

(ATR) device (ATR MK II Golden Gate, Specac,

France). Spectra were acquired in the 600 to 4000 cm™!

range, using 10 scans in a nominal resolution of

8cm.

4.2. Nuclear magnetic resonance (NMR)

"H NMR and '*C NMR spectra were acquired with
a Bruker 300 Fourier transform spectrometer (France)
at 300 and 75 MHz, respectively. The prepared oligo-
mers were analysed in CDCls, in the presence of
tetramethylsilane (TMS) as an internal standard.

4.3. Size exclusion chromatography (SEC)
Average molecular weights (M, and My,) and disper-
sity (D= My/M,) of NIPU-MC, NIPU-A, and
PDMS-A were evaluated by size exclusion chro-
matography (SEC). These compounds were dis-
solved in dichloromethane, filtered (0.45 pm) and
analysed at 25 °C by a Varian PL-GPC50 instrument
(France) furnished with two mixed packed columns
(PL gel mixed type C). The mobile phase was di-
chloromethane. Calibration was performed using
poly(methyl methacrylate) (PMMA) standards (from
875 to 62000 g/mol).

4.4. Assessment of M, of NIPU-A and
PDMS-A by titration of amine groups
NIPU-A or PDMS-A (1.5 g) was dissolved iso-
propanol/toluene mixture (25 ml, volume ratio 1/1)
at 50°C. The assay was then performed using a so-
lution of HCI in isopropanol (0.1 mol/I). Bromocre-
sol green was used as a colorimetric indicator. As-
suming an average amine functionality of 2.0 for
these oligomers, the average molecular weight was

calculated using Equation (1):

2 M ligomer
Mn_ [HCI]'Veq (1)

where mgligomer 15 the weight of oligomer sample,
[HCI] is the concentration of the HCI titrant solution,
Veq 1s the volume at the equivalence (or stoechiomet-
ric) point.

4.5. Determination of phr: stoichiometric
parts by weight of curing agent per
100 parts of epoxy resin

The phr value was calculated as Equation (2):

4 — AHEW
p EEW

100 )

Amine hydrogen equivalent weight (AHEW) was de-
termined as Equation (3):

M(amine — terminated oligomer)

AHEW = numberof active amine hydrogen G)

Epoxy equivalent weight (EEW) was determined as
Equation (4):

M(epoxy resin) 4
number of epoxy function @

EEW =

4.6. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analysis was
achieved under a nitrogen flow, using a DSC Q2000
instrument (TA Instruments, France) with a heating
rate of 10 °C/min, in the range of —50 to 200 °C. The
glass transition temperature (1) was calculated from
the second heating cycle using the midpoint method.
The area and width of the exothermic peak were
used to determine the enthalpy of reaction and the
curing range, respectively.

4.7. Thermogravimetric analysis (TGA)
Thermo-gravimetric analysis (TGA) was performed
under a nitrogen flow, using a TGA Q500 device (TA
Instruments, France), with a heating rate of 10 °C/min.
The thermal stability of the prepared NIPU foams
was estimated through the temperature at 10% of
weight loss (7709).

4.8. Dynamic mechanical analysis (DMA)
Dynamic mechanical analysis was achieved with the
DMA Q800 (TA Instrument, France). Each sample
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was cut into a 10x4 mm cylinder. The mechanical
behaviour of the foams was measured with compres-
sion clamps in strain ramp mode at room tempera-
ture. A preload force of 0.02 N and a strain rate of
2%/min were used, up to 75% of the total foam strain.
The resilience was measured in the creep mode at
room temperature. The foams were compressed to
50% of their initial thickness with a displacement
time of 10 min and a recovery time of 20 min.

4.9. Scanning electron microscopy (SEM)

The prepared NIPU foams were imaged with JEOL
scanning electron microscope (JEOL Neoscope
JCM-6000, France). Samples were sputter-coated
with gold (JFC 1300 Autofine coater: JEOL, France)
before imaging. Cross-section morphologies were
recorded at 15 kV accelerating voltage, in high vac-
uum secondary electron mode.

4.10. Rheological study

Rheological analysis was performed on a DHR-2
rheometer (TA Instruments, France) using a parallel
plate geometry (925 mm), with a geometry gap of
500 um and a shear rate of 10 s!. Measurements
were performed on a temperature range of 30 to
200°C with a heating rate of 3 °C/min. Viscosity
measurements were conducted in the flow tempera-
ture ramp mode. The gel point (GP) was assessed
using isothermal and temperature ramp tests in os-
cillatory mode with a frequency of 1 Hz.

4.11. Swelling index (S7)

Each NIPU foam was immersed in 20 ml of CH,Cl,
and stirred for 24 h. Swelling index was calculated
as Equation (5):

mf -

m

s1="2"" 100 (5)
where m¢ is the mass of the sample after 24 h of im-
mersion in CH,Cl, and m; its initial mass.

4.12. Extractible content
Extractible content was calculated as Equatiom (6):

m; —m,
m 100 (6)

Extractible content =

m; is the initial mass of the sample, m; is the residual
mass after extraction in CH,Cl, for 24 h, followed
by drying at 50 °C for 24 h.

978

4.13. Apparent density
Cylindrical NIPU foams were prepared in a specific
mould. The top of the foam which was out of the
mould was carefully cut to afford a perfect cylindri-
cal geometry. Apparent density (p,) was calculated
as Equation (7):

m.

pa:ﬂ:'l"z'l’l (7)

m; r, and h are the initial mass, the radius and the
height of the cylindric foam, respectively.

A digital caliper was used to measure the dimensions
of the foams.

5. Results and discussion
5.1. Preparation of an amino-telechelic NIPU
(NIPU-A)
An amine terminated NIPU oligomer (NIPU-A),
based on fatty branched diamines (Priamine® 1074)
and dialcohols (Pripol® 2033), was prepared in three
steps in bulk conditions without any purification
(Figure 1). In order to limit the chain extension dur-
ing the polymerization process, an excess higher
than 2 in BMC (for preparation of NIPU-MC) and
in Priamine® (for the preparation of NIPU-A) was
used (Figure 1). Consequently, free Priamine®, play-
ing the role of reactive diluent, was present in the
final liquid product, which exhibited suitable viscos-
ity for the preparation of initial foam mixtures.
The bis-methyl dicarbamate based on Priamine
1074 (BMC) was prepared by the reaction of a large
excess of DMC (10 eq) with Priamine® 1074, in the
presence of TBD as catalyst. The reaction was con-
ducted at 80 °C for 6 h, as previously described [19—
24, 32]. The 'H NMR analysis displayed a total dis-
appearance of the signal of amine groups at
2.65 ppm. The signal of the methyl protons arose at
3.65 ppm. The signal of the methylene groups in the
a position of the methyl carbamate groups was ob-
served at 3.15 ppm. The signal at 4.64 ppm arose
from the nitrogen proton of the carbamate groups. The
band at 1715 cm™ in the FTIR spectrum (Figure 2)
corresponds to the H bonded stretching vibration of
C=0 of the methyl carbamate groups. The bands at
1526 and 3300 cm™! correspond to the bending and
stretching vibrations of N—H bonds, respectively.
The DSC analysis did not show any thermal phe-
nomenon above 80°C. The TGA analysis showed
good thermal stability with 77¢s, > 200°C.
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Figure 1. Synthesis pathway of the NIPU-A oligomer.
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Figure 2. FTIR spectra of compounds BMC, NIPU-MC and
NIPU-A.

The NIPU oligomer with methylcarbamate chain-
ends (NIPU-MC) was prepared by reacting 2.3 eq of
BMC with Pripol® 2033 at 160 °C, under a nitrogen
flow overnight, and then under vacuum for 2 h, in
the presence of TBD, as similarly performed in a
previous work [32]. The FTIR spectrum (Figure 2)
showed the persistence of the urethane bands. The
"H NMR analysis revealed the decrease of the peak
of the methyl carbamate groups at 3.65 ppm as well
as the absence of a triplet at 3.62 ppm arising from
protons in the alpha position to the primary alcohol
function. One can also observe the presence of a
peak at 4.03 ppm arising from protons in the alpha
position to the oxygen of the median urethane func-
tion, suggesting that the oligomerization was suc-
cessful (Figure 3). SEC analysis showed a mixture

g g 838 2= ¥ 5 ¥ 3
b I OYT 7T 9 T w79
0o 0o o
1 2 2 3 3 2 2 1
SERY EELERY 2
H H H n

CHal

T™MS

e S—

- © o o ©
o ® © © ©

175.2

75706560 55 50 45 40 35 3.0 25 20 1.5 1.0 05 0.0
f1 [ppm]

Figure 3. 'H NMR spectrum in CDCI of methylcarbamate-
terminated NIPU oligomers (NIPU-MC).

of oligomers and BMC (Figure 4). The obtained M,
value for NIPU-MC was 2520 g/mol with a disper-
sity of 2.8 (Table 1).

Finally, the NIPU-MC was reacted with 3 eq of Pri-
amine® 1074 leading to a NIPU oligomer with amine
end-groups (NIPU-A), as similarly performed in a
previous work [32]. The FTIR spectra of this oligo-
mer (Figure 2) displayed urea bands at 1630 cm™!
(C=0 stretching) and 1575 cm™! (N-H bending),
suggesting that the excess of amine groups caused a
side transurethane reaction along the chain of the
NIPU-A, releasing mono- and/or di-alcohols. This
supposition was confirmed by 'H NMR analysis
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Figure 4. SEC chromatograms in CH,Cl, of amine-termi-
nated NIPU (NIPU-A) (Molecular weight values
in PMMA equivalent).

(Figure 5), which showed a decrease in the signal of
the median urethane function at 4.03 ppm, an in-
crease of the peak at 3.13 ppm emanating from both
urea and urethane groups, and an appearance of a
triplet at 3.62 ppm coming from released alcohol
groups. SEC analysis confirmed also this hypothesis
by displaying a mixture of oligomers, Pripol® 2033
and Priamine® 1074 (Figure 4) with M, value of
1240 g/mol, and dispersity of 1.6 (Table 1). The
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Figure 5. "H NMR spectra of the prepared NIPU-A oligo-
mer.

absolute M, value (considering an ideal structure with
an average functionality in amine groups of 2) of the
prepared NIPU-A was determined by amine titration
(amine index) and was 1385 g/mol (Table 1).

"H NMR analysis allowed the calculation of the
urea/urethane ratio (x/y’) in the NIPU-A oligomer, as
Equation (8):

X _  9%Urea

Y =~ %Urethane ®)

where:

%Urethane = y/(x + y)-100;

%Urea = x/(x + y)-100;

y= 14.03 ppm/z;

x = (13.13 ppm — 14.03 ppm)/4 ;

I the integration of peaks.

This ratio was about 86/14 (Table 1).

NIPU-A displayed viscosity values of 39 Pa-s at
30°C and 0.40 Pa‘s at 100°C. PDMS-A displayed
relatively lower viscosity values, i.e. 0.04 and
0.01 Pa-s, respectively.

TGA analysis showed T, of 289 °C for PDMS-A
and of 316°C for NIPU-A. The T, values of these
compounds are supposed to be lower than —50 °C be-
cause they were not detectable by DSC in the tem-
perature range of —50 to 200 °C.

5.2. Preparation of the NIPU foams

The NIPU foams were prepared by the epoxy-amine
reaction between NIPU-A, PDMS-A and DENACOL
EX512, which is a bio-based tri-epoxy compound,
prepared from glycerol. Foaming was then carried out
by adding water/ethanol mixtures at different ratios
as physical blowing agents, and heating between 73
to 120°C for evaporation (Figure 6). PDMS A was
chosen as a soft phase model to obtain foams with
chemical structures close to those previously pre-
pared using PHMS and its PDMS-PHMS copolymer
as crosslinking and blowing agents, and to compare

Table 1. Physico-chemical properties of the NIPU-MC, NIPU-A and PDMS-A.

. Viscosity
Oligomer , M2 M, | Ty Urea/urethane 4
code K K fgmatl| 7 gt ey N gy raoy | AHE 20
NIPU-MC | Priamine® 1074 | Pripol® 2033 | 2520 | 2.8 - - - 0/100 - -
NIPU-A | Priamine® 1074 | Pripol®2033 | 1580 | 1.9 | 1420 | 316 39/0.40 86/14 337 200
PDMS-A - - 1040 | 1.6 | 1020 | 289 | 0.04/0.01 - 255 152

“Determined by SEC;

"Determined by titration;

°Determined by '"H NMR;

dphr: stoichiometric parts by weight of curing agent per 100 parts of epoxy resin;

AHEW: Amine hydrogen equivalent weight. The epoxy equivalent weight (EEWpgnacor Exsi2) Was fixed at 168.
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their properties as a function of the nature of the
blowing agent and the crosslinking density [32]. In-
deed, PDMS-A has no reactive groups along the
chain that increase the crosslinking density, and it
cannot release hydrogen gas.

The amine and epoxy groups were introduced in the
stochiometric proportions, considering that one amine
group can react with two epoxy groups. Therefore,
the amine-index of NIPU-A and PDMS-A assessed
by titration was used for calculation of AHEW
(Equation (2)) and phr (Equqtion (1)) (Table 1).
The average functionality of the starting monomers
mixture of 3.4 and the critical conversion at the gel
point of 0.58 were calculated using Carothers’ equa-
tions (f, Equation (9) and P., Equation 10)):

y Z”iﬁ
T=5 ©)

(10)

where 7; is the molar quantity of the monomer i and
fi is the functionality of the monomer 7 (f; =4 for
NIPU-A and PDMS-A (since one amine group can
react twice) and f; =3 for DENACOL EX512).

The crosslinking reaction was first monitored by dy-
namic rheology, in the absence of foaming agent. The
approximative temperature of the gelling point (GP),
at a low heating rate of 3 °C/min, was determined as
the temperature where G’ (storage modulus) was
equal to G" (loss modulus), i.e. at the cross-section
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Figure 7. Rheological study of NIPU-A/PDMS-A/
DENACOL EX512 formulations as a function of
temperature, at a heating rate of 3 °C/min.

of the two curves (Figure 7). One can observe that the
gelling point temperature was about 116 °C regard-
less the PDMS-A concentration. However, this tem-
perature is very high and may cause all the foaming
agent to evaporate before gelling begins.

Since the boiling temperature of water is 100 °C and
the water/ethanol mixture boils at temperatures rang-
ing from 78 °C (azeotropic) to about 95 °C (water-
rich mixture), we have tested foaming at close tem-
peratures, i.e. 73, 74, 76, 79, 85, 95, 100, 105 and
120°C. Formulations based on NIPU-A, PDMS-A
and a blowing agent (water/ethanol mixtures at sev-
eral ratios) were heated at the set temperature for 2 h,
which is more than enough time for the expansion
and evolution of the foam (Table 2). Photos of some
prepared NIPU foams are depicted in Figure 8. This
preliminary study showed that 95°C was the best
temperature to get foams combining good expansion
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L

F13-2%-100/0

Figure 8. Photos (on the left) of NIPU foams based on 2% of PDMS-A and water as foaming agent at different temperatures
(F1, F9, F11 to F13) and their corresponding SEM images (on the right).
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and apparent mechanical properties. Indeed, at a
temperature below or equal to 85°C, foams could
not be obtained, whereas above 95 °C, the blowing
agent evaporation was very fast leading to foams
presenting macro-cellular morphologies and/or a
thick layer of crust, as well as poor mechanical prop-
erties.

An isothermal study, in the absence of the blowing
agent, was then conducted at 95 and 100 °C to have
an idea about the minimal time required to get the
gel point (Figures 9 and 10) and to define a universal
time for the process. The GP was reached after 194
to 354 s at 95°C (using formulations with 0 to 10%
of PDMS) and after 133 s at 100 °C (using formula-
tion with 2% of PDMS).

In complement to this study, we have performed an
isothermal DSC study at the same temperatures (for-
mulations with 2% of PDMS) to evaluate the time re-
quired to get the critical conversion of the epoxy-
amine system (Figures 11 and 12). The formulations
having a high reactivity at 95 and 100 °C, the baseline
of the DSC curve couldn’t be observed at the begin-
ning. However, the end of the epoxy-amine reaction,
attested by the end of energy release, was observed

10
'6'10’2
o
=
0 10°
(O]
10~ — PDMS-A 0%
— PDMS-A 2%
— PDMS-A 5%
0 100 200 3060 400 500 — PDMS-A 10%
10-°
0 500 1000 1500 2000 2500 3000 3500 4000

Time [s]

Figure 9. Isothermal rheological study at 95°C of NIPU-A/
PDMS-A/DENACOL EX512 formulations as a
function of time.

— Storage modulus
—— Loss modulus

200 400 600

Time [s]

800 1000

Figure 10. Isothermal rheological study at 100 °C of NIPU-
A/PDMS-A (2%)/EX512 formulation as a func-
tion of time.

after about 45 min at 95°C and after about 30 min
at 100 °C, which is well after the gel point and well
within the two-hour curing time.

5.3. Characterizations of the prepared NIPU
foams

The composition and properties of the prepared

NIPU foams at the optimal process conditions are

depicted in Table 2.

It is noteworthy that the foams were elaborated fol-

lowing three main parameters:

1 The molar content of PDMS-A (from 0 to 10%)

for a fixed blowing agent composition (H,O

100%) and a fixed temperature (95 °C) (Foams:

F1, F6, F7 and F8);

The blowing agent composition (water/ethanol ra-

tios (mol/mol): 100/0, 90/10, 75/25, 50/50, 0/100)

for a fixed value of concentration of PDMS-A

(2%, a fixed temperature and a fixed total volume

of the blowing agent at the liquid state (80 ml)

(Foams: F1 to F5; F9 vs. F10);

The foaming temperature for a fixed formulation

(Foams: F1, F9, F11 to F13; F2 vs. F14; F3 vs.

F15; F4 vs. F16 and F5 vs. F17).
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Figure 11. Isothermal DSC study at 95°C of NIPU-A/
PDMS-A (2%)/EX512 formulation as a function
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Figure 12. Isothermal DSC study at 100°C of NIPU-A/
PDMS-A (0 to 10%)/EX512 formulations as a
function of time.
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Table 2. Composition, apparent density (p,), physical and thermal properties of the prepared NIPU foams.

Foams PDMS-A, p | Water/ethanol, z | Tiaming Pa Average cell diameter | Extractible | Swelling index

|Fn-p-z]* [%] [mol/mol] [°C] [kg/m3] [pm] [wt%] [wt%)]
[F1-2%-100/0] 2 100/0 95 190+40 590+270 1542 1180+410
[F2-2%-90/10] 2 90/10 95 90+4 1540+400 2142 1350490
[F3-2%-75/25] 2 75/25 95 115440 430+150 20+1 1480+210
[F4-2%-50/50] 2 50/50 95 125420 4654215 1943 730+130
[F5-2%-0/100] 2 0/100 95 280425 280+120 13+2 1100150
[F6-0%-100/0] 0 100/0 95 325460 600+500 13£1 650+130
[F7-5%-100/0] 5 100/0 95 120+7 4004250 19+5 1500+170
[F8-10%-100/0] 10 100/0 95 160+60 830+300 13+3 1200+130
[F9-2%-100/0] 2 100/0 85 950+60 140+125 9+1 290+10
[F10-2%-75/25] 2 75/25 85 830+20 140+85 14+1 260+9
[F11-2%-100/0] 2 100/0 100 140+6 580+250 23+3 1150+70
[F12-2%-100/0] 2 100/0 105 55+7 3090+880 25+4 1820+160
[F13-2%-100/0] 2 100/0 120 80+17 1240+430 2542 1400410
[F14-2%-90/10] 2 90/10 79 670+30 n.a 25+3 260+10
[F15-2%-75/25] 2 75/25 76 880+40 n.a 13+1 280+10
[F16-2%-50/50] 2 50/50 74 790+10 n.a 11£2 290+10
[F17-2%-0/100] 2 0/100 73 910+50 n.a 16+1 300+5
F-commercial PU [12] - - RT 100 600+250 8 980
F-NIPU reference [32] - - 100 170+40 360+220 18+2 840+110

2F: means foam, n: is the number of the prepared foam, p: is the percentage of PDMS-A, z: is the water/ethanol ratio.

The properties of the prepared NIPU were compared
to those of a selected commercial conventional PU
foam recently described in the literature [12]. They
were also compared to a NIPU foam previously pre-
pared from the same NIPU-A and DENACOL
EX512 in the presence of PHMS as a crosslinking
and in-situ hydrogen-releasing chemical blowing
agent [32].

FTIR analysis of the prepared foams exhibited a
small residual band of the epoxide group at 830 cm™!
(Figure 13). The urethane/urea ratio was similar to
that of the NIPU-A precursor.

Scanning electron microscopy (SEM) was used to
analyse the morphologies of the prepared foams.

Ve o (€POXY)

[F8-10%-100/0]

3600 3100 3600 2100

Wavenumber [cm™]

1600 1100 600

Figure 13. FTIR spectra of some prepared foams.

Some images are depicted in Figure 14. All the pre-
pared foams exhibited open cells. Foams prepared
above 95 °C presented heterogeneous macro-cellular
morphologies with cell size above 1 mm and stan-
dard deviation ranging from 430 to 880 pwm (Table 2).
Surprisingly, the foam F2-2%-90/10 prepared at
95°C also exhibited a macro-cellular morphology
(15404400 pm). The non-expanded materials pre-
pared at 85 °C exhibited little cells with low size of
about 140 pum. All the other foams prepared at 95°C
displayed micro-cellular morphologies with cell
sizes ranging from 2804120 to 8304300 um. The
foams prepared with 50 to 100% of ethanol exhibited
the lowest cell sizes. Furthermore, it seems that the
amount of PDMS-A in the formulation has not a sig-
nificant impact on the cell size values, considering
the standard deviations. Furthermore, one can ob-
serve that these values are in the range of the F-com-
mercial PU (600+250 um) [12] and the F-NIPU ref-
erence (360+£220 pum) [32].

Foams prepared at temperatures above 100 °C as well
as the foam F2-2%-90/10 prepared at 95 °C exhibited
the lowest density values (55 to 90 kg/m?®), which is
in consistency with their macro-cellular morphologies
and cell size values (Table 2). According to the liter-
ature [11] these foams can be considered as low-den-
sity flexible foams. As expected, the non-expanded

984



V. Valette et al. — Express Polymer Letters Vol.17, No.9 (2023) 974-990

\‘__:

500 um &

Figure 14. SEM images of the prepared foams, as a function of the H,O/Ethanol ratio (z) and the PDMS content (p).
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material prepared at 73 to 85 °C displayed the highest
apparent density (67030 to 950+60 kg/m?). All the
other foams exhibited apparent density values be-
tween 115+40 and 325+60 kg/m3, consistent with
their corresponding average values of cell size.
These foams can be considered as high-density flex-
ible foams [11]. These values are also consistent with
those of PHU foams (190 to 300 kg/m?), described
recently in the literature [11, 12]. They were also in
the range of the F-commercial PU (100 kg/m?) [12]
and F-NIPU reference (170+40 kg/m?) [32].

The crosslinking densities of the prepared foams
were estimated through their swelling and extractible
percentages in dichloromethane (Table 2). Because
of their affinity with dichloromethane and their porous
structure, the prepared foams displayed high swelling
percentages, ranging from 730 to 1820%. The foam
prepared at 105 °C (F12) exhibited the highest value
of swelling percentage (1820%) and extractible
(25%), suggesting the lowest degree of crosslinking.
The foam prepared at 120 °C (F13) also possessed a
low crosslinked density since they exhibited 25% of
extractible percentage and a relatively high swelling
percentage (1400%). The foam prepared at 100°C
(F11) displayed lower crosslinking density than its
analogue prepared at 95 °C (F1), with extractible val-
ues of 23 vs. 15%, respectively, and close swelling
percentages (about 1160%). The non-expanded ma-
terials prepared at 73 to 85 °C exhibited the lowest
swelling percentages due to their non-alveolar struc-
tures (256 to 300%). On the other hand, they dis-
played similar extractible percentages ranging from
9 to 25%, compared to the other foams. All the foams
prepared at 95 °C with 2% of PDMS exhibited good
and intermediate crosslinking densities with swelling

percentages ranging from 730 to 1480% and ex-
tractible percentages of about 19%. The foam without
PDMS-A showed the lowest swelling and extractible
percentages (650 and 9%, respectively), whereas the
foams based on PDMS-A (2 to 10% of PDMS-A)
showed higher values of these two parameters. This
can be explained by the higher solubility of the PDMS
chains in dichloromethane compared to NIPU-A.
Furthermore, the F-commercial PU and the F-NIPU
reference exhibited close swelling percentages of
980 and 840%, respectively, compared to the pre-
pared foams. Nevertheless, the commercial foam
presented a higher crosslinking degree attested by a
lower extractible content (8%). The higher extent of
extractables in the case of the prepared foams can be
explained by a lower theoretical critical conversion
at their gel point (58%) as well as by the residual
presence of non-reactive chemical functions in the
NIPU-A.

Thus, on the base of the morphological characteri-
zations, we could confirm that 95 °C was the optimal
temperature to prepare the foams. The thermome-
chanical properties were then performed only on
foams prepared at this temperature (Table 3).
Differential scanning calorimetry was used to assess
the thermal properties of the prepared foams. Typical
DSC curves are displayed in Figure 15. The foams ex-
hibited close 7, values ranging from —17 to —20°C
regardless of their PDMS content (Table 3), which
is close to the T, value of the F-NIPU reference
(-16°C) [32]. The F commercial PU showed a high-
er Ty value of 0°C [12].

Thermogravimetric analysis was used to evaluate
the thermal stability of the prepared foams. Typical
TGA curves are presented in Figure 16. The thermal

Table 3. Mechanical and thermal properties of the optimal NIPU foams prepared at 95 °C.

Foam HLP Ryso,? ILD)s0,b Young modulus T, T10%
[Fn-p-z]* (%] [s] [kPa] [10° Pa] [°C] [°Cl
[F1-2%-100/0] 257+4 7 1.12+0.05 3.7+0.02 -19 314
[F2-2%-90/10] 2445 9 0.77+0.05 2.0+0.01 -20 311
[F3-2%-75/25] 2444 19 0.74+0.05 3.0+0.01 -19 305
[F4-2%-50/50] 2244 1.21£0.10 3.0+0.01 -18 316
[F5-2%-0/100] 3243 3.58+0.18 5.7+0.03 -20 322
[F6-0%-100/0] 48+2 3.79+0.50 4.0+0.02 —20 325
[F7-5%-100/0] 3245 23 1.09+0.06 3.340.01 -18 308
[F8-10%-100/0] 2544 7 0.93+0.08 2.1+0.01 -19 320
F-commercial PU [12] - 35 - 230.00 0 328
NIPU reference [32] 21+1 13 — 20.0+0.20 -16 323

2F: means foam, n: is the number of the prepared foam, p: is the percentage of PDMS-A, z: is the water/ethanol ratio.
bHL: hysteresis loss; Roso,: Recovery time to 95% of the initial height of the foam; /LD,s.,: indent load deflection at 25%.
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Figure 15. DSC curves of a) F2 to F5 compared to F1 and b) F6 to F8 compared to F1.
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Figure 16. TGA curves of a) F2 to F5 compared to F1 and b) F6 to F8 compared to F1.

temperature at 10% of weight loss (7¢9) varied

from 305 to 325°C (Table 3), which is close to the

values of the two foams used as references (323 and

328°C)[12, 32].

Flexible foams can be used in a wide range of appli-

cations and their specifications for PU foam can be

very different. In this work, we have chosen to use

DMA as ultimate tool to characterize the mechanical

properties of our foams. Three main mechanical pa-

rameters are studied in industrial foam, especially
for bedding and seating:

1 Firmness or Indent load deflection (/LD), which
is evaluated by the force required to compress a
foam to 25% of its original height. Commonly
used in the mattress foam industry, this parameter

108
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g
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2
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10!
0 10 20 30 40 5 60 70
a) Strain [%]

80

is an indicator of the softness of the foam [32].
The lower the force applied, the softer the foam.
Hysteresis loss (HL), which is assessed by subtract-
ing the total energy (area under the loading stress-
strain DMA curve) and the return energy (area
under the recovery curve) divided by the total en-
ergy [33]. This parameter indicates the material’s
ability to absorb energy. Usually, a strain of 75% is
employed to assess the hysteresis loss (Figure 17).
The recovery time to 95% of the initial height of
the foam (Rys0,) is recorded after a starting 50%
compression.

The values of these three parameters for foams
prepared at the optimal temperature of 95°C are de-
picted in Table 3.

50
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Figure 17. Mechanical properties by DMA of the optimal NIPU foams prepared at 95 °C. a) Stress-strain curves, b) creep

mode: 10 min at 50% strain at 35°C.
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However, in the case of foams, there are too many
morphological parameters (such as porosity, number
of open cells, cell size, wall thickness, bulk density,
and degree of crosslinking) that could have an im-
pact on the mechanical properties. It is therefore
often difficult to find structure/property relationships
easily, except in the case where only one or two pa-
rameters are preponderant. In this case, we will note
it in the discussion.

Three parts can be distinguished in the DMA stress-
strain curves (Figure 17). The first one, between 0 to
10% of strain, is the region of linear elasticity; it is
correlated to the deformation required to cause the
bending of the foam edges. The plateau zone be-
tween 10 and 50-60% deformation is attributed to
the collapse of the foam after cell compression. The
last part, where the stress is significantly increased
over a lower strain, is attributed to the complete
compression of the cells (foam densification). There-
fore, due to their smaller cell volume, denser foams
tend to have a smaller plateau.

The NIPU foams F2, F3, F4 and F8 exhibited HL
values varying between 22 and 25%, close to the
F-NIPU reference (21%). The foam F6 exhibited an
HL value close to 50%. Foams F5 and F7 displayed
intermediate HL value of 32%. For probably mor-
phological reasons, the foam F1 exhibited a very
high value of HL (257%).

The prepared foams exhibited low Ryso, values rang-
ing from 7 to 23 s (Table 3). The F NIPU reference
was in this range (13 s). Foams F3 and F7 exhibited
the highest values of Rgse, (19 and 23 s, respective-
ly). This can be correlated to their lowest crosslink-
ing density attested by their highest swelling and ex-
tractible percentages.

The prepared foams showed /LD;sq, values ranging
from 0.74 to 3.79 kPa (Table 3). It can be observed
that this parameter is influenced by the PDMS-A
content in the foams. Indeed, the /LD;50, value de-
creased from 3.8 kPa to about 1.1 kPa, then to about
0.9 kPa, when the percentage of PDMS-A increased
from 0 to 2—5%, then to 10%, respectively. This is
probably due to the soft character of the PDMS chain.
We can also notice that when the percentage of
ethanol in the blowing agent increases from 10-25%
to 50%, then to 100%, the ILD,sv, increases from 0.7
to 1.2 kPa, then to 3.6 kPa.

Finally, due to their softness and alveolar micro-
structures, the prepared NIPU foams showed low
values of Young’s modulus, ranging from 2.0-10° to
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5.7-10° Pa (Table 3). For the same reason, this param-
eter changed in the same way as /LD;sq, with the per-
centage of PDMS-A in the foam, i.e., it decreased
from 4.0-103 Pa to about 3.5-103 Pa and then to
2.1-10° Pa when the percentage of PDMS-A in-
creased from 0 to 2—-5% and then to 10%, respective-
ly. All the prepared foams exhibited lower Young’s
modulus values than the F-commercial PU
(230-10° Pa) and the reference F-NIPU (20-10° Pa),
which could be explained by the fact that these ref-
erence materials lack PDMS-like soft phase. The
Young’s modulus also changed similarly as /LD;s,
with the ethanol/water ratio in the blowing agent,
i.e., it increased from 2-10° to 3-10° Pa and then to
5.7-10° Pa when the percentage of ethanol in the
blowing agent increased from 10 to 25-50% and
then to 100%, respectively.

6. Conclusions

In this work, we have successfully prepared partially
biobased flexible NIPU foams from a biobased syn-
thesized amino-terminated NIPU (NIPU-A), a bio-
based polyepoxide molecule (DENACOL EX512)
and an amino-terminated PDMS (PDMS-A), using
water/ethanol mixtures as blowing agent. NIPU-A
was obtained through the transurethane polyconden-
sation approach from a fatty diamine, a fatty diol and
DMC (a CO;, derivative). DSC and dynamic rheolo-
gy revealed that the operating conditions to get foams
from the different starting formulations were at least
45 min at 95°C. The obtained optimal foams dis-
played heterogeneous cell diameters ranging from
400 to 1540 um and high apparent densities chang-
ing from 90 to 320 kg/m3. They showed thermal sta-
bilities above 300 °C. They presented negative 7T,
values (from —18 to —20°C) as well as low Young
modulus values (from 2.0-103 to 5.7-10° Pa), which
is in consistent with their soft physical character. The
prepared high-density flexible polyurethane foams
exhibited disparate values of hysteresis loss. The re-
covery time was short and seemed to be mainly im-
pacted by the crosslinking density of these foams.
The indent load deflection at 25% as well as the
Young modulus were mainly influenced by the
PDMS-A content within the foams, which also would
explain the differences observed with the F-commer-
cial PU and the F-NIPU reference. Finally, this work
highlights the interest of the transurethane polycon-
densation route to prepare telechelic oligomers,
which can be used in the preparation of valuable
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NIPU materials. The new process developed in this
work can be extended to a variety of chemical struc-
tures leading to a variety of foam properties.
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