
1. Introduction
Over the last decades, replacing hazardous chemicals
and dangerous reactions with more environmentally
friendly materials and procedures has gained consid-
erable attention. Polyurethanes (PUs), widely used
materials in various industries such as chemical, au-
tomotive, aerospace, textile, and tissue engineering,
are traditionally produced by step-growth addition
polymerization between polyols and diisocyanates
[1–4]. Isocyanates are very sensitive to moisture, and
if moisture is present, a side reaction occurs during
the conventional synthesis of PUs in which iso-
cyanate groups may react with water, forming amine
and carbon dioxide rather than PU [5]. More impor-
tantly, the use of isocyanate is causing environmental

and health issues due to its severe toxicity. Further-
more, phosgene is required to synthesize isocyanates,
which is a highly toxic, lethal, and energy-intensive
gas. Phosgene can cause serious diseases such as
pulmonary edema. Besides, this method produces a
significant amount of hydrochloric acid as a side
product [6–9].
Nowadays, the isocyanate-free method has been con-
sidered as an alternative to isocyanate-based routes
in the synthesis of polyurethanes. This approach,
which is environmentally friendly and reduces the
environmental footprint, not only meets sustainable
development assumptions but is also part of the cur-
rent trend of green chemistry [10]. Non-isocyanate
polyurethanes (NIPUs) can be synthesized through
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different procedures, including polycondensation,
polyaddition, ring-opening polymerization, and re-
arrangement. From these, the polyaddition of multi-
functional cyclic carbonates and primary diamines
or polyamines has been considered the most com-
mon procedure for synthesizing NIPUs with poten-
tial industrial importance [11–13]. NIPU, also known
as polyhydroxyurethane (PHU), is synthesized through
this reaction, which is also known as aminolysis of
cyclic carbonates and consists of pendant hydroxyl
moieties with intermolecular hydrogen bonding.
Thus, the product may show enhanced thermal sta-
bility, elevated mechanical properties, reduced sus-
ceptibility to hydrolysis, and increased chemical re-
sistance [14–16].
So far, various cyclic carbonates, from 5-membered
to 8-membered cyclic carbonates, have been synthe-
sized for developing NIPUs. Although the reactivity
of 5-membered cyclic carbonates is less than the
other group members, unlike them, the synthesis of
5-membered cyclic carbonate does not involve haz-
ardous chemicals. So, it is still considered ideal to
produce NIPU [8, 17]. Several methods have been
used to synthesize 5-membered cyclic carbonates,
most of which are based on epoxide or diol reactants
[18]. In the former case, 5-membered cyclic carbon-
ates are obtained by combining CO2 with epoxides.
This method has the benefit of using CO2, which is
non-toxic, abundant in nature, chemically inert, and
renewable. Furthermore, it can significantly reduce
greenhouse gas emissions by combining epoxides
with CO2, making it suitable for synthesizing envi-
ronmentally friendly cyclic carbonates [19–22]. The
epoxidation of unsaturated bonds that are present in
the fatty acid chains is a green and sustainable ap-
proach for developing bio-based epoxide. As such,
some renewable cyclic carbonates from isosorbide,
tannins, vanillin, cashew nut shell liquid, limonene,
lignin derivatives, and glycerol were described in
NIPU synthesis [23, 24]. However, the synthesis of
cyclic carbonates through CO2 chemical fixation has
been limited by disadvantages such as high pressures
and temperatures, high catalyst loadings, low cata-
lyst stability, and cost-effectiveness [25]. Recently,
the transesterification of 1,2-diols, e.g., ethylene gly-
col, 1,2-propanediol, and glycerol with dialkyl car-
bonates, i.e., dimethyl or diethyl carbonate, has been
considered as an environmentally friendly approach
for the cyclic carbonates development. This mild and

eco-friendly approach is entropically driven by form-
ing the 1,3-dioxolan-2-one heterocycle (cyclic car-
bonate) [26]. Thus, we are motivated in the present
work to employ this reaction to develop an alterna-
tive precursor for epoxides in synthesizing cyclic
carbonate monomers.
To this aim, in this study, a novel semi-bio-based
cyclic carbonate was first designed and developed
using thioglycerol and poly(ethylene glycol) diacry-
late (PEGDA) as starting materials. PEGDA is a hy-
drogel and safe material and is extensively used in
tissue engineering applications [27, 28]. Further-
more, thioglycerol, a bio-based material derived from
glycerol, is widely used in pharmaceutical and cos-
metic formulation, the polymer industry as a stabi-
lizer, and leather processing [29, 30]. A series of
NIPUs was synthesized through a polyaddition be-
tween the newly developed bis-cyclic carbonate and
six different types of diamines. The diamines used
in this study had various structures, containing
aliphatic chains with different chain lengths, aromat-
ic moieties, and hetero atoms, as well as a branched
and fatty acid-based diamine. Here, the main goal
was to investigate the relationship between the struc-
ture of monomers and the properties of NIPUs. Thus,
the synthesized monomers and NIPUs were struc-
turally characterized using different techniques, in-
cluding FTIR and 1H-NMR. Furthermore, the ther-
mal and mechanical properties of the synthesized
NIPUs were evaluated to show their potential for
isocyanate-based PU alternatives.

2. Experimental
2.1. Materials
Poly(ethylene glycol) diacrylate (PEGDA, Mn =
250), 1-thioglycerol ≥97%, 2.2-dimethoxy-2-phenyl-
acetophenone (DMPA, 99%), cystamine dihydro -
chloride (Cys, ≥98%), 3,3ʹ-diamino-N-methyldi -
propyl-amine (DMDPA, 96%), p-xylylenediamine
(PXD, 99%), triethylamine (TEA, ≥99.5%), dimethyl
sulfoxide (DMSO), potassium carbonate (K2CO3),
N,N-dimethylformamide (DMF, 99.8%), hexameth-
ylenediamine (HMDA, 98%), diethyl ether, methanol,
and dimethyl carbonate (DMC) were purchased
from Sigma-Aldrich. 1,10-diaminodecane (DAD,
98%) was obtained from Tokyo Chemical Industry
Co (TCI). In addition, priamine™ 1075 (FADA),
which is a fatty acid diamine, was kindly provided
by CRODA®. All chemicals were used as received.
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2.2. Tetraol synthesis
A solution of 20.25 ml poly(ethylene glycol) di -
acrylate (90 mmol) in 25 ml methanol was prepared
in a glass bottle. Then, 15.54 ml 1-thioglycerol
(180 mmol) was added gradually at room tempera-
ture, and the mixture was stirred for 5 min. After
that, 225 mg DMPA (1 wt% to PEGDA) was added
as the photoinitiator, and the mixture was exposed
to UV light (λ = 365 nm) for 1 h. Finally, the mixture
was washed twice with diethyl ether to remove un-
reacted materials, and the remaining diethyl ether
was removed by a rotary evaporator to obtain a clear
viscose tetraol product. The reaction between thio-
glycerol and PEGDA is schematically illustrated in
Figure 1.

2.3. The synthesis of bis-cyclic carbonate
Bis-cyclic carbonate was synthesized through the
transcarbonation reaction shown in Figure 1b. First,
10 g tetraol (21 mmol) was dissolved in 8.8 ml DMC
(105 mmol), and the temperature was raised to
80°C. Then, 290 mg K2CO3 (10 wt% to tetraol) was
added as a catalyst. The system was continuously
stirred for 72 h to complete the reaction. The yellow-
ish mixture was precipitated in methanol, washed
twice, and dried in a vacuum oven.

2.4. Non-isocyanate polyurethane (NIPU)
synthesis and film preparation

Non-isocyanate polyurethanes (NIPUs) were synthe-
sized by reacting with as-prepared bis-cyclic carbonate
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Figure 1. The synthesis procedure of (a) tetraol, (b) bis-cyclic carbonate, and (c) NIPUs. d) the molecular structure of six
different diamines.



and six different diamines. The reaction is presented
in Figure 1c. Furthermore, the chemical structure of
the employed diamines is provided in Figure 1d. In
the current study, for all NIPUs, the molar ratio of
bis-cyclic carbonate to diamine was 1:1. For in-
stance, a solution of 10 g bis-cyclic carbonate
(19.2 mmol) and Cys (19.2 mmol) in 38.5 ml of
DMSO (1 mol·l–1) was prepared in an inert atmos-
phere and heated for 24 h at 100°C. TEA was used
to activate Cys. The molar ratio of TEA:Cys was 2:1.
The product was precipitated in acetone, washed
twice, and dried in a vacuum oven.
The NIPU films were prepared using a solution cast-
ing method. Thus, an appropriate amount of NIPUs
was diluted in a minor amount of DMF and stirred
for about 2 h to prepare a homogeneous solution;
then, the obtained clear solution was cast in a silicon
mold and dried in an oven for 24 h at 80°C, vacuum
dried for 24 h, and peeled off completely.

2.5. Characterizations
Fourier transform infrared spectroscopy (FTIR)
analysis was performed in a range of 500 cm–1 to
4000 cm–1 using a PerkinElmer FT-IR with an ATR
spectrometer at a resolution and a scanning number
of 4 cm–1 and 16, respectively.
Proton nuclear magnetic resonance (1H-NMR)
analysis was performed using a Bruker AVANCE-III
400 MHz spectrometer, operating with sample solu-
tions of DMSO-d6 containing TMS as the internal
standard and with 32 scans at room temperature.
Chemical shifts were given in the δ scale in parts per
million [ppm].
The dispersity index (DI) and molecular weight (Mw)
of the synthesized polymers were measured with gel
permeation chromatography (GPC) using an Agilent
1100 series device equipped with one Agilent 5 µm
bed column. DMSO was used as a solvent and ap-
plied at a 1.0 ml·min–1 flow rate. The sample con-
centration was approximately 1 mg·ml–1. Narrow
molar mass distribution pullulan standards were used
to calibrate the columns.
The crystallinity of the NIPU films was investigated
using PANalytical X Pert Powder XRD (alpha-1)
with Cu-Kα radiation (λ = 1.54 Å) at 45 kV and
40 mA. Furthermore, the crystallization behavior of
the NIPU films was studied using an MT-DSC
Q2000 analyzer equipped with an inter-cooler. The
sample was heated from –60 to 200°C with a rate of
10°C·min–1 in a nitrogen atmosphere.

The thermal stability and degradation of the NIPU
films were investigated by thermogravimetric analy-
sis (TGA) using a TA instruments model Q500 in a
nitrogen atmosphere in a temperature range from 30
to 600°C under a heating rate of 10°C·min–1.
The mechanical properties of the NIPU films were
evaluated using tensile analysis performed in an In-
stron 4204 universal tensile testing machine. The
strip-shaped film with the dimensions of  L = 20 mm,
W = 5 mm, and T = 0.2 mm was stretched under a
load and tensile rate of 2 kN and 2 mm·min–1, re-
spectively. The measurement was performed at
25°C, with a relative humidity of 50%. All samples
were conditioned at 25°C and 50% relative humidity
for 48 h prior to the test. The measurement was re-
peated three times, and the mean value ± error was
reported.
The surface wettability of the film was investigated
by monitoring the contact angle of a 5 μl water
droplet on a Theta Flex optical tensiometer. The con-
tact angle was measured immediately and 60 s after
deposition. The surface of the film was cleaned with
ethanol before measurement. Each measurement was
repeated three times.

3. Results and discussion
3.1. Synthesis of NIPUs
In this study, sulfur-substituted bis-cyclic carbonates
were initiated through a thiol-ene coupling of thio-
glycerol with PEGDA, followed by transcarbonation
of the resulting diols using DMC. After that, aminol-
ysis of the bis-cyclic carbonate was performed using
six different diamines to synthesize NIPUs. In the
first step, tetraol was synthesized through the thiol-
ene click (TEC) reaction of PEGDA and 1-thioglyc-
erol (Figure 1a). The TEC reaction was initiated
under UV radiation (λ = 365 nm) at room tempera-
ture in the presence of DMPA as a photoinitiator. The
TEC reaction is a widely used synthesis route to
build carbon-sulfur (C–S) bonds. The TEC reaction,
which requires simple reaction conditions, is a high-
yield stereospecific reaction that generates either no
by-products or safe by-products [31]. In the second
step (Figure 1b), bis-cyclic carbonate was synthe-
sized through the transcarbonation reaction of tetraol
and an excess amount of DMC as the reactive sol-
vent in the presence of K2CO3 as a catalyst. The tran-
scarbonation reaction has been widely employed
using linear carbonate to create cyclic carbonate
moieties [20, 32]. This reaction has been achieved

A. Farzan et al. – Express Polymer Letters Vol.18, No.1 (2024) 88–101

91



using several heterogeneous and homogeneous acids
and basic catalysts. However, it is reported that using
K2CO3 as the basic homogeneous catalyst can lead
to higher conversion and yields close to 100% [33].
As provided in Figure 1c, as the final step, NIPUs
were synthesized via ring-opening aminolysis of the
bis-cyclic carbonate with diamines as the most
promising approach to developing non-isocyanate
polyurethane [34]. According to the literature, the
optimized bis-cyclic carbonate to diamine ratio was
adjusted to 1:1 for the polyaddition reaction to get-
ting the best NIPU performance [35]. In addition, no
catalyst was used for this reaction because the reac-
tion between diamines and five and six-membered
cyclic carbonates can occur without any catalyst [36,
37]. Here, various types of diamines were used for
aminolysis of the bis-cyclic carbonate to synthesize
NIPUs with different functionalities and properties.

3.2. The chemical structure analysis
The chemical structure and functional groups of all
synthesized products were investigated using the
FTIR and 1H-NMR techniques. The FTIR spectra of
PEGDA as a reference, synthesized tetraol, and bis-
cyclic carbonate are presented in Figure 2a. Further-
more, the FTIR spectra of all the synthesized NIPUs
are shown in Figure 2b. In line with the literature,
the FTIR spectrum of PEGDA showed a peak at
2680 cm–1 assigned to vibration of the –CH2 group,
and a series of bands at 1720, 1255, and 864 cm–1

originated from the C=O and C–O stretching and
C=C bending, respectively [38]. The spectrum of
tetraol revealed a broad peak at 3400 cm–1 attributed
to the O–H groups, which could not be seen in the

spectrum of PEGDA, indicating the grafting of hy-
droxyl groups through TEC reaction with thioglyc-
erol. Likewise, after the transcarbonation reaction, a
new signal was detected in the FTIR spectrum of bis-
cyclic carbonate at 1780 cm–1, which was attributed
to the C=O vibration of the cyclic carbonate. The
presence of this peak can prove the successful form-
ing of the carbonate ring through the reaction be-
tween tetraol and dimethyl carbonate [39]. Signifi-
cant differences could be seen in the spectra of
bis-cyclic NIPUs compared to bis-cyclic carbonate.
For instance, the peak at 1780 cm–1 allocated to the
carbonyl group of cyclic carbonate disappeared, in-
dicating that the cyclic carbonate groups were en-
tirely reacted with diamines via the ring-opening re-
action [14, 40]. Furthermore, new signals appeared
at 3300 and 1700 cm–1, assigning to the O–H/N–H
vibrations and the C=O vibrations of the urethane
bonds, respectively [41]. Moreover, two sharp peaks
could be detected at 2930 and 2850 cm–1, correspon-
ding to the asymmetric and symmetric methylene
groups in the aliphatic chain of diamines [42]. It i’s
noteworthy that hydrogen bonds induce a distinctive
shift in the vibrational frequencies of O–H or N–H
stretching modes when compared to their non-bond-
ed counterparts. Specifically, the stretching frequen-
cies of O–H or N–H bonds engaged in hydrogen
bonding typically manifest as lower frequencies, re-
sulting in a characteristic red shift. Additionally, hy-
drogen bonding can also contribute to peak broad-
ening within the O–H or N–H stretching region, and
it is’s worth noting that the extent of peak broadening
correlates with the strength of the hydrogen bonding
interactions. Consequently, from our analysis, it can
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be assumed that hydrogen bonding played a more
prominent role in the NIPU-PXD polymer as com-
pared to other synthesized NIPUs.
1H-NMR spectra were used to further study the mo-
lecular structure of the synthesized tetraol, bis-
cyclic carbonate, and the synthesized NIPUs. The
spectra of PEGDA as a reference, as well as tetraol
and bis-cyclic carbonate, are presented in Figure 3.
The PEGDA signals were assigned according to the
literature. Namely, the peak in the range of 3 to 4
belonged to the PEGDA skeleton (–CH2–), the sig-
nal between 4 to 4.5 was assigned to –CH2O–CO–,
and the peaks placed in the range of 5.5 to 6.5 were
attributed to double bonds of PEGDA [43]. Some
of these peaks repeated in the spectrum of tetraol;

however, the disappearance of signals related to the
double bonds of PEGDA at 5.5 to 6.5 ppm confirmed
the consumption of double bonds during the TEC re-
action of PEGDA and 1-thioglycerol [44]. Moreover,
the appearance of the peak attributed to the nearby
protons of the adjacent diol at 3.2 and 3.7 ppm could
be considered as another proof of the successful syn-
thesis of tetraol (marked as a′, b′, and c′ in Figure 3b).
Likewise, the synthesis of bis-cyclic carbonated
through the transcarbonation reaction with DMC
was confirmed by 1H-NMR with the appearance of
triplets around 4.1 to 4.5 ppm and a multiplet at
4.9 ppm (Figure 3c) [36, 40, 45].
The synthesis of NIPUs from bis-cyclic carbonate
and six different diamines was also verified by
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1H-NMR, as illustrated in Figure 4. For instance, the
vanishing of the cyclic-carbonate signals at 4.2 ppm
and 4.6 ppm confirmed the conversion of carbonated
groups. Furthermore, the successful synthesis of
NIPUs was indicated by the new peaks detected at 6.9
to 7.5 ppm (marked as a in Figure 4), being associat-
ed with the urethane groups. Besides, small peaks at
around 4.4 to 4.9 ppm (marked as b in Figure 4) con-
firmed the formation of the hydroxyl groups after the
polyaddition of bis-cyclic carbonate and diamines.
In addition, the signals that happened between 3 to
4 ppm (marked as c in Figure 4) were attributed to
the protons in the alpha position to hydroxyl groups.
Likewise, the signals that appeared between 0.5 to
1.5 ppm (marked as d in Figure 4)  were ascribed to
protons in alpha to nitrogen [34, 46].

3.3. Gel permeation chromatography (GPC)
GPC was done to determine molecular weight dis-
tribution (e.g., dispersity index, DI) and relative mo-
lecular weight (e.g., number average molecular

weight, Mn and weight average molecular weight,
Mw) of the synthesized NIPUs dissolved in DMSO.
The results are provided in Table 1. The molecular
weight of the synthesized NIPUs in this work was
comparable to other NIPUs reported by other re-
searchers who used different carbonates (e.g., 5- and
6-membered ring carbonate) and diamine com-
pounds [47, 48]. This suggests that the polymeriza-
tion conditions, including time, temperature, and
mechanical agitation during the ring-opening reac-
tion, enhanced chain growth and reduced the prob-
ability of chain scission (degradation). Furthermore,
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Figure 4. 1H-NMR spectra of synthesized NIPUs in DMSO-d6.

Table 1. Mn, Mw, and DI of the synthesized NIPUs.

Polymers Mn
[g·mol–1]

Mw
[g·mol–1] DI

NIPU-Cys 07800 08000 1.02
NIPU-HMDA 25800 26160 1.01
NIPU-DAD 43100 61600 1.43
NIPU-DMDPA 44330 51140 1.15
NIPU-FADA 42300 48500 1.14
NIPU-PXD 55600 71700 1.28



for all products, the value of Mw was higher than
that of Mn, which is compatible with the theory of
molecular weights for polymers [49]. However, the
type of diamines significantly impacted the molecu-
lar weight of NIPUs due to their different reactivity
toward the carbonate group. Namely, NIPU-PXD
had the highest molecular weight than other NIPUs,
and on the other hand, the lowest molecular weight
was for NIPU-Cys. The reason for this phenomenon
could be that the amine groups in cysteamine are
sterically hindered by sulfur in the backbone of cys-
teamine, leading to a limited reactivity between the
amine group and cyclic carbonate group, thus prob-
ably requiring harsh reaction conditions [50]. More
importantly, all the polymers presented narrow mo-
lecular weight distribution, with the DI values being
less than 1.5, indicating uniform molecular size. Fur-
thermore, there was no remarkable peak in the GPC
curves, confirming that the polymerization proceed-
ed more efficiently without any side reactions during
polymerization [24, 51], which were also proved by
the FTIR and 1H-NMR spectrums. The narrow mo-
lecular weight distribution, which is favorable to the
synthesis of NIPU films, could also suggest better
NIPU performances [35].

3.4. Crystallization study of the synthesized
NIPUs

XRD was applied to study the morphology and crys-
tallinity of the synthesized NIPUs. The XRD pat-
terns are presented in Figure 5. All polymers provid-
ed a broad diffuse peak at 2θ = 20° followed by one
broader peak with very low intensity at 2θ = 43°.
None of the NIPUs presented a sharp diffraction

peak, indicating that they were amorphous and there
were no crystalline structures in these polymers [52].
Ghasemlou et al. [53] observed sharp diffraction
peaks at 2θ angles of 18.5°, 19.2°, 20.6°, 21.7°, and
22.9° for the NIPUs synthesized by the reaction be-
tween ethylene carbonate and different diamines,
concluding very high degree of crystallinity. The
most amorphous structure of the synthesized NIPUs
in our study could be due to strong hydrogen bond-
ing between hydroxyl groups of NIPUs, which re-
duced the mobility of the molecular chain of PUs
and restricted their crystallization. Although all PUs
possessed an amorphous structure, the intensity of
the amorphous at 2θ = 20° was significantly different
due to the diamine type. The lowest peak intensity was
observed in NIPU-PXD and NIPU-DMDPA, indi-
cating stronger inter and intramolecular interactions,
e.g., hydrogen bonding [54], compared to other
NIPUs.
DSC analysis was carried out to further investigate
the crystalline structure of the developed NIPUs. The
thermograms are depicted in Figure 5b. Based on the
DSC results, the amorphous structure of the synthe-
sized NIPUs could be confirmed by not seeing any
phase change peaks, such as melting or crystalliza-
tion peaks in the test temperature range, which is in
line with XRD results. Specifically, all samples pre-
sented a step in the region –20 to 20°C, correspon-
ding to the glass transition of the materials, where
the amorphous polymer changed from a glassy state
to a rubbery one. The glass transition temperature
(Tg) values are summarized in Table 2, where all the
NIPUs presented a single Tg that was below room
temperature, indicating that all samples exhibited a
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rubbery state at ambient temperature. The Tg values
were well-fitted with those reported for PUs by other
researchers [55–57]. It is worth highlighting that two
intensely overlapped components have been ob-
served around the Tg of PUs, indicating a very weak
internal structure due to heterogeneity caused by the
disruption of the network [55, 58]. A single Tg for all
NIPUs in the current confirmed no micro-phase sep-
aration or interrupted networks within the polymer-
ization. In other words, the hard and soft segments
were completely miscible. The highest Tg values
were for NIPUs containing DMDPA and PXD di-
amine, indicating decelerated chain mobility, most
likely due to rigid aromatic rings and nitrogen-con-
taining functional groups in the polymer backbone
as well as strong hydrogen bonding between the
polymer chains, restricting the chains’ mobility [59].
Likewise, the NIPU-FADA demonstrated the lowest
Tg, which could be attributed to long flexible arms
that resulted in a significant decrease in the regular-
ity and symmetry of the chain segments as well as a
reduction in the density of hydrogen bonding be-
tween polymer chains [60].

3.5. Thermal stability
The thermal stability of the synthesized NIPUs was
investigated using thermogravimetric analysis (TGA)
to study the correlation between diamines, structure,
and polymer thermal properties. Figure 6 presents
the weight loss (TGA) and derivative weight loss
(DTG) of the polymers in the temperature ranging
from 30 to 600 °C. Furthermore, the relevant data,
including the degradation onset temperature at 5 and
10% weight loss (Td5%, Td10%), maximum weight
loss (Tmax1, Tmax2), and residual mass yield (RM%),

are summarized in Table 2. In an inert atmosphere,
all studied polymers exhibit a two-step degradation
pattern corresponding to the standard thermal de-
composition of conventional PUs and other NIPUs
[10], concluding that all kinds of developed NIPUs
in this study followed the same thermal degradation
pattern. The first decomposition step, which was the
largest mass loss, occurred at temperatures ranging
from 220–290°C, assigned to the decomposition of
urethane bonds. Urethane bonds are the most ther-
mally labile fragments in NIPU chains, and their de-
composition, which results from the breaking of the 
–C–N bond, forms ammonia, carbon dioxide, and
carbon oxide. This step overlapped with the second
decomposition stage, which happened from 400 to
460 °C, attributed to the C–C bond cleavage and
rapid decomposition of ether bonds and aliphatic hy-
drocarbon chains of diamine constituents [13, 14,
61]. With careful looking at the TGA/DTG thermo-
grams, significant differences in the thermal decom-
position of the synthesized NIPUs with different di-
amines can be seen. In other words, the mechanism
of NIPU degradation was governed by the kind of
diamine used within the polymer synthesis process.
Namely, the highest Tmax1, belonging to urethane
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Table 2. TGA and DSC data of NIPUs.

Polymers Td5%
[°C]

Td10%
[°C]

Tmax1
[°C]

Tmax2
[°C] RM% Tg

[°C]

NIPU-Cys 225 241 283 404 11.06 –5.32
NIPU-HMDA 220 247 265 436 05.27 5.96
NIPU-DAD 236 258 276 452 03.12 5.95
NIPU-DMDPA 222 240 257 425 09.02 17.21
NIPU-FADA 213 227 221 456 04.00 –15.45
NIPU-PXD 237 262 288 406 15.03 15.40

Figure 6. a) TGA and b) DTG thermograms of NIPUs in the temperature range of 30 to 600°C under a nitrogen atmosphere.



bond decomposition, was seen in the NIPU-PXD,
suggesting the lower urethane content in this formu-
lation [8]. This sample also presented the highest
Td5% and Td10%, indicating its higher thermal stability
compared to other polymers. This could be due to
having cyclic aromatic structures, which leads to bet-
ter preserving the overall structure of NIPU upon
heating. The higher thermal stability of this sample
could also be due to its high inter and intramolecular
interactions, e.g., hydrogen bonding, shielding the
hydroxyl groups to a certain extent, hence preventing
the decomposition of their main backbones [62]. It
has been reported that the aromatic parts of amine
compounds could also make relatively high char
yield at 600 °C [9, 63], as in our work, the NIPU-
PXD had the highest RM% compared to other
NIPUs. On the other hand, the NIPU-FADA, formed
from aliphatic pendant chains, was more prone to de-
compose at lower temperatures than the other poly-
mers, most likely due to the long, flexible hydrocar-
bon chains in its structure.

3.6. Mechanical properties
A tensile film test with a stretching rate of
2 mm·min–1 was performed to investigate the me-
chanical properties of NIPUs. The typical stress-
strain curves are presented in Figure 7a. In addition,
the relevant data are presented in Table 3. It was
found that the mechanical properties of the synthe-
sized NIPUs were governed by the diamine types.
Namely, NIPU-FADA presented the lowest stiffness,
where Young’s modulus was 14±0.9 MPa. However,
it had the highest tensile strain at break of 47±3%.
This behavior could be explained by the presence of

FADA with a four-branched structure, providing a
relatively soft and flexible property for the synthe-
sized NIPU. It has also been reported by other re-
searchers that the incorporation of the FADA could
enhance the tensile strain at break by increasing the
amount of soft segment [40]. On the other hand,
NIPU-DMDPA exhibited the greatest value for
Young’s modulus and the lowest value for tensile
strain at break, which was compatible with the struc-
tural properties of diamine as the soft segment part.
DMDPA contains a nitrogen atom in the structure of
diamine, which increases its rigidity due to its trigo-
nal pyramidal configuration and the highest density
of hydrogen bonds between polymer chains, provid-
ing more physical crosslinking [12].

3.7. Surface wettability
A water contact angle measurement was carried out
to monitor the surface wettability of the developed
NIPUs as potential coating materials. Figure 7b
shows the initial water contact angles of 1 and 60 s
after the drop contact with the material surface. Ex-
cept for NIPU-Cys, the rest of the polymers provided
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Figure 7. a) Stress-strain curves and b) the water contact angle 1 and 60 s after the droplet was placed on the surface of the
synthesized NIPUs.

Table 3. Mechanical properties of synthesized NIPUs (n = 5,
average ± SD).

Polymers
Young’s
modulus
[MPa]

Tensile stress
[MPa]

Tensile strain
at break

[%]
NIPU-FADA 14±0.9 1.43±0.05 47±3
NIPU-HMDA 30±1.0 2.67±0.14 31±2
NIPU-PXD 78 ±1.7 10.98±0.71 26±2
NIPU-DAD 26±3.0 4.21±0.23 25±3
NIPU-Cys 17±1.8 2.85±0.19 20±2
NIPU-DMDPA 106±9.0 12.26±0.91 15±1



a water contact angle higher than 90°, indicating a
hydrophobic surface enriched by nonpolar regions
[64]. The relatively lower contact angle in the NIPU-
Cys (~75°) could be attributed to the more hy-
drophilic nature of cysteamine than the rest of the
diamines. The contact angle was further reduced to
~60° after 60 s, indicating the tension of the surface
to absorb water. Mosikatsi et al. [65] also reported a
contact angle of 70° for polyethersulfone hyper-
branched polyethyleneimine cysteamine composite.
The water contact angle for the rest of the NIPUs
was located at 95–107°, similar to the results of other
researchers who have developed PUs for coating ap-
plications. Furthermore, the differences between the
contact angles 1 and 60 s after droplet deposition
were negligible, indicating that the film surfaces ex-
hibited good homogeneity [66]. It should be high-
lighted that a significantly higher water contact angle
has been reported for PU-based coatings; however,
in most of those, an additive was used to improve
the surface hydrophobicity [67, 68].

4. Conclusions
A new semi-bio-based bis-cyclic carbonate was de-
signed and developed through the transcarbonation
reaction of synthesized PEG containing tetraol using
K2CO3 as a catalyst. Then, several NIPUs were in-
troduced by the polyaddition of bis-cyclic carbonate
and six different diamines. The spectral and chemi-
cal properties of the polymers and their physical
properties were studied to investigate the effect of
using various diamines on the final properties of the
NIPUs. In this study, linear and branched NIPUs
were synthesized with Tg values ranging from
–15.45 to 17.21°C, of which the low Tg NIPUs are
suitable for coating applications. According to the
TGA results, all synthesized NIPUs showed accept-
able thermal stability with the Td in the 213–237°C
range. Of all the NIPUs, the NIPU-PXD showed the
highest residual content at 600 °C, as it contained
aromatic moiety, which provided the highest char
content compared with aliphatic chains; thus, this
property might be interesting for flame-retardant ap-
plications. The mechanical test results also revealed
that the NIPU prepared by fatty acid-based diamine
(NIPU-FADA) demonstrated a lower Young’s mod-
ulus and higher tensile strain at break because of its
four-branched structure and greater flexibility. On
the other hand, NIPU-DMDPA showed a higher

Young’s modulus and lower tensile strain at break,
as it contains a nitrogen atom in its structure and a
trigonal pyramidal configuration with the highest
density of hydrogen bonds between polymer chains,
thereby increasing its rigidity. Furthermore, the water
contact angle results proved significant surface hy-
drophobicity for most of the developed NIPUs, mak-
ing them interesting for coating applications.
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