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vel CO2-based alcohol amine
compound and its usage in obtaining a water- and
solvent-resistant coating

Xiaoyun Li,ab Jiexi Ke,ab Junwei Wang, *ac Maoqing Kang,a Feng Wang,a

Yuhua Zhaoa and Qifeng Lia

A five-membered cyclo-carbonate, prepared by cycloaddition reaction from CO2 and 1,4-butanediol

diglycidyl ether, was reacted with excessive diamine and formed a urethane group-containing new

product. Structural characterization was performed for the new alcohol amine, which can be applied to

the manufacture of polyurethane coatings as a chain extender. The new chain extender-based

polyurethane coatings exhibited excellent water, salt, and solvent resistance and promising mechanical

strength. Importantly, the unique performance of the prepared polyurethane coatings should be ascribed

to the introduction of a hydroxyl group in the polyurethane molecule. The strengthened hydrogen

bonding enlarged the cohesion of the polyurethane coatings and prohibited the solvents from permeating.
1. Introduction

Large amounts of greenhouse gases have caused a series of
environmental problems worldwide and have been a topic of
widespread concern. However, the main gas produced, CO2, has
been regarded as an environmentally friendly C1 building block
due to its abundance and nontoxicity. In this context, enormous
efforts have been devoted to the development of CO2 control
over the past decades. One strategy for controlling the enor-
mous CO2 resource is chemical xation, such as its usage in the
synthesis of polymers.

Polyurethanes (PUs) with interesting tailored properties and
excellent exibility, elasticity, andmechanical properties1–3 have
been used in many elds.4–12 Moreover, polyurethane coatings
have become one of the main varieties in the coating industry
because of their excellent properties.13–17 Although polyurethane
coatings have excellent abrasion resistance, toughness, and
weather resistance with wide applications,18–23 further
improvement of PU coatings is still of great signicance, and
especially the creation of a coating that is water, salt, and
solvent resistant.

Various techniques have been developed to improve the
water, salt, and solvent resistance of PU coatings, such as add-
ing hydrophobic particles, introducing hydrophobic uorine- or
siloxane-containing compounds into the polyurethane back-
bone, and chemical modication of raw materials. In addition
my of Sciences, Taiyuan 030001, China.

Beijing 100049, China
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to these, a new method consisting of strengthening the
hydrogen bonds in the crosslinking system might be helpful to
improve the environmental resistance of PU coatings. It has
been reported that the intra-molecular hydrogen bonding
between the hydroxyl group on the b-carbon atom and the
adjacent carbonyl could endow materials with outstanding
mechanical properties accompanied with excellent resistance to
solvents, water, and chemicals. The resistance was ascribed to
the unique structure of the seven-membered ring formed,
which can bring about a “blockage” of the carbonyl oxygen that
considerably lowers the susceptibility of the entire urethane
group to hydrolysis. From another perspective, the stabilizing
effect was thought to occur in the intramolecular hydrogen
bond system, and it strengthened the interaction of polymer
molecules due to the redistribution of charges that arise from
the formation of tautomeric resonance structures.23,24

From the above reports, it can be speculated that the direct
reaction between di- or polycarbonates and excessive diamines,
such as ethyl diamine, would produce an amine-terminated
compound. Additionally, a hydroxyl group is formed on the b-
carbon atom with the ring opening reaction. Thus, the
compound can be regarded as one type of amine alcohol.
Because of the much faster reaction rate of isocyanate with an
amine group other than a hydroxyl group, the hydroxyl can be
reserved when the amine alcohol is used as a chain extender for
polyurethane manufacture. Enhancement of the hydrogen
bonding in PU enables PU to attain superior performance.

The aim of this work is to provide a new chemical xation
method for CO2 and explore the effect of introduced hydroxyl
groups on the performance of polyurethane coatings, especially
on the water, salt, and organic solvent resistance. Moreover,
a novel alcohol amine chain extender with a secondary or
RSC Adv., 2018, 8, 8615–8623 | 8615
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primary hydroxyl group was designed and synthesized for the
rst time.23 The obtained alcohol amine was further analyzed
and tested for its ability to function in the preparation of
polyurethane coatings. The related water, salt, and solvent
resistance of the nal PU coatings was investigated in detail, as
well as its microstructures and other properties.

2. Experimental
2.1 Materials

1,2-Ethylenediamine (EDA) and N,N-dimethylformamide (DMF)
were obtained from Sinopharm Chemical Reagent Co., Ltd.; 1,4-
butanediol diglycidyl ether (BDDE) was supplied by Wuhan
Yuanchen Technology Co., Ltd.; and 4,4-diphenylmethane dii-
socyanate (MDI) was prepared by Yantai Wan Hua Co., Ltd.
Polytetramethylene ether glycol (PTMG, Mn ¼ 1000) was
supplied by Yantai Hua Da Chemical Industry Co., Ltd. The
catalyst basic ion-exchange resin was purchased from Tianjin
Resin Technology Co., Ltd. All the raw materials were used as
received without further purication.

2.2 Preparation of the aliphatic primary amine chain
extender (BDCE)

Briey, the NH2-terminated chain extender was fabricated by
aminolysis of the ve-member bis(cyclic carbonate)(BDDE-5CC)
and diamine (EDA) as shown in Scheme 1. Firstly, BDDE-5CC
was prepared via a cycloaddition reaction from CO2 and
BDDE. A portion of BDDE and the basic ion-exchange resin
catalyst (10 wt% of BDDE) was charged in a high-pressure
autoclave. Aer purging by N2 for 10 min and heating the
mixture to 120 �C, CO2 under pressure was pumped into the
autoclave. Then, the pressure was maintained at 1 MPa, and the
contents of the autoclave were reacted for 30 h under stirring.
Secondly, BDDE-5CC and EDA in twice an amount as necessary
to ensure complete transformation of BDDE-5CC were added to
a four-necked round-bottom ask equipped with a thermom-
eter, mechanical stirrer, reux condenser, and feeding inlets.
Then, the solution was heated to 90 �C and reacted for 6 h under
stirring. Aer that, the mixture was subject to a vacuum at 70 �C
for 8 h to remove the residual EDA, and nally, the NH2-
terminated chain-extender was obtained. Structures of the
Scheme 1 Scheme of preparation of BDCE through polyaddition of
BDDE-5CC and EDA.

8616 | RSC Adv., 2018, 8, 8615–8623
products were characterized by FTIR spectroscopy and 1H NMR
spectroscopy. Additionally, conversion and the selectivity of
each reaction were determined by chemical titration and
further conrmed and calculated using the 1H NMR spectra.

2.3 Preparation of the PU coatings

The PU coatings were prepared by polymerization of the pre-
polymer and chain extender in DMF solution as shown in
Scheme 2. Prepolymers with an –NCO content of 7.0 wt% were
synthesized between dehydrated PTMG andMDI at 90 �C for 3 h
and defoamed for 0.5 h under vacuum. Note that DMF was used
as a solvent to endow the coating solution with the appropriate
viscosity to control the reaction rate. Aerward, the solution was
immediately coated onto the substrates by a owing method or
blading the coating in the air and allowing it to cross-link in an
oven at 140 �C for 2 min.

2.4 Surface pretreatment of mild steel panels

The mild steel substrates with dimensions 120 mm � 50 mm �
0.3mmwere rst deoiled in acetone solvent for 15min and then
immersed in degreasing solution with weakly alkaline sodium
salts and surfactants for 10 min. Finally, these substrates were
further washed under water and dried in an oven at 90 �C for
a certain amount of time.

2.5 Characterization

2.5.1 Fourier transform infrared spectroscopy (FTIR). Raw
material BDDE, the products BDDE-5CC, NH2-terminated
chain-extender, prepolymer, and the nal coating were directly
smeared onto a KBr crystal disk for the FTIR test and recorded
on a NICOLET-380 Fourier transform infrared instrument
(Thermo Electron Co., Ltd. Massachusetts, USA) with a spectral
resolution of 4 cm�1 and 32 scans taken for each recording.

2.5.2 1H NMR spectroscopy. 1H NMR of the samples was
performed using a Bruker Avance 400 MHz spectrometer, and
DMSO was used as the solvent with toluene as the internal
standard substance to determine the amounts of the
Scheme 2 Extension of the PU prepolymers with chain extenders.

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 FTIR spectra of prepared cyclo-carbonate and NH2-terminated
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components. The chemical shis were reported in parts per
million relative to tetramethylsilane.

2.5.3 Water contact angles. Water contact angles (CAs)
were measured at 25.0 � 0.1 �C by a DSA25 drop shape analyzer
(KRÜSS GmbH, Hamburg, Germany). The sample was placed on
an adjustable li table and quickly moved to the required
measuring height. Then, the dispensed drop was positioned
with the correct shape under uniform lighting, and contact
angles were reliably measured. Each reported contact angle
represents the average value of ve measurements.

2.5.4 Basic properties. The basic properties of the coatings
such as impact strength, adhesion to the substrate, exibility,
and pencil hardness were measured according to the corre-
sponding standards with the instruments, a QCJ-120 paint lm
impact tester, QFZ-II adhesion tester, QTX-1731 exible tester,
and VF2378 pencil hardness tester, respectively.25–28

2.5.5 Thermal properties. The thermal stability of coatings
was determined with a TA-60WS thermal analysis workstation
(Shimadzu Co., Ltd. Kyoto, Japan) instrument. A 3–4 mg sample
was heated from 30 �C to 500 �C at a heating rate of 10 �Cmin�1

under nitrogen with a ow of 30 mL min�1. Thermal properties
were evaluated by the differential scanning calorimetry (DSC)
test using a TA Instruments DSC Q2000 under nitrogen atmo-
sphere with a ow rate of 50 mL min�1. The sample was scan-
ned from �80 to 260 �C at a heating rate of 10 �C min�1.

2.5.6 Water and solvent resistance. Resistance to acid,
alkali, and salt was measured by placing coated tin plates in
a 5 wt% HCl solution, 5 wt% NaOH solution, and 10 wt% NaCl
solution, respectively, for 24. For salt resistance, a partially
coated sample was immersed in the NaCl solution for
comparison. Water absorption was used to evaluate the water
resistance of the coatings and was calculated by the following
equation:

Water absorpion ðwt%Þ ¼ m1 �m0

m0

� 100 (1)

where m0 is the original weight of the dry coating lm and m1 is
the weight of the sample immersed in water for 24 h at room
temperature.

2.5.7 Content of free amino and hydroxyl groups. To
determine the content of free –NH2 groups and –OH groups in
the chain extender, the titration method with hydrochloric acid
and back titration with acetic anhydride and sodium hydroxide
was used. In detail, rstly, approximately 0.1 g chain extenders
was weighed in an Erlenmeyer ask and then 40mL ethanol was
added. Aer the sample dissolved, 2–3 droplets of a 1 wt%
bromophenol blue-ethanol indicator solution were added. A
calibrated HCl solution with a concentration of approximately
0.1 mol L�1 was used to titrate the amine compound, and the
process was completed when the color of the system changed to
yellow. The –NH2 content was calculated as follows:

x ¼ (c � V � 0.0561 � 1000)/m (2)

where V is the volume of HCl solution used for titration, and c
and m represent the concentration of HCl solution and the
weight of the chain extenders, respectively.
This journal is © The Royal Society of Chemistry 2018
3. Results and discussion
3.1 Preparation and characterization of the CO2-based NH2-
terminated chain extender

The synthesis of BDDE-5CC and BDCE was carried out accord-
ing to Scheme 1, which could be further used as a chain
extender for polyurethane manufacture due to the high reac-
tivity between amine and isocyanate. Their structure was char-
acterized by FTIR spectroscopy, and the result is shown in Fig. 1.

Comparing BDDE-5CC with BDDE, a new peak appeared at
1789 cm�1 corresponding to the carbonyl of the cyclic
carbonate moieties. Additionally, the characteristic absorp-
tion peaks at 908 cm�1 and 1256 cm�1 belonging to asym-
metric and symmetric stretching vibrations of the epoxy group
disappeared, indicating that the epoxy groups in BDDE reac-
ted with CO2 and were successfully converted to cyclic
carbonates. Furthermore, for BDCE, an obvious band at
approximately 1712 cm�1 representing the stretching vibra-
tion peak of the carbonyl in the urethane groups, typical
absorption peaks at 1534 cm�1 of the N–H in-plane bending
vibration peak of primary amine, and at 1252 cm�1 of the C–N
stretching vibration peak of fatty amine appeared. In addition,
the broad peak at 3337 cm�1 was assigned to the aggregation
of stretching vibration of inter- and intramolecular hydrogen
bonds caused by amino and hydroxyl groups in the BDCE
molecule, and the peaks at 1465 cm�1, 1116 cm�1, and
776 cm�1 corresponded to the in-plane bending vibration peak
of the hydroxyl group, C–O stretching vibration peak, and
outside bending vibration peak of hydroxyl groups, respec-
tively. The titration results and theoretical values of the
content of free amino and hydroxyl groups in the chain
extender could be performed as additional evidence for the
formation of BDCE. The small differences in amine and
hydroxyl values from the theoretical values might be caused by
the residual trace ethylene diamine in the chain extender and
analysis error. The above results conrmed the presence of
chain extender.

RSC Adv., 2018, 8, 8615–8623 | 8617
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terminated amino and hydroxyl groups and further veried
that BDCE with the desired structure was synthesized.

3.2 Preparation of the PU coatings

Variation of the absorption peak of isocyanate groups in pre-
polymers, amino groups in chain extender BDCE, and the
urethane and urea group in the cured coating were observed
(Fig. 2(A)). The primary amine group had particularly high
reactivity with the isocyanate group. The absorption band at
2275 cm�1, associated with the isocyanate groups in prepol-
ymers, disappeared with the addition of chain extender BDCE,
which indicated the completion of the chain extension reaction
between the –NH2 of BDCE and the –NCO of prepolymers. The
appearance of a band at 1645 cm�1 representing the stretching
vibration of the carbonyl C]O in –NH–CO–NH– proved that the
chain extension between the prepolymer and BDCE performed
as expected. Furthermore, the sharp absorption peak at
3315 cm�1 in the BDCE curing coating was assigned to the
stretching vibration peak of NH in the urea and urethane group
and hydroxyl groups, meaning that hydroxyl groups were
preserved aer the crosslinking–solidifying reaction, which was
also proved by 1H NMR characterization as described below.
Fig. 2 FTIR spectra of prepared chain extender BDCE, prepolymer,
and the curried coating.

8618 | RSC Adv., 2018, 8, 8615–8623
Note that in the (1,6-hexanediamine) HDA and (1,6-hexanediol)
HDO curing coatings, the peaks curved in the same position
compared to BDCE, further proving the existence of hydroxyl
groups in the coatings.

Curve tting of the carbonyl region was used to study the
urea, urethane group, and the hydrogen bonding in the PU
coatings (Fig. 2(B)). Aer tting, the carbonyl stretching region
was divided into four bands at 1662 cm�1, 1680 cm�1,
1710 cm�1, and 1731 cm�1, which represent the stretching of
hydrogen-bonded carbonyl groups in urea, free urea carbonyl
groups, hydrogen-bonded carbonyl groups in urethane, and
free urethane carbonyl groups, respectively. As exhibited, the
carbonyl groups of both the urea and urethane groups exist in
the BDCE coating system. The obvious absorption peaks of
hydrogen-bonded carbonyl groups proved the formation of
intramolecular and intermolecular hydrogen bonds. The
strengthened hydrogen bonding might facilitate segmental
motion reduction, micro-phase separation, and some other
behaviors. In addition, stretching vibration peaks of NH in the
coating curing by different chain extenders were at 3315 cm�1,
3340 cm�1, and 3358 cm�1, respectively. They were lower than
the free NH stretching vibration, which was considered to be
higher than 3400 cm�1, and that peak occurred because of the
formation of hydrogen bonds between NH and the carbonyl
oxygen.29 Moreover, the formation of hydrogen bonds led to
decreases in the chemical bond force constant of atoms
participating in the formation of hydrogen bonds, and there-
fore, the absorption frequency shied to the low wavenumbers.
3.3 1H NMR spectra of BDDE, BDDE-5CC, and synthesized
BDCE

The chemical structures of raw material BDDE, the median
product BDDE-5CC, nal product BDCE, and the curing coating
were veried by 1H NMR spectrum and are shown in Fig. 3. For
BDDE, signals at 2.72, 3.08, and 3.21 ppm corresponded to
protons of methylene (–CH2) and methine (–CH) in the epoxy
ring. Chemical shis at 3.43 ppm and 3.65 ppmwere ascribed to
the methylene in the BDDE liner chain next to the epoxy group,
and shis at 3.35 ppm and 1.53 ppm were assigned to methy-
lene groups in the backbone. However, in comparison with
BDDE, protons of methylene and methine in the cyclic
carbonate group at 4.24, 4.52, and 4.91 ppm in BDCE-5CC were
detected. Shis at 3.46–3.62 ppm representing protons of
methylene groups in the BDDE-5CC liner chain adjacent to the
cyclic carbonate group and at 3.35 and 1.53 ppm corresponding
to methylene groups in the backbone can also be observed.
Additionally, chemical shis related to epoxy groups in BDDE
disappeared but new signals related to the cyclic carbonate
groups appeared in BDDE-5CC. This observation, together with
the IR spectrum, further proves the successful synthesis of
BDDE-5CC.

Titration results showed that the conversion of epoxy groups
reached 100%, and the selectivity of cyclic carbonate was ob-
tained through calculation from 1H NMR results of BDDE and
BDDE-5CC by an internal standard method. A specied amount
of BDDE, BDDE-5CC, and an internal standard solution of
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra12180f


Fig. 3 1H NMR spectra of BDDE, BDDE-5CC, prepared chain extender
BDCE, and coating curing by BDCE.
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DMSO with toluene were weighed and tested by 1H NMR.30

Then, the related methylene peaks in BDDE, BDDE-5CC, and
methyl in toluene were integrated, and the weight of BDDE-5CC
was then calculated according to eqn (3),

Wx ¼ Ws

Ax

As

E

Es

(3)

whereWx is the weight of BDDE-5CC,Ws is the weight of toluene
introduced into the test system, Ax is the integration value of the
methylene peak in BDDE-5CC, As is the integration value of
methyl in toluene, and E and Es indicate the proton equivalent
Table 1 Chemical shifts and corresponding groups in the sample struct

Sample

d

2.31; 7.16;
7.25 2.50 1.53 3.35 3.43; 3.65

BDDE PhMe DMSO –CH2– –CH2– –CH2–

BDDE-5CC PhMe DMSO –CH2– –CH2– –CH2–, (3.73, 3.51

BDCE PhMe DMSO –CH2– –CH2– –CH2–,
(3.38, 3.65; 3.73,3.

a d ¼ 1.53 is the methylene group in the middle of the backbone, d ¼ 3.35
3.43, 3.65 represents the methylene group next to the epoxy/cyclic carbon
hydroxyl group.

This journal is © The Royal Society of Chemistry 2018
of BDDE-5CC and toluene at this chemical shi, respectively.
Both of them could be calculated as dividing the molecular
weight by the number of protons in the group producing the
resonance peak. As calculated, the corresponding selectivity
from the epoxy group to cyclic carbonates is 98.5%.

Chemical shis and corresponding groups in the coating
samples obtained from the 1H NMR spectra are listed in Table
1. From BDDE-5CC to BDCE, characteristic peaks related to the
cyclic carbonate groups at 4.24, 4.52, and 4.91 ppm disappeared
and peaks assigned to the urethane group appeared at 6.02 and
6.13 ppm. Additionally, signals of the hydroxyl groups at 4.61
and 4.68 ppm and peaks at 4.18 and 4.28 ppm representing the
proton of methine adjacent to the hydroxyl carbon atom
conrmed the isomer structures of the alcohol amine chain
extender.30 As for the amino groups in BDCE, DMSO with its
bibulous property could introduce water in the system and
further promote rapid exchanges of active hydrogens with
shape changes of peaks for amino groups. As a result, the broad
peaks between 3–4 ppm ascribed to amino groups were over-
lapped by other groups and could not be clearly identied.

On the 1H NMR spectra of the cured coating, signals at 8.04
and 2.18 ppm were assigned to the secondary amino in the
urethane group formed aer the chain extension reaction
between the terminal amino group and isocyanate groups and
the initial hydroxyl group in the chain extender BDCE, respec-
tively. Peaks at 7.31, 6.82, and 6.45 ppm were attributed to
protons of the benzene ring in styrene. Protons corresponding to
the methylene groups between the benzene ring and in the
backbone of the polymer were peaks at 3.89 and 1.44 ppm.
Together, the FTIR and NMR results provide a solid justication
for the successful synthesis of the BDCE and PU coating. In
addition, aer the calculation as previously described, the
calculated selectivity from cyclic carbonates to urethane is 98.9%.
3.4 Water and solvent resistance of the coatings

3.4.1 Contact angles of coatings. The contact angles of the
coatings, as a measurement of wetting degree, are shown in
Fig. 4. With the chain extender varying from BDCE to HDO, the
uresa

c3.08; a2.54;
b2.72

c4.91; a4.24;
b4.52 6.02; 6.13 4.18; 4.28 4.61; 4.68

)

47)
–NHCOO– –CH– –OH

represents the methylene group in the chain next to the ether bond, d ¼
ate group, and d ¼ 4.18, 4.28 indicates the methine group next to the

RSC Adv., 2018, 8, 8615–8623 | 8619
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Fig. 4 Figure of contact angles of coatings with different chain
extenders changed with time.

Table 2 Cohesion of different groups33

Groups Cohesion/kJ mol�1 Groups Cohesion/kJ mol�1

–CH2– 2.84 –CO– 11.12
–CH3 7.11 –COO– 12.1
–Ph 16.3 –NHCO– 35.5
–OH 24.2 –NHCOO– 36.4
–O– 4.18 –NHCONH– >36.5
–COOH 23.4

Fig. 5 Image of tin plate coated or uncoated after immersion in NaCl
solution.
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contact angles of the coatings decreased from 95.6� to 81.6�. In
comparing the HDA- and HDO-derived coatings, the relatively
larger contact angle of the BDCE-derived coating might be
attributed to the additional hydrogen bonds formed in the
coating. The hydrogen atoms in hydroxyl groups could create
physical force in the form of hydrogen bonds that occur with
electronegative oxygen and nitrogen atoms in urea groups and
carbamate groups. Large quantities of hydrogen bonds will
increase the cohesion and integration among the polyurethane
molecules, thus preventing the solvent molecules from pene-
trating, and then the coating will exhibit a large contact angle.
Moreover, in the BDCE-based system, the 7-member ring
structures that form between carbonyl oxygen and hydroxyl
hydrogen might also provide contributions to the larger contact
angles. The contact angle of BDCE was 95.6�, which is an
indication of a hydrophobic coating, good water resistance, and
decreased water wetting.

It is likely that the contact angles of each chain extender
decreased with time prolongation, partial deformation of the
coating surface, and reconstruction of the polymer surface in
Table 3 Resistance of coatings with different chain extenders to differe

Sample Water resistance

Solvent resistance

Acetone Methylben

PTMG + MDI + BDCE I II II
PTMG + MDI + HDO II III III
PTMG + MDI + HDA II III IV

a I – no effect, II – loss of gloss, III – blistering, IV – fell off or lm removed
substrate was exposed, C – a large area of substrate was exposed.

8620 | RSC Adv., 2018, 8, 8615–8623
order to minimize the interface energy. In the BDCE-based
coating, the existence of hydrogen bonds restricted the move-
ment of the groups, and the 7-member ring as a hydrophobic
structure increased the steric hindrance, resulting in a small
reduction of the contact angles with time. However, in contrast
to BDCE, less hydrogen bonds formed in the HDA and HDO
coatings due to a lack of free hydroxyl groups, and contact
angles decreased more obviously in a larger range. Moreover,
for the HDA-derived coating, closer polarity between urea
groups and water facilitated the spread of water, leading to the
greatest degree of contact angle reduction. From another
perspective, group cohesion and contribution of groups to
molecular force played a key role in the performance of mate-
rials. Furthermore, the microcrystallinity and degree of phase
separation of polyurethane was closely related to the cohesive
energy of the groups on the molecular chain. Table 2 shows that
the cohesive energy of the carbamate group was lower than that
of the urea group. Correspondingly, more urea groups in the
coating could lead to a more stable structure and stronger water
resistance and was in accordance with the law of descent in
contact angles.

3.4.2 Resistance to water and solvents. Anticorrosive
properties are signicant for practical applications of coatings.
In this work, the resistance of the prepared coatings to acid,
alkali, and solvents with different polarity were evaluated by an
immersion method as shown in Table 3. The coating synthe-
sized from BDCE shows excellent resistance to water and other
solvents and no blistering or falling off was observed, and these
positive attributes should be the result of the unique structure
as previously mentioned. Moreover, the alkali resistance was
better than that of commonly used coatings.31,32 Aer several
nt types of solventsa

Acid resistance
(in 5% HCl)

Alkali resistance
(in 5% NaOH)

Results for solvent
double rub testzene

I I A
III III C
III III C

, A – small amount of substrate was exposed, B – a fairly large amount of

This journal is © The Royal Society of Chemistry 2018
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Table 4 Mechanical properties of coatings with different chain extender

Sample Flexibility/mm Impact resistance/50 cm Adhesive force/grade Pencil hardness

PTMG + MDI + BDCE 0.5 No crack 1 3H
PTMG + MDI + HDO 0.5 No crack 1 2H
PTMG + MDI + HDA 0.5 With crack 1 3H
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days of immersion, all coatings faded. This might be caused by
polar groups, such as urethane and hydroxyl, which enhanced
the compatibility between the coatings and solvents, and
changed the evenness of the coating surface. Coatings derived
from BDCE exhibited better solvent resistance than others.

3.4.3 Resistance to salt solution. Salt solution resistance is
also an important factor for the performance of coatings. To
investigate the resistance of the BDCE-based coating to salt,
a partially coated tin plate was immersed in 10 wt% NaCl
solution for 24 h, and the results are shown in Fig. 5. Due to the
protection of the coating, there was no rust on the coated
region, and there was only a small amount of fading of the
coating. However, it was noted that the uncoated region was
covered with rust. Such a result indicated good resistance of the
BCDE-derived coating to the salt solution. It was also in agree-
ment with the measured fairly larger contact angle, because of
the stronger hydrophobicity of the coating.
3.5 Mechanical properties of the coatings

Flexibility, impact resistance, pencil hardness, and adhesive
force to the substrate were measured to evaluate the mechanical
properties of the coating, and the results are shown in Table 4
and Fig. 6. Table 4 shows that all the coatings possessed
excellent adhesive force to the substrate as well as exibility,
occupying the top ranking of the standard, which could also be
seen from Fig. 6, where Fig. 6(A)–(C) show the results aer tests
for impact resistance, adhesive force grade, and exibility,
respectively. Aer the exibility tests, the coating surfaces were
observed with a 4� magnifying glass, and no cobwebbing
cracks or peeling or other damages were found. Furthermore,
Fig. 6 Images of coated plates recorded after mechanical tests were
performed on different substrates. Results are shown after (A) the
impact resistance test, (B) adhesive force grade test, and (C) flexibility
test.

This journal is © The Royal Society of Chemistry 2018
during the adherence test, the BDCE coating rmly adhered to
the substrate and integrated each part of the lm in an orderly
manner, and every part of the coating endured this test without
defect and without detachment from the substrate.

It is evident that there was a difference in impact resistance
and pencil hardness between BDCE and HDA. Coatings
prepared from BDCE and HDO showed no rupture to any
noticeable degree and did not inuence the adherence to the
substrate aer the tin plate was subjected to extreme impact
damage from either side. However, for HDA, obvious cracks
were observed at the impact site, and the coating in this area
was peeled off. The small difference in pencil hardness was
reduced from 3H to 2H. Differences in impact resistance might
be ascribed to the existence of an additional urea group in the
HDA coating system that provided increased hardness and
brittleness. However, comparing BDCE with HDA, although all
had urea groups in the coatings, the BDCE-based coating
possessed a longer chain and side chains in the structure, which
could play a role in stress dispersion and bearing stress, and
therefore, lead to good resistance to impact. From another
perspective, from the microstructures, a greater effect of
hydrogen bonding in the BDCE system might lead to a stronger
degree of microphase separation and thereby further improve
the mechanical properties. In the HDO system, hard segments
were mainly composed of urethane groups, of which the
strength was weaker than the urea bond, and therefore, the
coating had lower pencil hardness.
3.6 Thermal properties of coatings

DSC was used to determine the glass transition temperature (Tg)
and the pyrogenation temperature of the PU coatings. Fig. 7
Fig. 7 DSC thermograms of coatings prepared from various chain
extenders.
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Table 5 Thermal characteristics of different chain extenders from the
DSC results

Sample Tg (�C) Tc (�C) T0 (�C)

PTMG + MDI + HDO �10.0 101.2 209.7
PTMG + MDI + HDA �36.5, 75.9 — —
PTMG + MDI + BDCE �3.5, 55.1 — 243.9

Fig. 8 TEM images of various types of polyurethane coatings obtained
from BDCE, HDA, and HDO.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

10
:1

7:
13

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
shows the DSC thermogram of the PU coatings prepared from
different chain extenders. The numerical values corresponding
to the thermal transition are tabulated in Table 5. Coatings
made from HDA and BDCE exhibited two Tg temperatures;
however, the coating from HDO exhibited only one Tg.
Furthermore, a crystallization transition was detected for the
HDA system.

Steps at �36.5–3.5 �C were the glass transition temperatures
of the so segment, all of which were higher than the glass
transition temperature of pure so segments of PTMG at
�74 �C. However, there were two Tg values for chain extender
BDCE and HDA, representing the Tg temperature of the so and
hard segments in the coating structure. This occurred because
of the formation of urea bonds, which resulted in the existence
of urea groups that generally exhibited stronger polarity and
rigidity and led to a higher degree of phase separation between
the hard and so segments. Then, the Tg-dependency could be
observed in the system. Moreover, in the BDCE-based coating,
the intramolecular hydrogen bonding previously described
might also make a contribution to the higher extent of micro-
phase separation. Additionally, due to the higher phase sepa-
ration in HDA, a higher so segment content might result in
a lower Tg temperature closer to PTMG than that of HDO. For
BDCE, the corresponding Tg was higher than that of HDO, and
it might be ascribed to the higher hard segment content caused
by the alcohol amine chain extender, which restricted the
segmental motion of the block and the elevation of Tg.

With the increase in temperature hereaer, when the
temperature was higher than the glass transition temperature
and lower than the viscous ow decomposition temperature,
blocks of polymers could move in an orderly manner aer being
heated and forming regular structures, and therefore, in the
HDA coating, an apparent crystallization peak can be found at
101.2 �C.34 The endothermic peaks from 209.7 �C to 243.9 �C
represent the melting of the coatings. Samples prepared from
HDA and BDCE showed higher melting temperatures and heat
absorption than HDO due to the difficulty in the pyrolysis of
urea as compared to carbamate groups. However, in this area,
no obvious endothermic peak exists for HDA because of the
larger purity of hard segments caused by the secondary crys-
tallization, resulting in a higher decomposition temperature for
the polymers.
Fig. 9 Storage stability of different polyurethane coatings.
3.7 TEM of the coatings

As direct evidence of the microstructure, the microphase sepa-
ration can be observed by TEM, which is a common method to
study the interstructure of materials. A typical image of the
8622 | RSC Adv., 2018, 8, 8615–8623
microstructure of BDCE-derived coating is presented in Fig. 8
together with HDA- and HDO-based coatings. Imparities in the
viscoelastic and mechanical properties exhibited by these
coatings could be generally ascribed to the microphase sepa-
ration in structure, arising from the thermodynamic incom-
patibility of the different polymer segments as previously
mentioned. The resulting domain separation could lead to
clustering of the same segments, which was affected by
composition, molecular weight, and structures of the segments.
The dark domains were presumed to be the hard urethane and
urea microphase due to the aggregation of electrons, and the
light areas were ascribed to the so segments.35,36 As presented
in Fig. 8, dark and light regions were clearly observed in BDCE-
based coatings and in HDA and HDO systems, and the hard
segments were relatively evenly distributed in the so segments.
In addition, areas of the dark portion of the samples in the
images could be ordered from BCDE to HDA and then to HDO,
implying that the BCDE-derived sample displayed the highest
microphase separation degree among the tested coatings. This
might be ascribed to the higher content of hard segments and
stronger hydrogen bonding caused by the free hydroxyl groups
in the BCDE-derived coating, which resulted in enhanced
incompatibility between hard and so segments. Generally, the
enlarged microphase separation led to better viscoelastic and
mechanical properties of PU materials.

3.8 Storage stability

The storage stability of the synthesized polyurethane coatings
was investigated by setting the sealed samples statically at
environmental temperature for three months. Fig. 9 shows
images of the samples. As a good solvent for polyurethane
materials, all the coatings were well dispersed in DMF. The
coating solution obtained from BDCE with a slight yellow color
hardly changed in appearance and viscosity, indicating the best
storage stability. This stability might be related to the stronger
interaction between the polymer and DMF due to the strong
polarity of urea groups in the BDCE system and a stable struc-
ture caused by strong hydrogen bonding. Additionally, the other
This journal is © The Royal Society of Chemistry 2018
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two coatings with the same solid content exhibited relatively
poor storage stability. During the preparation process, a light
milky white color was observed for the HDA-derived sample,
which changed to a deep milky white and precipitated on the
bottom of the bottle aer 3 months. For the HDO-derived
sample, the same phenomenon was also observed aer 3
months of storage.

4. Conclusions

A ve-membered carbonate compound was synthesized from
CO2 and 1,4-butanediol diglycidyl ether with a conversion of
100% in the epoxy group and selectivity of 98.5%. The carbonate
was applied to the preparation of a novel alcohol amine, and
was further applied as a chain extender to the manufacture of
polyurethane coatings. Free hydroxyl groups in the coating
played an important role in the properties of the coating. The
hydroxyl groups provided strengthened hydrogen bonding in
PU coatings, especially the intermolecular hydrogen bond with
a 7-member ring structure, which improved the cohesion and
penetration resistance of the coating, thus endowing the
coating with promising performance in adhesion, exibility,
impact resistance, anticorrosiveness, and thermal stability.
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