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Abstract Inspired by the photoprotection, radical scavenging of melanin together with versatile adhesive ability of mussel
proteins, polydopamine (PDA) nanoparticles were successfully prepared and incorporated into environmentally friendly
polymer, poly(propylene carbonate) (PPC) via solvent blending. The prepared composites exhibited excellent thermal
stability in air and nitrogen atmosphere and extraordinary mechanical properties. The composites displayed eminent increase
of temperature at 5% weight loss (7ss,) by 30-100 K with 0.3 wt%—2.0 wt% loadings, meanwhile, the tensile strength and
Young’s modulus were significantly improved from 11.5 MPa and 553.7 MPa to 40.5 MPa and 2411.2 MPa, respectively.
The kinetic calculation indicated that improvement of T, is presumably derived from suppressing chain-end unzipping. The
glass transition temperature (1) of the PPC/PDA composites increased by 8—10 K. This is probably due to hydrogen bonding
interaction since the abundant proton donors along PDA chains would interact with proton acceptors like C=0 and
C—0—C in PPC which would cause restriction of segmental motion of PPC chains.
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INTRODUCTION

Since poly(propylene carbonate) (PPC) was successfully synthesized from propylene oxide and carbon dioxide
(CO,) in 1969 scientists and engineers showed much concern about researches relevant to PPC. Carbon
dioxide (CO,), as one of the synthesizing component, can be directly extracted from air in large scale, which
brings about threefold advantages for PPC as a polymeric material with potential applications: 1) the convenient
acquirement of CO, is able to lower cost; 2) the dependence on synthesizing materials from oil is relatively
lower than that of polyolefin, which is able to ease the oil crisis to some extent; 3) the biodegradability of PPC
renders it little hazardous to the environment'>™*. Although the manufacture of PPC has been industrialized so
far, it is far from practical use because the backbone of PPC is highly flexible, unable to perform crystallization
and has weak carbonate linkage, which leads to poor mechanical properties and vulnerability of thermal
stability".

Great efforts have been devoted to improving the mechanical properties and thermal stability of the
industrialized PPC. Maleic anhydride is able to effectively enhance its thermal stability through end-capping
which impedes chain unzipping of PPC' ®!. Our group has also found that the thermal and mechanical properties

* This work was financially supported by the National Natural Science Foundation of China (Nos. 51173112 and 21274095).
** Corresponding authors: Feng Chen (4:#), E-mail: fengchen@scu.edu.cn
Qiang Fu (f§5%), E-mail: giangfu@scu.edu.cn
Received April 15, 2014; Revised May 19, 2014; Accepted May 28, 2014
doi: 10.1007/s10118-014-1518-6



Simultaneous Improvements of Thermal Stability and Mechanical Properties 1725

of PPC could be improved by reactive blending with maleic anhydride'”*. Although the processing is simple,
the reinforcement is limited and the residual maleic anhydride is not environmentally friendly, so it is unsuitable
to put it into practical use. It is reported that coordinating with carbonate moiety of PPC was effective to improve
thermal stability”. However, the mechanical properties of the composites were not mentioned. In order to
reinforce PPC, some researchers incorporated fillers, such as graphene oxide!"™ ' and organophilic
montmorillonite!'? into PPC. Besides, additives or fillers containing a large amount of proton donors, such as
urethane!' o-lauroyl chitosan!"*!, starch!™ and starch acetate!'®, wood flour!'”), succinic anhydrate“g] and
hyperbranched poly(ester-amide)""”, were utilized to perform hydrogen bonding with PPC which would improve
the thermal stability and/or mechanical properties. Nevertheless, it still remains a great challenge to achieve the
goal of significantly improving the thermal stability and mechanical properties under the premise of maintaining
environmentally friendly.

Polydopamine (PDA), harmless materials and dominant component of adhesive proteins in mussels, is
recently reported to have the ability to adhere to various types of materials through interactions of hydrogen
bonding, chelating bonding!****. Its excellent feature of strong adhesion was utilized to enhance the interfacial
interactions between fillers and polymeric matrix>*. Additionally, researchers had discovered that PDA also
possesses peculiar ability of scavenging free radicals by virtue of similar chemical structure to eumelanins which
have diverse functions in living body™ "\, In view of its amazing ability of scavenging free radicals, melanin
derivatives like PDA have been incorporated into polymers in order to enhance thermal stability and UV
resistance. Shanmuganathan et al.®® demonstrated that addition of synthetic L-Dopa-derived melanin into
poly(methylmethacrylate) (PMMA) significantly improved its onset decomposition temperature in both inert and
air atmosphere since the synthetic melanin scavenged the radical end of the chain and exerted a blocking effect
on subsequent depolymerization. Phua et al.* incorporated PDA intercalated clay into polypropylene (PP). The
as-prepared nanocomposites exhibited eminent improvement in thermooxidative stability and UV resistance of
PP owing to the strong radical scavenging ability of PDA. The nanocomposites also displayed reinforcement in
mechanical properties probably owing to the strong interfacial interactions stemmed from PDA. In view of the
abovementioned work, we speculate that, on the one hand, the PDA dispersed in PPC would suppress the
process of chain unzipping (back-biting) and random chain scission" through quenching free radicals generated
at elevated temperatures, leading to significant improvement in thermal stability, on the other hand, the rich
proton donor groups in PDA would form hydrogen bonds with PPC backbones, which would confine the
movement of molecular chains and consequently result in enhancement of mechanical properties.

In this work, we judiciously take advantages of the radical scavenging and adhesive ability of PDA to
simultaneously improve the thermal stability and mechanical properties of PPC. PDA nanoparticles were
successfully prepared which are dispersible in mixed solvent of tetrahydrofuran (THF)/water according to a
reported method with moderate modification””. These PDA nanoparticles were incorporated into PPC matrix
through solvent blending. The as-prepared composites display notable improvement in Ts, degradation
temperature by 30—100 K with low loadings. The glass transition temperature increases by around 8—10 K while
the tensile strength and Young’s modulus exhibit 250% and 336% increment. Therefore, from the perspective of
environmental protection, it is likely that PPC composites prepared by this method would serve as a substitute of
some common plastics like polyethylene in certain daily practical applications.

EXPERIMENTAL

Materials

Dopamine (DA) hydrochloride (99%) was purchased from J&K Scientific Ltd. 2,2-Diphenyl-1-picrylhydrazyl,
poly(propylene carbonate) (DPPH, 97%) were purchased from TCI (Shanghai) Development Co., Ltd. Ethanol
(99.7%) and alcohol dehydrated (95%) were both purchased from Shanghai Fine Chemicals Co., Ltd. Ammonia
solution (25%) was purchased from Chengdu Jinshan Chemical Reagent co., Ltd. Tetrahydrofuran (THF, 99.9%)
was purchased from Tianjin Bodi Chemical Reagent Co., Ltd. Poly(propylene carbonate) (PPC) powder was
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supplied by the Inner Mongolia Mengxi High-tech Materials Co. (China), licensed under Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences. The weight-average molecular weight (M,,) is 2.72 x 10°
g-mol ™" and the M,,/M, is 6.2. The melt flow index is 2—-8 g-min™" (135 °C, 2.16 kg, 0.1 MPa).

Synthesis of Polydopamine (PDA) Nanoparticles

The synthesis of PDA nanoparticles was similar to the procedure outlined by Ju ez a/'*”. In a typical procedure, a
co-solvent mixture of THF and deionized water with volume ratio 5:1 was first prepared followed by dropping
ammonia to tune the pH to about 9, then a desired amount of dopamine hydrochloride was dissolved in the
co-solvent to produce a solution with 2.5 mg-mL™", next, the solution was open to ambient atmosphere and
magnetically stirred at room temperature for 24 h. The solution was initially clear immediately after the
dopamine hydrochloride was added; however, as the neutralization of dopamine hydrochloride went on, the
color of the solution gradually turned light brown due to spontaneous oxidation of dopamine. After the mixture
aged at ambient atmosphere for 24 h, a dark brown homogeneous dispersion was obtained.

Preparation of Poly(propylene carbonate)/Polydopamine (PPC/PDA) Composites

15 g of PPC was dissolved in 500 mL of THF, and then, typically for PPC/2.0 wt% PDA, 120 mL of PDA
dispersion was dropwise added into the PPC solution accompanied by vigorous stirring. The obtained mixture
was further stirred for 15 min in order to homogeneously mix the two components. The obtained mixture was
subsequently co-precipitated with a copious amount of ethanol followed by filtration for collecting the
flocculates. These flocculates were then immersed in deionized water for 24 h in order to remove inorganic
impurities like ammonium chloride brought by neutralization of dopamine hydrochloride. The composite was
finally air-dried in oven at 80 °C for 72 h. Samples with various loadings of 0.1 wt%, 0.3 wt%, 0.5 wt%,
1.0 wt% of PDA were prepared via identical process. In particular, a sample loaded with 0.5 wt% of dopamine
hydrochloride (denoted as 0.5 wt% DA) was also prepared through similar process mentioned above except that
no ammonia was added into the co-solvent for neutralization and triggering of spontaneous oxidation of
dopamine. The dried composites were processed via hot-compress molding at 140 °C for 6 min to obtain
dumbbell samples.

Characterization

The thermal stability of the hot-compress molded specimens was evaluated by thermogravimetric analysis (TGA
Q500, TA instrument). It was performed by heating the specimens (3—8 mg) from room temperature to 600 °C at
a heating rate of 10 K-min™" in air or nitrogen flow.

The chemical structure of DA and PDA were investigated by Fourier transform infrared spectroscopy
(FTIR, Nicolet 6700) with a transmission mode.

A Perkin-Elmer diamond-II differential scanning calorimeter (DSC) was used to determine the melting
behaviors of the hot-compress molded specimens. The specimens (about 5 mg) were heated from 0 °C to 140 °C
at a heating rate of 10 K-min™' under nitrogen atmosphere for the first scan; the second heating scan was
performed after cooling to =50 °C and T, was recorded from the second heating curve to minimize the effect of
thermal history.

Dynamic mechanical analysis (DMA) was performed using a dynamic mechanical analyzer (DMA Q800,
TA Instrument). A heating rate of 3 K-min™' and a frequency of 1 Hz were employed under cantilever girder
mode.

UV-Vis absorption spectroscopy was performed on a Mapada UV-1800PC spectrophotometer at room
temperature. DPPH radical scavenging activity of as-prepared PDA nanoparticles was measured according to the
reported method®. 0.1 mmol/L of DPPH solution in 95% ethanol was freshly prepared before use. We mixed
PDA aqueous dispersion with 4 mL of DPPH solution; the total amount of melanin-like particles was varied
from 23.2 pg to 185.6 pg in each solution. The scavenging activity was evaluated by monitoring the absorbance
decrease at 516 nm after it remained in the dark for 20 min. DPPH radical scavenging activity was calculated as /
= [1—(4i—4;)/A] x 100%, where A is the absorbance of DPPH solution without PDA nanoparticles, 4; is the
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absorbance of the samples of PDA nanoparticles mixed with DPPH solution, and 4; is the absorbance of the
samples of PDA nanoparticles without DPPH solution.

The average molecular weight (M,,) and molecular weight distribution (MWD) of the hot-compress molded
specimens (~5 mg) were measured by gel permeation chromatography system (HLC-8320GPC) with
tetrahydrofuran (THF) as solvent. Calibration was performed with polystyrene standards.

Scanning electron microscopy (SEM) was conducted on an Inspect field-Emission SEM (FEI Company,
USA) with 5 kV accelerating voltage. The samples were broken after being cooled in liquid nitrogen, and the
fracture surfaces were coated with gold by ion sputtering for observation.

Tensile testing of neat PPC, PPC/DA and PPC/PDA composites was determined using an Instron testing
machine at 25 °C with a crosshead speed of 50 mm-min~'. At least five samples were measured in order to
ensure accuracy and repeatability.

RESULTS AND DISSCUSSION

Thermal Stability

The thermal stability of PDA, neat PPC and PPC/PDA composites were systematically evaluated by TGA in air
and nitrogen flow. Figure 1 and Table 1 both reveal that the thermal degradation temperature at 5% weight loss
(Tso,) dramatically increased by 30~100 K both in air and nitrogen flow as various amount of PDA was
incorporated into PPC matrix. The increment of T, progressively increases in the loading range of 0.3 wt%—2.0
wt% with the maximal increase of nearly 100 K with only 2.0 wt% PDA loaded. Comparatively, this is a much
low loading value which affords similar improvement of Ts,, in comparison with 30 wt% calcium stearate
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Fig. 1 TGA curves of neat PPC, PDA, PPC/0.5 wt% DA and PPC loaded with various content
of PDA in air flow (a) and nitrogen flow (b)

Table 1. Thermal properties of neat PPC, PDA, and PPC loaded with dopamine
hydrochloride and PPC loaded with various content of PDA

Ts0,' (°C)
Sample Air Nitrogen

PDA 196.0 187.1
Neat PPC 149.8 158.9
0.3 wt% PDA 185.3 183.4
0.5 wt% PDA 187.0 196.5
1.0 wt% PDA 228.8 228.9
2.0 wt% PDA 247.2 257.5
0.5 wt% DA 219.7 230.4

# Tso, is defined as the temperature at 5% weight loss.
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loaded™, at the meantime, the increment is parallel to that of maleic anhydridem, thus PDA is able to serve as an

alternative to improve thermal stability. Besides, the initial decomposition temperature of neat PPC in air flow is
relatively lower than in nitrogen flow, but the effectiveness of improving thermal stability remains in an identical
level. This indicates that PDA is effective in hindering the decomposition of PPC regardless of the gas flow
although air atmosphere is likely to accelerate the decomposition.

A control experiment was carried out to compare the effect of polymerization of dopamine (DA) on thermal
stability. A comparison of chemical structure between DA and PDA obtained from FTIR spectra is shown in
Fig. 2. Spectrum of DA exhibits three feature peaks at 1617 cm™', 1508 cm™ and 1289 cm™ together with many
minor peaks. Spectrum of PDA also exhibits three feature peaks at the same wavenumbers while the minor peaks
diminishes. The peak at 1617 cm™' is assigned to the overlap of C=C resonance vibration in aromatic ring and
N—H bending. The peak at 1508 cm ™' is the shearing vibration of the amide group while the peak at 1289 cm™
is the stretching vibration of phenolic C—O—H"". It is observed that the Tsy, of PPC directly loaded with
0.5 wt% DA is matchable to that of PPC/1.0 wt% PDA (see Fig. 1 and Table 1). This phenomenon is likely
attributed to better dispersion of low molecular dopamine hydrochloride than PDA since the morphology of
as-prepared PDA appeared to be spherical nanoparticles with diameters in the range of 30—60 nm (Figs. 3a and
3b). There are no apparent agglomerates or clusters found in composite of PPC/0.5 wt% DA (Fig. 3d) in
comparison with neat PPC (Fig. 3¢). Obviously, the dopamine hydrochloride is dispersed in molecular level, and
thus it leads to much more interplay sites than PDA between the matrix and the fillers. Hence, it is reasonable to
state that molecular-level dispersion of dopamine hydrochloride is more efficient to improve the thermal stability
of PPC compared to the spherical nanoparticles of PDA.

Transmittance (a.u.)

1289

1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm ™)

Fig. 2 FTIR spectra of DA and PDA

In order to disclose the mechanism of stabilization, we have quantitatively calculated the parameter relevant
to thermal stability, i.e. the degradation activation energy, to analyze the effect of PDA on thermal stability.
Table 1 also shows that the T, of PDA is about 45 K and 30 K higher than that of neat PPC in air and nitrogen
flow, respectively. Nevertheless, as the loading content of PDA exceeded 1 wt%, the ultimate 7%, outnumbered
that of both neat PPC and PDA. Such phenomenon is quite special in that some researchers incorporated with
fillers having Tso, higher than neat PPC while the ultimate 75, usually would not exceed that of the
fillers™ '* 3" 321 End-capping for PPC has been proven to be an effective way to improve thermal stability
because the unzipping process of PPC from chain end at relatively low temperature could be inhibited through
end-capping®™ 7 ¥ Thereby, we speculate that there might undergo certain process that effectively suppress
unzipping of PPC backbone. The differential thermogravimetry analysis (DTG) curve (Figs. 4a and 4b) of neat
PPC (nitrogen flow herein) presents a low shoulder peak ahead of the sharp peak of main degradation while no
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such peak can be found for sample of PPC/2.0 wt%PDA. We adopt Chang’s method™** for the calculation of
kinetic parameters of the thermal degradation by TGA measurements. The equation is expressed as follows:

da E
In| — [-nIn(l-a)=In4—— 1
(drj (I-a) RT (1)

where « is weight loss of the sample at time ¢ (min), de/d¢ denotes the degradation rate or rate of weight loss, n
stands for the degradation factor, 4 is the pre-exponential factor, £ is the degradation activation energy (J-mol™),
R and T represent the universal gas constant (8.314 J-mol™' K™") and the absolute temperature, respectively.

Fig. 3 SEM morphological images of PDA nanoparticles with different magnifications (a) and (b);
fracture surface of (c) neat PPC and (d) PPC/0.5 wt% DA

By plotting the left part of Eq. (1) versus 1/7, a linear line could be fitted if the » value is appropriately
selected. The degradation activation energy could be calculated from the slope of the fitted linear line. For neat
PPC, the fitting results as shown in Figs. 4(c)—4(e) reveal that no linear line could be obtained no matter what
value of n is selected, but it can be easily observed that there exists two linear sections in the fitted lines. The
linear sections correspond to the shadowed ranges shown in Fig. 4(a) section 1 and section 2 are assigned to
degradation stage of unzipping and random chain scission, respectively. Data of the two sections were re-fitted
to linear lines with n = 2 as illustrated in Figs. 4(f) and 4(g). DTG curve of PPC/2.0 wt% PDA exhibits only a
single peak (Fig. 4b) and a linear fitted line could be obtained with n = 3 (Fig. 4h). The activation energies for
section 1 and 2 are calculated to be 12.23 kJ-mol™" and 317.71 kJ-mol™" while the value for PPC/2.0 wt% PDA is
371.74 kJ-mol™". This result corroborates that neat PPC is prone to unzipping at relatively low temperatures
because the activation energy of section 1 is much lower than that of section 2. In addition, the incorporation of
PDA indeed inhibited the unzipping degradation and further improved thermal stability because the activation
energy is higher than that of neat PPC.
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Fig. 4 TGA (black) and DTG (blue) curves of neat PPC (a) and PPC/2.0 wt% PDA (b) in nitrogen flow,

with shadowed areas specifically labelled for selecting data to investigate degradation kinetics; plots of

In(da/dt)—nIn(1-e) versus 1/T with n =1 (c), n = 1.5 (d) and n =2 (e) for neat PPC; linear fitting plots of

In(de/df)—nlIn(1-a) versus 1/T for section 1 (f) and section 2 (g) of neat PPC and PPC/2.0 wt% PDA (h)

A prerequisite for end-capping of PPC is that the end-capping reagent must contain active groups to
perform chemical bonding with chain-end hydroxyls®™ ', It is evident that there are abundant hydroxyl and
amino groups instead of active sites in PDA. Consequently, the improvement of thermal stability then cannot be
interpreted in terms of end-capping. Researchers have recently found that synthetic melanin derivatives like PDA
exert function of scavenging free radicals’®’?’\. To verify the validity of scavenging activity of the as-prepared
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PDA nanoparticles in our work, we have carried out DPPH assay according to the reported method™.
Figure 5(a) shows that the absorbance at A = 516 nm which corresponds to absorption band of DPPH radicals
diminishes with increasing content of PDA in the DPPH solution. The calculated scavenging activity (Fig. 5b)
tends to progressively upshift as the content of PDA increases. Hence, the DPPH assay positively signals that the
as-prepared PDA nanoparticles possess the capability of scavenging free radicals, which would elucidate that the
improvement of thermal stability of PPC/PDA composites is probably due to inhibiting unzipping of PPC
backbone through annihilating radicals (Fig. S5c). Specifically, it occurs in the process of hot compressing during
which the vulnerable chain end of PPC backbone tends to cleave, and then the cleaved chain end carries out
chemical bonding with catechol group of PDA. On the one hand, the DPPH assay shown in Figs. 5(a) and 5(b)
could serve as an explanation that the 75y, of PPC/PDA composites gradually increases as the loading of PDA
increased from 0.3 wt% to 2.0 wt%; on the other hand, it also discloses why the ultimate Tso, of PPC/1.0 wt%
PDA and PPC/2.0 wt% PDA (Table 1) exceeds that of neat PPC and PDA, i.e. the improvement of thermal
stability is ascribed to stable backbone of PPC after chemically bonded with PDA instead of incorporation of

thermally stable fillers like montmorillonite!*, organoclay** !,
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Fig. 5 (a) Variation of UV-Vis absorbance at 4 = 516 nm with different contents of PDA
nanoparticles; (b) calculated scavenging activity of PDA nanoparticles and (c) illustration of the
process of scavenging free radicals generated from chain-end of PPC

jus

Glass Transition Temperature
Characterization of DSC was performed to investigate the influence of PDA on glass transition temperature (7,)
of neat PPC and PPC/PDA composites. Figure 6(a) shows that all PPC/PDA composites exhibited a forward leap
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at T, compared to neat PPC. It is interesting that no discernable peak was found in DSC test for sample of
PPC/DA. As shown in Table 2, the value of T, for neat PPC is 30.24 °C and it apparently increases by 8—10 K
for samples loaded with various contents of PDA. The maximal value of T, is 40.90 °C as the incorporated PDA
covers a percentage of 1.0 wt%. This demonstrates that the segmental motion of PPC molecular chains was
restricted after the introduction of PDA nanoparticles. 7, of PPC/PDA composites obtained from DMA analysis
exhibits 8—10 K increment in comparison with that of neat PPC and the maximal value of 7, is measured to be
54.50 °C with 1.0 wt% PDA loaded. These results substantially confirmed the reliability of the T, improvement
since they are in agreement with the DSC results. As shown in Table 3, PPC filled with biomaterials like starch
and wood flour displays 6 K and 10 K 7, upward, but the filling contents are as high as 30 wt% and 40 wt%;
nano-sized fillers like graphene oxide and cellulose nanocrystals improve the 7, for about 10 K with 1 wt% and
1.5 wt% of loadings; the end-capping reagent maleic anhydride shows limited effect on improving 7, with only
~3 K upshift; by contrast, the PDA is effective to improve 7, for about 10 K with only 1 wt% loading. Therefore,
it is evident that low loading of PDA not only effectively improves thermal stability but also improves 7, to an
extent which maleic anhydride cannot do.

3.0
a b
2.0 wt% PDA
2.5+
1.0 wt% PDA
1.0 wt% PDA PPC 0
2.0 0.3 wt% PDA
0,
0.5 wi% PDA 0.5 Wi% PDA
g % 1.5+ 2.0 wt% PDA
& 0.3 wt% PDA E  |05wt% DA
1.0
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. . . 0.0 . . . . \ .
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Fig. 6 (a) DSC curves of neat PPC and PPC/PDA composites with various loadings; (b) glass
transition temperature (7y) of neat PPC, PPC/0.5 wt% DA and PPC/PDA composites with

various loadings obtained from DMA curves corresponding to the maximal tand

Table 2. T, of neat PPC, PPC/0.5 wt% DA and PPC/PDA composites with various loadings

Sample 7.2 (°C) 7.’ (°C)
Neat PPC 30.24 44.85
0.3 wt% PDA 38.89 52.23
0.5 wt% PDA 39.13 52.27
1.0 wt% PDA 40.90 54.50
2.0 wt% PDA 39.84 52.38
0.5 wt% DA — 38.12

«

* obtained from DSC analysis; b obtained from DMA analysis; undetectable

Table 3. Comparison of 7, derived from DMA of PPC composites reinforced with various fillers

‘ T, (°C)
0, g
Optimal content (wt%) Neat PPC Reinforced PPC
Starch[™ 30 36 42
Wood flour!"” 40 43.8 53.7
Graphene oxide!'”! 1 29 39.5
Modified graphite oxide!'!) 5 30.6 422
Maleic anhydride!” 2 43.7 46.6
PDA 1 44.85 54.50
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The improvement of 7y, is likely to be elucidated with respect to the hydrogen bonding interaction between
PDA and PPC shown in Fig. 7. Since the prerequisite for hydrogen bonding exists: the oxygen-containing
groups, i.e. C=0 and C—O—C, along the backbone of PPC act as proton acceptors while abundant amounts of
N—H and O—H groups in PDA act as proton donors. Anderson et al.**' proposed that catechol groups in PDA
were able to perform hydrogen bonding with oxygen-containing substrates. And PDA was also reported to be
capable of interacting strongly with polymers via hydrogen bonds™®. Accordingly, hydrogen bonding interaction
would occur once the PDA nanoparticles were introduced into PPC matrix via solvent blending, which would
constrain the mobility of the PPC chain segment. As seen in Table 2, T, for sample of PPC/0.5 wt% DA is lower
than that of neat PPC. This could be elucidated by the fact that the dopamine hydrochloride well-dispersed in
PPC matrix acts as plasticizer even though it can also form hydrogen bonding interaction with the PPC. Hence,
the value of T, for PPC/0.5 wt% DA obviously decreased instead of increasing as shown in Fig. 6(b) and
Table 2.

7 “NH NH
RIS SR
o H

O

B L LY o
e} o/ﬁ/\([)(VLo o/\r

Fig. 7 Illustration of the hydrogen bonding between PDA and PPC

Mechanical Properties

The mechanical properties of neat PPC, PPC/DA and PPC/PDA are presented in Fig. 8. The neat PPC exhibits
relatively low tensile strength, and Young’s modulus. With 0.5 wt% dopamine hydrochloride loaded, the tensile
behaviors rapidly decreased: the tensile strength decreased from 11.5 MPa to 4.81 MPa, and the Young’s
modulus decreased from 553.7 MPa to 18.6 MPa. The GPC results in Table 4 show that the molecular weight
(M,,) of PPC/0.5 wt% DA is 2.83 x 10° g-mol™". This value is evidently higher than of neat PPC (2.25 x 10°
g-mol™), additionally, the molecular weight distribution (MWD) displayed sharp decrease from 7.742 to 3.679.
Such variation might be caused by the free radical scavenging of dopamine hydrochloride. However, both of
tensile strength, Young’s modulus rapidly decreased. This is probably due to the plasticizing effect of the
dopamine hydrochloride.

Figure 8(A) shows mechanical properties of PPC incorporated with PDA were significantly improved even
though the elongation at break was largely reduced. However, as shown in Figs. 8(B) and 8(C), the tensile
behaviors displayed drastic increasing tendency with the addition of PDA nanoparticles in comparison with
those of neat PPC and PPC/0.5 wt% DA. PPC loaded with 1.0 wt% PDA nanoparticles exhibited the maximal
increasing magnitude. Specifically, the maximal tensile strength and Young’s modulus reach to 40.5 MPa and
2411.2 MPa, about 252% and 336% higher than those of neat PPC. These results are also much higher than the
PPC composites reinforced with various fillers as shown in Table 5. Also, PDA shows higher capability of
improving tensile strength than maleic anhydride. More importantly, the optimal content is in a low level
compared to those PPC composites which is indicative of high reinforcing effectiveness. Further addition of
PDA nanoparticles would not result in further improvement of mechanical properties. Even though PPC
composite with 2.0 wt% PDA showed dramatic improvement of tensile strength and Young’s modulus, the
ultimate values of these parameters were relatively lower than those of PPC/1.0 wt% PDA (Figs. 8B and 8C).
This implies that the reinforcement effect reaches the largest extent with 2.0 wt% of loading content.
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Fig. 8 (A) Typical stress-strain curves of neat PPC, PPC/0.5 wt% DA and PPC/PDA composites
with various loadings, (B) tensile strength, (C) Young’s modulus

Table 4. Weight-average molecular weight and molecular weight distribution of neat PPC,
PPC/0.5 wt% DA and PPC/PDA composites with various loadings

Sample M, (gmol™) MWD
Neat PPC 225x%10° 7.742
0.3 wt% PDA 2.80 x 10° 5.277
0.5 wt% PDA 2.90 x 10° 5.221
1.0 wt% PDA 2.94 x 10° 4.224
2.0 wt% PDA 2.93 x 10° 4.055
0.5 wt% DA 2.83 x 10° 3.679

The reinforcement of PPC could be elucidated with respect to the following aspects. Structurally, individual
chains of PPC tended to connect with PDA with the favor of free radical scavenging. This can be confirmed by
the results of GPC. As shown in Table 4, the M,, of PPC/0.3 wt% PDA, PPC/0.5 wt% PDA, PPC/1.0 wt% PDA
and PPC/2.0 wt% PDA increased from 2.25 x 10° to 2.80 x 10, 2.90 x 10°, 2.94 x 10° and 2.93 x 10’ g-mol™’
while the MWD decreased from 7.742 to 5.277, 5.221, 4.224 and 4.055, respectively. The reason for increasing
M,, and narrowing MWD might lie in the process of free radical scavenging. The PPC is prone to generating
radicals at elevated temperatures during hot compressing; at the meantime, the catechol groups along PDA
chains would scavenge these newly-initiated radicals’®” and thus the PDA was able to prevent PPC from
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degradation and even sometimes acted as the bridge to crosslink individual chains of PPC (Fig. 5c). Another
important factor is that it could undergo hydrogen bonding interaction since there are abundant proton donors
like O—H and N—H along PDA chains (Fig. 7); hence the segmental motion of PPC chains was restricted,
leading to significant reinforcement of PPC. On the contrary, even though dopamine hydrochloride was effective
to maintain M,, and narrow MWD (Table 4), the mechanical properties were not effectively reinforced, which is
probably because the unpolymerized dopamine hydrochloride could not bridge individual chains of PPC and it
also acted as plasticizer to the PPC matrix.

Table 5. Comparison of mechanical properties of PPC composites reinforced with various fillers

. Tensile strength (MPa) Young’s modulus (MPa)
Filler Optimal Composite Composite
content (wt%) Matrix . Matrix .
(increment) (increment)
Maleic anhydride!”’ 0.5 3 27(800%) Not mentioned

Graphene oxide!'”” 1 1.5 17(1033%) 50 960(1820%)

grapl\tﬁ(:glofzie“ y 3 9.8 29.5(200%) 870 1930(122%)

n?;gﬁ;gr;ﬁgg;g?g] 4 8.5 23.1(172%) 720 1710(137%)

Oﬁ%rrléctaﬁ‘i’i}g?d 5 215 36.9(72%) 830 1303(57%)

Glass fiber™® 20 17.3 29.8(72%) 683 2123(211%)
PDA 1 11.5 40.5(249%) 553.7 2411.2(336%)

CONCLUSIONS

In summary, PDA nanoparticles were successfully synthesized and incorporated into PPC matrix through solvent
blending. The investigation shows that the prepared PPC composites exhibited significant improvement of
thermal stability in air and nitrogen atmosphere while the mechanical properties were simultaneously enhanced
with a great magnitude. Specifically, the Ts,, temperature of composites with various contents of PDA was
measured to be 50-100 K higher than that of neat PPC either in air or nitrogen atmosphere; the tensile strength
and Young’s modulus were improved to 40.5 MPa and 2411.2 MPa, with 252% and 336% increment,
respectively. The PDA nanoparticles play a pivotal role in enhancing thermal stability and mechanical
properties. On the one hand, the PDA was able to scavenge free radicals of PPC generated at elevated
temperatures, which would suppress the chain-end unzipping to prevent PPC from degradation and even act as
the bridge to crosslink individual chains of PPC. On the other hand, hydrogen bonding interaction between PDA
nanoparticles and the PPC matrix could substantially constrain the segmental motion of PPC chains, leading to
8-10 K increase of T,. Generally, we have discovered the positive effect of PDA on reinforcing PPC and
improving its thermal stability, whether or not it could replace the universally used maleic anhydride is still
unknown, so we will further carry systematic investigation focusing on the mechanism of improving thermal and
mechanical properties via melt processing. However, it is reasonable to conclude that the as-prepared PDA
nanoparticles could exert a two-in-one effect to simultaneously improve thermal stability and mechanical
properties, which would provide state-of-the-art guidelines for addressing the current issues of PPC in order to
give impetus to its practical applications.
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