ﬁ

polymers

Supplementary Materials

Achievement of Both Mechanical Properties and

Intrinsic Self-Healing under Body Temperature in
Polyurethane Elastomers: A Synthesis Strategy from

Waterborne Polymers

Liangdong Zhang !, Teng Qiu 2, Xiting Sun ', Longhai Guo '>*, Lifan He 23, Jun Ye 23, Xiaoyu Li

1,2,3,%

1 State Key Laboratory of Organic-Inorganic Composites, Beijing University of Chemical Technology, Beijing
100029, PR China; zhangld_buct@163.com (L.Z.); qiuteng@mail.buct.edu.cn (T.Q.); xitingsun@163.com

(X.S)

2 Beijing Engineering Research Center of Synthesis and Application of Waterborne Polymer, Beijing

University of Chemical Technology, Beijing 100029, PR China; helf@mail.buct.edu.cn (L.H.);
yejun@mail.buct.edu.cn (J.Y.)
3 Key Laboratory of Carbon Fiber and Functional Polymers, Ministry of Education, Beijing University of
Chemical Technology, Beijing 100029, PR China.
* Correspondence: guolh@mail.buct.edu.cn (L.G.); lixy@mail.buct.edu.cn (X.L.)

I. Literature Analysis of Self-healing PUR and WPUR

Table S1. Self-Healing PUR and Waterborne PUR.

Liter Polvmer Self-healing Healing o0 Ho €0 He
. y Moiety condition /MPa /% 1% 1%
Thiuram . .
[1] PUR Disulfide Visible Light 24h  0.38 97 202 87
2] pur  Diarylbibenzofur RT 24h 008 100 500 100
anone
: UV (254 nm 1 min
[3] PUR Coumarin then 350 nm 90 min) 3.6 68 225 78
[4]  PUR Aromatic RT 24 h 081 97 3100 97
disulfide
Diels—Alder 100 °C 1 h then 60
5] PUR oo G 7 days 33 100 264 100
6] Pur hindered urea 37°C 12h 9.3 76 300 89
bond
7] PUR H-bond & n-7 45°C2h 11 100 60 95
stacking
8] PUR D'ary;?]'gﬁgz"f“r 50°C 12 h 0.8 100 880 100
[9] PUR Diselenide bond Visible Light 48 h 1.3 70 375 35
[10] PUR __ aromatic Schiff RT2h 0.18 98 260 96
[11]  PUR Diels—Alder 60 °C 24 h 27 84 19 36
bond
2,6-
[12]  PUR ;’%ﬁ'g;”cefo'fg;ﬁ’;’; RT 48 h 0.23 97 1850 95
to Fe®*
2,2’-bipyridine-
[13] PUR 5,5’-dicarboxylic RT 48 h 0.65 76 310 76

amide with Zn%*
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Aliphatic .

[14]  PUR isilfide Sunlight 6 h 9.5 96 950 98
Aliphatic o

[15]  PUR isilfide 80 °C 11 91 700 100

[16] PUR Urethane & NIR (200 °C) 225 100 800 100

FesO4

[17]  PUR Aromatic 60 °C 24 h 7.7 08 590 95
disulfide

[18]  PUR Aliphatic 60°C 6 h 51 100 730 100
disulfide

[19] PUR H-bond RT 48 h 1.7 76 1800 89

[20]  PUR Aromatic RT 2h 6.8 88 923 100
disulfide

[21]  PUR Aliphatic 70°C 12 h 25 87 1700 94
disulfide
Aromatic 100 °C Microwave

[22]  PUR disulfide Lomn 32 74 1156 03
Aromatic o .

[23]  PUR isulfide 70 °C 20 min 1.1 78 1100 96

[24] WPUR Aromatic 80 °C 24 h 16.5 82 680 64
disulfide
Aliphatic 75 °C 20 min then

[25]  WPUR isolfide i hRT 26 100 600 100

[26] WPUR Aliphatic 70 °C 27 90 900  NM
disulfide
Aliphatic

[271  WPUR disulfide & 65 °C 19 90 NM NM

B-cyclodextrin

[28] WPUR Dletsgrﬁlder 130 °C 131 86 742 82

[29] WPUR Aromatic 25°C 48 h 45 85 128 89
disulfide

[30] WPUR Aliphatic 65 °C 074 905 NM  NM
disulfide

[31] WPUR Coumarin UV 365 nm 1.25 160 419 78.7

co: original ultimate tensile strength. €o: original elongation at break of polymer material. Ho: healing

efficiency of the ultimate tensile strength. He: healing efficiency of elongation at break. NM: not

mentioned, RT: room temperature.
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II. NMR Analysis of P22-4 and P44-4
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Figure S1. The "H NMR spectra and polymer chains models of the P22-4 and P44-4. (a) 'H NMR
spectrum of 22DTDA; (b) '"H NMR spectrum of 44DTDA; (c) The polymer chain model of P22-4; (d)
'H NMR spectrum of P22-4; (e) "H NMR spectrum of vertical amplification of P22-4; (f) The polymer
chains model of P44-4; (g) 'H-NMR spectrum of P44-4; (h) 'H NMR spectrum of vertical amplification
of P44-4.

To confirm the WPUR chain structure, the nuclear magnetic resonance ("H NMR) was used and
the testing results performed in Figure S1. In order to conveniently describe the corresponding peaks
of different protons of structure in the polymer chain model, we use italics number from 1 to 33 to



Polymers 2020, 12, 989 4 0f9

refer to different protons in the chain structure. The 'H NMR spectrum of 22DTDA was shown in
Figure S1 (a), the aromatic protons of 1 and 2 performed resonance signals at 7.14-7.17 ppm, the
aromatic protons of 3 and 4 exhibited triple and double splitting peaks at 6.59 ppm and 6.73 ppm,
respectively, and the proton of 5 of -NH2 groups shown a wide signal for H-bonding interaction. The
TH-NMR spectrum of 44DTDA was exhibited in Figure S1 (b), the aromatic protons of 6 and 7 shown
double splitting peaks at 7.05 ppm and 6.51 ppm, respectively, and proton of 5 of -NH: group played
a peak at 5.48 ppm.

The '"H NMR spectrum of P22-4 was exhibited in Figure S1 (d) and its vertical amplification was
shown in Figure S1 (e). In Figure S1 (d), the strongest peak was the protons of the 9 and 12 from
PTMEG at 3.29-3.35 ppm; the secondary strong peak was protons of -CHz- groups from the 10, 11,
14,17, 18 and 26 at 1.38-1.61 ppm; the resonance signal peaks at 0.74-1.05 ppm were attributed to the
protons of the 15, 16, 19, 27 and 29 of -CHs groups. In Figure S1 (e), the IPDI reacted with the PTMEG
and DMBA to form the urethanes structures could be confirmed by the protons signals of —CHz—
flanked -NH-COO- group of the 13 and 22 at 3.92 ppm and 4.05 ppm, respectively; the peaks of
aromatic protons of the 1, 4, 2, and 3 were up to 7.55 ppm, 7.12 ppm, 7.01 ppm, and 7.27 ppm and —
NH- proton of 5 were observed at 8.13 ppm, which were indicated that IPDI reacted with 22DTDA
to form aromatic urea structure; the peak at 2.71 ppm corresponding the protons of 28 indicated
formation of ammonium salt in polymer chains by neutralization of DMBA and TEA; the multi-peaks
at 5.42-6.60 ppm were attributed to -NH- protons of aliphatic urea of the 31 and 32 formed by TETA
reacted with IPDI; the -NH- protons of the 22, 23 and 24 from the aromatic urea and urethane were
performed wide and multi-peaks at 6.55-8.32 ppm due to H-bonding effect from urethane, urea, and
DMSO solvent.

The '"H NMR spectra of P44-4, in Figure S1 (g) and (h), were similar to the 'H NMR spectra of
P22-4, however, they performed a difference in low field from 5.2 to 8.7 ppm due to the different H
bonds between the para and ortho structure. The aromatic protons of the 6 and 7 were a shift from
the 7.05 ppm and 6.73 ppm at 44DTDA to the 7.32 ppm and 7.37 ppm at P44-4 with amine groups
turn to urea group. The -NH- proton of 8 played a signal peak at 8.55 ppm. Moreover, the peaks of —
NH- protons from the aliphatic urea and urethane in P44-4 were narrow and strength than that in
P22-4, which indicates that the regularity and association of H-bonds in the WPUR material based on
the para structure was higher than that based on ortho structure.

III. Supplement of GPC Analysis of P22 and P44 films

Table S2. Molecular mass of the WPUR dispersions.

Mn < 10-3 Mw>10-3 Muw/Mn

Sample / g mol-! / g mol-!

P-0 82 162 1.96
p22-2 60 86 1.44
P44-2 67 123 1.73
pP22-4 33 63 1.93
P44-4 43 75 1.73
P22-6 18 36 1.95
P22-8 12 21 1.77

P22-10 9.7 18 1.81

Mhn: number average molecular mass. Mw: mass average molecular mass. Mw/Mn: molecular mass distribution.

The molecular mass of WPUR dispersions were measured using gel permeation
chromatography (GPC). The test results were listed in Table S2. The molecular mass of DTDA was
low than that of PTMEG. Thus, the number average molecular mass (Mn) of the synthesized WPUR
decreases with the increasing addition of DTDA, which is consistent with the calculation results of
the classical step polymerization theory (CSPT). Comparing the molecular mass of WPURs at the
same content of the para and ortho structure, they had similar average number molecular mass and
distributions.
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IV. Supplement of Particle Size Distribution of P22-4 based on TEM
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Figure S2. Particle size distribution of P22-4 based on TEM.

V. Supplement of Self-healing Performance of P22 and P44

50f9

The repeatable self-healing test was carried out as follow: (I) the tensile samples were completely
cut by surgical knife; damaged samples were contacted carefully, slightly press to confirm adhesion,
and transferred into 50 °C oven for 24 h; (III) the healed samples were cut in the position that (I) step
damage and repeated (II) step of healing process; final the repeated healed samples were carried out
tensile test to confirm healing ability and results in Figure S3 (a).
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Figure S3. (a) typical tensile curves of P22-4 in repeated healing at 50 °C for 24 h; (b) typical tensile
curves of P-0 and P22 films after healing at 50 °C for 24 h; (c) typical tensile curves of original P44-2,
P44-4 and P44’-4 film and typical tensile curves of P44-2, P44-4 and P44’-4 film healing at 50 °C for 24

h.
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VI. Supplement of FTIR Spectra of P22
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Figure S4. FTIR spectra of P-0 and P22 materials in the range from 1750 cm™ to 1620 cm™.

VII. Supplement of Microphase Separation Section

Table S3. Glass transition temperature of soft, blend and hard phases of P22 and P44.

Soft phases Blend phases Hard phases
Sample /°C /°C /°C
p22-2 -43 no 123
P22-4 -42 11 114
P22-6 -44 30 129
pP22-8 -44 30 138
P22-10 -44 42 140
P44-2 -39 96 167
P44-4 -50 70 180

P22-4 P44-4

2.0 nm

£

Height Sensor 600.0 nm Height Sensor 600.0 nm

Figure S5. Atomic force microscopy height images (3 x 3 um?) of the surface of P22-4 (a) and P44-4
(b).
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VIIIL. Thermostability Analysis
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Figure S6. (a) Mass loss curves of the P22 and P44 films (b) The 1st derivative of mass loss of the P22
and P44 films.

The thermostability of the P22 and P44 films is evaluated by thermogravimetric analysis (TGA),
corresponding mass loss curves in Figure 56. Compared the mass loss curves of P22 films in Figure
S6 (a), thermostability decreased with the increase of 22DTDA content due to the low dissociation
energy of aromatic disulfide. According to the 1st derivative of mass loss as a function of temperature
in Figure S6 (b), the thermal degradation of the synthesized WPUR films was suffered three stages:
the first stage about 220 °C to 285 °C, the second stage about 285 °C to 355 °C, and the third stage
about 355 °C to 475 °C. In the first stage, the rate of mass loss increased with increasing 22DTDA
content, and the ammonium salt from DMBA and TEA dissociates about 200 °C. Therefore, the first
degradation stage may correspond to the degradation of structures including aromatic disulfide and
TEA. In the second stage, the degree and rate of mass loss were closed in all samples with 22DTDA,
which possibly indicated the degradation of IPDI-DMBA-IPDI segments. In the third stage, the mass
loss was performed a grate decrease, which may reflect the degradation of IPDI-PTMEG-IPDI
segments.

The mass loss rates of the P44 films were significantly slower than those of the P22 films, which
suggested that para-UADS structure exhibits better thermostability than ortho-UADS structure.
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