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Abstract

To support the rapid advancements in the field of biocomposites, it is necessary to exploit
novel fillers that are biocompatible, multifunctional, and easy to obtain. In this work,
Polydopamine particle (PDAP) was reported as filler for constructing polymer
composites. PDAPs with average diameters of about 1040 and 310 nm were first
prepared by a convenient oxidative polymerization of dopamine, then PDAP/poly (vinyl
alcohol) (PVA) composites were prepared through traditional solution-casting method.
The measurements of the resultant composites confirmed the strong interactions between
PDAPs and PVA chains, and the good dispersion state of PDAPs in the matrix. It was
found that the PDAPs could promote the crystallization of PVA, and thus greatly
improved the mechanical properties of composites. TGA results showed that both the
initial and maximum decomposition temperatures of PVA were significantly increased by
the addition of PDAPs. Moreover, the composites showed superior antioxidant property
and UV-shielding efficiency as compared to neat PVA. The effect of particle size on the
reinforcement effect was also evaluated. The results suggested that PDAP could be a

good candidate for multifunctional composites.
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1. Introduction

Polymer based composites have attracted tremendous attention in recent years because of
the combination of advantages from both components. The continuous polymer phase
renders processability and stability to the composites, while the reinforcement phase
endows these composites with novel functionalities, such as electrical conductivity,
antibacterial properties, UV-resistance, and flame-resistance, etc'™. Up to now, majority
of reported composites were filled with nanoscale or sub-microscale inorganic
nanomaterials, such as carbon nanotube, graphene, clay and metal particles’™. The
incorporation of these inorganic particles into polymers has been demonstrated to
significantly improve the physical properties of matrices. Therefore, the inorganic
nanomaterials based polymer composites hold great promise in various applications
related to their mechanical, electrical, thermal or optical properties. However, for safety
consideration, these inorganic fillers are not suitable for composites in some bio-related
applications, because most of the inorganic particles are not biodegradable or

. . . -11
biocompatible, or even toxic to human’

. In this context, biopolymers, such as cellulose
whisker'?, chitin'®, and collagen'* have been exploited as reinforcement in composites.
However, these fillers could hardly provide improvements other than mechanical
properties due to the lack of functionalities and the intrinsic poor thermal stabilities
themselves'”'®.

On the other hand, dopamine is an important neurotransmitter containing amine and
catechol groups that are present in a lot of aminals. Since the discovery that dopamine

could self-polymerization in alkaline solution that mimic mussel-adhesive proteins'’,

great efforts have been paid to employ mussel-inspired polydopamine for surface
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coating? 2. Although the exact mechanism of self-polymerization of dopamine is unclear,

224 the excellent properties such

and the structure of polydopamine is still under debate
as adhesive properties, biocompatibility and antioxidant properties, of polydopamine
have been demonstrated, which have stimulated researchers to exploit polydopamine in
various applications. For example, Ryou et al. reported the use of polydopamine coated
polyethylene as separators for Li-ion battery®’; Cui et al. have prepared polydopamine
capsules for drug delivery”®; Feng et al. used polydopamine as precursor for preparation
of stretchable and transparent conductors®’.

Polydopamine is also emerged as a promise material in the field of polymer composites.
For instance, polydopamine coated boron nitride nanotubes®, carbon nanotubes™~’,
graphenes’ >* and clays®*° have been investigated as reinforcement for polymers. The
modification of the inert surfaces of inorganic nanoparticles could not only improve the
dispersion state, but also facilitate stress-transfer between fillers and matrix. Most
importantly, the polydopamine coatings on the filler surfaces could even add new
functions to the polymer matrix, such as UV-shielding and radical-scavenging™.
However, the major reinforcements and functions were still provided by the inorganic
particles, the capability of polydopamine for polymer reinforcement was still unexploited.

Structurally, polydopamine is similar to melanin, which is a biopolymer that possessed
intriguing physical properties®’, therefore, polydopamine should share some common
properties of natural melanin. However, natural melanin is hard to be isolated without
altering its physiochemical properties, the insoluble characteristic of natural melanin also

hampers its use in polymer composites’". Recently, Shanmuganathan et al. demonstrated

that synthetic melanin powders from oxidation of 3,4-dihydroxy-L-phenylalanine (L-
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Dopa) significantly improved the thermal and thermooxidative stability of poly(methyl
methacrylate) (PMMA), suggesting the great potential of melanin-like polymers for
reinforcement of polymer composites®’. However, these synthetic melanins could only be
synthesized in some toxic solvents such as N,N-dimethylformamide (DMF) and dimethyl

sulfoxide (DMSO), and most synthetic melanins were insoluble in water’® *'. I

n
particular, the shapes and sizes of these synthetic melanins, which were very important to
prepare composites with predictable and reproducible properties, could hardly be
controlled. In contrast, recent studies showed that melanin-like polydopamine particle
(PDAP) could be prepared in environmentally friendly solvents and disperse in a variety
of solvents including water due to the polar functional groups on PDAP surfaces®™***.
The sizes could also be readily adjusted by modulating the synthetic parameters. All these
features make PDAPs very attractive fillers for constructing polymer composites,
especially with bio-related applications.

Given the above mentioned consideration, here we reported the first attempt on
fabricating PDAP-based polymer composites. Poly(vinyl alcohol) (PVA) was chosen as
model polymer matrix because it is a water-soluble, biocompatible polymer with good
physical properties, and it is been widely used as fibers, films, coatings and adhesives***.
The rich hydroxyl groups of PVA could also strongly interact with PDAPs. If PDAPs
could further improve the physical properties, and introduce new functions to PVA, the
range of applications could be further widened. In this paper, PDAPs with two
distinguishable sizes were first prepared by a method developed by Ai et al. in order to

investigate the effect of particle sizes on the reinforcement efficiency®. PDAP/PVA

composites were then prepared by simple solution-casting and tested by a variety of
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methods. The results showed that PDAP was indeed an excellent candidate as filler to

improve the thermal, mechanical, antioxidant and UV-shielding performance of polymers.

2. Experimental

2.1. Materials.

Dopamine hydrochloride was purchased from J&K Chemical Technology. PVA
(1750£50, 99%) and ammonium hydroxide (25%-28%) were obtained from Sinopharm
Chemical Reagent Co., Ltd (SCRC). Alcohol (99.7%) was obtained from Yang Yuan
Chemical Reagent Co. 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH) was purchased
from Sigma Company, USA. All reagents were used as received without further
purification.

2.2. Synthesis of PDAP with Different Sizes.

PDAPs with different sizes were prepared by oxidative polymerization of dopamine in
alkaline water-ethanol solution®. The detailed procedure is as follows: ethanol(40 ml),
deionized water (90 ml) and required amount of ammonium hydroxide (0.6 or 1.5 ml)
were mixed under mild stirring. Dopamine hydrochloride solution (50mg/ml, 10ml) was
then added in the above water-ethanol solution. The reaction was allowed to proceed for
30 h. PDAPs were then obtained by centrifugation and washed with water for 3 times.
2.3. Preparation of PDAP/PVA Spheres Composites.

Required amount of PDAPs were dispersed in 8ml water and sonicated for 30 min.
Then, 0.9 g PVA was added to the dispersion of PDAP and stirred for 2 h at 90 <C. After
that, the homogeneous mixture was poured into polished stainless steel plate and dried at
60 <C until the weight become constant. The composite films were uniform with an

average thickness of 80 um.
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2.4. Characterization

Fourier transform infrared (FT-IR) spectra were recorded on a perkin-Elmer Paragon
1000 FTIR spectrometer. Thermogravimetric analysis (TGA) was performed in nitrogen
with a Perkin-Elmer TGA2050 instrument at a heating rate of 20 <C/min. The glass-
transition temperature (7g), melting temperature (7m), crystallization temperature (7c)
and degree of crystallinity (Xc) of samples were investigated by differential scanning
calorimetry (DSC) using a Mettler DSC822 instrument. The heating rate was 10C/min
and the cooling rate was 20C/min. The fracture surfaces of composite films were
observed by a FEI SIRION field emission scanning electron microscope (FESEM).
Transmission electron microscopy (TEM) images were obtained by JEOL2100F. UV-vis
spectra of composite films were recorded by a Shimadzu 2550 UV-vis spectrometer.
Tensile measurements were performed with an Instron 4465 instrument at room
temperature with humidity about 50% at a crosshead speed of 40 mm/min, the initial
gauge length and width were 60 and 4 mm.

Free radical scavenging activity of PDAP/PVA was evaluated by DHHP assay
according to the methods reported in the literature with slight modification*®*’. In detail,
each composite samples (5 mg) were stirred in 6ml water for 24 h. Then 2 ml freshly
prepared DPPH solution (0.01 mM) in DMF was added in the composite solutions. The
scavenging activity was evaluated by monitoring the absorbance decrease at 516 nm after
it stored in dark for 20 min. DPPH radical scavenging activity was calculated as I=[1-
(Asample-Ablank)/Acontrol]x100%, where Acontrol is the absorbance of DPPH solution
without samples, Asample is the absorbance of the samples mixed with DPPH solution,

and Ablank is the absorbance of the samples themselves without DPPH solution.
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3. Results and Discussion

3.1. Synthesis and Characterization of PDAPs.

The method developed by Ai et al. was employed to prepare PDAPs because it is very
simple without the use of any toxic reagent, and the particle sizes could be readily
controlled by changing the amount of ammonium hydroxide, which was very important
for controllable fabrication of composites. During the preparation process, dopamine was
spontaneously oxidized and polymerized into spherical PDAPs via intra/intermolecular
cross-linking®. The particle sizes could be modulated by controlling the polymerization
rate in solutions with different pH*. In this work, PDAPs with two different sizes were
prepared. Hereafter, PDAP with bigger size was denoted as PDAP1, the smaller one was
denoted as PDAP-2.

SEM images (Figure 1a and 1b) demonstrated the successful synthesis of PDAPs. Both
the PDAP-1 and PDAP-2 were uniformly spherical particles. TEM images (Figure 1¢ and
1d) also support the uniform sizes of PDAP-1 and PDAP-2, and the sizes are identical to
the observation of SEM characterization. However, the high magnified TEM images
(Figure le and 1f) show that PDAP-1 has relatively smooth surface, while the surface of
PDAP-2 is a little rougher with some lumps across the surface, which were attributed to
the fast polymerization rate of dopamine in solution with high pH. The sizes were then
calculated based on the SEM and TEM observations. The statistics of diameter calculated
from a large number (~150) of particles of PDAP-1 and PDAP-2 are presented in Figure

Ig and 1h, respectively. It can be seen that the diameters displayed a Gaussian
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distribution with average values of about 1040 and 310 nm for PDAP-1 and PDAP-2,
suggesting the monodisperse nature of PDAPs*%.

Because the surface characteristics and thermal property of fillers could significantly
influence the performance of composites, we therefore carried out FT-IR and TGA
analysis on PDAPs. Figure 2a presents the FT-IR spectra of PDAP-1 and PDAP-2. Both
PDAP-1 and PDAP-2 have broad bands in the range between 940 and 1800 cm™ with no
distinguishable peaks due to the highly complex structure of polydopamine, which was
consistent with previous studies®*®. The peaks centered at around 3413 cm™ were
ascribed to nitrogen—hydrogen/oxygen—hydrogen bonds. Moreover, the similar spectra of
PDAP-1 and PDAP-2 suggest the similar surface properties of them. TGA analysis
(Figure 2b) shows that no well-defined decomposition temperature can be found in
PDAPs, in contrast to dopamine. The multistep degradation behavior of PDAPs is similar
to that of natural and synthetic melanin®, suggesting again the heterogeneous structure of
polydopamine and the presence of different chemical groups. The residuals of PDAP-1
and PDAP-2 at 650C were 64.7% and 61.1%, respectively, both were much higher than
that of dopamine (22.7%), suggesting the carbonization of PDAPs™®.
3.2.Preparation of PDAP/PVA Composites.

Because of the attached hydrophilic surface groups, PDAPs have good dispersibility
in water. Therefore, PDAP/PVA composites could be easily prepared by solution-casting
method. The morphologies of composite films were first characterized by SEM. The
fracture surface of PVA and composites are shown in Figure 3. In contrast to the smooth
surface of neat PVA (Figure 3a), there are many circular protrusions across the surface of

composites, which were undoubtedly the PDAPs. For composites with filler loadings of 5



Journal of Materials Chemistry A

wt%, both PDAP-1 and PDAP-2 were uniformly distributed in the composites. However,
when the loading of PDAPs increased to 10 wt%, some small aggregations were found in
PDAP-2/PVA, as indicated by the arrows. As the content of PDAPs increased to 15 wt%,
aggregations in PDAP-2/PVA were more serious, while PDAP-1 was still homogenously
dispersed in composite. The larger surface area and surface tension of smaller particles
were thought to be the reason for the aggregation of PDAP-2 in composite with high
filler loading™.

Besides the dispersion state, the interaction between fillers and matrix was another
important factor that influenced the properties of composites. Because there were many
hydrophilic groups attached on the surface of PDAPs, it is reasonable that PDAPs could
strongly bind to the hydroxyl groups of PVA. FT-IR measurement was conducted to
demonstrate this point, as shown in Figure 4. The —OH stretching in the spectra of PDAP-
1/PVA and PDAP-2/PVA composites with 10wt% fillers are located at 3276 and 3274
cm’, shifting to lower wavenumber as compared to that of neat PVA (3303 cm™). The —
C-OH stretching also shifts from 1096 cm™ of PVA to 1086 cm™ in composites. Both of
these phenomena demonstrate the existence of hydrogen-bonding between the hydroxyl
groups of PVA and the functional groups of PDAPs™*".

3.3. Thermal Properties of PDAP/PVA Composites.

As is known, the incorporation of fillers into matrix could affect the chain mobility of
polymers, thus influence the thermal behaviors, especially for semicrystalline polymers,
therefore, we have conducted DSC measurements on PDAP/PVA composites, both
heating and cooling scans were recorded, the values are listed in Table 1. Figure 5a and

5b presents the low-temperature portion of heating scan, from which we can compare the

10
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Tg of PVA and their composites. PVA shows a Tg of 43.3 °C, suggesting the
plasticization effect of humidity™>. it is found that the Tg increases with the increase of
filler loadings. When the content of PDAPs increased to 15 wt%, the PDAP-1/PVA and
PDAP-2/PVA composites show maximum 7g of 47.4 and 48.6 °C. From the
configurational entropy theory of the glass transition, the increased 7g is a result of the

. . . 4
restricted motion of polymer chains™”

. Therefore, the Tg results suggested again the
strong interactions between PDAPs and PV A chains.

Besides the Tg, the Tm of PVA was also increased upon addition of PDAPs, as shown
in Figure 5c and 5d. The Tm for the PDAP-1/PVA and PDAP-2/PVA loaded with 15 wt%
fillers were determined to be 236.2 and 234.6 °C, while it is 231.3 °C for neat PVA.
Moreover, a considerable increase in crystallinity of PVA was also observed. Compared
to neat PVA (AHm=34.7 J/g), the crystallinity of PDAP-1/PVA and PDAP-2/PVA
composites with 15 wt% fillers increased from 25.0% to 45.4% and 42.3% (considering
the the enthalpy of fusion of PVA is 138.6 J/g), respectively, suggesting that PDAPs
promoted crystallization of PVA. Similar nucleation effect has also been reported for
proteins such as collagen™. Since polydopamine is structurally similar to mussel adhesive
protein, it is not surprise that PDAPs could promote the crystallization of PVA. The
improved crystallinity can also be reflected by the increase of melt temperatures.

The nucleation effect of PDAPs on PVA was even more pronounced during the cooling
process, as shown in Figure 5S¢ and 5f. The Tc of PVA was about 165.9 °C, and the
exothermic enthalpy (AHm2) was 20.7 J/g, corresponding to crystallinity of 14.9%. After

the incorporation of PDAPs, the Tc increased significantly. For example, the 7c¢ for

composites with 15 wt% PDAP-1 and PDAP-2 were 189.8 and 190.3 °C, the AHm?2 were

11
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also increased to 51.0 and 45.5 J/g, corresponding to crystallinity of 36.8% and 32.8%,
respectively, suggesting again the PDAPs might act as nuclei and increase the
crystallization growth rate. Moreover, as the content of PDAPs increases, the
crystallization peaks of composites become narrow, indicating the strong noncovalent
binding between PDAPs and polymer main chains result in higher molecular
conformational ordering, crystals in composite were more regular than those in neat
PVA*,

However, although the PDAP-1 and PDAP-2 have the same effect on the thermal
behavior of PVA, there is no distinguishable difference between PDAP-1/PVA and
PDAP-2/PVA composites with the same loading of fillers. For polymer composites, it is
suggested that smaller fillers should have larger surface areas, and thus should restricted
more polymer chains. In this work, as PDAP-1 and PDAP-2 have similar surface
functionalities, thus it is expected the size of PDAP might be the dominant factor that
control the reinforcement effect, but the DSC results show no big difference between
PDAP-1 and PDAP-2 as reinforcement agent. We thought the following reasons might be
account for this phenomena: 1) the sizes of PDAP-1 and PDAP-2 were both in the sub-
micrometer range, thus the differences in PDAP-1/PVA and PDAP-2/PVA were not big
enough to detect by DSC; 2) smaller fillers are easier to aggregate because of their larger
surface tension as revealed by SEM images in Figure 3.

TGA was then employed to evaluate the thermal stabilities of PVA and PDAP/PVA
composites, the TGA and differential thermal gravity (DTG) curves are shown in Figure
6, the onset decomposition temperatures (7’s) and maximum decomposition temperatures

(Tnax) are listed in Table 2. For neat PVA, the Ts is about 248.3 °C, while the T}, of

12
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PVA appears at about 263.3 °C, corresponding to the elimination of side hydroxyl groups
and partial chain-scission. A small peak at about 450 °C can also been found in the DTG
curve, which can be attributed to the pyrolysis of the polymer backbone’’*. With the
addition of PDAP-1 and PDAP-2, the Ts gradually shift toward high temperature and
arrived the maximum values of 277.5 and 278.1 °C for composites with 15 wt% filler,
respectively. The 7, were also significantly increased to 309.3 and 305.9 °C for PDAP-
I/PVA and PDAP-2/PVA composites with 15 wt% fillers. However, the second
decomposition temperature was nearly unchanged at about 450 °C.

The improvement of thermal stability of polymer by incorporation of fillers has been
frequently reported. The mechanisms behind the improvement were always described as
the inhibited motion of polymer chains caused by the interactions between polymer
chains and fillers, the delayed decomposition rate caused by tortuous pathway for the
volatile degradation products, and the trapping of free radicals generated by chain-
scission™ ', Considering the degradation pathway of PVA, the major decomposition at
263.3 °C was the elimination of hydroxyl groups and the chain-scission. Therefore, it is
reasonable that the strong interactions between PV A and hydrophilic PDAPs could retard
the decomposition of hydroxyl groups. Moreover, a recent study carried out by
Shanmuganathan et al. suggested that melanin-like particles could scavenge radicals by
radical addition or electron-transfer process, thus it is also possible that PDAPs could
eliminate the free radicals generated by the breaking of C—C bonds, and block the chain-
scission depolymerization®’. However, at higher temperature, because of the vigorous

pyrolysis of PVA backbone, the PDAPs have no effect on decomposition at this stage.
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Moreover, in contrast to the DSC measurements, which could not distinguish the
difference between PDAP-1/PVA and PDAP-2/PVA composites, it is found that the 7).,
of PDAP-1/PVA was slightly lower than that of PDAP-2/PVA when the content of filler
was lower than 10wt%, this might be due to the higher surface area of small particles,
which could react with more radicals. However, at 15wt% loading, the aggregation of
PDAP-2 was more serious than PDAP-1 because the small size, thus the performance of
PDAP-1/PV A was better than PDAP-2/PVA.

3.4. Radical-Scavenging Activity of PDAP/PVA Composites.

The antioxidant properties of polymer films are very important for applications such
as food packaging to prevent foods from oxidation®®. To improve the antioxidant
properties of polymers, researchers have incorporated many type of antioxidants,

typically phenolic compounds®®*

, into polymer matrix. The phenolic compounds could
easily quench the active radicals via electron transfer process. As PDAP contains many
phenolic groups, it is natural that PDAP should be good antioxidant as additive for
packaging materials. In fact, the radical-scavenging ability of PDAP has already been
demonstrated®>®. Here we would like to see if the PDAPs could maintain their
antioxidant property in composites.

The stable DPPH radicals were used to evaluate the radical scavenging ability of
composites. The scavenging activities of PVA and composites are compared in Figure 7.
The results showed that the scavenging activities of films dramatically increased with
increasing content of PDAPs. PVA without PDAPs showed scavenging activity of only

about 3.5%, while the activities increased to 88.4% and 89.0% for PDAP-1/PVA with 15

wt% fillers and PDAP-2/PVA with 10 wt% fillers, suggesting the great potential of

14
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PDAPs as antioxidant additives for polymer composites in the field of food packaging.
Moreover, the PDAP-2 showed better activity than PDAP-1 in composites with loadings
lower than 10 wt%, suggesting the larger surface area of PDAP-2 was of benefit to
improve the antioxidative properties. However, in composites with 15 wt% fillers, the
improvement in scavenging activity of PDAP-2/PVA was comparable to that of PDAP-
1/PVA, indicating the activity of PDAP-2 has been compromised by the aggregations.
3.5. UV-shielding of PDAP/PV A Composites.

A major function of melanin in skin is to protect animals from UV irradiation.
Therefore, it can be expected that the incorporation of PDAPs into polymers could
enhance the UV-shielding efficiency of composites, which was crucial for protective
coating and packaging applications®®. The UV-Vis transmittance spectra of composite
films (~30 pum) are shown in Figure 8. PVVA shows good transparence in the visible light
range, but can only block UV light up to 340nm with a transmittance of 85% at 400 nm.
By incorporating PDAPS into the matrix, the colorless PVA gradually changed to pale
yellow with low content of PDAPs, then transferred to brown as the contents of PDAPs
further increased. It was found that UV light was effectively absorbed by the composites.
For example, the transmittance of PDAP-1/PVA composites with 5 wt% fillers is only
28%, and further decrease to 18% and 2% for composites with 10 wt% and 15 wt% fillers,
respectively. Moreover, it is found that the UV-shielding efficiency of PDAP-2 was even
more profound than that of PDAP-1. With only introduction of 1 wt% PDAP-2, the
transmittance at 400 nm decreased to 40% with slightly deterioration of transparence at

visible light range, and it significantly decreased to 5% with the addition of 5 wt%

15
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PDAP-2 with a modest transparence at visible light range. The UV light was nearly
completely blocked in composite with 10 wt% PDAP-2.

It is known that the UV screening mechanism of organic agent is the absorption of UV
light and the energy transformation by chromophores such as phenol, quinone, -C=N and
-C=0 groups®®. The smaller particles have larger surface areas and thus more functional
groups attached on the surface. Moreover, the larger interface areas in PDAP-2/PVA
could also scatter or reflect more UV light. However, for PDAP-1/PVA composites, the
light reflection was thought to be the main reason for the decreased UV transparence,
because the sizes of PDAP-1 is large than the wavelength of UV and visible light.
Therefore, PDAP-2 shows better performance in UV-shielding composites. It is also
noted that as compared to some inorganic nanoparticles (TiO, or ZnO), it required more
PDAPs in composites to achieve the same effect of UV-shielding, and the transparence in
visible light range was not as good as inorganic particle filled composites®”*®. However,
the inherent photocatalytic activity of the metal oxide would result in the decomposition
of polymer matrix®, by using our PDAPs could avoid the risks. In addition, the low-cost,
biocompatibility, and environmentally friendly synthetic procedure were the main
advantages of PDAPs for use in human health protection areas.

3.6. Mechanical Properties of PDAP/PVA Composites.

The nucleation effect of PDAPs on PVA was also expected to bring positive impact on
the mechanical properties. Therefore, we have carried out tensile testing on the
composites. For accuracy, at least four strips were tested for each sample. The average
modulus and tensile strength are compared in Figure 9, and the values are listed in Table

2. The modulus and strength of PVA are 1.12 GPa and 37 MPa, which were comparable

16
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to previous researches’”’'. As expected, the addition of PDAPs indeed improved the
mechanical properties of PVA. For example, the modulus and strength of PDAP-1/PVA
with 15 wt% fillers are 1.77 GPa and 61 MPa, corresponding to improvements of 58.0%
and 64.9%, respectively. Also, the PDAP-2/PVA with 15 wt% fillers are 1.72 GPa and 59
MPa, corresponding to improvements of 53.6% and 59.0%, respectively. However, the
ultimate strains of composites are lowered with the addition of PDAPs.

The results clearly demonstrated the improved mechanical properties of PVA by the
addition of PDAPs. However, it is hard to conclude that PDAPs are good mechanical
reinforcement agents for other polymers currently, because the crystallinity of
PDAP/PVA composite was much higher than that of pure PVA. Since the crystals were
intrinsically much stronger than amorphous counterpart, it is reasonable that the
composites with higher degree of crystallinity were stronger and stiffer than PVA with
lower degree of crystallinity’”. In spite of increased crystallity, the PDAP should also
contribute to the enhanced mechanical properties. In fact, Yang et al. have recently
reported that the modulus of polydopamine thin film was about 10 GPa”>. We thought the
modulus of PDAPs was similar to this value because of their similar chemical structures.
Although this value is not much higher than the modulus of many commercial polymers,
large amount of fillers could also significantly improve the mechanical properties based
on a simple mixing rule for the composite. For example, also the difference in
crystallities between PDAP-2-10wt% and PDAP-2-15wt% was only 0.5%, the modulus
and strength of PDAP-2-15wt% are both much higher than PDAP-2-10wt%. Therefore,
the improvement of mechanical properties of PVA in this work is mainly attributed to the

combination of increased crystallinity induced by PDAPs and the mechanical
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reinforcement effect of PDAP. Nevertheless, the actual effect of PDAPs on the
mechanical reinforcement of polymers was expected to be unraveled in future work by

using amorphous polymer matrix.
4. Conclusions

In conclusion, PDAPs were used as fillers for polymer composites for the first time.
By a convenient solution-casting method, PDAP/PVA composite films with different
filler sizes and contents were fabricated. The crystallinity of PVA was increased due to
the nucleation effect of PDAPs. As a result of the promoted crystallinity, the mechanical
properties of composites were greatly improved. The PDAPs could also significantly
increase the decomposition temperature of PVA by more than 40°C with the addition of
15wt% fillers due to the strong interaction between PDAPs and polymer chains, and the
radical trapping effect of PDAPs. Moreover, PDAPs provided antioxidant property and
UV-resistance to PVA simultaneously. In addition, it was demonstrated that PDAPs with
smaller size showed better performance than bigger ones in improving the thermal
stability, antioxidant properties and UV-shielding efficiency of PVA when the fillers
were homogeneously dispersed in the matrix due to their larger surface area, which could
react with more sensitive radicals and absorb more UV light. However, it was noted that
the small particles would aggregate in matrix with high loadings, which might
compromise the positive effect of fillers. Therefore, to fully exploit the potential of
PDAP on reinforcement of polymers, it is necessary to develop other delicate strategy,
such as surface modification of PDAP with polymers, to fabricate homogenous
composites with high filler contents. Nevertheless, the good reinforcement effect as

demonstrated in this work, combined with their facile synthesis, good dispersibility,
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controllable sizes, and biocompatibility, make PDAP a good candidate for constructing

multifunctional composites for many applications, especially in bio-related fields.
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Table 1. Thermal properties of PDAP/PVA composites extracted from DSC

measurements.
PDAP contents ~AHmM Xc(%), 4AHm2 Xc(%), Tg Tm Tc
. . () (T ()
(J/9) Heatig  (J/g) Cooling
Scan Scan

0 34.7 25.0 20.7 14.9 43.3  231.3 165.9
PDAP-1-5wt%  48.7 35.1 35.0 253 452 2325 1804
PDAP-1-10wt% 59.5 42.9 39.9 28.8 45.8 2353 186.7
PDAP-1-15wt% 63.0 454 51.0 36.8 474 236.2 189.8
PDAP-2-5wt% 50.2 36.2 30.1 23.7 444 232.0 175.7
PDAP-2-10wt% 57.9 41.8 38.2 27.6 454 2334 186.1
PDAP-2-15wt% 58.6 42.3 455 32.8 486 234.6 190.3
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Table 2. Physical properties of pure PVA and PDAP/PVA composites

PDAP contents Tensile Tensile Elongation at T (T) T
strength modulus break (%) (T)
(MPa) (GPa)
0 37+4 1.12+0.03 180.7+11.3 248.3 263.3
PDAP-1-5wt% 44+5 1.32+0.09 109.2+7.8 258.8 277.1
PDAP-1-10wt% 5547 1.44+0.06 98.5+8.1 269.2 292.3
PDAP-1-15wt%  61+£5 1.77+0.02 73.3+£6.5 277.5 309.3
PDAP-2-5wt% 4444 1.34+0.10 106.6+5.3 258.0 285.5
PDAP-2-10wt%  48+6 1.35+0.06 92.7+6.6 273.3 298.1
PDAP-2-15wt%  59+4 1.72+0.01 84.6+5.6 278.1 305.9
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Figure 1. (a) SEM image of PDAP-1. (b) SEM image of PDAP-2. (c, ¢) TEM images of
PDAP-1. (d,f) TEM images of PDAP-2. (g) Size distribution derived from SEM and
TEM images of PDAP-1. (h) Size distribution derived from SEM and TEM images of

PDAP-2.
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Figure 2. FT-IR spectra (a) and TGA curves (b) of PDAP-1 and PDAP-2.
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Figure 3. SEM images of the fracture surfaces of (a) PVA, composites with (b) 5 wt%, (d)
10 wt%, (f) 15 wt% PDAP-1, and composites with (c) 5 wt%, (e) 10 wt%, and (g) 15 wt%

PDAP-2.
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Figure 4. FT-IR spectra of PVA, PDAP-1/PVA and PDAP-2/PVA composites with 10

wt% filler loading.
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Figure 5. (a, ¢) DSC curves of heating scans of PDAP-1/PVA composites. (b, d) DSC
curves of heating scans of PDAP-2/PVA composites. (¢) DSC curves of cooling scans of

PDAP-1/PVA composites. (f) DSC curves of cooling scans of PDAP-2/PVA composites.
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Figure 6. (a) Thermogravimetric analysis and (c) derivative thermo- gravimetric analysis

plots of PVA and PDAP-1/PVA composites, (b) Thermogravimetric analysis and (d)

derivative thermogravimetric analysis plots of PVA and PDAP-2/PVA composites.
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Figure 7. DPPH radical scavenging activity of PVA and PDAP/PV A composites.
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Figure 8. UV-Vis transmittance spectra of (a) PDAP-1/PVA and (b) PDAP-2/PVA

composites.
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