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Abstract: Shape memory polymers that can be contracted or expanded on external environmental stimulus such as tem-
perature or pH variation have been one of the most important materials for biomedical or smart fiber applications. In this
study, we prepared polymers that presented shape memory characteristics at a low temperature by introducing a
poly(ethylene glycol) (PEG400) with a melting temperature of 4 °C into the structure units of the polymers. We first syn-
thesized polyhedral oligomeric silsesquioxane (POSS) grafted with PEG400, followed by cross-linking reaction with a
linear polyurethane that had diisocyanates at both chain ends and structure units of PEG400. The resulting network poly-
mer presented a shape memory effect at its glass transition temperature around the melting point of PEG400 as confirmed
by dynamic mechanical analysis.

Keywords: shape memory polymer, temperature-sensitive, smart fiber, poly(ethylene glycol)s, polyurethanes.
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Shape Memory Polymers Based on Polyhedral Oligomeric Silsesquioxane Grafted
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Figure 1. Synthetic routes for POSS-PEG based shape memory polymers.
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A48 4 s HEHA A
Frafjol ok AR|7EA] el 2H--Eek 7|9 33719 aL
AR e AARISH 2 ARa el 719
EQ1 X 37% o delAle] FolddE Y F UESH
o] FEHoRE B 825 E Aoy 9
=8 A, UETE A T oI 8ol HFtd A+
o] gohBY AutEA R okl At o] %81 A
A 0~25% 19 WellA kgt 7] aiEAtel sk A
T= dA7A FEE bp ik

2 AT AA 4xA] &5HS BAS Skl 400 ¢/
mol®] Z2]og@Z2]Z (poly(ethyleneglycol), PEG)S ¥4+ T+
Z Woll =43k Ze]eaehs st 2o d4719 5
35 Astaat gtk ol& flsl WA $He 7E71E A
g Z2] A 27 S H(poly oligomeric silsesquioxane, POSS)
' PEGE WHEA1A PEG AREES H-f3 POSS-PEGE
T8I, ©] POSS-PEGE Fddol o|arlop|o|EVE
B3 PEGS SHTHSAIA MEY A 70| F e
sl ol UIEYA 7% ol PEG AlEEo] YA st
Al I8t 2EmHstol] wWE o] o] golsiA Tl
Sl=E olal Ao R o 2% Wl sl wigksiA vt
Sshe B4719 54 Fask] flsiAiolnt.

Al =|

ME 3 Alek. 3-Mercaptopropyltrimethoxy silane(MPTS,
MW 196.34)9} methylene diphenyl diisocyanate(MDI, MW
250.26)2 ZH7} Alfa-Aesare} KANTOOIA Fufsldar, F7}
Zol A glo] AFE3IITE PEG400(MW 400)E YAKURI
ol FujEHRIL 80 °C FFQENA 2417 Ax3le] S
< A AL ARESIATE FuE ARE-E triethylamine(TEA),
triethylenediamine(TEDA)= Sigma-Aldricholl A, & HHH-g-ol|
AL8-# 81 N N-dimethylformamide(DMF)+<= Alfa-Aesar]]
A s, 2 9] AREE f7]-8vlE Sigma-Aldrichol A
Tujated 71421 A §lo] ARS-sISiT.

POSS-SH &Y. #3-& #=xsted ofgje} o] M3kl
T}23 33 52 ZekaTol 15.85 g(81 mM)e] MPTSE ¥
32 30 mLe] 37% ZIgF GAks FU1sE - wekE 80 360 mL
H7vete] ALE7], AR 90X 24417F wnt BkS-E13
oh. #8271 E o] galA HAAES B8t A7k wgk
2 AHE gt 2o AR E UEFE 2 HCH.CL)S
7keted AAES 83lA] & SRTE ket mhuks &
A3} JAES dalFEHo g Bl 7S o] &alia EEA|
ok s B8l &0idl HEEEWE(CH,CLYS AlA
3 5 POSS-SHE #5319

Yield: 65%; IR (ATR, cm™): 2929.6 (C-H), 2549.1 (S-H),
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1107.5 (Si-O); 'H NMR (CDCls, ppm): 2.60-2.51f (16H,
H.), 1.78-1.64 (16H, H,), 1.43-1.33 (8H, H,), 0.81-0.70
(16H, H,).

POSS-MDI M. POSS-SHe] Z&e] thiol”]9l] isocyanate
7} AFAHOR Fr AN F ' FHE ol8sle] MDI
£ POSS-SHell A5 WH3-A]A POSS-MDIE 343 383itt. 8
N 9] thiol7] 2 H-f3ta & POSS-SH 1 mol & 16E2]
MDEE YFSA]A 1 molY] thiole] 2 mol®] MDI®} Z}o & ut
S8l Z18)5le] POSS-SH Afelell 7k Aste] §lo] 871
7HA] ko] isocyanateQ! FAFE /93T DMF(20 mL)
o] MDI(4 g, 16 mM)E WA =o]3L POSS-SH(1.0 g, 1 mM)
£ CH,CLGB0mL)ol| 521 &4 gk ¥ 27hsk £ 247k
B AAEL7104 wEiSiT). o] & TEAE w50 mg,
0.5 mM) FAPIE Fat] U F 4K 305, FE917]
oA 12417k F<t wRkEI T HHS-EFES Fafe] Hikg
o] HHE A7|AL HAAES o3 & 3|58
CH,CL, gufell &3A1z1 5 ko] AAAE 33] vHEate]
FABIAT. GAE F AHAELS o3 F 3y B A
A 60%=0lA] 24417 FF 7AZ=3IGT

Yield: 56%; IR (ATR, cm™): 2278.6 (N=C=0), 1771.1
(C=0), 1509.2 (C=C), 1304.8 (C-0), 1234.1 (C-N), 1101.9
(Si-0); 'H NMR(CDCls, ppm): 7.34-7.31 (8H, Hy), 7.14-
6.96 (32H, H,, H,, H,, H), 3.95-3.85 (16H, H,), 2.59-2.49
(16H, H,), 1.77-1.66 (16H, Hy), 0.87-0.72 (16H, H,).

POSS-PEG &M. PEGS] 54719} isocyanate”] Alo]2]
A%l 9g sERy] A w2 o]8-38led POSS-
MDI®] isocyanate”]ol] /o] 7o) HA4-8%= Alelol] $1X]
= PEG400E 2.882] EH]Z POSS-MDIS}F HH-A1A A
7HA] weto] PEGSR] AthaLiA} POSS-PEGE /33t Th
POSS-MDI(MW 3000 g/mol, 0.5g, 0.17mM)2} PEG400
(1.5 g, 3.8mM)2 DMF (15mL)] &% & =24 TEDA
0.1 g, 0.9 mM)Z F-71313tt. whe- E3HE-2 A4 80m=ollA
T AIZE FRF wkek & ko] Skl 1S A AT
o] DMFl| A|-&aA171 & ditel] A7 A S 3
3] WHEsle] A & HAAES o35 T Fgsie] 1y
2B, A 600llA 24417 AT

Yield: 33%; IR (ATR, ecm™): 3300.1 (N-H), 2869.1 (C-
H), 1775.8 (C=0), 1508.8 (C=C), 1304.9 (C-0), 1235.5 (C-
N), 1093.0 (Si-O); 'H NMR(CDCl;, ppm): 7.32-7.31 (16H,
H, Hy), 7.29-7.08 (32H, H,, H,, H,, H;), 4.33-4.29 (8H, H),
3.90-3.86 (8H, H,), 3.74-3.60 (368H, H,), 1.88-1.66 (16H,
H.), 1.33-1.12 (16H, H,), 0.91-0.84 (16H, H,).

Linear PU &M. PEG400(1.6g, 4 mM)3} MDI(0.5 g,
2mM)E DMF(40 mL)°l| 832171 & A4 705, A9
710141 2A17F E)t wnksted ko] PEG400] A3 A}
(PEG-MDI),-PEGE 313t} o] REg-EgHE] 712 MDI

Zay, Al4338 A15, 20193
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(1 g 4 mM)S 77} F anbsle] geto] B o] aA|ohd|o]
E7]9 A¥ 3782} MDI-(PEG400-MDI),-PEG-MDIZ $4
st

IR (ATR, cm™): 3306.8 (N-H), 2898.5 (C-H), 1723.5
(C=0), 1509.1 (C=C), 1305.3 (C-0), 1225.2 (C-N).

GPC: M,=27651 g/mol, M,,= 58897 g/mol, PDI=2.13.

POSS-SMP &AM, POSS-PEG(0.5 g)2t 418 3L - AHMDI-
(PEG400-MDI),-PEG400-MDI)(0.8 )& 7] &l &3 =
(10 mL CH,CL®} 10 mL DMFyI 8312171 & 4] 60%=, 2
9] 7101A 48A17F 59 kst 7EwRkS-S XIeYsolth.
RE - IAE &l ] oaf HErt olzl &4 H)
ZE S0l B FEolEM t71F AN 120 4471
A E st D55 Azt T2 0lA 387 8=
N FE3] AZXE AIFATE 0.2mm F79] 52 do] oF
40 mm, ¥ 4 mm= Fste] Af-oF FARE FEl2 Al x5}
At

IR (ATR, cm™): 33029 (N-H), 28729 (C-H), 1728.6
(C=0), 1500.9 (C=C), 1314.1 (C-0), 1220.2 (C-N), 1083.4
(Si-0).

£ ¥ BY. ¥ H 7 =4 FZ+= FTIR(Thermo
Scientific, Nicolet 6700) % 'H NMR(Varian, Gemini 2000,
300 MHz) 3715 o83l 4800t S| F7d7199
2} POSS-SMP2] €4 4 71A14 EJ-2 thermogravimetric
analysis(TGA; TA instrument, TGA-2500, & &%-9]7], 50~
800 °C, 10 °C/min % 24%), dynamic mechanical analyzer
(DMA, Triton instrument, Triton DMTA, -100~200 °C, 3 °C/
min S&E55)E AREste] A5k Th A e E(tensile
storage modulus, E'), =H%HdE (loss modulus, £”) 2 tan §
Fe 1Hze F3oA =4 s)9ch T3k differential
scanning calorimeter(DSC; NETZSCH, DSC214 Polyma,
-100~200°C, 10 °C/min &-&&£5)5 AR5l FEdlol2:
5 43I}, AarEAte] BAERS gel permeation chroma-
tography(GPC; Thermo, Ultimate 3000)Z ©]-83}o] #4131
27, pump(LPG-3400SD), RI detector(Refracto Max 520),
column(Shodex KD-801 and KD-G)E A3} t}. Polymet-
hylmethacrylate(Shodex standard M-75)E 7|22 3} ]
7% 7%l DMFE ARE-slo] 1 mL/mind] f502 S4 5}
At
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Figure 2. FTIR spectra of POSS-SH, POSS-MDI, POSS-PEG lin-
ear PU and POSS-SMP.
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E(Z7}+ 2549, 3000-2800, 1084 cm™)S 3lg 4= At
POSS-SHS] NMR A ELS FyE=Fo] & ZHH.: 2.54
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Figure 3. 'H NMR spectra of (a) POSS-SH; (b) POSS-MDI; (c)
POSS-PEG.

o] EA13k= H,7F 3.92 ppmoll, ZL2] 3L thiolurethane”] ol &
Ask= HyZt 3.75 ppmol|, ZL2] 3L aromatic 427} 7 ppm©]
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Felld vehdS g1E = st Het Heel Avlel s
Ak MDIZ} POSS-SHE] thiolZ19} WS-8 H]E-S 73.5%
o]t} &, POSS-SHel E=Algh= 870€] thiol”] %5 thEF 67H
9] thiol7] 7} ¥F-8-3}4] thiolurethane”] S & A3} 32, 1.37
ppmeol] YERFE thiol”?] $24x9] 337 Y= oA &
4 = v} 7ol mlukS- thiolZ] 7} EAIEHS s 5= Q)
t}. o] FZ MDI] isocyanate”] 7} POSS-SHe} HH-8-517]
A3l HoT o sk YAl E] AoE Akt

PA719 3182} POSS-SMPE POSS-PEG Ette] 42217
o} et MDIE B3 A8 Z2]9-elg Alole] 7w Ast
o ¢Jal AT WA, POSS-PEGS] AF2¢l §4LS IR
2FEHo|A 2278.6 cm™'ol YERE isocyanate”]2] 3] =7}
ARFEL A, 3300.1 em oA PEGS] O-H 927} == A,
83 'H NMR &FEHo|E #3Fe] PEG A&y A7}
3.64 ppmll A, 7.302F 7.09 ppmelA] MDI®] aromatic <43
A7} Jepbs Ao 2RE E1% 4 o). -4, PEG4002
MDIE F3H| 2 E¢et] SIS S A7
E T Fofl WS o] ARl EVE =% AW E
g 75821e] R SHEHoAE 2263.6 cm™ FEo]
+ isocyanate”]©] A7} ARFAAL, 1654.6 cmell A -]k
71¢] C=0 =7} YERFA] POSS-MDI 9] isocyanate”]
o} PEG ete] 47|71 vhe-2 slod S-e7]7t A=
S0l RIS AP iR} AR dedel] EAlste o]
of|o| E7]= 3|7} mimlale] IR SHEY M= FEla)
A JehA] ke Ao 2 Hojith GPCE &Rl A3 7%
THEARF(M,)°] 27651 g/mole]3L polydispersity index= 2.13
o7 gl vix|wte 2 POSS-PEGS A8 Za)$-aet
S &5t8le] 7kA)7] POSS-SMP2] IR ~FH EHo e S
El7]e] ERA0l v=E2] 33029 cm'o|A4] N-H, 1728.6 cm’!
o] C=0 ¥4, 12202 cm™e] C-N 3|27} 743}e] o] velstt}.
o|ZA, 7tuE ES A IEAF JFHoR E Ao
ZRI= At

HAV|HTEX §Y Y. T F/dE POSS-SMP| T
3l TGASF DMA, 283 DSCE AHg-ste] 92 2 7]71%]
EXS B33t} Figure 49] TGA L Zo|H Hoix|&=
HEe} 7Ho] 150~260, 260~345, 345~750°Ce] Al F7kollA &G
w3l AEE BATE A WA 772 POSS-SMP A|Z= Al Ab
£5= 80l DMF7}F ZHRstdthzt Al A S = 7bel i, F
HAj o} Al WA 7k 71z PEG4002+ MDI9] g3 +-7F
o2 &4 4= Aot FHF 800 °CollA= POSS 7]dke] Az
7} E4o] zbRsle Aow gk} 7k i FANE 4t
%3] ¥ DMF, PEG-400, MDI, POSS7} z+z} 3, 72, 13,
12%% POSS-SMPE 4313 Q= A O=E et} UES
A 72 el g} AdR e gigkdl vgol 3:190 A
o2 2k=EEATH

DMAZ #2413} POSS-SMPE Figure 59 Ko == nfe}
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Figure 4. TGA pyrogram of the shape memory polymer based on
POSS, PEG400 and MDI (POSS-SMP).
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Figure 5. Temperature dependence of tensile storage modulus (£"),
loss modulus (£") and loss tangent of POSS-SMP.

to] &A1 G7sd edAe] AES Btk -150~200 °C
o] 2EFZA £ 10°CH S2A7I1HA AFELE
(storage modulus, E’), =2 E(loss modulus, E”) 2 &zl
E dEl(tan §)E 83t AL E 7440 7HA AA
(onset point)?t AT E MR AHEE FHo] Ew 7t
7} 0.49F 4.5°CE YeRa e E dEle] 3= 29.4 °Co)
A YETH DSCE gRIs A3} POSS-SMP= 1 °CollA]
gl 225 7K IS ¢ F A h(Figure 6). 57
H 7R A fElde] o]9]e] thE Axole WAISHA] %k
th A, o] o] 2k oo E Al F2F o A
£9 S7PF Ak, ole 2= Aol 93t aEAF A
o] dE=ZT] A B AA sl 7lskes 73 BHEA
o] [F A< Asolth

POSS-SMPZ 4133 9JE PEG4003+ MDI= 22t 444
4°Ce}t 40°ColA &5 Yehle 244 &A1 v
OlES TEXUHRE sted E POSS-SMP= £-§°] ofd
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Figure 6. DSC thermogram of the shape memory polymer based on
POSS, PEG400 and MDI (POSS-SMP).
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o PN
RAE G 5 3

A3 Y= PEG400z}+ MDI -5
A5 7R AP Z e EA A2 ¥4 (amorphous)
AR EA5L 28-S Holstl POSS-SMP2] 2] do]e
TIF G R AMEE PEG4002] S8 9 fAkstE
A A= POSS-SMPE] &7 olol 2lo] PEG400 2%+
A7F T8k 9 sl S UERT 5, o] YESA
JEALe] Aol o] A 3/4S AASIAL = PEG400
of o3 T8 YIS s & T AUtk

% Alx¥E POSS-SMP €55 F 4mm, Z°| 40 mm=
Aesto] A9t fARE el A2 F471 54 Al
HABIATH AIEE ol EHTE 2 50 °CollA] MEFAIZ]
T -10°Ce] WEAHANA FYAIAA Figure 79 gl B
o] ulo} 7ho] WM H AE)E Ax3INAT) o] HEH 1B
AL AEE T Aol % o431 50 °CE A4 hot plate
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g A AJHe] Aol(Lyoll thall 7 F3H(normalization)dt 2 3}
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Figure 7. Shape recovery behavior of POSS-SMP with time on a
hot plate at 50 °C.

1.0 : T T - T
[ ] . 'Y
3 08} ,f /_/,_..-»' |
5 . '/‘ .
5 o} | /./. TEE
—A—
g 04_.1 J..— ‘/ —v—~‘I'D“G |
50
g 0244 ]
v v v v
&Y% 50 100 150 200 250
Time (s)

Figure 8. Relative lengths of the deformed POSS-SMP with time at
4 different surrounding temperatures.
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