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The objective of this study is to explore an environmentally friendly route for synthesizing non-isocyanate
polyurethane (NIPU) coatings from renewable resources. A carbamate diol (CD10), featuring hydroxyl
groups at both ends of the molecular chain, was synthesized by a melt ring-opening reaction using propylene
carbonate (PC) and decanediamine (DDA). Due to the inherent rigidity and brittleness of CD10, it cannot form
a high-performance coating independently. To address this limitation, biobased NIPUs were synthesized by
incorporating itaconic acid (IA), a biobased material, as a soft chain segment into the CD10 structure. By varying
the number of soft chain segments, it is possible to produce NIPUs coatings with tunable properties that cure
naturally at room temperature without the need for curing equipment. The structure and physical properties of
the NIPUs were characterized using Fourier transform-infrared (FT-IR), 'H nuclear magnetic resonance (NMR),
thermogravimetric analysis (TGA), thermal conductivity testing, water contact angle measurement, and pencil
hardness testing. Additionally, their environmental stability was assessed by measuring water absorption in
deionized water, acidic and alkaline solutions, and organic solvents. Additionally, their corrosion resistance
in saltwater was evaluated. The results indicate that the coatings demonstrate significant performance due
to the abundance of ester and urethane groups within the macromolecular chains of the NIPUs, leading to
the formation of numerous intramolecular and intermolecular hydrogen bonds and an increase in cross-
linking density. The potential application of these materials as film-forming agents for coatings, including
heat-insulating and anticorrosive coatings, is promising. This study follows the concept of sustainable green

development.

1. Introduction

Due to its excellent surface protection, chemical and abrasion
resistance, mechanical properties, high elasticity, and good
biocompatibility, polyurethane (PU) has emerged as one of the most
versatile polymers. It is widely utilized across various industries,
including furniture, automotive components, clothing, footwear,
elastomers, coatings, as well as wall and roof insulation [1-4]. Despite
the numerous advantages of conventional PUs, their drawbacks cannot
be overlooked. Traditionally, PUs are synthesized from diisocyanates
(or polyisocyanates) and polyols, in which the isocyanates are derived
from petrochemical feedstocks. Moreover, the production of isocyanates
requires the use of highly toxic phosgene, posing significant risks to both
human health and the environment [5]. In contrast, non-isocyanate PUs
(NIPUs) are synthesized without the use of toxic isocyanates, thereby
eliminating the associated health and environmental hazards present in
the conventional PU production process [6].

In this context, NIPUs or dihydroxycarbamates (DHUs) obtained
through the polymerization of diamines and cyclic carbonates become
promising alternatives to conventional PU, since this chemical
reaction precludes the use of toxic phosgene and isocyanates in the
production of polymers [7]. For example, DHUs are synthesized from

cyclic carbonates such as ethylene carbonate (EC) [8,9] or propylene
carbonate (PC) [10,11] with diamines such as hexane-1,6-diamine
(HMDA) or isophorone diamine (IPDA) [12]. The reaction mechanism
of cyclic carbonate and amine is initiated by the amine’s nucleophilic
attack on cyclic carbonate, followed by a deprotonation reaction,
ultimately resulting in the formation of a DHU [13]. However, if NIPUs
are synthesized by self-condensation of DHU alone, very rigid and
easily broken NIPUs are formed [14,15]. To avoid these disadvantages,
it is possible to introduce soft chain segments into the main chain of
the polymer to improve its mechanical or other properties [16-18].
Furthermore, the bio-content of NIPUs can be significantly increased by
employing monomers from renewable or bio-based feedstocks. Indeed,
NIPUs and/or NIPU-based coatings have been previously reported [19-
271, which are derived from vegetable oils [28], cashew nutshell liquids
[29], lignocellulose [30], limonene [31], glycerol [32], succinic acid
[33], itaconic acid (IA) [34], and the like. IA is one of the 12 important
bio-based materials proposed by the U.S. Department of Energy because
biotechnological production of IA from renewable feedstocks is feasible.
IA contains a double bond and two carboxyl groups simultaneously,
which gives it good structural regulatory ability and enables it to
participate in various polymerization reactions. IA can be obtained by
sugar fermentation. This process is green and environmentally friendly,
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which is in line with the concept of sustainable development. IA and its
derivatives are widely used in the synthesis of unsaturated polyester,
which is often used as a film-forming material of coatings [35-38].

Recently, an increasing number of researchers have explored the
application of NIPUs in coating. Huang [38] et al. synthesized an itacon-
based unsaturated polyester (IAF) from the biomass source (IA) and
flame retardant (FRC-6) via the melting polycondensation reaction in
one pot, and used different ratios of IAF, N-(hydroxymethyl) acrylamide
(NMA), and y-methylacryloxy propyl trimethoxysilane (MPS) as raw
materials. A series of UV-curable hybrid coatings were prepared by UV-
curable and sol-gel methods. The wood coated with UV-curable coatings
showed excellent flame-retardant properties. IAF7N1Si2-W reached
a UL-94 V-0 grade and limiting oxygen index (LOI) value of 33.7%,
and effectively inhibited heat propagation and combustion degree.
Ling [39] et al. successfully synthesized flax oil-based cyclic carbonate
from flax oil, and developed a series of water-based flax oil-based
NIPUs coatings, all of which showed excellent thermal stability and
mechanical properties due to the combined influence of intermolecular
hydrogen bonding and carbamate groups. Choong [40] et al. obtained
the crosslinked coating through the acid-catalyzed transesterification
reaction of hexa (methoxymethyl) melamine (HMMM) with NIPU
hydroxyl group, showing good thermal stability (up to 245°C) and
water resistance, and soaked the coated aluminum test piece in 5 wt%
NacCl solution at 50°C for 5 days. The corrosion resistance of aluminum
sheet significantly improved. J. Pouladi [41] et al. synthesized a non-
isocyanate polyhydroxycarbamate network from linseed oil, in which
the 75% carbonized coating showed the best corrosion resistance.

The objective of this study is to design and synthesize innovative
bio-based NIPU coatings for thermal and corrosion protection via an
environmentally friendly route. To fulfill the renewable/sustainable
requirements, most chemicals used in this study are bio-based. The
synthesis of NIPUs comprises three primary steps, as shown in Scheme
1: (i) In the first step, carbamate diol (CD10) is synthesized by melting
ring-opening reaction of PC and decamethylene diamine (DDA) (ii)
in the second step, the successfully synthesized CD10 is utilized as
a hard chain segment along with varying amounts of the soft chain
segment IA (the specific amounts of CD10 and IA have been detailed
in Table 1). This mixture undergoes pre-polycondensation catalyzed
by p-toluene sulfonic acid, with the primary objective being the
removal of water generated during the reaction. (iii) In the third step,
NIPU is synthesized via melt polycondensation, catalyzed by tin (II)
isocrylate, a metal catalyst. Given that the soft segment consists entirely
of IA, NIPUs exhibits complete solubility in anhydrous ethanol [42].
Therefore, NIPU is dispersed in anhydrous ethanol, configured as an
emulsion, and naturally cures to a film at room temperature without
the use of any specific curing equipment.

The resulting coatings were thoroughly analyzed and examined
using Fourier transform-infrared (FT-IR) and 'H nuclear magnetic
resonance (NMR) to elucidate the molecular structure. Notably, many
ester groups were found in the structural units of NIPUs, suggesting
that extensive hydrogen bonding may exist in the synthesized polymer.
Further research efforts focused on the effects of soft segment content

Table 1. The molar ratio of the raw materials for synthesizing NIPUs and the
thermal properties of CD10, NIPUs, and WPU.

Sample | CD10* (mol) | IA® (mol) | T,,c(°C) | T, ¢(°C) | Char yield at 700°C¢ (%)
CD10 — — 259 292 0.09
NIPU, 1 0.8 237 464 4.74
NIPU,, 1 0.9 227 468 4.96
NIPU,, 1 1.0 220 465 6.60
NIPU, , 1 1.1 218 466 8.84
NIPU, , 1 1.2 217 468 8.85
WPU — — 205 404 7.26

**The amount of hard segment (CD10) substance and the amount of soft segment (IA)
substance required for the synthesis of NIPUs.

Corresponding to 5% weight loss of polymers.

dCorresponding to the maximum derivative weight loss of polymers.

¢The proportion of residual coke at 700°C.
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Scheme 1. (I) CD10 is generated by PC and sebacediamine, and (II) NIPU is generated
by CD10 and IA.

and crosslinked network structure on key parameters of NIPU coating,
such as thermal conductivity, corrosion resistance, water resistance,
and thermal stability. Additionally, a series of tests, such as acid and
alkali resistance, solvent resistance, pencil hardness, and adhesion,
were conducted to provide a comprehensive understanding of the
performance characteristics of NIPU coatings. This study follows the
concept of sustainable green development.

2. Materials and Methods

2.1. Materials

Propylene carbonate (PC, 99%), 1,10-diaminodecane (DDA, 97%),
itaconic acid (IA, AR, =99.0%), tin(II) 2-ethylhexanoate (95%),
sodium chloride (NaCl, AR, 99.5%), and DMSO-ds (D, 99.9%) were
purchased from Shanghai Macklin Biochemical Technology Co., Ltd.
p-Toluenesulfonic acid (AR), sodium hydroxide (NaOH), acetonitrile
(HPLC grade), and anhydrous ethanol (AR, =99.7%) were obtained
from Tianjin Damao Chemical Reagent Factory. Hydrochloric acid (HCI,
AR) was purchased from Tianjin Kaixin Chemical Industry Co., Ltd.,
and potassium bromide (KBr, AR) was supplied by Tianjin Guangfu
Technology Co., Ltd. The waterborne PU (WPU) was purchased from
Shenzhen Jitian Chemical Co., Ltd. All chemicals were used as received
without further purification.

2.2. Synthesis of carbamate diol (CD10) and NIPUs

As demonstrated in Figure 1, the synthesis of the carbamate diol was
conducted as follows: PC (21.44 g, 0.21 mol) and 1,10-diaminosilane
(17.23 g, 0.1 mol) were introduced into a three-necked flask equipped
with a condenser tube, a mechanical stirrer, and a nitrogen gas inlet.
The reaction temperature was raised to 90°C and maintained for 4 h,
with a continuous flow of nitrogen gas to prevent significant oxidation
of the reactants. Upon completion of the reaction, the mixture was
poured into anhydrous EtOH for recrystallization. The recrystallized
product was subsequently placed in an oven at 60°C for 24 h, resulting
in the formation of white solid powder CD10 after grinding.

As illustrated in Figure 1, CD10 was introduced into a three-necked
flask equipped with a condenser tube, a mechanical stirrer, and a
nitrogen inflow device, with the temperature elevated to 100°C. Once
CD10 was completely melted, varying ratios of IA were incorporated,
wherein the molar ratios of CD10 to IA ranged from 1:0.8 to 1:1.2, as
detailed in Table 1. The temperature was subsequently increased to
160°C, at which point p-toluenesulfonic acid was introduced, and the
reaction proceeded under a continuous nitrogen flow for 4 h. Following
this, Tin(II) 2-ethylhexanoate was added as a polycondensation catalyst,
maintaining the temperature at 160°C while the reaction continued
under vacuum for an additional 4 h. Finally, the resultant product was
transferred into a container, and NIPUs were obtained through natural
cooling at room temperature. NIPUs synthesized with CD10 to IA molar
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Figure 1. Schematic diagram of the synthesis process of NIPUs.
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Figure 2. Diagram of the process for making NIPU coating.

ratios ranging from 1:0.8 to 1:1.2 were denoted as NIPU ,, NIPU_,,
NIPU, , NIPU,,, and NIPU ,, respectively. This nomenclature was
adopted for clarity in subsequent discussions.

2.3. Preparation of NIPUs coating

As shown in Figure 2, a specific quantity of NIPUs is placed into
a beaker, followed by the addition of an appropriate volume of
anhydrous EtOH. The mixture was stirred at 40°C for 1 h until the
NIPUs completely dissolved. Subsequently, the remaining anhydrous
EtOH was added, and the mixture was stirred for an additional 10 min
to prepare a NIPU emulsion at 30% concentration. This emulsion was
then scraped onto a tinplate using a 50 pm spatula or poured into a
latex mold measuring 50 mm x 50 mm x 4 mm. After curing in a clean
cabinet at room temperature for 7 days, the film's other properties were
tested.

2.4. The methods for NIPUs coating characterization

2.4.1. FT-IR analysis

A small amount of the product was mixed with potassium bromide
(KBr) and ground thoroughly. Subsequently, the mixture was pressed
into a transparent sheet using a tablet press. The FT-IR spectra were
obtained using a WQF-510A FT-IR spectrometer, which scanned the

Coating film

Room temperature film forming

samples 32 times at a resolution of 4 cm™ within the wavenumber range
of 500 cm™ to 4000 cm™.

2.4.2. 'TH NMR analysis

Deuterated dimethyl sulfoxide (DMSO-d6) was used as a solvent,
and the '"H NMR spectra were generated using a Bruker 600 MHz NMR
spectrometer from Germany at room temperature, and structures of
the products were determined by analyzing the chemical shifts of the
different hydrogens in the spectra.

2.4.3. Thermal stability analysis (TGA)

The thermal stability of the products was tested using a
thermogravimetric analyzer model TGA/DSC 3+ from METTLER
TOLEDO under a nitrogen atmosphere in the temperature range of 25°C
to 700°C with a temperature increase rate of 10°C/min to obtain TGA
thermal analysis graphs. All samples were weighed accurately.

2.4.4. Thermal conductivity test

The thermal conductivity of coatings was tested by the transient
plane source method using the HCER-S model thermal conductivity
tester. The ambient temperature was 20+3°C.
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2.4.5. Water absorbency test

The hydrophobic properties of the coating surface were evaluated
using a static contact angle meter (J2000DM, Shanghai Zhongchen
Digital Technology Equipment Co., Ltd.) under ambient temperature
and pressure conditions. A volume of 2.5-5 pL of deionized water
was carefully deposited onto three to five distinct locations on the
coating surface. The contact angle was recorded once the shape of the
droplet stabilized. The average of these measurements was taken as
the static contact angle of the coating. To assess the water absorption
of the NIPUs coating in accordance with American society for testing
and materials (ASTM) standard D570-98, a precisely weighed sample
was placed in a sample bottle, to which 20 mL of deionized water was
added. After 72 h, the sample was removed, and any surface water was
promptly blotted dry with filter paper before being weighed again. In
the formula, W, is the mass of the sample after 72 h of immersion in
deionized water, g; W, is the initial mass of the sample, g.

Water absorption is calculated by Eq. (1):

Water absorption (%) = (W‘ujiwo) x100%

0

®

2.4.6. Coating corrosion resistance test

The corrosion resistance of the coating was evaluated by observing
the corrosion on the surface of the substrate after immersing the coated
tinplate in 5% NaCl solution for 10 days.

2.4.7. Other performance tests for coatings

According to ASTM D3363, the RW-5101S Electric Pencil Surface
Hardness Tester was utilized to assess the hardness of coatings. A
sharpened Zhonghua Hardness Test Pencil is affixed to the pencil
hardness tester, ensuring that the pencil tip contacts the coating
surface. The pencil is then moved unidirectionally across the surface at
a speed of 5-10 cm/s for 10 mm. The hardness testing proceeds from
the hardest to the softest pencil until the coating surface is no longer
scratched by the pencil. The hardness of the coating is indicated by
the hardest pencil that fails to scratch the surface. Coating adhesion
is evaluated using the grid method, wherein a multi-bladed knife is
employed to make perpendicular cuts through the coating, followed by
parallel cuts at a 90 ° angle, creating a tic-tac-toe grid pattern. Adhesive
tape is applied to the cut coating surface and subsequently removed
to assess the level of coating adhesion, in accordance with ISO 12944-
6. Furthermore, solvent resistance is tested as per ASTM D1308 by
immersing the samples in acid (5% HCI solution), alkali (NaOH solution
at pH=8), and organic solvent xylene. The samples are removed every
12 h and dried for 24 h. This process is repeated more than five times,
and the weight loss of the samples is recorded and analyzed. Where W,
is the initial mass of the sample, g; W, is the mass of the sample after it
has been immersed in the solvent for some time and dried, g.

—~
$-Y)
~

(b)

Transmittance (%)

\ 2856
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The percentage weight loss is calculated by Eq. (2):

Weight loss(%) = w x100% @)

0

3. Results and Discussion

3.1. Synthesis and structural characterization of CD10

In this section, the reactivity of the nucleophilic reaction diminished
due to electron release from the methyl group in PC, which decreases
the polarity of the carbonyl bond [10]. Consequently, we modified
the reaction conditions based on prior research and successfully
synthesized the CD10 through a ring-opening reaction between PC and
1,10-diaminosilane at 90°C for 4 h without the use of any catalyst, as
illustrated in Figure 1 [11].

As shown in Figure 3(a), the absorption peak at 1783 cm™!, attributed
to the carbonyl (C=0) group of the five-membered cyclic carbonate
in PC, completely disappeared upon completion of the reaction. This
indicates that the ring-opening reaction of PC occurred due to the
nucleophilic attack by the amine groups in DDA on the electrophilic
carbonyl carbon in PC, leading to the formation of carbamate groups
[43]. The change in the electronic environment surrounding the C=0
bond after ring opening resulted in a shift of the absorption peak. The
newly formed C=0 in the carbamate group was observed at 1678 cm
! in the spectrum of CD10. Additionally, the absorption at 1528 cm™
corresponded to the -NH bending vibration of the carbamate group. The
peaks at 2925 cm™ and 2856 cm™ were attributed to the asymmetric and
symmetric stretching vibrations of aliphatic -CH, groups, respectively
[17,44,45].

According to the 'H NMR spectrum shown in Figure 3(b), two
signals corresponding to the -NH protons in the carbamate group were
observed near 7.0 ppm, indicative of the pseudo-E and Z conformations.
The signals at approximately 4.70 ppm correspond to -OH protons,
while the signals between 1.03 and 1.09 ppm are attributed to -CH,
protons. Additionally, the signals in the range of 1.23 to 1.36 ppm
correspond to -CH, protons in the long chain, and the signal at 2.93
ppm is associated with the -CH, protons in CH,NH. Collectively, these
observations confirmed the successful synthesis of CD10.

3.2. Synthesis and characterization of NIPUs
3.2.1. FT-IR and 'H NMR characterization of NIPUs

The FT-IR spectra analysis of NIPUs synthesized with five different
ratios of hard chain segments (CD10) and soft chain segments (IA) has
been presented in Figure 4(a). In the spectrum, the stretching vibration
peaks of -NH and -OH in the carboxyl group appeared around 3318 cm
1. It was observed that these peaks broadened with an increase in the
content of soft chain segments. The peak at 1730 cm™ corresponds to the
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Figure 3. (a) FT-IR and (b) 'H NMR spectra analysis of CD10.
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C=0 in the carboxyl group, while the stretching vibration peaks of C=0
in the ester group and C-N/C-O are found at 1698 cm™ and 1260 cm?,
respectively [46]. Additionally, the C=C bond is indicated by a peak
at 1670 cm™, the absorption peak of the SNH amide II band is at 1554
cm?, and the C-O-C stretching vibration peak is at 1080 cm™’. Notably,
the peak at 1620 cm™ represents the absorption band of the urea group.
The formation of polyurea occurs when the amount of IA added is less
than that of CD10, allowing the remaining CD10 to undergo a self-
condensation reaction [9]. However, the figure illustrates that the peak
of the urea group gradually diminished as the amount of IA increased,
indicating that CD10 reacted more completely with IA, thus forming
more ester groups and reducing the occurrence of side reactions.

To further confirm the structure of NIPUs, we characterized them
using 'H NMR spectroscopy. The results have been presented in Figure
4(b). The signals with chemical shifts (8) ranging from 6.96 to 7.04
ppm correspond to the hydrogen atoms in -NH groups, while the signal
at 2.37 ppm and the range of 3.50 to 4.50 ppm are attributed to -CH,
groups between the ester and carbamate functionalities, as well as the
-CH, protons in the isomer. Additionally, signals near 2.92 ppm are
associated with the hydrogen atoms in -CH, groups adjacent to -NH
groups. The signal with a & value of 5.69 ppm corresponds to the
hydrogen atom of -CH, [47]. Based on the results obtained from FT-IR
and 'H NMR analyses, we can confirm that both hard chain segments
and varying proportions of soft chain segments were successfully
synthesized as NIPUs.

3.2.2. Thermal stability of NIPUs

As the substrate resin for coatings, it is crucial to possess a certain
degree of thermal stability. Therefore, to investigate the influence of

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
Chemical shift (ppm)

(a) FT-IR and (b) '"H NMR spectra analysis of NIPUs synthesized by mole of different hard segment and soft segment.

gradually increasing the amount of soft chain segment (IA) on the
thermal properties of NIPUs, TGA was employed to assess the thermal
degradation behavior of NIPUs. The results, illustrated in Figure 5 and
Table 1, indicate that all NIPUs exhibited a similar trend, initiating
decomposition around 200°C, with the maximum decomposition
temperature reaching approximately 465°C.

As illustrated in Figure 5(b), the thermal decomposition of the
synthesized NIPUs proceeded in two distinct stages. The first stage
occurred between 250°C and 341°C and was primarily attributed to the
cleavage of urethane and ester bonds, which are thermally less stable.
The second stage, observed between 458°C and 469°C, corresponded
to the degradation of sub-methyl groups in the aliphatic backbone and
methyl groups in the side chains [39,47]. As shown in Table 1, the initial
decomposition temperature (Ts,,) decreased from 237°C to 217°C with
increasing soft segment content, indicating that a higher proportion of
soft segments led to more carbamate groups, which slightly reduced
thermal resistance [48]. Meanwhile, the char residue of CD10 was
nearly zero, but rose from 4.74% to 8.85% with increasing soft segment
content. This suggests that a higher soft segment ratio introduced
more urethane groups and promoted hydrogen bonding, thereby
enhancing the crosslinking density. However, the char residues of
NIPU, , and NIPU, , remained relatively constant, implying that beyond
a certain soft segment ratio, the hard segments are fully consumed,
and further increases do not contribute to additional crosslinking [40].
For reference, Dai [49] et al. synthesized three bio-based unsaturated
polyesters from IA and various diols, which exhibited 10% weight loss
temperatures ranging from 256°C to 295°C and demonstrated good
thermal and coating properties. The NIPUs developed in this study
exhibit comparable or even superior thermal stability. As evidenced in
Figure 5 and Table 1, NIPUs outperformed conventional commercial
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(a) TGA and (b) DTG thermal degradation curves of NIPUs synthesized with different molar ratios of hard and soft
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WPU in thermal resistance, underscoring their promise for advanced
coating applications. In summary, although soft segment incorporation
slightly lowered the onset of thermal degradation, all synthesized
NIPUs displayed overall excellent thermal stability.

3.2.3. Thermal conductivity of NIPUs coating

In general, thermal conductivity is a critical measure of a substance's
ability to conduct heat, particularly for insulation materials. The NIPU
coating was evaluated using the transient planar source method, with
results depicted in Figure 6. As the proportion of soft chain segments
increased, a greater number of carbamate groups were generated,
resulting in enhanced intramolecular and intermolecular hydrogen
bonding within the molecule. This led to increased crosslink density;
concurrently, thermal resistance rose due to heightened intermolecular
interactions [50]. Consequently, the thermal conductivity of the NIPUs
coating decreased from 0.0541 to 0.0480. However, when the ratio
of soft chain segments to hard chain segments increased to 1.2, the
surplus soft chain segments (IA) induced additional side reactions,
which decreased the density of urethane groups among the NIPUs
molecules. This reduction in crosslink density subsequently caused
the thermal conductivity of the NIPUs coating to rise to 0.0495 once
more [51]. Compared to traditional pure epoxy resin, the NIPUs coating
exhibits lower thermal conductivity, thereby offering enhanced thermal
insulation performance, making it a promising candidate for use as a
base resin in thermal insulation coatings [52].

3.2.4. Water resistance of NIPUs coating

The water absorption rate and water contact angle are critical indices
for evaluating the water resistance of coatings. In this study, the water
contact angle and water absorption of NIPUs coating were measured
to illustrate changes in their water resistance. The results have been
depicted in Figure 7. The data presented in the figure indicates that
the water contact angle gradually increased with the rising proportion
of soft chain segments. Notably, when the ratio of hard chain
segments to soft chain segments was 1:1, the NIPU coating exhibited
hydrophobicity. However, optimal hydrophobicity was achieved
when this ratio reached 1:1.1, at which point the water contact angle
measured 101.49 °, and the corresponding water absorption reached
its minimum value of only 1.94%. This phenomenon can be attributed
to the presence of hydrophilic -OH groups in CD10. When the quantity
of soft chain segments was less than that of hard chain segments, a
significant number of -OH groups remained unreacted, facilitating the
formation of hydrogen bonds with water molecules. Consequently, the
NIPU coating attained strong hydrophilicity [51]. As the number of
soft chain segments increased, the carboxyl group (-COOH) reacted
with the remaining hydroxyl group (-OH) to form additional carbamate
groups. Given that DDA possesses a long aliphatic chain, this results in
an increased density of hydrophobic chains within the NIPU coating
[53,54]. However, IA, as a soft chain segment, is susceptible to
decomposition or side reactions, such as self-condensation, during high-
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Figure 7. Water contact angle, water contact angle image and water absorption of
nipus synthesized with different ratios of soft and hard chains.

temperature reactions. Consequently, when the soft chain segment was
slightly overloaded relative to the hard chain segment, the carboxyl
and hydroxyl groups available for reaction reached an equilibrium
ratio. This maximized the proportion of hydrophilic groups involved in
the reaction, leading to a NIPUs coating that exhibited optimal water
resistance. Nonetheless, the side reactions of the soft chain segment
also released additional hydrophilic groups (-COOH) and generated
more by-products, which slightly decreased the cross-linking density
and subsequently reduced water resistance [55]. Therefore, the water
resistance of NIPU, , was less in comparison to NIPU .

3.2.5. Corrosion resistance of NIPUs coating

The corrosion resistance of the coating was evaluated by immersing
the NIPUs-coated tinplate sheets in a 5% NaCl solution for 10 days, as
illustrated in Figure 8. The results indicate that the uncoated tinplate
sheet exhibited significant corrosion and oxidation following the
immersion test. In contrast, the tinplate coated with NIPUs showed
minimal corrosion; specifically, the NIPU -coated tinplate displayed
slight rust and minor peeling, while the coatings of NIPU_, and NIPU,
showed small areas of delamination due to water penetration. This
phenomenon can be attributed to the insufficient proportion of soft
chain segments in the coating, which leads to a higher presence of
unreacted hydroxyl groups. The interaction between these hydroxyl
groups and water molecules forms hydrogen bonds, thereby weakening
the cross-linking with the substrate. Notably, the surfaces of the tinplate
coated with NIPU_ , and NIPU , exhibited no significant changes. This
observation suggested that when the ratio of hard chain segments to
soft chain segments reached 1:1.1, the cross-link density of the coating

NIPU, ,

NIPU, ,

Figure 8. Corrosion resistance of NIPUs coating: (a) coating before treatment;
(b) corresponding coating after immersion in 5% NaCl solution for 10 days.



Chen et al.

5
E 1HCG%)
[ 1 NaOH(pH=8)
- 4 xylene
=
N’
g3t
(=)
—
=
B2
D
a 1
0 1 1 L 1 1

12 24 36 48 60 72
Time (h)

Figure 9. Anticorrosion mechanism of NIPUs coating.

Table 2. Basic appearance and mechanical properties of NIPUs coating.
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NIPUs Film-forming or not Tack-free time(h) | Coating appearance Coating thickness (um) Pencil hardness® Adhesion®
CD10 No — Mass fragmentation — — —
NIPU, Yes 8 Cracks, slightly yellow, and transparent 200 2H 0
NIPU , Yes 8 Flat, slightly yellow, and transparent 200 2H 0
NIPU , Yes 8 Flat, slightly yellow, and transparent 200 0
NIPU, , Yes 10 Flat, slightly yellow, and transparent 200 H 0
NIPU , Yes 10 Flat, slightly yellow, and transparent 200 HB 0

aMeasured according to ASTM D3363.
"Measured according to ISO 12944-6, the test is conducted using the grid method.

was optimized, effectively preventing corrosive media from penetrating
the coating and thereby endowing the NIPU coating with excellent
corrosion resistance [40]. According to previous reports, a series of
waterborne PUs were prepared [56], coated on tinplate, soaked in
5% NaCl solution for 72 h, and all the tinplates showed rust. When
aluminum alloy sheets coated with traditional epoxy resin were soaked
in 5% NaCl solution for 7 days, signs of corrosion spots were evident
[57]. In contrast, our study showed better anti-corrosion properties.

The corrosion protection mechanism of NIPUs has been illustrated
in Figure 9. In the absence of a protective coating, the metal surface (Fe)
is directly exposed to the external environment, resulting in a reaction
with hydroxide ions that forms iron oxide [58]. The incorporation of
IA leads to a progressive increase in the density of carbamate groups.
The strong intramolecular hydrogen bonding significantly enhances the
development of a well-adhered, uniform, and dense coating structure.
This, in turn, prolongs ion penetration time and substantially improves
corrosion resistance [59,60]. Additionally, the electron-rich center of
the amide group (NH) in the polymer main chain can form a complex
with the substrate through chemisorption, thereby establishing a
protective layer [61].

3.2.6. Other properties of NIPUs coating

The basic properties of the coatings have been summarized in Table
2. It is evident that when CD10 was not modified with IA, it could not
form a coating due to its inherent rigidity. Furthermore, acid and alkali
resistance, solvent resistance, pencil hardness, and adhesion are critical
indicators for assessing the overall performance of the coating. In this
study, tests for acid and alkali resistance, as well as solvent resistance,
were conducted using the NIPU | coating as a specimen, with the results
illustrated in Figure 10. The coating was evaluated in environments
containing acid, alkali, and organic solvents, where NIPU , exhibited
the highest weight loss in a 5% HCI solution. This phenomenon may be
attributed to the ability of the HCI solution to diffuse more readily into
the ester bond structure within the cured film, leading to hydrolysis of
the ester bonds [62]. Nevertheless, NIPU, , demonstrated overall good

resistance to both acids and alkalis, as well as to organic solvents. The
hardness of NIPUs coating was primarily influenced by two factors: the
crosslink density of the curing system and the molecular structure of
the system [63].

From the data presented in Table 2, it is evident that the pencil
hardness of the coating decreased as the proportion of soft chain segments
increased. This phenomenon can be attributed to the presence of a side-
chain methyl group in PC, which contributes to the synthesis of hard
chain segments that contain a greater number of bulky methyl groups.
These bulky groups enhance the rigidity and scratch resistance of the
NIPUs. However, an increase in the proportion of soft chain segments
results in a reduction of this rigidity [14]. Notably, all five different
ratios of NIPUs exhibited superior adhesion properties, attributed to the
abundance of polar groups (e.g., urethane groups, remaining hydroxyl
groups, etc.) that facilitate the formation of numerous intermolecular
hydrogen bonds between the coating and the substrate.

4. Conclusions

In this study, the polycondensation of NIPUs was conducted at
various molar ratios ranging from 1:0.8 to 1:1.2 for hard (CD10) and
soft chain segments (IA). The successful synthesis of the desired NIPUs
from all five feedstock ratios was confirmed using FT-IR and 'H NMR
analyses. An analysis of the thermal stability of NIPUs revealed that an
increase in the proportion of soft chain segments had a minimal effect on
the thermal stability of the polymer coating. The thermal conductivity
and water resistance of NIPUs coatings were evaluated, revealing that
a hard-to-soft chain segment ratio of 1:1.1 yielded the lowest thermal
conductivity and the highest water contact angle. This outcome is
attributed to the maximization of the ratio of hydroxyl and carboxyl
groups involved in the reaction, resulting in the highest cross-linking
density, which in turn led to the coatings exhibiting superior thermal
insulation and water resistance. When the ratio of soft segment chains
exceeds 1:1.1, the excess soft segment chain is prone to side reactions,
resulting in a decrease in the crosslink density of the coating, which
consequently reduces its relevant properties. Furthermore, when the
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ratio of hard chain segments to soft chain segments reaches 1:1.1, the
tinplate coated with NIPUs exhibits no signs of corrosion, demonstrating
significant corrosion resistance. Lastly, the coating was evaluated for
solvent resistance, pencil hardness, and adhesion, and was found to
perform well in these tests. The synthesis of NIPUs coating in this study is
straightforward, does not require high-temperature curing or expensive
catalysts, is easy to apply in industrial settings, and underscores the
potential value of biobased NIPU polymers for developing applications
suitable for thermal insulation and anticorrosive coating matrices.
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