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ABSTRACT: Polypropylene carbonate (PPC) derived from
carbon dioxide has been used as a precursor for the synthesis of
polyurethane (PU). The high viscosity of the PPC is the key
parameter hindering its processability during PU synthesis. Herein,
a PPC nanocomposite with highly exfoliated nanoclay was
prepared through a solution intercalation process. A wide range
of nanoclay concentrations incorporated into the PPC were studied. The impacts of the nanoclay on the PPC were investigated in
order to maintain the polymer structure while improving its physical properties. The characterizations of PPC nanocomposites
showed that the highly exfoliated nanoclay contributed to a viscosity reduction, and a slight reduction in the molecular weight. The
polymer degradation was indicated by the formation of cyclic propylene carbonate. The minimum or critical concentration of
nanoclay was found to be between ∼0.5 and 2.0 wt %. Within this range, the polymer degradation is minimal. The PPC
nanocomposites with a lower viscosity showed excellent precursors for making PU coating materials. The PU coating derived from
the PPC nanocomposite has higher anticorrosive properties in comparison with the non-modified PU coating.

■ INTRODUCTION
Concerns over carbon dioxide (CO2) emissions have
prompted more research and development into the use of
CO2 for value-added materials.

1−3 CO2 is a renewable and low-
cost feedstock that can be used as a primary component for the
production of biodegradable and biocompatible CO2-based
polymers.4,5 CO2-based polymers exhibit some distinctive
characteristic features, including lower production costs,
sequestering up to 52% CO2 in polymer backbones and
improved physical properties over other conventional purely
hydrocarbon-based polymers.6−9

CO2-based polycarbonate polyols [i.e., polypropylene
carbonate, (PPC), and polyethylene carbonate] are examples
of versatile products that can be derived from the
copolymerization of CO2 with epoxides such as propylene
oxide or ethylene oxide.10,11 The PPC polyols have found
applications in elastomers, coatings, foams, adhesives, and as
additives in the oil field.12−14 However, PPC polyols suffer
from a lower thermal degradation temperature, poorer
mechanical strength, and higher viscosity, which result in
inferior performance and processability.15

Polymer-based nanocomposites have recently attracted
intensive research interest owing to their promising potential
for improving the physical properties of a polymer.16−20 A
polymer nanocomposite is a type of material that incorporates
one or more nanofillers into a polymer matrix.21,22 The
homogeneous dispersion and the chemical compatibility
between the polymer matrix and nanofillers are of critical
factors for the polymer nanocomposites synthesis and their
properties enhancements.23−28 The importance of nanoclay-

based polymer nanocomposites has been found in various
applications, including membrane separation,29 coating,30 drug
delivery,31 adsorption for CO2,

32 and wastewater treat-
ment.33,34

Montmorillonite (MMT) is an inorganic nanofiller, made of
layered silicates, that is widely used for polymer nano-
composite synthesis. MMT has several advantages including
high surface area, low cost, high degree of intercalation and
exfoliation as well as superior enhancement in the resulting
properties of polymer nanocomposites.35 The inorganic cation
of Na+�MMT is usually exchanged with an organic cation
such as [R4N]+ in order to change the hydrophilic nature of
MMT nanoclay to hydrophobic. This makes the organic
polymer chain to be homogeneously hosted between the
nanoclay layers.
Polymer nanocomposites containing MMT nanoclay can be

formed in different structures depending on the used
preparation method such as phase separation, intercalated
structures, and/or an exfoliated structures.36 In the phase
separation, the polymer is separated from the nanoclay as a
result of poor dispersion and/or nanoclay aggregation.37 An
intercalated structure, on the other hand, occurs when the
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polymer chains intercalate between the nanoclay layers,
altering their interlayer spacing until a point where the
electrostatic forces between the nanoclay layers are diminished,
causing a fully separated nanoclay stack (exfoliated struc-
ture).38 The polymer nanocomposites can be synthesized
through different routes, including melt-blending, in situ
polymerization and solution intercalation (solvent-based).
The latter one is considered to be the method of choice due
to the favorable dispersion of nanoclay within the polymer
matrix.39

In this study, the use of a low-molecular-weight CO2-based
polycarbonate polyol (PPC) for preparing nanocomposites was
explored for the first time. The PPC polyol nanocomposites
were prepared through a solution intercalation route using a
MMT nanoclay. A wide range of nanoclay concentrations,
incorporated into PPC polyols were studied. The molecular
weight and the polymer degradation of the PPC polyol
nanocomposites were monitored in order to maintain the
polymer structure while improving their physical properties.
The developed PPC polyol nanocomposites were extended to
produce polyurethane (PU)-based coating materials. The
anticorrosion properties of PU coating were also studied.

■ EXPERIMENTAL SECTION
Materials. CO2-based polycarbonate polyol (PPC) with a

number-average molecular weight (Mn) of ∼1000 g mol−1 was
provided by Aramco Performance Material, USA. MMT
nanoclay, modified with 25.0−30.0 wt % trimethyl stearyl
ammonium, and dichloromethane were purchased from Sigma-
Aldrich and used as received without any further treatments.

Synthesis of PPC Nanocomposites. The PPC nano-
composites were prepared by a solution intercalation
method.39 Typically, 40.0 g of PPC polyol was dissolved in
160.0 mL of dichloromethane and stirred at room temperature
until a homogeneous solution was obtained. A predetermined
amount of the modified MMT nanoclay (0.5−8.0 wt %) was
then added to the solution and stirred at 800 rpm. The
reaction was performed in a three-necked flask equipped with a
magnetic stirrer, condenser, and thermometer. The reaction
was carried out under nitrogen at 80 °C for 5 h to ensure
complete exfoliation. The mixture was then placed in a rotary
evaporator at T = 80.0 °C for 1.0 h to remove the solvent. A
sample was taken to carry out the analysis. The schematic

illustration for the preparation of CO2-based polycarbonate
polyol nanocomposites is shown in Figure 1.

Synthesis of PU Coating from PPC Polyol Nano-
composite. The developed PPC nanocomposites were used
to produce PU-based coating materials. The PU coating was
prepared through a two-step reaction. In the first step, the
isocyanate end-capped prepolymer was prepared by adding
8.0% methylene diphenyl diisocyanate to the flask containing
the PPC nanocomposite. The reaction was carried out at 90 °C
for 6 h under nitrogen purging.
In the second step, using the Doctor blade coating technique

to control the thickness, the isocyanate end-capped prepolymer
was transferred in front of the blade at a fixed distance from the
surface (metal substrate) that needs to be covered. The blade
is moved across in-line with the surface, creating a wet film of a
predetermined thickness. The coated metal substrate is placed
in an environmental chamber at 60 °C and 60% relative
humidity for 24 h to ensure that fully curing were achieved.

Characterizations. X-ray Diffraction. An X-ray diffraction
(XRD) analysis was performed on the Rigaku miniflex 600.
The diffractometer was operated at 200 mA and 40 kV at
ambient temperature. The scanning angle (2θ) covers a range
from 2 to 15° at the scanning rate and speed step of 3° min−1

and 0.02°, respectively.
Chemical Structure. The chemical structures of the PPC

polyols and their nanocomposites were analyzed by proton
nuclear magnetic resonance spectroscopy (1H NMR) using
Bruker 400 MHz in deuterated chloroform at room temper-
ature.
A Fourier transform infrared (FT-IR) spectra study was

performed, using Thermo Nicolet is50R FT-IR in order to
confirm the successful preparation of the nanocomposites. The
samples were scanned from 4000 to 500 cm−1 with a resolution
of 2 cm−1 and 32 scans.

Molecular Weight. The molecular weight and molecular
weight distribution of PPC polyol and its nanocomposites were
determined by gel permeation chromatography (GPC).
Typically, 10.0 mg/mL was dissolved in a mobile phase
containing 0.1% formic acid in tetrahydrofuran (THF). The
polymer solution was passed through two GPC columns in
series-Agilent MesoPore (300 × 7.5 mm) at a flow rate of 1.0
mL min−1. Using the Cirrus GPC data analysis tool, the

Figure 1. Schematic illustration for the preparation of PPC nanocomposites. Stage I: modification of nanoclay with 25.0−30.0 wt % trimethyl
stearyl ammonium. The modification doubles the d-spacing. Stage II: dissolving of the PPC polyol and modified nanoclay in the solvent of
dichloromethane. Stage III: nanoclay exfoliation in polymer at T = 80.0 °C, and the formation of PPC nanocomposites after exfoliation.
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molecular weight was obtained from a calibration curve of 11
narrow Mw of polystyrene standards.
Bruker Autoflex III matrix-assisted laser desorption ioniza-

tion time-of-flight mass spectroscopy (MALDI−TOF−MS)
was used to acquire mass spectral data. The sample was
dissolved in THF with dithranol as the matrix and sodium
trifluoroacetate as the cation source. The mixture was placed
on the MALDI target plate and four different points were taken
for measurement. The spectra were recorded under reflection
in the positive ion mode using an accelerating voltage of 20 kV.
Thermal Analysis. The thermal stability of the sample was

measured by thermogravimetric analysis (TGA) on the TA
instrument TGA 5500. The sample was placed on platinum
pans and heated at a rate of 10.0 °C min−1 from 30.0 to 500 °C
under the protection of nitrogen N2.

The thermal properties and glass transition temperature (Tg)
of the samples were also analyzed by differential scanning
calorimetry (DSC) on TA instrument DSC250 in an N2
environment. The sample with a nominal weight of about
10.0 mg was sealed in aluminum crucibles. The sample was
first heated from −50.0 to 150.0 °C at a heating rate of 10.0 °C
min−1. The sample was then quenched to −50 °C at a rate of
10.0 °C min−1 and finally heated again to 150.0 °C from −50.0
°C at a heating rate of 10.0 °C min−1. The Tg was extrapolated
from the graph using the second heating run.

Rheology. The steady shear rheological characteristic was
investigated with a controlled stress rotational rheometer
AR1500ex (TA Instruments, New Castle, DE, USA). A Peltier
plate and cover were used to maintain a temperature of 60 °C
while acquiring the flow curves. The measurement was carried
out with a plate and cone fixture, with a 20.0 mm diameter and

Figure 2. (a) XRD patterns of MMT nanoclay before and after surface modification with 25.0−30.0 wt % trimethyl stearyl ammonium. (b) TEM
image of modified nanoclay before exfoliation with PPC polyol.

Figure 3. (a−d) TEM micrographs of PPC nanocomposites in the presence of various nanoclay concentrations.
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a 1° cone angle using a gap of 22.0 μm which is the cone
truncation height.
Morphology. The morphology of the nanocomposite was

detected by transmission electron microscopy (TEM; Nippon
Denshi Co., Japan, 200 kV). Typically, a small quantity of
sample was diluted in ethanol (∼1% mass), placed on a 200
mesh carbon film supported by a copper grid, and allowed to
dry at room temperature.
Corrosion Analysis. Electrochemical impedance spectros-

copy (EIS) measurements were conducted to evaluate the
coating efficiency using a Gamry Interface 1000. A frequency
response analyzer was used in conjunction with a potentiostat/
galvanostat to conduct the electrochemical measurements. The
electrochemical cell setup consisted of three electrodes. The
coated sample was the working electrode with an exposed
surface area of 1 cm2, a standard calomel reference electrode,
and platinum counter electrode made up the remainder of the
cell. The measurement frequency ranges from 0.01 Hz to 100
kHz across the coated sample. The equivalent system
impedance was determined from the measured system
response at each frequency.

■ RESULTS AND DISCUSSION
The incompatibility of hydrophobic polymer chains with
hydrophilic nanoclay layers prevents a homogeneous dis-
persion of nanoclay within the polymer. This incompatibility
weakens the interfacial interactions; thus, hinders the
exfoliation and preparation of nanocomposites.38−40 There-
fore, the surface modification of nanoclay layers with
hydrophobic agents, through a cation exchange process, not
only increases the d-spacing but also promotes the polymer
chain intercalation into the galleries during nanocomposite
preparation.40

XRD is a useful technique to characterize the nanoclay
structure and identify the change in the clay’s interlayer d-
spacing. The XRD analysis provides information based on
Bragg’s law 2dsin(θ) = λ, where θ is the incident angle, λ is the
wavelength of the incident X-ray beam, and d refers to the one
interlayer spacing and one nanoclay layer (d-spacing).37Figure
2a shows the XRD patterns of the MMT nanoclay before and
after modification with 25.0−30.0 wt % trimethyl stearyl
ammonium. The neat MMT nanoclay exhibits a diffraction
peak at 2θ = 8.85° which corresponds to the d-spacing of 1.0
nm. The degree of layers expansion (d-spacing) after
modification is evidenced by the shifting diffraction peak
toward a smaller angel at 2θ = 4.40° which doubled the d-
spacing to ca. 2.0 nm.41 The enlarged d-spacing value clearly
suggests a successful intercalation of trimethyl stearyl
ammonium within the nanoclay layers, as shown in the TEM
micrograph in Figure 2b.
The representative TEM micrograph shown in Figure 3a−d

can be taken as a definitive evidence for the formation of
intercalated and/or exfoliated structures in the polymer matrix.
From Figure 3a−c, one can clearly see both exfoliated
morphology (blue arrow) and minor intercalated nanoclay
layers (red-dotted arrow) were formed. The layered platelets
are likely to exfoliate in the presence of a repulsive polymer
matrix, particularly at low-molecular-weight polymers. On the
contrary, in high-molecular-weight polymers, the nanoclay
layers are trapped via percolation and/or entanglement of
surrounding polymer chains. Having said that, this explanation
may also be applied where a high nanoclay concentration is
present in the system. As shown in Figure 3d, the layers

appeared in the form of bundles (intercalated layers) with 8.0
wt % nanoclay, indicating that the exfoliation did not take
place due to the entanglement of surrounding polymer chains
as well as the agglomeration of the nanoclay layers.28

In order to understand the mechanism of the polymer−filler
interaction and compatibility from the thermodynamics point
of view, the Gibbs free energy change (ΔG°, kJ mol−1) of the
nanocomposites composed of a change in both enthalpy (ΔH°,
kJ mol−1) and entropy (ΔS°, J K−1 mol−1) at a reaction
temperature (T, Kelvin)

° = ° °G H T SP P P (1)

° = ° °G H T SC C C (2)

where the subscripts P and C refer to the thermodynamic
parameters of the polymer and nanoclay, respectively.
Therefore, the total free energy change of the system, S is

given by

° = ° °G H T SS S S (3)

° = ° ° + °G H T S S( )S S P C (4)

When the polymer chains enter into the gallery of the
nanoclay, they reside in a restrained form (i.e., ΔSP° is
negative). In contrast, the gallery expansion caused by the
polymer chains would shift the entropy change in the nanoclay,
ΔSC° toward a positive value. Hence, ΔGS° value will be negative
indicating that the most favorable interaction between the
nanoclay and the polymer occurs when ΔHS° and ΔSS° is
negative and positive, respectively.43

The ΔH° is calculated using Fowkes’ equation below, where
ΔH° is the enthalpy of interaction between the phases in the
binary system (nanocomposites), and Δv̅ is the shift peak
position (corresponding to a functional or reactive group of
the polymer that is involved in the interaction).

° = ×H v0.236 (5)

The equation mainly deals with the thermodynamic free
energy of mixing, as explained above, as well as the change in
IR peak position with the enthalpy of interaction between the
two systems. FT-IR spectroscopy is a well-proven tool for
determining the change in ΔHS° of nanocomposites. The
effects of nanoclay content on the formation of polymer
nanocomposites and their properties, through the solution
intercalation, were studied within a wide range at 0.0, 1.0, 2.0,
and 4.0 wt %.25

Figure 4 shows FT-IR spectra of neat polymer and its
nanocomposites at different nanoclay concentrations. The
typical absorption peaks for −C�O, C−O, and −O−CO−
are 1670−1700, 1220−1230, and 1040−1115 cm−1, respec-
tively. The absorption peak for C−O stretching vibration
observed at 1227 cm−1 for the neat polymer slightly decreased
with the increase in nanoclay content (Table 1).42

The shifting of the C−O stretching peak toward a lower
wavenumber in nanocomposites indicates that some inter-
actions must have taken place between the polymer and
nanoclay. This may be attributed to the intermolecular
hydrogen bond between the surface hydroxyl (OH) functional
group of the nanoclay and the C−O group of the
polymer.36−38

The chemical structure of PPC polyol was analyzed by 1H
NMR. The signals at 1.2−1.3 ppm represent the protons in the
terminal CH3 group. The signals at 4.8−5.0, 3.9−4.3, and 1.3−
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1.5 ppm in Figure 5a were assigned to the protons of CH, CH2,
and CH3, respectively.

44

The molecular weight of the PPC polyol value determined
by MALDI−TOF−MS was 1000 g mol−1 (see Figure 5b). The
result also exhibits a molecular weight difference of 102 g/mol
(green arrow) between the peaks, which corresponds to the
propylene carbonate units (see the chemical structure in Figure

5a). The molecular weight and its distribution were also
confirmed by GPC analysis (Figure 5c) and the result was
slightly higher than the corresponding value obtained by
MALDI due to the different hydrodynamic volumes of the
polystyrene standard employed for the GPC analysis.
To elucidate the effect of nanoclay content on the rheology

of the polymer nanocomposites, the viscosity of all samples
was measured at 60.0 °C as a function of the shear rate. The
viscoelastic properties test provides us useful information on
the phase behavior and physical interactions between the
nanoclay and the polymer. From Figure 6a, one can observe a
shear-thinning behavior of all samples, except for 8.0 wt %, and
deviate with the increase in the nanoclay content. By increasing
the nanoclay concentrations, up to 4.0 wt %, one can observe a
viscosity reduction of the polymer nanocomposite. This result
was unexpected because the literature reported that the
nanofiller usually increases the viscosity of polymer nano-
composite due to intercalation/exfoliation achievement.45 In
our result, however, the high exfoliation degree of nanoclay
lamellae has functioned as a plasticizer and caused a breakage
in the chain entanglements. This will reduce the frication, and
thus, increase the mobility of the polymeric chain (free volume
of the polymer chain).46−48

However, this trend is shifted when a critical concentration,
Ccri, is exceeded. When approaching the Ccri, a U-shape
behavior in viscosity versus nanoclay concentrations was
emerged. The reason for such a behavior beyond Ccri could
be attributed to nanoclay coagulation, which limits the
mobility of the polymer chains.47,48 According to Figure
6a,b, the minimum viscosity obtained was 300 cP for 4.0 wt %
nanoclay content, compared with 30000.0 cP for the neat PPC
polyol.
In order to assess the effects of the addition of modified

nanoclay on the thermal stability behavior of the PPC

Figure 4. FT-IR spectrum of the neat PPC polyol and its
nanocomposites with different nanoclay concentrations.

Table 1. Comparison of the Enthalpy and Its Energy
Calculation of Various Nanocomposites

nanoclay
content, wt %

peak position of C−O
stretching, cm−1

Δv̅ of
C−O, cm−1

ΔH°, k. cal. mol−1
for C−O

0 1223
1 1206 17 −4.01
2 1201 22 −5.19
4 1200 23 −5.42

Figure 5. Characteristics of propylene carbonate polyol using (a) 1H NMR spectrum and (b) MALDI−TOF−MS spectrum. (c) GPC.
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nanocomposites, TGA studies have been carried out, and the
results are presented in Figure 6c. From the TGA plot, one can
see that the degradation temperature, Td decreased with the
increase in nanoclay concentration. With only 1.0 wt %
nanoclay added to the polymer matrix, thermal stability
dropped from 225 to 165 °C for the neat and 40.0 wt %
PPC polyol, respectively. The thermal behavior beyond the
addition of 1.0 wt % nanoclay did not exhibit to a major
change.
The thermal stability behaviors of all samples were further

studied by the DSC. The incorporation of nanoclay into the
polymer matrix did not only affect the degradation temperature
but also influenced the glass transition temperature (Tg).
Figure 6d displays the DSC analysis of all samples and their
corresponding Tg values were obtained from the second
heating process. As can be seen from Figure 6d, an appreciable
reduction of Tg was noticed for all samples in comparison with
the neat PPC polyol. The Tg of −3.0, −18.0, −30.0, and −40.0
°C were obtained for the MMT nanoclay content of 0.0, 1.0,
2.0, and 4.0 wt %, respectively.
The thermal properties of the polymer nanocomposites may

be enhanced or deteriorated depending on the chemical nature
of the polymer matrix or filler, as well as the polymer−filler
interactions. In our study, the results showed that the thermal
stability of all nanocomposite samples decreased in the
presence of the nanoclay and the level of nanoclay loading
remarkably influenced the thermal degradation as well as Tg.
The reduced thermal stability could be attributed to the effect

of well-dispersed nanoclay as well as fully exfoliated nanoclay
lamella in the polymer matrix. The high surface area of the
nanoclay layers per unit volume of polymer matrix leads to a
higher dispersion of nanoclay lamella.
The high degree of dispersion of well-exfoliated nanoclay

lamella has been shown to lower the Tg, especially at a lower
nanoclay content. This result was unexpected since previous
reports in the literature showed that with a high molecular
weight PPC nanocomposite, the thermal stability was
improved markedly with nanoclay loading.49 Our results
imply that the nanocomposites prepared in the present study
having a fully exfoliated structure are more pronounced of
lowering the thermal stability than those of the nano-
composites containing only intercalated nanoclay stacks.
Another factor that may contribute to the reduction in the

thermal stability is the plasticizing effect of the nanoclay.
Through the exfoliation phenomena, the nanoclay acts as a
plasticizer to embed nanoclay lamellae into the polymeric
chains causing a network breakup between the nanoclay and
the polymer. Of course, the effect is more pronounced with
more loading due to the large surface area of the lamellae
generated from the nanoclay.49 As a result, the change in
molecular dynamics causes the thermal stability (i.e., Tg) of
polymer nanocomposites to reduce.
Because the Tg is also influenced by the surface property of

the nanoclay, the hydrophobic chain ends may suppress the
interaction with the filler surface, creating more defect/free at
the nanoclay/polymer chain interface. This will certainly

Figure 6. Viscosity of the polymer nanocomposites as a function of (a) shear rate; (b) nanoclay contents measured using oscillatory at a shear rate
of 100 s−1 and at T = 60.0 °C. (c,d) TGA and DSC plot of polymer nanocomposites in the presence of various amounts of nanoclay concentrations,
respectively.
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reduce the Tg as the chain end contribution per molecule is
dominant particularly at a low molecular weight. However, at a
high molecular weight, for the same polymer, a slight increase
or negligible influence on Tg may be observed because the
chain end contribution per molecule diminishes.49

The polymer nanocomposite was further analyzed by 1H
NMR to confirm that no major changes to chemical structure
were associated with the nanoclay addition. Figure 7 illustrates
the results of the polymer nanocomposites at different
nanoclay contents.

As can be clearly seen from the 1H NMR spectrum, we
noticed additional signals at 2.2 and 5.3 ppm, which represent
the methyl group originating from the exfoliation agent and the
residual amounts of the solvent used, respectively. It was also
observed that the addition of nanoclay had contributed to
another additional peak intensity at 1.6 ppm. This is attributed
to the formation of cyclic carbonate propylene (CPC), a
decomposing product of PPC polyol. This was also observed at
1800 cm−1 in the FT-IR analysis shown in Figure 4. The
degradation of polycarbonate molecules in the presence of
nanoclay has been previously reported.50 It was explained that
the reinforced polycarbonate nanocomposite tends to be
hydrolyzed in the presence of nanoclay. The hydrolysis of the
polycarbonate chains will lead to a decrease in the polymer
molecular weight; hence, lower the thermal stability.51

This was also confirmed by the molecular weight results
obtained by MALDI−TOF MS (see Figure 8a−d). However,
the effect of nanoclay addition has only contributed to a minor
reduction in the molecular weight (Table 2). This suggests that

the chemical structure of PPC polyol was effectively
maintained during PPC nanocomposite preparation when an

Figure 7. 1H NMR spectrum of the neat PPC, PPC polyol, and their
nanocomposites at different nanoclay concentrations.

Figure 8. (a−d) MALDI−MS TOF of the neat PPC polyol, PPC, and their nanocomposites at different nanoclay contents.

Table 2. Comparison of the Average-Number Molecular
Weight and Polydispersity Index, PDI, for Various
Nanocomposites

nanoclay
content, wt %

Mn, g mol−1
(GPC) PDI

Mn, g mol−1
(MALDI−TOF MS) PDI

0 1037 1.04 1103 1.0
1 1037 1.04 1050 1.0
2 890 1.05 1015 1.0
4 860 1.05 1058 1.0
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optimum nanoclay concentration was achieved. At this
concentration, the formation of cyclic propylene carbonate
(CPC) has been minimized. This minimum or critical
concentration was found to be 2.0 wt % for the current
system. When 2.0 wt % or more nanoclay was added, however,
a significant decrease in molecular weight was observed.
The developed PPC nanocomposite was extended to

synthesize PU-based material for anticorrosion coating. It has
been observed that during PU synthesis, the PPC nano-
composites with low viscosity exhibit a homogeneous mixture.
This translated to a better processability and binding
characteristics on the metal substrate. The analysis of the
corrosion behavior of PPC nanocomposite-based PU was
performed using an EIS technique for 24 h. EIS is a well-
established quantitative method for the accelerated evaluation
of the anti-corrosion characteristics and performance of
protective coatings. The coating resistance (Z) expressed in
Ω/cm2 is a parameter for ion transport resistance through the
coating, which is one of the most important factors in
corrosion resistance.
Figure 9a shows the impedance response, Z measured at

diverse frequencies for all samples, with similar variations. The
figure appeared to indicate the effectiveness of the anti-
corrosive PPC nanocomposite-based PU coating with the
addition of exfoliated nanoclay. The decrease of the impedance
Z magnitude as the frequency increases corresponds to the fact
that the corroded surface is capacitive in nature. It is clearly
noticed that there is a strong correlation between the
impedance Z response at different clay contents (see Figure
9b). This suggests that the PU coating from the PPC
nanocomposite showed higher corrosion rates in comparison
to only the PPC-based PU. It also an indication that the
anticorrosion characteristics improved with clay addition, up to
2.0 wt %, for the current study. These results were attributed to
the nanoscale structure and interfacial characteristics of the
PPC nanocomposite-based PU, the robust, hydrophobic, and
blocking nature of the carbonate coatings.52,53 The nano-
structured characteristics increase the length of the diffusion
pathway by shielding the metal substrate (barrier protection)
and hence decrease the permeability of the water and
oxygen.54,55

■ CONCLUSIONS
In this study, nanocomposite of CO2-based polycarbonate
polyol with highly exfoliated nanoclay was successfully
synthesized by solution intercalation. The incorporation of
the nanoclay within the polymer matrix altered the polyol’s
physical properties. In particular, the nanoclay was functioned
as a rheological agent for lowering the viscosity of the PPC
polyol.
The concentrations of nanoclay showed the most significant

impacts on the synthesis of the PPC nanocomposites. The
viscosity decreased from 30000.0 to 300 cP for 0.0 and 4.0 wt
% nanoclay content, respectively. However, increasing the
nanoclay content beyond the critical concentration, Ccri, (∼2.0
wt % for the current system) led to the depolymerization of
PPC. This was indicated by the formation of the cyclic
propylene carbonate (CPC). The PPC nanocomposites with
low viscosity were used as a precursor to make PU-based
coating materials. The formation and processability during the
PU synthesis were more homogeneous due to the improved
viscosity of PPC. The PU coating derived from the PPC
nanocomposite exhibited higher anticorrosion coating proper-
ties in comparison to the non-modified PU coating.
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