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ABSTRACT: Melanin, a kind of well-known multifunctional biomacromolecules that are 

widely distributed in natural sources. In this work, Polyurethane (PU)/melanin nanocomposites 

with enhanced tensile strength and toughness were successfully fabricated via in situ 

polymerization. It was found that the tensile strength (σ), elongation-at-break (εmax) and 

toughness (W) were improved from 5.6 MPa, 770% and 33 MJ/m
3
 for PU to 51.5 MPa, 1880% 

and 413 MJ/m
3
 for PU/melanin (2 wt %) nanocomposite, respectively. Micromorphology 

indicated that individualized melanin nanoparticles were specifically linked to the hard domains 

of PU chains and fine dispersed in matrix. FTIR, DSC and AFM results suggested melanin 
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induced an improvement in degree of phase separation, which resulted in remarkable 

enhancements in mechanical properties of PU. However, with further increasing content of 

melanin, a relatively large-scale phase separation was formed and led to a decrease in 

mechanical properties of PU. In addition, interactions between melanin and hard segments of 

PU were increased, leading to a higher TgHS. Moreover, the dynamic mechanical properties and 

rheological behavior of PU/melanin nanocomposites were further investigated.  

Introduction 

Polyurethane (PU) is an important polymer material with a liner block copolymer structure 

with alternating amorphous soft and semicrystalline hard segments, which is widely demanded in 

many fields such as coatings, foams, and elastomers owing to its outstanding biocompatible, 

flexibility and easy processibility.
1-3

 The hard segment consists of diisocyanate and a low 

molecular weight chain extender, while the soft segment is composed of polyester or polyether 

polyol.
4
 The thermodynamic incompatibility between the soft and hard segments leads to the 

formation of phase separation.
5, 6

 The hard domains are considered as the “physical cross-

linkers” and reinforcing fillers in PU. The degree of phase separations, which are dependent on 

many factors, such as molecular structure, the molar mass distribution of composition, and the 

interaction between each segments, makes a great difference in the properties of PU.
7, 8

 The 

stiffness and strength of PU are increased with hard segments loading while the extensibility is 

increased with soft segments loading.
9-11

 Obviously, it is challenging to improve the strength of 

PU and simultaneously keep its stronger toughness, or scilicet an enhancement in one usually 

causes a sacrifice in the other. In consequence, it is imperative to exploit a simple process to 

design PU with excellent properties by controlling its phase separations.
12
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Polymer nanocomposites have attracted a range of interest due to their extraordinary 

properties.
13, 14

 A serials of nanofillers, including of silica, clay, carbon nanotubes (CNTs), 

hydroxyapatite and graphene oxide (GO) have been extensively used to modify PU.
3-8

 On basis 

of clay, PU nanocomposites were prepared via solvent exchange processing.
15

 It was found that 

the morphological changed over a range of large phase separation was caused by introduction of 

the clay platelets, showing more interconnected hard phases that led to significant enhancement 

of mechanical properties. PU containing polyhedral oligomeric silsesquioxanes (POSS) as side 

chain to the hard segments showed extensive phase separation.
16

 However, the poor adhesion 

hard segments often decrease the toughness of PU. Moreover, GO can reinforce PU because of 

its unique properties.
17, 18

 However, for carbon-based nanomaterials, the weak interfacial 

interaction between GO and PU was one of the main challenges in application. Tremendous 

efforts had also been exploited to functionalized GO sheets to improve their interfacial 

interactions, which made the synthesis processes more complicated.
17, 19

 Recently, PU/cellulose 

nanocrystals (CNCs)
20

 or PU/microfibrillate cellulose (MFC)
21

 nanocomposites with improved 

strength and extensibility were fabricated. During the preparation, the prepolymers terminated 

with isocyanate were grafted onto the surface of cellulose, and the covalent bonds induced phase 

separation. As known to all, MFC or CNCs were obtained from wood fiber cell wall by 

endoglucanases or acid hydrolysis
22

 in combination with multipass high-pressure 

homogenization
23

, which meant the applications were more difficult in large scale.  

Melanin are well-known multifunctional biomacromolecules that are widely distributed in 

nature, and display antibacterial activity, photoprotection, and free radical scavenging 

activities.
24, 25

 However, few exploitation of melanin to enhance polymer materials has been 

reported compared with other biomacromolecules such as nanocellulose,
26, 27

 chitin
28

 or 

Page 3 of 28

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

 

collagen.
29

 The nanoparticle characteristics are usually considered as the most remarkable 

features of melanin. Normally, melanin isolated from the cuttlefish has been chosen as a standard 

due to their simple separation and high purity. Although the exact knowledge of its structure, 

especially at the molecular level, remains poorly documented, many reactive functional groups 

(–OH, –NH and –COOH) indeed exist in melanin.
30-32

 Generally, particles with three or more 

reactive vertex groups act as comparatively massive, three-dimensional chemical cross-linkers. 

Thus, melanin may be an ideal nanobuilding block due to the versatility in reactive groups may 

possess. In our previous studies, strong and robust PVA nanocomposites were prepared with the 

addition of melanin nanoparticles. The dramatic enhancement in the mechanical properties of 

PVA were achieved by the strong hydrogen bonds interaction between melanin and PVA.
24, 25, 33

  

According to these studies, in this work, PU/melanin nanocomposites were successfully 

prepared via in situ polymerization. It was shown that a significant improvement in strength and 

toughness of PU was achieved by loading a small amount of melanin. Furthermore, the effect of 

melanin on the microphase and macroscopic properties of PUs was investigated. 

Experimental Section  

Materials  

N,N-Dimethylformamide (DMF, 99.8%), 4,4′-Diphenylmethane diisocyanate (MDI, 98%), 

and 1,4-butanediol (1,4-BD, 99%) were all purchased from Aladdin (Shanghai, China). 

Poly(tetramethylene glycol) (PTMG, average Mn=1000) was obtained from Aldrich. MDI was 

heated at 60 ℃ and pressure filtered in N2 atmosphere. After that, pure MDI was achieved 

through recrystallization. DMF and 1,4-BD were dehydrated with the molecular sieves for 24 h 
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and freshly redistilled under vacuum. PTMG was used after 2 h of drying under vacuum at 

110 ℃. 

Extraction of Natural melanin 

Ink sacs were prepared from of Sepia officinalis. Melanin nanoparticles were separated 

from the freshly dissected ink sac with centrifuging (18,000 rpm, 15 min). After several times of 

washing, a clean melanin nanoparticles dispersion was received. The excess water were removed 

under vacuum (50 ℃) for 24 h to obtain dry melanin nanoparticles.  

Preparation of PU/melanin Nanocomposites 

PU prepolymer was prepared via the reaction of MDI and PTMG in DMF solvent. The 

reaction took place at a temperature of 90 ℃, and under a dry N2 for 2 h with mechanical stirring. 

Then the reaction was detected using ATR. The disappearance of hydroxyl peak indicated 

completion of step 1. Subsequently, the predetermined loading of melanin dispersed in DMF 

solvent was incorporated and stirred for another 1 h. Then 1,4-BD was added for reacting with 

the residual isocyanate groups (Scheme 1). After that, the products were casted on a Teflon dish, 

and drying at 80 ℃ for 24 h to receive the plaque. The plaque were dried for 24 h in vacuum 

oven at 80 ℃ to remove the residual DMF. The amount of reactive groups (–OH, –NH and –

COOH) on melanin was 5.62 mmol/g as determined using titration to measure the residual –

NCO of MDI after reacting with a given amount of melanin. PU nanocomposites including 0.5, 1, 

2 and 5 wt % melanin were fabricated through changing the loading of melanin and 1,4-BD. 
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6 

 

 

Scheme 1. Synthetic procedure to prepare PU and PU/melanin nanocomposites 

Characterizations    

The infrared spectra of sample were performed by the attenuated total reflection (ATR, 

Nicolet 6700).The spectra were recorded from 600 to 4000 cm
-1

 with resolution of 4 cm
-1

. 

To investigate the interactions between PU and melanin nanoparticles, Soxhlet extraction in 

which acetone as solvent was used to isolate melanin from the nanocomposites. The residue 

(melanin-PU nanohybrids) was dried under vacuum (50 ℃, 24 h). The atomic force microscope 

(MuLtimode 8, Bruker Nano, USA) was performed in a peak-force-error mode to characterize 

the morphology of melanin and melanin-PU nanohybrids. Furthermore, the AFM phase images 

of PU and PU/melanin films were obtained at ambient temperature. Tapping mode AFM was 

conducted via Nanosensors PPP-NCH AFM probes (spring constant 35 N/m). Tapping forces 

were in the range of 0.6. 
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The morphologies of melanin nanoparticles, melanin-PU nanohybrids and fracture surfaces 

of PU/melanin nanocomposites were observed with scanning electron microscopy (SEM Hitachi 

S4800). The ultrathin sections of samples were microtomed at -90 ℃ (70-100 nm in thickness). 

The morphology of PU/melanin nanocomposites were observed with TEM (Philips TECNAI 

20).  

Mechanical properties were performed on Instron 5967 teasting machine. A crosshead 

speed of 50 mm/min was applied. Five specimens of each sample were tested.  

Dynamic Mechanical Analysis was operated on TA Instruments Q800 DMA. The 

specimens were cut into 15×5.3×0.5 mm
3
 and measured with a heating rate of 3 ℃/min from 

-80 to 100 ℃ and the frequency was 1Hz.  

The glass transition temperature for soft and hard segments (TgSS and TgHS, respectively) 

of PU and PU/melanin nanocomposites were assessed with a differential scanning 

calorimetry of DSC 8000 analyzer (PerkinElmer, USA). An empty aluminum crucible was 

used as reference. The samples were heated at a rate of 10 ℃/min over the range of -80 to 

240 ℃ in N2 atmosphere. TgSS and TgHS were chosen as the inflection point from the DSC 

curve. 

Dynamic rheological analyses (DRA) were performed by using a DHR-2 rheometer (TA 

Instruments, USA). The experiment were carried on 25 mm diameter plate, with 1 mm in gap at 

200 ℃. The tests were examined in a frequency-sweep mode with the frequency from 100 to 

0.01 Hz in the linear viscoelastic range. 

Results and discussion 

FTIR 
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8 

 

Figure 1 showed FTIR spectroscopy of PU, melanin and PU/melanin nanocomposites. For 

PU/melanin nanocomposites, the new absorption peak at about 1646 cm
-1 

was attributed to 

C=O, and another peak at about 1510 cm
-1

 was attributed to N–H and C–N.
21

 These results 

indicated the reaction between –OH of melanin and –NCO was successfully performed. For all 

the spectra of PU and its nanocomposites, the peak observed at about 3300 cm
-1

 was ascribed to 

N-H stretching. In addition, the two peaks located at 1730 and 1708 cm
-1

, according to free 

carbonyl and hydrogen-bonded carbonyl groups, and the peak intensity ratios of these two peaks 

revealed the degree of phase separation. The carbonyl hydrogen-bonding index (R) is calculated 

from equation R= A1708/A1730, and the degree of phase separation (DPS) is obtained by formula 

DPS= R/( R+1).
34

 It was clear that R increased with increasing melanin content (Table 1). All 

results suggested that melanin had a significant influence on the phase separation of PU.  
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Figure 1. FTIR spectra of PU, melanin and PU/melanin nanocomposites. 
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9 

 

Table 1 The carbonyl hydrogen bonding index (R) and the degree of phase separation (DPS) 

in PU/melanin nanocomposites. 

 R (A1708/A1730)
a
 DPS (%) 

PU 0.65 39 

0.5 wt % 1.29 56 

1 wt % 1.77 64 

2 wt % 2.36 70 

5 wt % 2.84 74 

a
 The carbonyl hydrogen bonding index obtained from A1708/ A1730 in the FTIR curve. 

 

Mechanical properties 

Stress-strain curves of nanocomposites were recorded. E1 was the Young's modulus. E2 

and E3 were calculated by the slope of the stress–strain curves, as schematized in Figure 2. 

Toughness can be calculated by equation (1), i.e., 

                                               W = � �′
���	



��                                                          (1) 

where the σ′ and ε are the stress and strain, respectively. Tensile strength (σ), elongation-at-

break (εmax), Young's modulus (E1) and toughness (W) of the PU were about 5.6±1.5 MPa, 

770.2±25.6%, 6.3±0.6 MPa and 33.1±5.6 MJ/m
3
, respectively, which were in well 

accordance with the previous reports (as shown in Table 2).
20

 With addition of only 0.5 wt % 

melanin, σ and εmax were increased to 25.5±3.5 MPa and 2598.1±56.1%, respectively. With 

further increasing content of melanin, σ, εmax and E1 of PU/melanin-2 wt % nanocomposite 

were enhanced to 51.5±1.6 MPa, 1881.7±51.5% and 21.3±1.5 MPa, respectively, which 

were much greater than these of PU. On the other hand, W of nanocomposite reached the 
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10 

 

highest value of 484.1±36.6 MJ/m
3
 with 1 wt % melanin, which was more than 15-fold 

higher than that of PU. Additionally, PU/melanin nanocomposites showed three regions in 

the stress-strain curves. Region (1) “quasi-linear elastic deformation region” emerged in at 

the initial stage. σ and εmax were dominated by PU crystallinity, the content and ordering of 

hard segments; Region (2) “moderate-modulus region” governed by the deformation of soft 

domains and alignment of hard domains, and Region (3) “strain-hardening region” associated 

with the break-up of hard domains and unraveling of the entangled nanoparticles. The strong 

interaction allowed the nanocomposite to bear stronger force and shape greater deformation. 

With addition of 1, 2 wt % melanin, nanocomposites exhibited an obvious strain-hardening 

behavior, showing E3 enhancements, not presented on PU. Strain-hardening suggested the 

strong cohesion force between hard segments. Generally, direct blending thermoplastic 

matrices and rigid fillers offers improvements in modulus and tensile stress at the expense of 

a sacrifice in extensibility. Surprisingly, a small amount of melanin enhanced the modulus 

and strength while at the same time dramatically improved the toughness of PU in this work.  
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Figure 2. Tensile testing curves of PU and PU/melanin nanocomposites. 

Table 2 Mechanical Properties of PU and PU/melanin Nanocomposites: Tensile strength (σ), 

Elongation-at-Break (εmax), Young's Modulus (E1), Modulus 2 (E2), Modulus 3 (E3) and 

Toughness (W). 

sample σ (MPa) εmax (%) E1 (MPa) E2 (MPa) E3 (MPa) W (MJ/m
3
) 

PU 5.6±1.4 770.2±25.6 6.3±0.6 0.19±0.04 - 33.1±5.6 

0.5 wt % 25.5±3.5 2598.1±94.3 17.5±1.2 0.66±0.02 0.89±0.08 406.6±25.5 

1 wt % 46.1±2.4 2350.4±56.1 19.2±1.6 0.83±0.01 3.9±0.13 484.1±36.6 

2 wt % 51.5±1.6 1881.7±51.5 21.3±1.5 0.91±0.02 5.5±0.20 413.2±27.9 

5 wt % 31.2±1.2 1544.4±79.3 26.3±2.0 1.1±0.08 1.79±0.04 280.5±21.3 

 

DSC analysis 

As shown in Figure 3, the transition around -34.8 ℃ and 56.2 ℃ were corresponded to 

TgSS and TgHS  of PU, respectively. With increased melanin content, TgSS was decreased to -

49.2 ℃, and TgHS was increased to 97.2 ℃. Tg is often dependent on the flexibility of PU 

chain, the higher Tg, the more immovable chains. The relatively higher TgSS was observed in 

PU, which was due to the fact that hard domains were more fine dispersed in PU and had 

more restriction on the soft segments mobility. Actually, a lower TgSS is often taken to be 

indicative of a greater degree of phase separation in PU.
35

 PU/melanin nanocomposites 

displayed lower TgSS, indicating that the addition of melanin induced phase separation. On 

the other hand, with addition of melanin, strong interactions between melanin and hard 

segments was formed and brought about more hindrance to the hard segments movements, 

leading to higher TgHS enhanced. In conclusion, a decrease of TgSS for PU with melanin 
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suggested an enhancement for degree of phase separation, and the increase of TgHS implied a 

stronger interaction in hard domains by introduction of melanin. 
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Figure 3. DSC curves of PU and PU/melanin nanocomposites. 

 

Dynamic mechanical properties 

The storage modulus of pure PU displayed a drastic reduction at its Tg, and maintained 

decreasing with an increase of temperature in the rubbery region (as shown in Figure 4). 

Interestingly, an excellent improvement in high temperature range was obtained when 

melanin was introduced into the PU matrix. With addition of 2 wt % melanin, the modulus of 

the nanocomposite was 600% and 830% better than that of pure PU at temperature of 20 and 

60 ℃, which further confirmed that the introduction of melanin was able to enhance the 

Page 12 of 28

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13 

 

mechanical properties of PU. For pure PU, the tan δ at around -21.6 ℃ attributed to TgSS of 

PU. However, TgSS decreased with increasing melanin loading, as was shown in Figure 4 (b).   
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Figure 4. (a) Storage modulus and (b) tan δ of PU and PU/melanin nanocomposites. 

 

Morphological Characterization  

Typical scanning electron microscopy (SEM) image showed that melanin nanoparticles 

were sphere in shape, with diameters of approximately 150-200 nm (Figure 5a). Through a 

Soxhlet extraction process, the residues (melanin-PU nanohybrids) were obtained and SEM 

image was seen in Figure 5b. Compared with the original melanin nanoparticles, melanin-PU 

nanohybrids exhibited irregular sphere with some dots on the rough surface, which was 

owning to the depositing of PU on the melanin surface. These changes in surface morphology 

of melanin revealed successful grafted PU chains on the melanin surface. At the same time, 

melanin and melanin-PU nanohybrids were also evidenced by AFM images (Figure 5c, d and 

e).  
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Figure 5. SEM images of (a) melanin and (b) melanin-PU nanohybrids, AFM height images 

of (c) melanin and (d) melanin-PU nanohybrids, AFM image of (e) melanin-PU nanohybrids 

was performed in a peak-force-error mode. 

 

TEM investigation on the microstructures of PU/melanin-2 wt % nanocomposite were 

displayed in Figure 6. The shades in Figure 6a corresponded melanin nanoparticles and 

melanin were uniformly dispersed in PU with only a little aggregation. What's more, melanin 

were deformed into irregular shape, and displayed a black and thick interface (as shown in 

Figure 6b).  The reasons for the formation of interface were ascribed to the in situ formed 

covalent attachment anchored stably at the interface of melanin nanoparticles and PU phase.  
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Figure 6. TEM images for PU/melanin-2 wt % nanocomposite with different magnifications. 

 

AFM phase images of PU/melanin nanocomposites 

Figure 7 showed the AFM phase images of PU and PU/melanin nanocompoaites, the 

bright region in the phase-angle images were representative of hard domains (high modulus) 

while the dark regions were corresponded to soft domains. Apparently, the phase images 

showed that hard domains were diluted in soft phase in pure PU and the size of hard domains 

were relatively small. Extensive analysis of AFM phase images revealed that as melanin was 

progressively added the bright areas increasingly brightened and grown in size, 

demonstrating that improvement of degree of phase separation. As the melanin content 

reached to 2 wt %, the hard domains got connected with each other. The observation 

suggested hard segments selectively concentrated at surface of melanin, and thus induced a 

more distinct phase separation. As mentioned above, the performance of PU was strongly 

dependent on the balance between phase separation and phase mixing. When 5 wt % melanin 

were incorporated, melanin could aggregate in PU matrix due to the inherent adhesive 
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property of melanin. As a result, the hard domains on the melanin surface subsequently 

aggregated, which led to grow in size and form relatively large phase separation. Therefore, 

nanocomposite experienced decreases in performances of PU, as discussed in the mechanical 

properties section.  

 

Figure 7. AFM phase images of the PU with different melanin contents: (a) 0; (b) 0.5 wt %; (c) 

2 wt % and (d) 5 wt %. 

Morphology of PU/melanin nanocomposites 
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The tensile fracture surfaces of the deformed tensile specimens were depicted in Figure 

8. PU showed a continuous and smooth fractured surface. Compared to PU, PU/melanin-0.5 

wt % nanocomposite displayed a relatively coarse and irregular fractured morphology, which 

indicated the changes of nanocomposite microstructure. Moreover, with the addition of 2 wt 

% melanin, the micrograph became significantly rough and massive local matrix deformation 

of PU were observed. As shown as in Figure 8d, clear interlocking and entanglement were 

found in nanocomposite, indicating a significant reinforcement of mechanical properties. 

Melanin induced phase separation and acted as cross-linkers which improved the cohesion 

force between hard segments, and suppressed the spread of cracks, hence enhancing the 

stiffness and toughness of nanocomposites. Figure 9 illustrated the reinforcement 

mechanisms of PU reinforced with melanin nanoparticles. 
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Figure 8. SEM images showing fracture surfaces of PU/melanin nanocomposites with (a) 0 

wt %. (b) 0.5 wt %. (c,d) 2 wt % melanin. 

 

 

Figure 9. Enhancement mechanisms in PU/melanin nanocomposites. 

 

Additionally, comparison of the mechanical properties of PU nanocomposites reinforced 

with melanin, cellulose nanocrystals (CNCs),
20

 microfibrillated cellulose (MFC),
21

 nanosilica 

(NS)
36

, multiwalled carbon nanotubes (MWNTs)
37

, carbon nanofibers (CNF),
38

 nanoclays 

(NC),
39

 laponite,
15

 single-walled carbon nanotubes (SWNTs),
37

 graphene nanosheets (GNSs)
17

, 

and high-structured carbon black (HSCB) were shown in Figure 10. The other approaches for 

fabricating the PU nanocomposites always showed enhancement in only one kind of mechanical 

properties. For instance, Liff et al.
15

 demonstrated a high strength (62 MPa) PU/Laponite 

nanocomposites via solvent exchange processing, but the εmax showed a little lower. Aihua et 

al.
20

 constructed high strength PU nanocmoposite with addition of CNCs. The tensile strength of 
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PU/CNCs-1 wt % was as high as 61.5 MPa. The dramatic increase was due to the stronger 

interaction between CNCs and the hard micro-domains of polyurethane. On the other hand, the 

strain and toughness of PU/CNCs were only 994.2% and 310 MJ/m
3
, respectively. Recently, 

Cruz et al.
38

 realized a high elongation PU/NS material where εmax increased to 2460%, however 

the tensile strength was only 20 MPa. Notably, PU nanocomposites reinforced with low content 

of melanin exhibited a good compromise between high σ and excellent εmax, outperforming PU 

nanocomposites improved with other nanofillers. More importantly, given that melanin is 

obtained either from synthetic models and many natural sources such as the cephalopoda class, 

plants, bacteria, etc., makes it even more significant for application.  
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Figure 10. Comparison of σ and εmax of PU/melanin nanocomposites with other PU-based 

materials with different nanofillers.
15, 20, 21, 34, 37, 38, 40, 41

 

Page 19 of 28

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 

 

 

Rheological behavior 

The storage modulus (G’) and complex viscosity (η*) of PU/melanin nanocomposites were 

shown in Figure 11. Commonly, the stronger interactions between fillers and matrix could cause 

a reduction of slope for plotting log G´ versus log ω, and an increase of G´ in low frequency 

region reflected the improvement in interaction strength. When 5 wt % melanin were added, the 

slope of log G´ versus log ω in low frequency region was decreased from 0.91 to 0.12, 

simultaneously the slope of log η* versus log ω decreased from -0.03 to -0.88. Obviously, 

nanocomposites exhibited a notable solid-like behavior in the terminal region. These phenomena 

indicated a slower relaxation process and an increased elasticity of the nanocomposite due to 

strong cohesion force between hard segments.  
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Figure 11. (a) Storage modulus (G´) and (b) complex viscosity (η*) of pure PU and PU/melanin 

nanocomposites as a function of frequency. 
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Conclusions 

In this work, PU/melanin nanocomposites with high tensile strength and toughness were 

successfully prepared in the presence of natural melanin by in situ polymerization. It was 

observed that the tensile strength (σ), elongation-at-break (εmax), Young's modulus (E1) and 

toughness (W) of PU/melanin nanocomposites were enhanced simultaneously even with a small 

amount of melanin. With the addition of 2 wt % melanin, σ, εmax, and W were increased to 51.5 

MPa, 1880% and 413 MJ/m
3
, respectively, which were much higher than these of PU. 

According to the preparation, it was found that the individualized melanin nanoparticles were 

specifically associated with the hard domains of PU through the chemical reaction between 

isocyanate of PU prepolymer and reactive groups (–OH, –NH and –COOH) of melanin 

nanoparticles and well dispersed in matrix, which was confirmed by micromorphology. FTIR, 

DSC and AFM results suggested melanin induced an improvement in phase separation. 

However, with further increasing melanin to 5 wt %, more hard segments concentrated on the 

surface of melanin, and formed a relatively large-scale phase separation, resulting in a 

decline in mechanical properties. On the other hand, with addition of melanin, the interaction 

between melanin and the hard segments was increased, leading to higher TgHS enhanced. DMA 

results revealed that at the temperature of 20 and 60℃ the modulus of the nanocomposite (2 

wt % melanin) was 600% and 830% higher than these of PU. Moreover, PU nanocomposite 

exhibited a notable solid-like behavior at low frequency region from rheological measurement, 

which suggested strong cohesion force between hard segments. The study will give us a facile 

method to prepare PU with high strength and toughness with addition of a little amount of 

melanin.  

Notes 
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