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A Stretchable and Rapidly Self-Healable Polysiloxane Elastomer Based on
Reversible Ionic Hydrogen Bonds
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(1. School of Polymer Science and Engineering, Qingdao University of Science and Technology, Qingdao 266042,
Shandong, China; 2. Laboratory of Advanced Polymer Materials, Institute of Chemistry,
Chinese Academy of Sciences, Beijing 100190, China)

Abstract: A series of linear poly(dimethylsiloxane) (PDMS-g-Vi) with different vinyl contents were synthesized via ring-
opening copolymerization of tetravinyltetramethylcyclotetrasiloxane (V4) and octamethylcyclotetrasiloxane (D4) catalyzed by
a cyclic trimeric phosphazene base (CTPB). Further, the carboxylic acid- or amine-functionalized PDMS (PDMS-g-COOH
and PDMS-g-NH,) was prepared through the thiol-ene click reaction, confirmed by gel permeation chromatography (GPC),
Fourier-transform infrared spectroscopy (FT-IR), and nuclear magnetic resonance ('H-NMR). Finally, the target silicone
elastomers (PDMS-g-[COOH/NH;]) were prepared based on the reversible ionic hydrogen bonds between COOH and NH,
side chain groups, exhibiting remarkably fast self-healing capability at room temperature without any external stimulus. The

mechanical strength, elasticity and self-healing properties of resultant elastomers could be tuned by modulating the hydrogen
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bonding density and the molecular weight of PDMS-g-Vi precursors. The PDMS-g-[COOH/NH;] elastomer owned a
breaking stress of 230.9 kPa at 877% elongation at break with a stretching speed of 50 mm/min, and the elongation at break
was higher than 500% even under a fast stretching speed (200 mm/min). Moreover, its self-healing efficiency reached as high
as 99% after being restored at room temperature for 30 min.

Key words: polysiloxane; ionic hydrogen bond; non-covalent crosslinking network; thiol-ene addition reaction; self-healing
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BERB 3 038 (GPC) AL ([, Agilent 1260) : L HL-HUR A L4 (PS) Sy brAt, Wi B2 Ky 40 °C, THF
WS, JiE A 1.0 mL/min; 2141 i (FT-IR) /X (7% [#, Bruker Tensor 27) : P % K i Fl 600~4 000 cm™, %
FH 3206k 42 5 51 (ATR) AR5 A% 6 3640 I 3% (NMR) /X (Fii -1, Bruker AVANCE NEO 400 MHz) : 3% 71 4 A% &4l
(CDCly) . A& i (CD;0D) | Gt A 7K (HOD) 5 4 13 5 HL (32 [, Instron 5900) : H 1 3 #4351 >4 50 | 100 |
200 mm/min, IREFESK K 4 om, FEH 3 mm.
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Table 1 Ring-opening polymerization of D, and V, catalyzed by CTPB

PDMS-g-Vi n(Dy)/n(Vy) ¢/(moL-L™") M, D 2%
Pl 85/15 1.5 43.0x10° 1.67 15.0
P2 85/15 2.5 144.8x10° 1.75 145
P3 92/8 2.5 145.6x10° 1.64 7.1

1.3.2 PDMS-g-COOH #4&-2% LA P1-g-COOH N f§i]: FRHL 2.5 g P1(5 mmol £ #%4E) Fi 50 mL THF # T 100 mL
TR T, AREEEHR AR R PSR ERASAEY T, ¥ 25 mg(0.1 mmol) 5| & ) DMPA 1 1.6 g
(15 mmol) HLHE N R I A B LR IR A 5 (SN S5 O S BE R ol 3), AT, SRIT R IR
30 min J&, R A Y H THF B REIA 58Kk, EE KM 38, BREZRMHENR, ZH T B2 T
735 P1-g-COOH,, i i3 "H-NMR i % #E AR R T 99%, HA Gt Bl 1(b) iR o

133 Pl-g-NH, #94&- s  FRHL 2.5 g P1(5 mmol £ 4 3& ) A1 30 mL THF & F 100 mL 5 3¢ s jffi oy, 0Bkt HE
AR R 2R, RS T, ¥ 25 mg(0.1 mmol) Y651 & #) DMPA. 1.7 g( 15 mmol) % 3 2, e £h W2 5 1)
H (6 mL) AN A B LRl IR A 35 GRS IR 5 LR SE MY R S 2 Hoh 3), IR T, RIT R
30 min /&, A Y THF 35 1 F R FIRR R4 7K ¥ W b A0, B &8 ok iR e, SR K UE 3 I, B A 2R 15
B O R AR REL, FIR T B TR =Y Pl-g-NH,. i1 "H-NMR 8 58 #4808 KT 99%, HoA s B 1(b)
Fis

1.3.4 PDMS-g-[COOH/NH,] 3 M4k 65 4] & L) P1-g-[COOH/NH,] M 4 Ay 451 . 45 45 ¥y 5 i) & Y P1-g-COOH
5 P1-g-NH, 43 3T THF H, Jli R 2°h 10 mg/mL. Kf P1-g-COOH () THF ¥4 % i A %] PDMS-g-NH,
() THF &80, SRR R KA 2 A0 EEF R A WiE B DU IR 2@ A Eo, =R e, W) A SRIE R R, TIOA
S TR — R 2EF, 153 P1-g-[COOH/NH,] #ft /A . >R HIAH A B9 77 8 P2-g-COOH., P3-g-COOH %3
S5 P1-g-NH, il #5453 3 3 S Wi 5 5 Wy PR AR, 4w 44 4 P2-g-[COOH/NH,] i P /4 Fll P3-g-[COOH/NH,] 5%
o FER A B A E 1) PR .
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PDMS-g-Vi [0 5r F 1 (M,) . 70 8434 (D) il 1k GPC FRAF, y 8 13 4% i I 4R 005 £ AE, 25 Rk 1
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PDMS-g-COOH PDMS-g-NH, PDMS-g-[COOH/NH,]

%1 (a)PDMS-g-Vi, (b)P1-g-COOH 5 P1-g-NH,, (c)PDMS-g-[COOH/NH,] )4 hlin = #
Fig. 1 Synthetic routes of (a)PDMS-g-Vi, (b)P1-g-COOH and P1-g-NH,, (c)PDMS-g-[COOH/NH,]

Jim o — et B S 151 R B IR RE B T IR R A I A Sk B, 43I R A Y P IRA KE LR
PR TR] 535 1 B AR SEUbE T AR, 3RS W 2 T it A A 358 (D>2) 2627 SR FH CTPB fifL T IR R
A REER BN BT R R LR (> 80%) A X B AE (W 4y F &40 i (D<2), fF & AR P A B TP IR R A 1)
S8 BEAN, MR n( D) (V) =85/15 B, 8 2 7 R A WA R R ik B, i 1.5 mol/L 34 i )
2.5 mol/L, ] LA I 45 29 5L 8 JR A BRI B, B0 45 75 0 51k 43.0x103 I 144.8x103 14 P11 P2, i 3 34
5 n(Dy)/n(Va) H1 85/15 /M2 92/8, TREFR G WITEMR R AR A 2.5 mol/L, 45 (1) P2 F1 P3 H M, A, {H
X R 14.5% 1 7.1%.
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[ 2 J& P1. P1-g-COOH #1 P1-g-NH, 1Y 'H-NMR i [l . 75 R ik S e A 9K 1A P1 (19 'H-NMR 35 &, fb 2= fir

% 5.70~6.05(b, c) kb By Z FHIE T JE T 2 MM 3L (CH=CH— ) WA 7155 . SFIEW IRk LUE 1
Pl-g— COOH, 7E 0.85(e) . 2.47~2.70( g, f) Al 2.70~ 2.84( h) 4b H ¥ A9 Hr W& 20 9 3 & T 3 #h 7 B 3
(—Si—CH,—, —CH,—S—CH,—, COOH— CH,— ) F A0 785 [}, L@ MIBEALE 5.70~6.05(b, c) ALY
W 52 42 2, U] T P1-g-COOH Yl 3 & . P1-g-NH, A 45 5 55 P1-g-COOH (945 F- 241, 5 P1 X} I,
0.85(1) . 2.49~2.66(k, j) . 2.78~2.92(1) Ab 3 BB BT 5 5 W 43 S H @ T — Si— CH,— . —CH,— S— CHy— .
NH,— CH,— Ak 88, I B LG ML {5 5 W 52 4 2%, A B T G - Jis JIn s S g (9 58 ). 3 Ak, P2, P3
R 52 P M) 7= 4 P2-g-COOH Fl1 P3-g-COOH b, 78 HY 2SR iR 45 51
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P1. P1-g-COOH Fil Pl-g-NH, f#) FT-IR &5
(P (3)) UL E S5 T BE-H A S B AR 30 . e 3 /v
Bz, HiBRAA P17E 1598 cm™ H1 3 054 cm™! 4b 43 5l = £

5 2 3E C—C 1 C— H {0 45045 30 85 0 G

.20, 25 ST (LT MR, Plg-COOH PleeCO0H

TE 1714 em™ b BT W e b, 198 TRl AR P1-g-NH, m
SEEREH C=0 B MAR AP, ELAE 1598 em?  ———\~—  1svem

Fil 3054 em™ b C—=C WUt - 9 45 (E Wi g 3 2, 3 PLe-[COONNHLI) e

— Ui T P1-g-COOH W S Zh & i, 51K 2 45531
Ao IR, B3k 2 (5 £8) Bt )5 A9 P1-g-NH, 1Y
PT-IR T 1 588 om ! AR SE0lche, IR P51 3200 3000 0 e 100
ANGFEE N—H &l 3z gh B0, uER] T P1-g-NH, A%
WA WA, SZH S PEAA P1-g-[COOH/NH,] 1Y FT-
IR 59 /8 C=0 1E 1 714 cm™! AMH4a RS irig A
&, HXIR N—H 7 1 572 em™ &b 925 i 3 s 8 W0Br 1Y 58 W Wi, 5543160 COOH 5 NH, Z [AI A 76 AH B4R
T B F 54 BEY P2 Al 3, BRI PE =) P2-g-COOH F1 P3-g-COOH, LA K H: 5 P1-g-NH, JE W
SRR FT-IR 25 5t B 7m H 28 IR 25 51 .
2.3 PDMS-g-[COOH/NH,] 34 (A H M EE

MR R PR RIS AALS A B T 2 BN, SV AT AR HE a0 ) 2E MR RO S S S . N
— ol A e U, B U B BE S S~ 35 kJ/mol, I I T AL B AN S A, JE T RSN 5 AR LR A0
PDMS-g-[COOH/NH,] #fl 4 1A () 52 1 90 £ 11 Ji 5 T 12 F R G ik ) 5 1 U, A 1&] 1(e) iR o

% 4 2k P1-g-[COOH/NH,] BLH: 44 75 AN [ o7 A 380 2 F 9 1 J7 -1 A8 ih £k o # 11 0] 41, P1-g-[COOH/NH,] 3t
PR 1 27 1 BT 0 3R A AR 5 P A P i o 3k 3 (g 398, 5B R 1 e KA R R A . FEAR LA

Si—C
Si—O-Si

K3 FEALAY FT-IR 35141
Fig. 3 FT-IR spectra of samples
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% (50 mm/min) 25178 T, P1-g-[COOH/NH,] # R v 5 ik AUt S ] AR 12 bn st () Bsf 0 1 () 25 1 SV P
W7 i 3 5 o 2 R DT, B0 2 10 8 SR LA R 0% 1 BsF [ 5 R L, S8 AR 1 S 00K O 245 4T T A5 LA GRS
FI B 0 A i, LR 2K R AT IR B 877.0% 0 SR AR K K F] 100 mm/min F1 200 mm/min [,
S IR ) i A DR K R 3 IR 5] 733.4% FI1 522.3%. X 2 PR SR 434 A8 S s 1a] o 77 2R AR R I A%, i hr i
N7 3 T 7 A 3 DT 2R 1) 5 - B DA S A, SRR S DB o D A, AR R T A R e 3 Y
HEIN, 43 B 0 AF R RN AR I 0 s T 4 6, 6 R RO 155 0 I 45 11 ) 2 A s AT A 30 A A T 1
R BRPEAT A, BT LA DT A4 i 35 b 720 488 T, DRI S8 ek 1 3R o Bl 2 [ 11

[l 5 24 PDMS-g-COOH 5 P1-g-NH, Frf¥ i i 3 M AR 7E 50 mm/min SR T B R 7 -Ri AR 2. 2551
N FEAH PR R T, i AR R A0 Tt B TS0 3SR B, T DL A5 3 AR e B ok
TE x BRI EOL T (R 1 Ay P1ALP2), AH R S R A A B2 DA 230.9 kPa 35 5] 344.5 kPa, [F] i By 24 fifi <
A 877.0% HEINEI1 038.1% . Ak A be 55 B o 38 I, J -4 o] i) 20 45 1 BE S R, DN AE — 8 R B LB
il T 5rFHE R RS, B T AORHI ) 2R B WA, AEACHR S AR AR T, TR BRI R A Y, HIE R
PEREBRGLF o F3 b, MEBWEIY > TSR, BEE ¢ A P31 7.1% B3] P2 19 14.5%, FH L5 P A (4 4 A
55 5 11 231.9 kPa 2 15 21| 344.5 kPa, Ui B3G5 1) 70155 (8] 119 B8 T S0 B 50 100 2% 152 BB 0 34 i 5L 42 1R T 6% 1) W1
PE, B RA YRR B, (0 EIPE T R, Wi 28l 1394.7% F#AIRE] 1 038.1%.

400 - P1-g-[COOH/NH,] 400 -
— P1-g-[COOH/NH,]
200 mm/min P2-o-
. — P2-g-[COOH/NH,]
100 mm/min -
300 b 300k P3-g-[COOH/NH,]
s 50 mm/min S
& =
2 200 % 200 F
wn) 172}
2 g
) 7]
100 | 100 |
0 200 400 600 800 1 000 0 400 800 1200 1 600
Strain / % Strain / %

[# 4 P1-g-[COOH/NH,] BM:ARTEA IR A 22T (9 17 7 -1 ¥l 5 PDMS-g-[COOH/NH,] il ¥4 f& 7€ HiL 1 33 % 50 mm/min

sy FAF TR T-R A M2
Fig. 4 Tensile stress-strain curves of P1-g-[COOH/NH,] elastomer Fig.5 Tensile stress-strain curves of PDMS-g-[COOH/NH,]
at different stretching speeds elastomers at the stretching speed of 50 mm/min

2.4 PDMS-g-[COOH/NH,] 34 KR B 18 S M &L

SCHR A E ST TR R B A SR R R 2 T A B B A A (e SRR UVEO AR A R] DU T
HEE, BB R RORAO TN aE A . PRt XHIRBE S SK Sl /Y BB S MR W 5% B B2 b I (E .
T B T R 0 55 AN LA, HR X 2 ) 1 2 25 A/ R O M SRR S R PR (48 bR AR T — AT RE L
LA P1-g-[COOH/NH,] A4 4 ], A< SCXHAE 20 T 1) AE EHEREEAT T W98, &l 6(a) Biom, B 58K i
B BL, K W BERE SR AE D) F AR X SR I BIG 7E — i J5 , ZE =0 20 BIF# E 15 min A1 30 min, JCHAB AN HIFL,
SR I LR B, 25 SR 6(b) TR .

W16 52 I B 2% 1) W 25 135 5 TR A et DB R4 32 109 LU A e SO B MR B S R038 . DAE 7 R AR 45 B ml L
F th, P1-g-[COOH/NH,] stk ) BB R it FR R # th . # & 15 min J5, B R ORI LA F] 79%; # & 30 min
J& IR E] 99%, HL ik 5 58 4k &2 S IR R AR 2% i Al B, 1A P1-g-[COOH/NH,] 3P A 1) A 18 52 350K Bl
i T] A 38 N TG 0 . P1-g-[COOH/NH,] 5 1A g PR A8 52 1 1 U1 IR T 40 o I 4% 45 44 /) COO/NH ™5 &
e 2 3 A0 Sy i B A5 0T 3 ) bk B, RIS 25 T FR 4 Si—O— Si Bl KL I A0 SR ME (A5 00 fiE AAT 4K
WFHEEARCR . S P1-g-[COOH/NH,] 1 (4% 11 W 24 17 Ab 85 37 4 & 78—, Ui 25 A5 1% COO~ 5 NH* Sk B
{2, T OB 0 2 - SR, DT SEBAT R B



%55 IR, 4. BTl 7 S

Jee 2

fet GSURREC R et RS 439

3 & 8

(D) FIH CTPB fiEfk Dy 55 V4 FF IR IL R H 25 A
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(2) PDMS-g-[COOH/NH,] 3 {4 4 g 258 & il
PR RE P i R R A Y0 S B A
1564 BRI

(3) BLS 5 1 SR S TR 10 R ek S e oo M A e &
T EA YR AR, WSS T E A
A 30 minf5, R 5 AT 20 AT g ek R
B B LR R b A A R 7K

@

(b) 250 - Pl-g-[COOH/NH,]

200 -
<
% 150
§ — Origin
?/;:: 100 f — 15 min heal
—— 30 min heal

50

0 200 400 600 800 1000
Strain / %

6 (a)P1-g-[COOH/NH,] #HE{R % IR A E T HE; (b)FEN
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