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PEEEZHALNITH I LT, RFHIEN PUE IZE KT REL G L,

%5 FTIE, DHA Z8UERAI & L THY, DHA %3 A L7= PUE ([Z DTl
5o DHA XY L DOENSHIB SN MM TH D7) B U U BEERFUSIZ
DELNDHIEEHO—DTH D, BiLELTIHEAIN TRV Enb, &
S OFEEE LT 2 2 LIZIERICHE L TW DR D — 272 & F 2 D,
FEVA—NE LTHETIWETH DL Z LD, — XN PU ORI S
HREFEHRBIEREHTH D 14-T % P F—/L (1,4-BD) ORIEZ M E L TOR
MARMFFCTE 5, 1,4-BD & DHA L OMERER WLERFT L, = ORI E %M L
72,

%6 LM s L CH LR SCRR A RIS L, ER TN D OIS & £
(ZHLARIA AU 72 PUE OALZERIREE & LB L OB & O BIMR 2 fEH 5 =
&I Tz, RBFFE R VIER, AHE S FMEIORREH S FitlebD &b
ZEELTEDRU,
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Ho2E RYITLELVITTFTX M —DARK

21 HEBIUER

PU IZEWIEHEEFT DA Y T % — MEZAN— TR & 2R B G D
SNTELNL—HEOEARKRTHY, ORI L Y 2o @IS
HVERE - FFEDR Y ~ =2 5D, & I, I PU O ARIZE 4 R L TR,
TR SN DR S ZREEERIEN Y & RE T\ 5, 2 b O PU O&EMEREEEB L O
EHEERILIT IR 2 TV 720121, JREIOBIRTEFICE £ 5 2 L e Mo O
MAGOENLRDINNERTOESENEE L 2D,

BECITR R R B RFFEICHT LT, B LWFEEZ AN TS LT 72
W, TOFELEZRTHD, FEZOLOOEA D, 71L& AL R TOR
EtOf AL bE 2L E LA X 2EEiEl, &nEl, S5, it
DFEM EDEEIL L B D,

BEACORHGIEZIL ()7 vy Z7ILEAK, 797 MEEAK, RN ~v—0
REICEVEN - BAILENTWD PU OFFEROEALE (1) EEaHdmc X
BELERH L, BAEEINICL2E8EGME LTORY 7L ALFIEITRDO =D
ZRlEND, (1) Vovay bME Q) LR ~—ik B) BEI LAY ~—
ETHD (Figurel), Vriray MEIRY A—)v, ZUEH, WhiFlZs & oREE
BEICEHIRA LR EITY) bDOTh D, £io, RN A—72 EOREIOMA
ERFb e, MEBIOHE 7 +—208EIC I Hnend, LRI =
—IEITEAR, ERAR, A varREfbTRbAASh WL L& v
ETH D, KU A= LBHIBEEO R WGEIZHWS SERTH Y, iz,
Bt E 2y hr— g 5 2 ERRERGGICL LAV, EIT LR
~—EEFER VAT R— MLV R =BT —D A VT X — &
IRAE S EMEREDM L LOEEMDOSB R SITHWD, ABFZETIEZY L& ALF
EELT, ) Yryay MEBXIW () LAY v—EEZ W,
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AR CRISZAT 5 TRIRARE ST () BRICKIEHERS L, maobL—
R, (i) Y 7 — FREEORKE I T L B LT ey 7 A Y T R—
NEAKEE (OH) Fkiiw L ¥ o7 Eo—A, (i) WARDOA VT % — 7
VAR Y ~— L LA & 2B R0 SO TR OMIZ KRB, KA ED b
%

AR TIFHE =T A b~—& LTRANICE S AW B, TREAICERED
HDLFETHD (i) O NCO EKImDWKMMR Y L& o oEGbE v, B
B, A VT —hERY A= EDH%E2 (NCO/IOH=2) & L, NCO M

W2 S B LT,

22 £ B’

221 R XK

4-TT 2=V AZ DA YT R— K (MDI) (2 U A %— b MT; Y —#K
Stt) 13 EATICEREE (180 CC/267-400Pa) L7=0b, M L71-, Y45+
82000 DR Y F R T AF LY a— (PTMG2000) (TERATHANE2000; Invista
Industry), F¥4y & 2000 AR Y IS wa 7 k¥4 — b (PCL2000)
(PLACCEL2000; # o /b7 TN t), 5+ 5 2000 DR Y 1 —Rxp—
k74— (PCD2000) (NIPPOLLAN 980N; B> —#kA4th) 1% 24 W T Rz )8
(40°C/267-400Pa) L7=Db, il Lz, A7 u—2A, FLog—2A, L(+)-HAHER,
DO)-EAEE, 1,47 %P4 —v (14-BD) 1375 T4 7 2 7 SR o ik
% 24 WRFEIRUE H218 (40 °C/267-400 Pa) L7=dbH, i L7=, meso—itf ik iL e
LR A A O Tl ih & 24 IFETJRUE R (40 °C/267-400Pa) L7=Db, ML
7o VB RuXT7® Fr (DHA) 13 A L7 BRRESAERI O TR G % 24 T RS §E
f§ (30 °C/267-400 Pa) L7=D 5, BRI 80 °C T 30 4y HANEMEAE L CEAH L
e 7RI B RTZ7TY (THF) 13T 074 7 A7 XS ORI Z 7 L T

19



TR TR - A L bOEHEMA Lz, NN-UAF LAV AT I R (DMF) 1
FHT AT A RSO RRE LT L 2T ——7 (BA) ThHAKLZD
L, AL, TELXaT—1—7 @BR) BT W74 T A K& L DE 24
UL 28 (100 °C/267-400Pa) L=, fifH L7=,

222 EHICAI/u—R, P e—R, BABRZEALER)ULZ TS
A h=—0DE R
Scheme LI RT X912, AkIZV > a vy NMEZH WS, £7-, RIEORESIT

Table 1-3 IZ/R L 7=,

2221 FHEICAZu—ABLIOF LA B—XEFBEALERYYLFLTTR
r=—DE R

25 mL a2 L7 EIL, TR TIHERETHLIA I —ZAH L0 T e
— A ZWEEMEY, DMF (10 mL) #/N%, 80°C T 15 /M <izA L, A7 u—
AHDHNI N L —RAEERIEMRSE D 2 LT, FRIEO DMF IFR & AR L
7o WO TR TT AT FEHRICTITo 72,

W EIER, HAGNE, <IZAKEOFF L7 100mL Y Ok&/XT7 T L7 T R
202, WIEARRRIC OB Z1T - 72 MDI B X VA RRATICIRIE it 4 L2 Y 4 —L
(PTMG, PCL, PCD) % EFFHY, At E LCTHF 20 mL) 2z 7=0h, R
LImAZ B—AH DWW N e —RERE %, 80°C TAZ m—RAEAPU T
13 10—25 %3], Z L C b Loy — R A PU Tl 5—45 502> < 1A (100 rpm) 3
HZ IR, ENENDORE TR e —XHL W0 I M e—REEHALL
PUE #A/k L7z, RUA— N ERTa—ZAHLH0NE ML a—ALDE/LEED
Wz 0.010mol & L, A7 0 —AH 5T kLo —ADE ART 1.4, 3.1, 5.0,
7.6, 10wt% & L7 (Table 1 and 2), BOSET XTI L= U FREKICSTIT o 72,

= MEF ¥ R MEIZ XY BIEETT - 70, PTMG IZ & Y i &4 7- PUE 13RI
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Table 1. Synthesis of polyurethane elastomers containing sucrose.

Sample MDI Polyol ® Sucrose Sucrose content
(mol x10%)  (molx10%  (mol x 10°%) (Wt%)
PUE-Polyol-S1 2.0 0.90 0.10 14
PUE-Polyol-S2 2.0 0.80 0.20 3.1
PUE-Polyol-S3 2.0 0.70 0.30 5.0
PUE-Polyol-S4 2.0 0.60 0.40 7.6
PUE-Polyol-S5 2.0 0.50 0.50 10
PUE-Polyol 2.0 1.0 - -

% Polyols: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone
diol (molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight =2000;
PCD2000).

22



Table 2. Synthesis of polyurethane elastomers containing trehalose.

Sample MDI Polyol Trehalose  Trehalose content
(mol x10%)  (molx10%)  (mol x 10°°) (Wt%)
PUE-Polyol-T1 2.0 0.90 0.10 1.4
PUE-Polyol-T2 2.0 0.80 0.20 3.1
PUE-Polyol-T3 2.0 0.70 0.30 5.0
PUE-Polyol-T4 2.0 0.60 0.40 7.6
PUE-Polyol-T5 2.0 0.50 0.50 10
PUE-Polyol 2.0 1.0 - -

% Polyols: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone
diol (molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000;
PCD2000).
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Table 3. Syntheses of chiral polyurethane elastomers containing L(+)- , D(—)-, and meso-
tartaric acid.

Sample MDI Polyol * Tartaric acid Tartaric acid
(mol x10%)  (mol x 102  (mol x 10°°) content
(Wt%)
PUE-Polyol-T1(L/D/meso) 2.0 0.90 0.10 0.65
PUE-Polyol-T2(L/D/meso) 2.0 0.80 0.20 1.4
PUE-Polyol-T3(L/D/meso) 2.0 0.70 0.30 2.3
PUE-Polyol-T4(L/D/meso) 2.0 0.60 0.40 3.4
PUE-Polyol-T5(L/D/meso) 2.0 0.50 0.50 4.8
PUE-Polyol 2.0 1.0 - -

% Polyols: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone
diol (molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000;
PCD2000).
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(20Q) &7 4 AR—H TV ML AITIMNA T, 24 FFf=E (23+2°C) THELZD
%, 100°C C 8 R IIEA L, = BIZJJE (267-400 Pa) T, 80°C C 6 MFfEJLEET 5
ZEIZEYPUT— REMIELT, PCLEBIUPCDIZL ViR X7 PUE 1L 24
M 100 °C THIEAL 7= 5, BT (267-400 Pa) T, 80 °C T 6 HEfijALE4 25 = &
Ik 27 a—2H50E e —RFEA L PUE DY — F &R LT,

L LC, PUE-PTMG-S1 OFfHl % 779,

A7 m—A (0.349;0.10x 102 mol) 3L U'DMF (10mL) Z25mL ¥ = L > 7%
IZFEELY, 80°C, 15437 L T U FEHKICTKIFATH I & T, A7 m—RE
WAL L 7=, S\ T, MDI (5.0 g, 2.0 x 1072 mol), PTMG2000 (18 g; 0.90 x 102 mol)
BLOFAR L= A7 0 — 2R EEROEG, T AENE, HATAMBORF L
100mL 0>y A&/ NZ7 707 T Z2aNiZiz T, 80°C T 205/, 73 FHA
T IFAT D Ik Y, PUERKZFR L 7=,

PUERIE (20 ) 27 4 AR—H 7L h LAITIMA T, 24 FFEI=IE (23 £ 2 °C)
THrE L7-0bH, 100°C T8 REMIMA L, X HIZHJE (267-400Pa) T, 80°C T6
REJALERS 2 = 12 LV, PUE-PTMG-S1 @ PUE O — k& RIE LTz,

2222 FHIHOAMEZEALERYULZ LU TTR R —DHRKR

BEAEE A A LT PUE OGBITREGEIRR, T AGANE, 2 AXAEOR LT
100 mL WY A& /"T 77 T A 2 ZRERIC TR Z1T - 72 MDI B X UG R
RTNCIBERE 2 L= U 4 —/L (PTMG, PCL, PCD)E L O Al (L(+)-E A,
D) A, mesoHfi1K) ZWEMRY, #iE LTTHF(0mL) Zh1x, 100
°C T 30—60 772 <iZA (100rpm) 352 L2 XV, ZNENORE CHE AR %
A L7 PUE 24 L7z (Scheme 2), R Y A —/L LilaEE &L DE/LEREORME
0.010 mol & L, #WAEDE AL 0.65 1.4, 2.3, 3.4, 48wit% & L7= (Table 3),
BT _R TV I FEHEICTIT - 1=,

= MEF ¥ R MEIZ XY BIEETT - 70, PTMG IZ & Y i &4 7- PUE 13RI
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(20Q) &7 4 AR—H TV F L AITIMNA T, 24 FFfH=EE (23+2°C) THELZD
b, 100°C T 6 Iz 2% Z L 12 &V, PUE > — M & L7z, PCL 35 L OV PCD
IZ X VAR ST PUE 1%, 24 5[] 100 °C THNEAS 5 Z L2 XLV, PUE v — %
I LTz,

FlL LC, PUE-PTMG-TIL Ol % ~d,

MDI (5.0 g, 2.0 x 10 % mol), PTMG2000 (18 g; 0.90 x 10 2 mol) , L(+)-¥ % (0.15
g; 0.10 x 10?2 mol ), AL LT THF (20 mL) ZBiGHE, U ABAE, 7 <1x
AEDFF L2100 mL 0y &8 7 V7 7 2 aNIZiiz, 100°C, 45 437 v =
VEARIZTOLIZATHZ EICE D, PUERIRZFE LT,

U= MIF ¥ A MEICLVRIEEIT o 72, L(H)EAREZEA L7- PUE &K (20
Q) T 4 AR—F TN b LAITMAT, 24 BE=RIE (23£2°C) THELZODL,
100°C T 6 RS 5 Z &2 Xk v, PUE-PTMG-TIL @ PUE > — &k L7,

223 EFHIZVe FaFxi TR M AZEALEZRIVLVE VTR M —DF
A%

2231 Ve FeXU TR MCOER

DHA [T —fAICEIRIC R WT, KV ZER &K (Figure 2) OIETIHFIET 2,
D=8, HHEHTIC 30 43 80 °C THMEWAME S5 Z L ¢, HE{k (Figure 2)
B S EDMERD D, £ OEMEME % Scheme 3 12T, TEAMEST 5 Z LI
£V, DHAHOHEKRE “ 8K L OFIGITE L% 2011 OFEIG L7 D,

2232 EHIVE FuXV TR ARZEALERIYLFV IR b —D
BB
Scheme 412" T X 912, ARIET LR ~—EE AWz, £, REOB AL
Table 4 IZ/R L7,
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Figure 2. TH NMR spectra of dihydroxyacetone
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Table 4. Synthesis of DHA or 1,4BD based polyurethane elastomers.

Sample MDI Polyol aditive Trehalose content
(mol x10%)  (molx 102  (mol x 10°°) (Wt%)
PUE-Polyol-DHA1 1.2 0.60 0.15 0.93
PUE-Polyol-DHA2 1.2 0.60 0.30 1.8
PUE-Polyol-1,4BD1 1.2 0.60 0.15 0.93
PUE-Polyol-1,4BD2 1.2 0.60 0.30 1.8
PUE-Polyol 1.2 0.60 - -

% Polyols: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone
diol (molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000;
PCD2000).
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B HE, TABENE, D <AXAMOR L7z 100 mL 1Y Ak RT 707 T X
2 TIFEZR RN TR LA 1T - 72 MDI (3.0g; 1.2 x 10 mol) 36 L OVA R AT I J8E 87 4
% L7z U 4—/L (PTMG, PCL, PCD) (12 g; 0. 60 x 10 °mol) ZFFHzY, 80°C T 60

< iTA (100 rpm) TAH5Z LIk, LR v—mRERARL7Z, LR
U~ —¥IRIZ DHA 2 &Y, e L CTTHREGmL) 22T, E5H1C30—
60 N IZATLZLITEY, PUERKEZAK LT, 4 Y7 F— K, RUF
—Jb, FINAIOE LV HIE 2.0:1.0:0.50 38 £ 10 2.0:1.0:0.25 & L, #HAKIE 0.93 B LW
18Wt% L L7z, MISIET_TTr v FERRICTITo 7,

— MIF v R MEIZX VIR E1T 272, PTMG (2 & ¥ §ifd S 47z PUE 138K
(159) Z i ODRIEHEIZIE LiAZx, 24 IK¢fE] 50 °C THIZL L 7D, 100 °C T 24 K¢fH]
IMBMLERS 5 Z LI2X Y, PUEDY— MERTE LT,

& LT, PUE-PTMG-DHAL ®ffi#l% k9, MDI(3.0g; 1.2 x 10 °mol), B L
PTMG2000 (12 g; 0. 60 x 1072 mol) ZZFmAEIZE, HAEAE, M AXAEOR L
72100 mL PO 07 707 7 Z2alNicix, 80 °C, 60477 L= RS
THKIFATLZEIZEY, LR ~v—miRERE L7z, 7R ~—FIRIC
DHA (0.14g; 0.15 x 10 2mol) &AL LT THF (15mL) & %512 T 80°C, 60 43 [H]
T FEARIC TN IFATHZ LICE Y, PUERIEZMEL L=, £7-, DHA
(34 ECATIC 30 43 fH 80 °C THNENEME L 7= D BT L7z,

— MIF ¥ R MEIZRYEEIT o7, I L7 PUE K (15 9) & DA
HEITTE LA, 24 B[] 50 °C THIEAL 7=, 100°C T 24 BERIMEVLIE 5 = &
IZ& Y, PUE-PTMG-DHAL ® PUE @+ — k& kJE L7z,
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WIE IR/ —ZABLEORPLAAE—XEZEALERY T LZ LTS R K
~—DIEE &t

3.1 HrEEEE
T _RTOREIZBNEDFRERNRWRY , =iE (23+£2°C) I TiTo 7=,

3.1.1 FAHE (Fourier Transform Infrared; FTIR)
HEEEE T B A RS FTIR5300 % v 2, HARZS RSt ATR
7' XA KRS-5 #HWT, HEEAEKSE (ATR) IZL WHIEZIT- T2,

3.1.2 BERERILESYEEE (Nuclear Magnetic Resonance; NMR)

T %E 8 1% Varian Unity Plus-300 spectrometer Z fiV 7=, *H NMR (300 MHz)
L OVBCNMR (5.4 MHz) (ZHEHERIEL LTT F T AF LT (TMS) , EHIEH
ELTHEYATFIANLEFY K (DMSO-ds) AW THIEZIT- T2,

313 [bZEROME

PR BRI 1.5 cm A OB ZHE L, 8mL OFBRE (B, ~
%4>, THF, DMF, DMSO) FIZ==iR (23 £ 2 °C) L1100 °C (DMF 3 L X
DMSO D A) 12T 24 FFfIRIE S5 Z LIC K D HlE L7z,

BB ITHERE 1.5 em A OREL 2 HEL, X8 (30 mL) [Z=E (23 +2
°C) IZT 24 RIRE LD, B2 L, REOBEHELZ TR HE
(W) ZHIE LTz, 62, k&2 T v —% —H T 24 IR (30 °C/267-
400 Pa) L, Witz OBroERE (W) ZHIE L7z, iM% OREHS L OWLE% O
HEPERZIGEE (Rs) & L7,

Rs (%) = W’/W x 100
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3.14 HBHME

il L E LT E S E & L Cmar TRtk ASKER DUROMETER (JIS Bif%

AN 2L, BEZE S 6 mm IZEAERQTHEEZIT- 7,

SIERBRITACHEE L LTy HRERABK (A =r 7 v 7400
RTC-1225A 5 X UM U-4300) % VN2, &0 -~ULid IS #ik% 3 B4 v ~L %
H, 78 A~y REEL 100 mm/min [Z3%E LRIEZ 1T 72,

3.15 BWHE

FAREEEIE  (Dynamic Mechanical Analysis; DMA) [XHIEHE L LT A o
—A RV A Y FERE R L E DMS6100 A FV Tz, JIE 1L AR E 5
°C/min, AN#RIEH 20 Hz, 1R ELHiHIEL—100-300 °C (2 TIT > 72,

IRAERBENE (Differential Scanning Calorimetry; DSC) (3 & LTk A 2
—A AV A Y B TGIDTA6200 Z AV 2, JIE T A-RIEE 10 °C/min, TRLEE
#iPHIX —100-300 °C, 7 /L= IRPHKUIC TIT 272, K19 mg Ot 2T LI =0 A
B TNRANTE Y, B TET AV =T A E AW, JIEEL AR
FE 10 °C/min, JN#RJEPFE £ 10 Hz, R EEfEIE —120-200 °C (2 CTHIEZ 1T > 7=,

BB BJIE (Thermo Gravimetric Analysis; TGA) 1THEE & LT A a2 —A VAV
IV A Y B TG/IDTA6200 2 FV 7o, IE I3 F-REAE 10 °C/min, & HIPHIE —100

-300°C, ZEFRFFIHRUICTIT> 7,

316 HEHAIE

- DB EE (Atomic force microscopy; AFM) IZAIEEEE & LTA Y /8%
R SRR 7 10— 735 & Olympus NV2000 % V=, 1 o F Lox— 34U o~
NAA SR Y a3 = 854 R F L3— (OMMCL-AC 240TS-C2) % H
W, EAHPH 1000 nm, DFM E— RICTHIEZIT -7,
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32 ARJua—REFEALERITLEZLTS5 R h—0DEEB LI U

321 FTIR

PUE-PTMG-S1-5 ® FTIR A% kL% Figure 112054, ZASD ALY hLiC
£V, /o PUE DEMINSIGCDM T Z2 M L7z, W3 PUE IZH NCO
([CHIKT % 2265 cm ™ O B — 7 ITFER SR o 72, PUE-PTMG-S5 @ FTIR A%
7 hE T L& RO N-H RS 3300 cm ™, Ff 4 0O-CHp- O RFEIR I
2940-2794 cm™, v L& A3k C=0 HiiESE) 1725 cm™, C=0 fiiifiEH) 1705
em ™, U L7 B kO C=0 {iFEIRE) 1647 cm ™, ¥ 0 C=C {diffFE{RH) 1598 cm ™,
7 2RI (C-N fiffEEEH L OV N-H OZAHES) 1530 cm ™, 7 2 1T (C-N iR
B3 L ON-H O£ fA#EE)) 1511 cm ™, X ¥ 0 C=C fi#F#EH) 1413cm ™, C-H @
ZEFRE) 1365 cm ™, 7 2 RII (C-N ffFEEIH L OV N-H OZ A EEH)1219cm ™, %
70 —2AB LR 4 —/LD-C-O-C-DfffiEHRE)N 1093 cm ™ ITHRIHS 2 FER8 L 7=,
F7z, BAENEINT 2250 T N-H iEiRE 2 &EEAIC 7 FL, vra
FEH RO C=0 [ REIDMEBE M > 7 b LTz, A2 vB—2DFAF OH A EEMN
THEVEARICBWNT, C=0 &L OH ML OKEBAITHEMT 2 DICH LT,
NH OKRFRESITEMIND Z ENBZ HND,

3.22 NMR

'HNMR B L BCNMR 227 R L2k v, B SN PUE FD R B— 20
FEEER LIz, ZHOORERNDG, A7 a— AR/ E LTPU EHERE L
T ENTRBRIND,

PUE-PTMG-S1 ® *H NMR %27 kL (Figure 2); $8.54 (CO-NH), 7.34 and 7.08
(-CeHy4-), 4.05 (O-CH,), 3.78 (-CgHs-CH,-CgHy4-), 3.31 (O-CH,-CH,-) and 1.49
(-CH2-CH2-, -CH(R)-).
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PUE-PTMG-S1 @ C NMR A% kL (Figure 3); 8129 (C=C), 118 (C=C), 70

(O-CHy), and 26 (CHy).

323 fbFEHME

5 517 PUE OIRARIERBR Ot J % Table 112R~d, A (23 £ 2 °C) (2T 24
RFfELE L7223, WIhoOBREIC 5572 PUE IZRIETH -7, LavL, v
£, DMF, DMSO (Z%} L CIXikBifr OfZE A e S vz, THR 23 L TIE R
B—A&EA LRV PUE I L7=DIckt LT, A7 B—A%#E A L7 PUE 1313
EAEGE L7 o T, ~F AT LTIV T o PUE HIGE L7220 o 70, &
7=, 100 °C |[Z/MZEA L 7= DMF 35 X OF DMSO (Zi3 W10 PUE &R TR S,
A=A ALRWPUE TEEBICEM LT, O LD, A7 m—ADH4
BRI EL DR ~—Fy VT —7 DI R~ SIS [1].

551072 PUE OIFZERBROFE R % Table 2 79, WI oK U 4 —/L (PTMG,
PCL, PCD) ZHW/GATYH, KRETA 7 n—2X%HEA L PUE [ZA 7 v—
A% EBANLRWPUE &g L TRESIFET 201Cx LT, BAENEINT S &
EHITRWIFEREZ R T L DI D, ZHIEAZ B — AR KRECTEA LIZSGA
D PUE (ZA 7 v — R &M UT=FIC K0 53 FEHID AR S AV BER A T, 431
D EBAEES N (BEEE) LizZ LIcERTSEE2bN5, £ A7 n—
A DFANEDOHEINAEVIAEENMET L72DiX, A7 a— 208 AEDOINT
WAZB—RA &R e LR ~—xy NU—=7BEL, FRICEE» 4T
CREEE O, MRAENR 52 iIckbEEx NS [1].

324 HBHOME

B o7z PUE O EFBROFER % Table 2 779, WIhoR U A4 —1 (PTMG,
PCL, PCD) ZHW=HETH, DEDA/vn—RA%EE AL PUE [TAXA7 17—
ZEAN L7V PUE & Bl U TIRWVEEE 2R3 0 2xf LT, BAEOHEMN & LT
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Table 1. Solubilities of polyurethane elastomers containing sucrose.

Sample* " Benzene ° Hexane © THF® DMF ¢ DMSO ¢

23°C  100°C 23°C  100°C

PUE-Polyol-S1 O X X O A O A
PUE-Polyol-S2 O X x O A O A
PUE-Polyol-S3 O X X O A O A
PUE-Polyol-S4 O X x O A O A
PUE-Polyol-S5 O X X O A O A
PUE-Polyol O X O O o O o

O: completely dissolved, A: slightly dissolved, 0O0: swelled, X: undissolved

# Polyol: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone diol
(molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000; PCD2000).
® Measurement conditions: Solvent = benzene, hexane, THF, DMF, DMSO; measurement temperature = room

temperature (23 = 2 °C) or 100 °C (for DMF and DMSO) for 24 h.

° Room temperature (23%2 °C).

Y Room temperature (232 °C) and 100 °C.
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Table 2. Physical properties of polyurethane elastomers containing sucrose.

Sample Hardness *  Swelling rate P Tg ¢ T1o"
(JISA) (%) (°C) °C)

PUE-PTMG-S1 65 294 —63.0 348
PUE-PTMG-S2 66 298 —63.1 342
PUE-PTMG-S3 71 285 —62.7 330
PUE-PTMG-S4 77 235 —-61.7 310
PUE-PTMG-S5 85 220 —61.6 282
PUE-PTMG 77 229 —67.0 351
PUE-PCL-S1 62 234 —48.8 350
PUE-PCL-S2 61 229 -41.3 341
PUE-PCL-S3 65 214 —41.3 327
PUE-PCL-S4 67 213 -39.6 314
PUE-PCL-S5 86 199 -38.8 298
PUE-PCL 67 204 -45.0 338
PUE-PCD-S1 70 251 -30.4 336
PUE-PCD-S2 73 247 -27.9 331
PUE-PCD-S3 78 240 -26.1 323
PUE-PCD-S4 89 230 -25.5 311
PUE-PCD-S5 97 222 —24.4 296
PUE-PCD 79 195 —26.4 313

 Measurement conditions: JIS A type, total thickness = 6 mm, room temperature
(23+2°C).

® Measurement conditions: solvent = benzene, measurement temperature = room

temperature (23 = 2 °C) for 24 h.

¢ Differential scanning calorimetry was performed at heating rate of 10 °C/min from

—120 °C to 200 °C under an Ar atmosphere.

? Thermogravimetric analysis was performed at a heating rate of 10 °C/min from

30 °C to 500 °C under an N, atmosphere.
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VM Z R T L 02 d, ZRODERND, HMELR) v—FXy NU—7 D
L DBERERD R IND, FTRRE TOEARICEWNT, EENMET
T 2D & REEROBLG DR IZ I W T H B S 41, FTAH A I K OWE R ERBR O
RIZFRW—EDB o507,

55172 PUE @8 |iERER DRSS % Figure 4 (2779, PUE-(PTMG/PCL/PCD)-S1
I% PUE-(PTMG/PCL/PCD) & Lbifis L C i Vi S /) 27~ L, PUE-(PCL/PCD)-S1 (2o
W EE S BRI D55 & 72 572, F 72 PUE-(PTMG/PCL)-S2 (28 Th, %
Wi 23 PUE-(PTMG/PCL) & W i< 720, PUE-PCD-S1-5 (X & DEAEIZE TS
LRHSE A i MBI 2o U 7=, RS SR (kiX PUE-(PTMG/PCL/PCD)-S1,2 (23 T
I% PUE-(PTMG/PCL/PCD) L IZIFIR U F 72130 LisE ¥ 2 7 AEIIC B, A7
e A DRI 12 S CIET U 5 2T 5. 2 7= B ) b [
FETOEANED (PUE-(PCL/PCD)-S1 3 X (Y PUE-(PTMG/PCL)-S2 (2B Wik A~
B—Z&EEANLRWPUE RIS D VIS, A7 a—A0EABOHENL &
HIHHIE T B 2R R 60, A7 v —X%ZE A LW PUE OIS
FOEWVEZ R LT, ZHUTIEAHEE S L OWEEORR & BWAEELZ R L, KR
FETOR7 v —AOEARIZET 5450 FH OB BHEEOREMNE X OERETO A
I/ —AOEANRIZBIT LR v—Fy hT—7 OFELIRRIND [1],

325 BHIME

DSCIZ X 0 E 5= H 7 AMBIRE % Table 2 3 KON Tg #iff & Figure 512771,
A a—A%ZEN LR PUE OH T AR E L PTMG A3 —67.0, PCL A3 —45.0,
PCD 73 —26.4°C TH D DIZH LT, A7 u—ADEABOHME L HICH T A
BIREIX LR Z R LTz, 7 AWBIRENR R 7 0 —2ADEA&DOHINT LY
EAFTLHZEIE, A7 e —ZA0RREMEICERT 2 I 707 T 0 @B O RN E
ETCNDLZLERMET D, IR/ R —REBEANTLHZ LIZLD, HFHFOE
PERRPEIE DS HEINT 25 T OFHR G AL, 50 FPKER BT L2 PU 5378100 B HiE
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OHENEZ 57O THDHEEZOND, FIEAENENTLE EHIC, F
PEARPEEE BRI 5 2 LD, SOLRDIMIBEVEITL, U7 AEBEED LA
DERZDHDEDEEZ LD,

TGAIZ L 0 155372 10 WtEY IR E (Tio) % Table 212, By fiph#R % Figure
27”7, PUE-PTMG-S1-5 OEGRIRIEIZIA 7 v — ADEAEDOHIME & I
PUE-PTMG X Y {K\ ME%, PUE-PCL-S1-3 (% PUE-PTMG X Y &<, PUE-PCL-S4,5
(XX MEA, PUE-PCD-S2 (X PUE-PTMG & IZIE[A] Ufi%, PUE-PCD-S3-5 (H{K\>
BERLE, ZHUIRAZae—A, =—F )RR A —, R ZAT)ILZRRNY 4

—NVDENENOER LOHEICERT 2D EEX 6N D,
5 572 PUE @ DMA HIE OFE SR % Figure 7 1Z¢, BRESICBIT D B0
E— 2713 PTMG # H\W e E1d PUE-PTMG-S1-2 IZB W CEWMEZ /R L, EARE
DEIME & bRICT v — Ml s s, £z, PUE-PTMG-S4-5 (213 AM
WZH 7 m— NMuLlemie—7 BEillsn, A7e—XZHkT5I 7077y
VBB ORINTER LI2b D EEX b D, RROBSRA PCL 3 X UVPCD % AW
HTHEH NS DD, PCL ZHW=HE1Z1E PUE-PCL-S3 D E/3HE —
7 e bEWEE R L, PUE-PCL-S1-2 (X PUE-PCL LY H{EVMEZ /R LTz, £7
PCD (85T %, PUE-PCD-S1 |% PUE-PCD & [AZED E45H e — 27 OfEZ =T H D
?®, PUE-PCD-S2 IXEVMEZ /R L=, 2D X5 RBSRnD, Fattomnr Y 4—
NERNWD Z & THRIEAGDEITESWDICEWRE T TND Z EDNERIND,
PP SR 123N T, PTMG % W 72355 1% PUE-PTMG-S1-2 I8 W T 7 A
BREICB T DHBMOBENRKEL 2o TNDH I END, HANHEEEEMEL L
TWDLIENBEZLND, EFTEHERIME T LTS DD, =L VHBED
BINLHZEnD, ZIA Y= LTOWEZ RS> TWRWZ ENHERIND,
S BT, PUE-PTMG-S3 02 B IdH T At D 2 Z L B — R @il S fu7e < 72
HEEHIT, TLMRPFHBERGIZEACHBTE R DI D, HIEENE
o2 & TCREMmEDMEES N, =T A hv—& LTOMWEN KD D Z & DR
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N5, PCLEBXUPCD # HWHAEIZB W T HRIROB L3 s S b A3, PCL
W2 5A 1% PUE-PCL-S3 IC B\ T v Z /L E— R ELl S v b o o,
AP Lo E 0 LHERT DN TEDH, D &b, PUE-PCL-S3
D3FESTEE & R b T ER B I E T HRETHDL Z BB X b5, PCD IZE
UNTIE PUE-PCD-S2 7 & = 2R BRI 2 i (2 /) & < 72 0, PUE-PCD-S1 & Hhiik
LTH I ZAEBIREICB T 2 E RN oTND 2 b, ZOREICE
WTBEICHIBA I X D/ IEDRRESEATND Z EREZ HND,

326 RmAlIE

AFM IZ XV, A7 a— R %&3E A L7 PUE O OFH 5y B OREES KRG S
7o EDORfER%Z Figure 8 IR, A7 B — X %&E A L7 PUE DR Y ~—HEENT,
BN & 2 AR —Z0REE B S, MOBEOFRBNRBO bivlc, HgoOFIZ,
N—=RFBXRY 7 oI 7 v, ZAENHB LORELKE LTERLZ, ~N—
REZ A2 MRE (A7 v—ZJRE) ORI, R ~v—REIZELA R,
A7 —RAEEANLTZPUE DY — MIAZ B —2A%EA LMW PUE LV, Fk
RRITIER ST 720 BRI A R OMIR G DIRIE L I D, A7 B — XA D&Y
M 2220, MIBGRENEIT LIRS LZH L, REMED X0 2060V
LD, TR, B, BWIMEEORRE RBWVW—HERL, EAED
MRZE T HHEDTH D,

327 R7u—REEALRLERI U LEZ TR M —DORKES

T NCO Fe T TR MEHEL Zo6h U TR SUR T % AKIEEITXTT %
FOSHETES 1k > 2 >3 3 hDIE TS EITT 5, LrL, AZBr—RAD
D\ D DRI IHERFF A ONEIEIC L > T TFHRARFERETHZ LT, K
I OB ITZ LA T 5, & BEBAAICEICT D KEEIEIZ 7 v a—Z[lld 6 i
ICEHT D 1TV a— L 7T h—AlD 6 CIZERT D 1T L a—L &
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Figure 8. Atomic force microscopy images of polyurethane elastomer without sucrose
(PUE-PTMG) and polyurethane elastomer containing sucrose (PUE-PTMG-S;).
(@) and (b) : two dimensions; (A) and (B): three dimensions.
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ThHY, 707 b—=2AlO LALTERT S Lk va—lE, Zra—2{llo 4
MZEWA D 2 7 v a— LV ERBEOBREETHY, b, 77 h—Z
D 4 NTERRT D 2 BT V2=V DOFMRNBIEE L 72D 2 L0 b, 2660k
A YT H— MRS D ROSHEEE VY [2],

FERRZETNVERE LT, A7 =LA VT T =L TTz= S VY
TF— b EERNY L EARIEEIT 5T, A2 B— A0 *HNMR (Figure 9) 35 k&
N2 =L T 2= A YT F—FOENE 1.8 & L, FFHORIEIZ L D4
{t.% 'HNMR (Figure 10) & X v & L7=,

AT —AD 1B IO 2 HEDETINOOKERIELX, o0& (BB X
ONLARARI R 72 &) RESEBINDL Z EWRBEND, NCO KL KEEKLE DE
VIR 1.8 (A T w7 A=1) OEFTYH, A7 a—ADUN 24 535%IZIZETOK
FREEIT NCO JE L FUud 5 Z E MWLM~ 7=, #IZ, A EO NCO HEDiEFE 7
S TORIETIERTOKBENKIELTWD EEZ HLD,

A 1 — A DFFOKEERE D FUSHER KON S 7= B & TRl S D @ik
&7 Figure 11120 d, | OMEIZ A SOSPED @O IO OKERFEIZ 1 0 2845 &
NIEHFET N THY, VT x— MaR L RLIENVEARIZBNT, £<0
EAEEEOIETHDLIEEZDOND, ZOWEEZ L FoBAITIIEVY T
HAE—R7ZITTHRNAD 2D, ZOFEICEZ OBBEEAEL L Z LR TSN
Ho LTZBoT, A7 —ADKRETOEANRIZEBIT 5 PUE OELBSX 5
LEZBND, | OREEITR GEMNSIET D ZODKBEED T LV 4EHE &
NI FETNTHY, KBENLLRDLA 7 a—ADEREOBARIZENT,
ZDEEEZHEDLIMETHDHEBEZOLND, Nl OFEEIT SO 1HFE T /La—L
DHERIGE LTS FET LV THY, A7 v —ADERETOEHEAFED PUE (20D 4
HAWNHEET 2B 20615, Z0OXHIZ, BRETOEARIZE O TIIRE
DKEEFED oy -8R L2 K FREAIC L 0 BB L W2 LHE &S D,
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33 PN —REZHEALLRIULVEZ LTI R b=—0OHEER X W

331 FTIR

PUE-PTMG-T1-5 ® FTIR A2 kL% Figure 12 IZ7R3 7, ZAH DAY kLT
L VG 6T PUE OFEMIMBUS DR T 2t LTz, WT4d PUE IZH NCO &I
B39 % 2265 cm™ O B — 7 1 3RER S, N-H iifERE) 3401 em™, v L& 3k
H1k D N-H i #E8) 3307 cm 2, f & 0-CHp-DREEWRINA; 2940 cm™, 2852 cm Y,
2794 cm Y, U L& kO C=0 MhfERSE) 1725 cm™, v L7 Hfisko C=0 i
1RE) 1647 cm *, B 2 C=C fiiffif®) 1598 cm ', 7 X K1l (C-N fiffiiEEh %
JOYN-H 0 ZE A Hh) 1530 cm ™, ¥ C=C hfE#ESh 1413 cm™, C-H D2
#E®) 1365 cm™', 7 X NI (C-N fhfFEiREh: L O N-H O ZE A #REN)1219 cm™, h L
NB— 25 KOV Y A — /L D-C-O-C-O s 1093 cm™ (ZWLILHE % Fesd L 72

INHD IR OFERNE, Flm—ARZEAIL L THERE L, PUE O F8HI0E
ATEXLZENRBIND,

332 NMR

'HNMR B3 LT BCNMR 2227 M LIc kv, B ENTZPUE D kL —2%
DIFEEHER LT, ZOREND, FL e —ZANEAIE LCTPU EHEFA L
T EMRBIND,
PUE-PTMG-T1 ® 'H NMR %22 kb (Figure 13); 88.54 (CO-NH), 7.31 and 7.08
(-CeHa-), 4.05 and 3.27(0-CH,), 3.78 (-CsH4-CH,-CsHy-), and 1.49 (-CHy-CH,-, -CH(R)-)
PUE-PTMG-T1 ® ¥C NMR %<~ kL (Figure 14); §154-147 (Urethane: C=0),
8138-135 (Urea: C=0), 129 (C=C), 118(C=C), 115(C=C), 70 (O-CHy), and 26 (CH,).

333 {LEMMHE
57 PUE OIAfRERBROFE R4 Table 3 (234, =i (23+£2°C) 2B\ T
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Table 3. Solubilities of polyurethane elastomers containing trehalose.

Sample ®° Benzene ° Hexane © THF® DMF ¢ DMSO ¢

23°C  100°C 23°C  100°C
PUE-Polyol-T1 O X O O A O A
PUE-Polyol-T2 O X O O A O A
PUE-Polyol-T3 O X O O A O A
PUE-Polyol-T4 O X O O A O A
PUE-Polyol-T5 O X O O A O A

PUE-Polyol O X O O o O o

O: completely dissolved, A: slightly dissolved, 0O0: swelled, X: undissolved

# Polyol: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone diol
(molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000; PCD2000).
® Measurement conditions: Solvent = benzene, hexane, THF, DMF, DMSO; measurement temperature = room

temperature (23 = 2 °C) or 100 °C (for DMF and DMSO) for 24 h.

° Room temperature (23%2 °C).

Y Room temperature (232 °C) and 100 °C.
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T THOREIC B RNETH 7228, _¥r, THF, DMF, DMSO (Z%f L Cix
B A OISR SV To o ~F 8 Txt LTIV 4o PUE I L 72 o 7,
F 72,100 °C (Z/N#A L 72 DMF 33 X UYDMSO 121X W T 41D PUE & IE R R S 1,

Ml —2EEA LRV PUE IZZERICEMR LTz, 2D ORERIE, A7 r—X
ZEALIZPUEICK D BONTHREFEKOBLDOTHY, Flrm—RZ& N
BEIZBWTY, FHEOERBIRIZE IR v—Xy U —27 OB HER TE
Do

o7z PUE ORERBROME R %A Table 4 789, WTFNOKR Y A —/L (PTMG,
PCL,PCD) ZHW=HATH, [KBET L/ "B—RX &8 AL PUE T L
—AZHALRWPUE L L TRELSIEHT 20 LT, Fbre—20DE
AEDOHEME & BITRWIBERLZ R T L1222, P e —ZX &2 RREETEA
LG AEDPUE A m—2ADEANLRERIC LA —2A 2RI LICEIT LD 4
THECHIAS A SIVFHAYBEDSAE T, 43 0 B RSN GlBfibhR) LizZ &
WCERTHEEZOND, - FLom —Z20EAEOHINILEWIE R BNE T
L7eDIE ke —ZDEAEOHINIfEY, Pl —2X&ERE LIER) <
— 3y NU—=IPAEL, HSFREICEESAET, MR EPEZLZZ 2L E
Zx bbb [1],

ZDEHT, A7 u—RAFHEALPUE LIFEAEEDLRWERNME LN
ZEMD, hla—R2OEABIZBWTY, KBETOBEARICE S HBRE
DOEMB L OERE TOBEARIZELRY v—Ry NU—7 OFELIRE S
20

3.3.4 MWAHE
B 57 PUE OREEEREROFES A Table 4 77, WTNORY F—L%&H -
LAETYH, PEO L NB—REZEALZPUEIZ ML o — 2% A L7\ PUE

S L TRWEE 2RO LT, Fma—ZX0EAEDOHINE & bI25
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Table 4. Physical properties of polyurethane elastomers containing trehalose.

Sample Hardness *  Swelling rate ° Tg ¢ o™
(JISA) (%) (°C) (°C)
PUE-PTMG-T1 61 340 —64.3 352
PUE-PTMG-T2 63 315 —-63.4 345
PUE-PTMG-T3 66 308 -60.3 340
PUE-PTMG-T4 73 290 —57.5 335
PUE-PTMG-T5 83 275 -57.2 331
PUE-PTMG 77 229 —67.0 351
PUE-PCL-T1 60 250 444 347
PUE-PCL-T2 67 230 -41.0 346
PUE-PCL-T3 76 210 -39.1 338
PUE-PCL-T4 81 196 -36.5 346
PUE-PCL-T5 92 173 -34.2 328
PUE-PCL 79 204 —45.0 338
PUE-PCD-T1 67 265 —26.8 335
PUE-PCD-T2 70 250 —25.6 333
PUE-PCD-T3 86 239 -22.0 330
PUE-PCD-T4 91 223 -20.5 327
PUE-PCD-T5 95 208 —20.6 325
PUE-PCD 73 199 —26.4 331

 Measurement conditions: JIS A type, total thickness = 6 mm, room temperature (23 +

2 °C).

® Measurement conditions: Solvent = benzene, measurement temperature = room
temperature (23 £ 2 °C) for 24 h.

¢ Differential scanning calorimetry was performed at a heating rate of 10 °C/min from
—120 °C to 200 °C under an Ar atmosphere.

¢ Thermogravimetric analysis was performed at a heating rate of 10 °C/min from 30 °C
to 500 °C under an N, atmosphere.
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UVMBEE 2R K D272 5, ZOREND S, A7 m— X% AN LTz PUE &[AEEIC
PUE DR ~—Xy NV —27 OFE LML L OBEBEREABRIRRIND & & BT,

R lona —2ADRIRECTOEANREIZL 5 PUE O HBEEEOEMNE X OERETO
BABIZLDR~—FRy NT—7 OFEADRZEZ OIS,

S 57z PUE OFERBROFER % Figure 15 (2789, PUE-(PCL/PCD)-T1 I
PUE-(PCL/PCD) & Lt L C @ WMl /) % 7~ L, PUE-PCD-T1 (22D CIIA W gE
t kA DFER L 72572, PUE-PTMG-TL X PUE-PTMG & bt LT, 5 FRV Vi
ISR L O EZ R TRER L 7o 7208, IRIEREOHREN GO TS, F£T-,
PUE-PTMG-T2 (28T &, ki 2% PUE-PTMG X ¥ &< 72 ¥, PUE-PCL-T1-5
[T LB A = OIS ) & s U Tz, [RERE ARkl PUE-(PTMG/PCL/PCD)-S1,2 (245>
TiX PUE-(PTMG/PCL/PCD) & 1ZIZ[RI Uy, 72013 LEE Y = 7 AfERICH N,
ML —Z20EPMEINT 2 ICON TKE Y = 7 AFEICEN S, #IHIG S D%
>V Th, PUE-PTMG-T1-5, PUE-(PCL/PCD)-T1,2 i& h L/ — R A A L7
VW PUE LY ${%<, PUE-PCL-T3%IZIF[R L, PUE-PCL-T4,5 3 & UF PUE-PCD-
T3-5 1dmV Y, Gl aRER & MRS & ORE ST JWFHBAMED L S Tz,

335 BWMHE

DSCIC LW B LN T AEBIEE (Tg) % Table 4 383X Ot DSC Bhi## % Figure
16 1ZRd, Flaa—REZEA LRV PUE OB T ZAEEBIREITZNZE PTMG
/3 —67.0, PCL 73 —45.0, PCD 78—26.4 °C THHDIZx LT, bl p—2miE
AEOHEME & 61T, T 7 AEBIREIC EAMEmD o7,

TGAIZ L V1535 407= 10 Wty IR E (T1o) % Table 412, B0 fR dh#R % Figure
TITRT, BORRE S F L —ZOBAEOHEIMNE & &I 3 D1 A3
WL, b, AZ7u—RXLERIC h Lo =R 7L a s NG O
DIRCERT LR THDL EEZBND,
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5 5772 PUE @ DMA HIE OfE S % Figure 18 124, AR IERIC BT D T4
E— 71X PTMG % W\ 72 8451% PUE-PTMG-TL IZB W TEVMEEZ R L, hlL o
—20FEANEOHMELEbIZTe—Fov—B@lHllans, £7o,
PUE-PTMG-T3-5 (ZIX RN b 7 v — ROpHE— 7 BEHl s, R e—2
WCHRT 5777 VEBOEBMICER LI bDEEZX b, A7 r—2A%E
ALTHEICBHI SN DB R L IZER—bDOTH D, FAEROILEN PCL BLD
PCD #AWHATHLEM SN S DD, PCL &AW -#4121% PUE-PCL-T1-3
EFTOEFHME— 7N PUE-PCL LV bEVMEZ /R LTz, 2D &5 RBRIT, Hiidh
PEDOEWRY A —LZHND Z & THIBEDEITEAWICEVWRELTWND Z L
WCEKTL2HDTHLZENBZONLD, A7un—AxHWHEITEE A
BEFETRRDZ LD, P —ZABLORAZ 0 —ZH PUE I KIE RS
DELIC S ETOERNHLHZ ENBELLND,

BFRERME R TC, PTMG &2 W 235513 PUE-PTMG-T1-2 IZBW T 7 A iig
BREICB T DHBOBEENRKEL 2o TNDH I END, MG EME L L
TWLHZENBZDBIND, £7o, BRI T L TWD S DO T LS i
BINHZ D, 2T AT —L LTOMEZLR S TWRWI EBRERIND,
X 51T, PUE-PTMG-T3 (34 7 Atk D v X )L E—(EFABLl S /e 72 b &
EHIT, TLPHBEMBIZE A LR TERIRDLZI LN, HIBGLEDZ &

TRt MEE SN, =T A v —&L LTOMHENREDLNTND Z & RHERS
Do ZOXIRBIGIL, HEERELFERICAZ 72— 2BV T HIRIEE— DM
WHERESND Z LD, hloa—A0 PTMG % HU /= PUE Oy BfERE &2
THEZIRA 70 =R LZER—OLDTHLZ ENREZXHID, PCLIBLVPCD
RN E BN THRBROBEE N HE SN DA, PCL & HWimaicix
PUE-PCL-T1 726 = Z )L E—fR MBI S 72 < 72 5, F7z, = DRI
PUE-PCL-T2 IZEWT HiT-E VERT L2 LN TE S, ZDZ &b, PUE-PCL
L PUE-PCL-T1-2 3 X ONPUE-PCL-T3-5 & OEICHI /Bl 1 2N K & < 2L+ 5 5%
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33.6 RmAIE

AFM 2L D, bl —R%EA LT PUE OFEOREDNRG SN, £ Ok
RA& Figure 1912”79, Rl e—RX%EA LK PUE ORY ~—EENT, B
WZ X AR —IREN BN SNz, migoPic, "~ FBXI®Y 7 DI 7 2l
S, ENENAEB XU EKE L TR, "~ FEZ7 AV NRE (FLma—2R
BREE) oMy, RV ~—KRmIE (LA RN, BB X OREEIEI 7 2o
xR, b —A&EEALZPUE DY — MI L m—AZEA LR
PUE LV, REREIFILRK SN0 bR lERF>E 51725, 20X H7%
FRIIAZ B —=AZE AL PUE LU LB TH D, L LRRs, A7 n
— AZMA LT PUE LT 5 &, ML — 2 & A L7 PUE O 5 AMEERIC
Vi ThDd I EITERL, REMEED A7 n—2 %A L7 PUE &L, XV
W & 72 5,

337 Mnu—REZEALLRYYLVE TR M —DOERERE

S FNIZEB W TR B = 3L F— O @O REFEIX S 1 O FEME 2358\ N 72,
WHEOGHEIZZ LS 2D, O D, brr—XREENDLN\DODOKE
KOOGS DENNEZ TR 2 &, b BOSHEMENEE X B D OEHHl D 7L
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Figure 19. Atomic force microscopy images of polyurethane elastomer without trehalose
(PUE-PTMG) and polyurethane elastomer containing trehalose (PUE-PTMG-T5).
(a) and (b) : two dimensions; (A) and (B): three dimensions.

68



THIENTED, £, A0LICERT D 2B/ T Va—Ls 6 (D 1#kT /La—L
DIEMAEE B =L F— L L TRERENLRN LD, BWSHEE S
EHERTE, SALICEWRT D 2T /L a— T b OKEREE & LT 5 L E TR
MR L F—Em< 725 [3],

FEEICETALFERE LT, P —Rb AV TF— LT T =AY
VT EEROT LA ARG EIT o T2, b Losa—A0 'H NMR (Figure 20)
BIOhro—2RL 7= YT —bOFNE 18 & L, FEFORKIRIZ
X 225 {k% 'HNMR (Figure 21) 12 X 0 fIE L7=,

Fome—20 1B LY 2 HEHLETNSOKEEIE, FL o o—20EN
12 531212, B TOKEEEIINCO K& KN T 5 Z &R LMk o7z, #iT, 4
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No, ZOFRERIZAZ o0 —ZADFER LIZITFEERRFER & 2o T2,

~Lm—2DF DK ORISR KO SN -HEE 6, TS D&
WS % Figure 22 1239, | OSSR BOGPE D B SO DO KERIEIZ X 0 28
BINTHFETLTHY, 42T X— FREFE L 2D RRE TOBEARIZE
NWTEZLS DEGE LD OEETHDLEERXDND, TOTCDAZ B —AZEHAL
TSt LEERIS, PLor—Z2DRRETOEAREIZBWNT, RWarF#Hs —~
DHTHRNDTAEENTERL S I, BBESZ PLICH BB T2 L E2 625,
Il O BN SIRT DO DOKBEEDO A LV G S TET L
ThY, KBENL RDHERETOEARIZENT, £ OHGE LD H S
ThdeEALND, Il OWEITR G EDE 725 Z 5D 1fE7 Vva—no
BRI LT2FET A THY, @IRE TOEAZRD PUE IZD B BINATET
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WERAOPEE L el L C, 1FE A LRI U Z R LT,

A7 —ABINM "B —2%H AL PUE DFEEIZFA 7 o —RB LN
T —ZADEABOEINT LV &< e B (< 722) &, T LTH T AR
EH A7 a—ABION Mg —20FAEOHEIMIEY EH (&< 7ed) i
B LT, BRI A 7 0 —AB IO Lo —2A0OEABORIINC X YK
T (RN ED) A 2R Lc, 2 2 REPEEEII A 7 e — 2B X bovm —
ADBFANEOHEIMI LY RESBDL, 1ZEALEHEKT D, HE—, Ar7rn—2XE
KO b e —2%8 A LTz PUE OPBIRIMHEEDR R E S B 501E, 51280
BR (S-Scurve) TH 5,

PUE-PTMG (2B W TIZA 7 B —ZX &8 A L7z PUE OREBIREL DS, A7 m—AD
EARAMEY (1.4 W% BEUN3.1 wite) FEITB W TEVERTRE 2R L, EA
FERHINT IO THRAIEFL TSI L, Fbnre—2%EHALTL
PUE DHZBrREE I TE AR T IO THRIIZIR T 5, EERIZ, A7
B — A Z A U7z PUE OREWHBE AR NEINT 512 TR 2 IR LT
<DIZHKL, bl a—2%E A L7 PUE OREWHHEE &AL RS EINT 51224
THEIPNIER T3 %,

PUE-PCL IZB W T, A7 v —AZHA LT PUE ORWrREIL L/ e — 2%
N L7z PUE OREBIRE SR U Dizkt L, Lo —2%&EA LT PUE O
WS XA 7 0 — A& EA L7z PUE ICHERKRELBATD, A7 0—2%
BN L7z PUE OREWIREE & AEREINT 5 I o TREMER 27~ 3723,  F b
1 — A Z 8N L7z PUE OfEBTRETE AR L T HEHEA 2R S 7220, S
B2, AZB—AZE AL PUE ICBWTIREAREOINC X 291G o 5.
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FAE EHIT L(+)-/D-)-/mesoBABEBEALLRI Y VEZ VI X h=—0D
& L ik

4.1 HErEEEM
T _RTOREIZBNEDFRERNRWRY, =iE (23+£2°C) I TiTo 7=,

B ENTWARWAPEIZOWTILE 2 2 & REEICIT - 72,

411 BEXERIE (Optical Rotation measurement)

FESEEHE ATAGO #:54 POLAX-2L % vy, B 1% 200 mm (I: dm) & & D A fif
L7z, o7 VORI 10 wit% (C: g/100 mL) &72 25 K 912 PU & N-AF Lt
7 U R (NMP) ([Ziafig L Caid L7z, 50NN E (o) 22D HEE ([alo)
R L,

412 FEEHE
Sy REE IR RS & LT, B3LYP/6-31G % V7~ Gaussian 09W (2 L v &1 L

770 FET /LT GaussViews.0 & W CHEG 24T - 7=,

42 BEABEZEALEZERNIULEZ TR h>—0OEER LW

421 FTIR

PUE-PTMG-T1-5L ® FTIR A~XZ kL% Figure 1 127”3, 25D AT kL
£V, /o PUE OEMINEILSDOM T Z iR Lz, WL PUE IZH NCO A
([CHI3kd % 2265 cm ™t D ' — 7 [3HERB S L7e b o 7o, PUE-PTMG-T5L @ FTIR A<
7 hUE T L& U BEE RO N-H (B #EIRE) 3292 cm ™, ff 4 0-CH,-DRMEIR IS 2930
cm ™, 2909 cmt, 2847 cm™, 2791 cm ™, 7 L & i koD C=0 fifEHR®E) 1734 cm ™,
C=0 {f#EfREN 1729 cm™, B /LR F T L Hi kD C=0 {ffEiREN 1708 cm™, w7 L7
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sk C=0 B 1666 cm ', C=0O {Hfi{EH) 1638 cm ™', ¥ C=C i
fiE®E) 1590 cm™, 7 X RO (C-N ffFEIEEIF L O N-H OZEMAIEH)) 1527 cm ™, ~
D C=C hifiE#EHE) 1409 cm™, C-H OZ A HEH) 1368 cm™®, 7 3 FII (C-N fif
fEEEN R KON N-H OZMA#E#1)1229 cm ™, R Y 4 —/LdD-C-O-C-DdifEES) 1097
em ISR A RERR LTz, £z, EABNHINT SI1CoM T N-H [iFEIRE MK
WA 7 952 L5, PUE 1D NH OKERBAMENEIML TWD Z LR T
Mo,

INHD IR DFERN G, AP IRER LHEEEL, PUE O EFHITEATE 2 Z
ENRIEEIND,

422 NMR
'"HNMR 3 LTV BC NMR 2227 M LIC kv, ARk S 7= PUE Hh O £ ik D 1EAE
AR LTz, ZORENS, EARIEGAIL LTPU EHICHEASNZ LAVUR
eI 5,
PUE-PTMG-T1 @ H NMR 2% /b (Figure 2); 88.55 (CO-NH), 7.34 and 7.08
(-CeHa-), 4.05 and 3.31(0-CH,), 3.78 (-CsH4-CH,-CsHy-), and 1.48 (-CHy-CHa-, -CH(R)-)
PUE-PTMG-T1 @ BC NMR Z-2Z /b (Figure 3); 129 (C=C), 118(C=C), 115(C=C),
70 (O-CHy), and 26 (CHy).

423 fbLERME

5172 PUE OAEREERBR OGR4 Table 1187, RiE TIIWFHOREEIC
HLARIETH T2, X ¥r, THF, DMF, DMSO (2%} L CIEakBg i ozl 3wk
RENTz, ~F T ATK LTEWTIo PUE BI-AE L7evo7-, 7=, 100°C IZ
NELL 72 DMF 3 £ T DMSO (213970 PUE & 58 & ICIR iR L7=,

572 PUE OIZEHRBRORE R % Table 24 73, PTMG 2 W24, KiE
JE AR 2 BN L7 PUEB IREABE 2 B A L2V PUE & i L CTEFIZE 5 0
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Table 1. Solubilities of polyurethane elastomers containing L(+)- , D(-)-, and meso-tartaric acid.

Sample ®° Benzene ° Hexane © THF® DMF ¢ DMSO ¢
23°C  100°C  23°C 100°C
PUE-Polyol-T1 m X m m o o o
PUE-Polyol-T2 m X m m o o o
PUE-Polyol-T3 i X o O o o o
PUE-Polyol-T4 m X m O o o o
PUE-Polyol-T5 m X m m o o o
PUE-Polyol m X m m o i o

o: completely dissolved, A: slightly dissolved, o: swelled, x: undissolved

# Polyol: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone diol
(molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000; PCD2000).

® Solvents = benzene, hexane, THF, DMF, DMSO, measurement conditions: room temperature (23 + 2 °C)
or 100 °C (for DMF and DMSO) for 24 h.

¢ Room temperature (2342 °C)

¢ Room temperature (232 °C) and 100 °C
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Table 2. Physical properties of PUEs containing L(+)-tartaric acid.

Sample Hardness *  Swelling rate ° [o]o © Tg* i
(JISA) (%) °C) °C)

PUE-PTMG-T1L 80 240 - —67.1 355
PUE-PTMG-T2L 82 231 +2.5 -65.1 352
PUE-PTMG-T3L 84 222 +4.2 —68.8 350
PUE-PTMG-T4L 86 190 +5.0 —67.8 338
PUE-PTMG-T5L 87 174 +5.8 —67.7 338
PUE-PTMG 77 229 +0.0 —67.0 351
PUE-PCL-T1L 78 200 +0.50 -46.7 349
PUE-PCL-T2L 83 195 +1.0 -46.2 350
PUE-PCL-T3L 88 182 +2.2 -44.6 347
PUE-PCL-T4L 91 168 +3.0 —47.2 342
PUE-PCL-T5L 94 148 +5.2 —48.0 334
PUE-PCL 67 204 +0.0 —45.0 338
PUE-PCD-T1L 77 193 - -27.8 337
PUE-PCD-T2L 83 189 - —-28.6 336
PUE-PCD-T3L 84 184 +2.2 —28.6 332
PUE-PCD-TAL 88 175 +3.0 -28.5 330
PUE-PCD-T5 92 172 +5.2 -28.5 327
PUE-PCD 79 195 +0.0 -26.4 313

# Measurement conditions: JIS A type, total thickness = 6 mm, measurement temperature
= room temperature (23°C = 2°C).

® Measurement conditions: solvent = benzene, measurement temperature

temperature (23°C + 2°C) for 24 h.
“ Measurement conditions : solvent = NMP, sample = 10 wt%, measurement temperature
= room temperature (23°C * 2°C) for 24 h.
4 Differential scanning calorimetry performed at 10°C/min from -120°C to 200°C under

Ar atmosphere.

¢ Thermogravimetric analysis performed at 10°C/min from 30°C to 500°C under N2

atmosphere.
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Table 3. Physical properties of PUEs containing D(-)-tartaric acid.

Sample Hardness *  Swelling rate ° [a]o ¢ Tg*° T
(JISA) (%) (°C) (°C)
PUE-PTMG-T1D 78 237 - —66.9 354
PUE-PTMG-T2D 82 239 -2.5 -67.3 354
PUE-PTMG-T3D 84 216 -2.8 —66.8 350
PUE-PTMG-T4D 86 190 -3.5 —68.6 346
PUE-PTMG-T5D 90 175 -5.0 —68.6 336
PUE-PTMG 77 229 +0.0 -67.0 351
PUE-PCL-T1D 76 196 —0.80 -45.8 345
PUE-PCL-T2D 86 191 -2.0 —47.6 349
PUE-PCL-T3D 90 185 -2.5 -44.8 345
PUE-PCL-T4D 92 165 -3.8 -46.8 338
PUE-PCL-T5D 92 150 -5.5 —47.1 338
PUE-PCL 67 204 0.0 -45.0 338
PUE-PCD-T1D 80 192 - -27.4 337
PUE-PCD-T2D 83 188 - -27.4 336
PUE-PCD-T3D 86 181 -3.8 —-26.2 333
PUE-PCD-T4D 90 172 -4.0 -28.9 320
PUE-PCD-T5D 92 164 -5.8 -27.5 326
PUE-PCD 79 195 +0.0 -26.4 313

# Measurement conditions: JIS A type, total thickness = 6 mm, measurement temperature = room
temperature (23°C + 2°C).

® Measurement conditions: solvent = benzene, measurement temperature = room temperature
(23°C + 2°C), measurement time = 24 h.

° Measurement conditions : solvent = NMP, sample = 10 wt%, measurement temperature = room
temperature (23°C + 2°C).

¢ Differential scanning calorimetry performed at 10°C/min from -120°C to 200°C under Ar
atmosphere.

® Thermogravimetric analysis performed at 10°C/min from 30°C to 500°C under N2 atmosphere.
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Table 4. Physical properties of PUESs containing meso-tartaric acid.

Sample Hardness *  Swelling rate [a]o © Tg* Tio®
JIS A) i (°C) (°C)

(%)
PUE-PTMG-T1meso 78 254 +0.0 —67.4 350
PUE-PTMG-T2meso 81 236 +0.0 —67.4 354
PUE-PTMG-T3meso 84 218 +0.0 —67.9 349
PUE-PTMG-T4meso 86 200 +0.0 —68.1 344
PUE-PTMG-T5meso 87 163 +0.0 —67.7 348
PUE-PTMG 77 229 +0.0 —67.0 351
PUE-PCL-T1meso 71 202 +0.0 —45.5 345
PUE-PCL-T2meso 83 198 +0.0 —47.6 346
PUE-PCL-T3meso 85 190 +0.0 —47.5 345
PUE-PCL-T4meso 88 178 +0.0 —48.7 338
PUE-PCL-T5meso 89 162 +0.0 —45.2 325
PUE-PCL 67 204 +0.0 —45.0 338
PUE-PCD-T1meso 80 190 +0.0 -30.1 336
PUE-PCD-T2meso 83 187 +0.0 —29.7 335
PUE-PCD-T3meso 84 182 +0.0 —-30.6 333
PUE-PCD-T4meso 87 178 +0.0 —-30.7 340
PUE-PCD-T5meso 90 163 +0.0 —28.0 338
PUE-PCD 79 195 +0.0 —26.4 313

# Measurement conditions: JIS A type, total thickness = 6 mm, measurement temperature = room
temperature (23°C + 2°C).

® Measurement conditions: solvent = benzene, measurement temperature = room temperature
(23°C + 2°C), measurement time = 24 h.

 Measurement conditions : solvent = NMP, sample = 10 wt%, measurement temperature = room
temperature (23°C + 2°C).

¢ Differential scanning calorimetry performed at 10°C/min from -120°C to 200°C under Ar
atmosphere.

® Thermogravimetric analysis performed at 10°C/min from 30°C to 500°C under N2 atmosphere.
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WL, lABROEANEORMNE & HIIRWEEER 2 R~ L )17 5, £7- PCL
BELW PCD ZHWHA, KREOTHINCBW T HIZMEEOK T MR ST,
ZOZEND, EARROHEANILY 5T HOBEBEBEPMRLIIET L, REGEE
AL T <A B HERI S D,

424 HHBAHOME

57 PUE OREERBROFE R % Table 2-4 789, WIFNOR Y A —1%
2 ETh, IAMEAEA L7 PUE ITBEARE A EA L7V PUE & Hefg L C v il
EAERL, WABOBAROHEME L HIZ, SHIEWEEZ T X IR D,
Z D RIIAHRBROAER & FJET D b DO TR,

55172 PUE O B13ERBROFE % Figure 4-6 (2779, PUE-(PTMG/PCL/PCD)-
T1(L/D/meso) % PUE-(PTMG/PCL/PCD) & ki L C &\ Ml it 7135 X Ol iiak %
7KL, PUE-(PTMG/PCL/PCD)-T2-3(L/D/meso) %, PUE-(PTMG/PCL/PCD) & ks L T
ORI EE A 7R L, PUE-PCD-T2(L/D/meso)iZf L Cid PUE-PCD XV & &V Vi
Wit /1% bR TR R L e o7, £72, PCDIC L W &S L7z PUE IZIZW T h b
BTN ORI AP 23 R S T, WIS BIBEARE AN 5 Z & TIZEE L
MEIEELSRY, BAENET L LB EATHEmA AL, HER KO
R e O BWMHEAMENS OO/ RE o T,

MR L S ORI BE S I A R DB AN E & OMBERESRZ Figure 7 12R-d, 3
FEFE OB AW (L(+)-/D()-/meso—E-AER) I2X D 7'y b Iz ar Bl Hi#R 23 W73
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BEE FHIVe PRI TR M ZEALERILE LT R he—0DHE
& L it

5.1 feiER4M
T _RTOREIZBNEDFRERNRWRY , =iE (23+£2°C) I TiTo 7=,
HIEHTHER L ORI 4 2= LRI T 72,

52 Ve FRaFxI TR INABREBEALEZRI LA DTSR h=—0EREB L
[0 7R

52.1 FTIR
PUE-PTMG-DHA 3 J 1! PUE-PTMG-1,4-BD @ FTIR %X~ kL% Figure 1 TR
To TNHDOANXT MUZEY, Hohlz PUE OEMINBISOK T Z s L,
WO PUE IZh, NCO RICH KT 5 2265 cm™ O &' — 7 i3 fsB S e o7,
PUE-PTMG-DHA2 D FTIR A7 kUL L & 3 3k 00 N-H R E) 3270 cm ™,
T 2 D-CHy- D PENL LAY 2940 cm ™, 2850 cm ™, 2794 cm ™, 7 L & »FEH 3k C=0
fhEIRED 1725 cm™, C=0 {H#EIRE) 1720 cm™, ¥ L 7 E kD C=0 (hiEIRE) 1647
cmt, NP C=C fhifEiES) 1590 cm™, 7 I FII (C-N fhifE#ESI L O'N-H ©
2544 4R Bh) 1530 cm ™, X B 2 0 C=C fififfii##h 1410 cm ™, C-H O Z A %) 1370 cm ™
7 2 RII (C-N fiffEEEhs & OV N-H & A #REN)1220cm™, &R U 4 — /L D-C-0-C-
OEIRE 1093 cm ™ IZWRILH; & fERR L 7=, DHA ZE A4 2% Z & Tl & PUE &
bl U TR BRI C=0 MfFEEo e — 2713y 7 ML, 14-BD #EHALZH 0 &
bl U CEAERANC NH BffESio e — 213y 7 hLiz, 202 &b, NH &
C=0 & DRIOKFEFHE G DHA ZEASHELH Z L THINT 2 Z L3RI T& 2,
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5.2.2 NMR
'HNMR B L BC NMR 2227 hLic kv, AR Sz PUE o DHA DOIFE(E

R LTz, ZORED S, DHA NEIERAIE LT PUE A SN Z L DVRIEZS

N5,

PUE-PTMG-DHAL @ 'H NMR 2<% kL (Figure 2); $8.54 (CO-NH), 7.31 and 7.08

(-CeHa-), 5.40-4.50 (CH(OH)), 4.05 and 3.27(0-CH,), 3.78 (-CsHa-CH,-CgHs-), and 1.49

(-CH,-CHy-, -CH(R)-).

PUE-PTMG-DHAL @ ®C NMR %z~ kL (Figure 3); §154-147 (Urethane: C=0),

8138-135 (Urea: C=0), 129 (C=C), 118(C=C), 115(C=C), 70 (O-CH,), and 26 (CH,).

523 [LZERIME
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REd, £7-, PTMG ZHW-84121% 1,4-BD #E A L7~ PUE 73, PCL %
W2 5E5121E DHA 238 A L7z PUE DS bl s W g2 R L7z, PCD & Hu 7=
LAIXIRIERZEOAEEN G O, O OFERENS, PTMG & [EIREICEH

TR E X O OOEMKEERE ZF52 1,4-BD (I PTMG Z W25/ IC R Y ~—
Ty MU =7 ZiiEL L, PCL LRIERIC VR = VBl KOS ORI K IS &
Ff> DHA & PCL Z W= AICR Y ~—xRy N —2 b5 2 L nE X
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Table 1. Solubilities of polyurethane elastomers containing DHA or 1,4BD..

Sample ®° Benzene ° Hexane ° THF® DMF ¢ DMSO ¢
23°C 100°C 23°C 100°C
PUE-Polyol-DHA1 O X O O o O o
PUE-Polyol-DHA2 O X O O o O o
PUE-Polyol-1,4BD1 O X O O o O o
PUE-Polyol-1,4BD2 O X O O o O o
PUE-Polyol O X O O o O O

O: completely dissolved, A: slightly dissolved, O0: swelled, X: undissolved

? Polyol: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone diol (molecular
weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000; PCD2000).

® Measurement conditions: Solvent = benzene, hexane, THF, DMF, or DMSO, measurement temperature = room
temperature (23 = 2 °C) or 100 °C (for DMF and DMSO) for 24 h.

° Room temperature (23+2 °C)

¢ Room temperature (23+2 °C) and 100 °C
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Table 2. Physical properties of polyurethane elastomers contamlng DHAor 1,4BD.

Sample Hardness *  Swelling rate ° Tg° T

(JISA) (%) (°C) (°C)
PUE-PTMG- DHA1 75 223 —67.8 359
PUE-PTMG- DHA2 83 261 —67.4 356
PUE-PTMG- 1,4BD1 77 229 —67.0 352
PUE-PTMG- 1,4BD2 77 280 —67.5 349
PUE-PTMG 77 229 —67.0 351
PUE-PCL- DHA1 91 243 —44.9 350
PUE-PCL- DHA2 93 253 —45.3 348
PUE-PCL-1,4BD1 79 204 —46.0 338
PUE-PCL-1,4BD2 68 234 —43.9 334
PUE-PCL 79 204 —45.0 338
PUE-PCD- DHA1 86 205 —26.4 322
PUE-PCD- DHA2 83 211 —27.6 325
PUE-PCD-1,4BD1 82 204 —28.5 334
PUE-PCD-1,4BD2 77 213 =275 329
PUE-PCD 73 199 —26.4 331

a Measurement conditions: JIS A type, total thickness = 6 mm, room temperature (23 £ 2 °C).

® Measurement conditions: solvent at = benzene, measurement temperature = room temperature
(23 + 2 °C) for 24 h.

¢ Differential scanning calorimetry was performed at heating rate of 10 °C/min from —120 °C to
200 °C under an Ar atmosphere.

¢ Thermogravimetric analysis was performed at heating rate of 10 °C/min from 30 °Cto 500 °C
under an N, atmosphere.
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Abstract

Polyaddition using isocyanate and polyol forms polyurethane elastomer (PUE). However, this me-
thod has rarely been applied to the construction of PUEs containing sucrose. Hence, the introduc-
tion of sucrose (disaccharide) as a cross-linker via polyaddition remains a challenging subject in
polymer chemistry. Here, we report the synthesis of PUEs using an aromatic isocyanate (4,4’-di-
phenylmethane diisocyanate), polyols including a polyether polyol (polytetramethylene glycol)
and two polyester polyols (polycaprolactone and polycarbonate diols), and sucrose as a cross-
linker by a one-shot method. The PUEs containing sucrose were successfully produced. The use of
sucrose was essential to obtain the desired PUEs containing sucrose units in the main chain.

Keywords

Polyaddition Reaction, Polyurethane Elastomer, Sucrose, Cross-Linker

1. Introduction

A variety of organic polymer materials are utilized in our daily lives, and those derived from sugar have been
actively investigated in recent years. Polymer materials (e.g., polyurethanes) containing sugar are expected to
replace materials derived from petroleum and to be used as bio-based materials. Polyurethanes [1] are used in a
surprising array of commercial applications, which, for convenience, are classified into seven major product
types [2]-[7]: flexible slab, flexible molded foam, rigid foam, solid elastomers, reaction injection molded mate-
rials, carpet backing, and one- and two-component formulations for coatings, adhesives, and sealants. Building
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on such a background, we are interested in solid elastomers that are widely used for commercial products, and
hence we attempted to develop polymer materials with new functionalities. Various studies have used natural
products as raw materials [8]-[20], initiators [21]-[23], and coating agents [24]-[26]. In addition, polyurethane
elastomers (PUES) containing natural products have been used as biocompatible materials in the medical field
[27] [28]. We focused on the synthesis of PUESs containing natural products. The use of sugar as a natural prod-
uct was essential to obtain the desired PUEs containing sugar units in the main chain. PUEs containing sugar
may be used for many purposes such as heat insulation, tremor insulation, and as cases for commercial instru-
ments. Typically, sugar is reduced in organic solutions, producing aldehyde and ketone groups. Thus, non-re-
ducing sugar, which retains hydroxyl groups in solution, was ideal to introduce sugar units into the main chain.
We selected sucrose as a representative non-reducing sugar. Sucrose has three primary hydroxyl groups and five
secondary hydroxyl groups. Sucrose can be derived from sugarcane, sugar beet, and corn. Sucrose is composed
of a fructose and a glucose ring linked by a glycosidic bond. Sucrose is one of the world’s most abundant or-
ganic chemicals, and it is available in a high-purity state at low cost.

Here, we report a synthesis of novel PUEs containing sucrose using the aromatic isocyanate (4,4’-diphenyl-
methane diisocyanate (MDI)), different types of polyols (polyether polyol: polytetramethylene glycol and po-
lyester polyols: polycaprolactone and polycarbonate diols), and sucrose by a one-shot method [29] to form the
corresponding PUES containing sucrose units in the main chain.

2. Experimental
2.1. Materials

MDI (MILLIONATE MT) and polycarbonate diol (molecular weight = 2000; PCD2000) (NIPPOLLAN 980N)
were supplied from Tosoh Industry, Tokyo, Japan. Polytetramethylene glycol (molecular weight = 2000;
PTMG2000) (TERATHANE 2000) was supplied from Invista Industry, Texas, USA. Polycaprolactone diol
(molecular weight = 2000; PCL2000) (PLACCEL 2000) was supplied from Daicel Industry, Osaka, Japan. MDI
was purified by distillation under reduced pressure (267 - 400 Pa) at 100°C before use. Sucrose was purchased
from NacalaiTesque, Kyoto, Japan and used without further purification. Tetrahydrofuran (THF) and benzene
were purchased from NacalaiTesque and distilled over calcium hydride under an Ar atmosphere. N,N-dime-
thylformamide (DMF) and dimethyl sulfoxide (DMSO) were purchased from NacalaiTesque and stored over 4
A molecular sieves before use. The following compounds were purchased from commercial suppliers and used
as received: dimethyl sulfoxide-d6 (DMSO-d6) (Euriso Top, Saint-Aubin, France), hexane (NacalaiTesque), and
acetone (NacalaiTesque).

2.2. Synthesis of Polyurethane Elastomers Containing Sucrose

The PUESs containing sucrose units were prepared from MDI, one of the three polyols (PTMG2000, PCL2000,
or PCD2000), and sucrose as a cross-linker by a one-shot method (Scheme 1). The recipe and sucrose content
for each PUE are listed in Table 1. NCO/OH molar ratio is 2 for all the PUESs containing sucrose. The yields of
the sucrose-containing PUEs were quantitative within 10 - 25 min, and the actual sucrose contents in each syn-
thesized PUE agreed with the theoretically expected values. Interestingly, the reaction solutions showed differ-
ent inherent viscosities, and the viscosity of the polymers increased with the sucrose contents. In addition, the
sucrose-containing PUEs below 10 wt% were transparent. The thin PU sheets (~0.5 mm) were obtained by cast-
ing the resulting PUE solution (20 g). For the sucrose-containing PUEs prepared using PTMG2000, the forma-
tions of sheets were achieved using a disposable container at room temperature (23°C + 2°C) for 15 h. For the
sucrose-containing PUESs using PCL2000 and PCD2000, the sheets were formed using a disposable container at
100°C for 15 h. All the obtained sheets were then cured at 80°C for 6 h in vacuo.

For example, the synthesis of PUE-PTMG-S1 was performed as follows. A solution of sucrose (0.34 g, 0.10 x
102 mol) and DMF (10 mL) was prepared and heated at 100°C for 15 min under an Ar atmosphere. MDI (5.0 g,
2.0 x 1072 mol), PTMG2000 (18 g, 0.90 x 102 mol), THF (20 mL), and the sucrose/DMF solution were then
added to a 100-mL four-necked separable reaction flask equipped with a mechanical stirrer, a gas inlet tube, and
a reflux condenser. This mixture was stirred at 80°C for 20 min under an Ar atmosphere. The thin polymer
sheets (~0.5 mm) were obtained by casting the resulting solution (20 g) using a disposable container at room
temperature (23°C + 2°C) for 15 h. The obtained sheet was cured at 80°C for 6 h in vacuo.
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+ HO-R-OH + o) |o
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HO OH
Isocyanate Polyol Sucrose
(MDI) (PTMG, PCL or PCD)

80°C, 10-25 min . Casting: R.T., 15 h
—— > PUE containing sucrose Sheet
in THF, under Ar Curing: 80 °C, 6 h, in vacuo

Scheme 1. Synthesis of polyurethane elastomers containing sucrose by a one-
shot method.

Table 1. Synthesis of polyurethane elastomers containing sucrose.

Sample MDI Polyol® Sucrose Sucrose content
P (mol x 10°?) (mol x 10°?) (mol x 10°%) (Wt%)
PUE-Polyol-S1 2.0 0.90 0.10 14
PUE-Polyol-S2 2.0 0.80 0.20 31
PUE-Polyol-S3 2.0 0.70 0.30 5.0
PUE-Polyol-S4 2.0 0.60 0.40 7.6
PUE-Polyol-S5 2.0 0.50 0.50 10
PUE-Polyol 2.0 1.0

?polyols: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone diol (molecular weight = 2000; PCL2000), and
polycarbonate diol (molecular weight = 2000; PCD2000).

2.3. Characterization

All analyses and tests were performed at room temperature (23°C + 2°C) unless otherwise indicated.

2.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy
'H NMR (300 MHz) and **C NMR (75.4 MHz) analyses were performed on a Varian Unity Plus-300 spectro-
meter in DMSO-d6 using tetramethylsilane as the internal standard.

2.3.2. Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy was performed on a JASCO FTIR-5300 using the attenuated total reflectance (ATR) and
transmission methods. The ATR spectra were obtained using an ATR500/M with an ATR prism KRS-5.

2.3.3. Gel Permeation Chromatography (GPC)

The average molecular weight and molecular distributions were measured using a Tosoh (Tokyo, Japan) Gel
Permeation Chromatograph (GPC) equipped with SD-8022, CCPD, C0O-8020 and RI-8020. The measurement
conditions for GPC were as follows: sample, 0.1 wt% (DMF/DMSO = 1/1 solution); solvent, DMF; column,
TSK gels a-M and TSK GUARDCOLUMNg; flow rate, 500 uL/min at 40°C; quantum, polystyrene transforma-
tion method.

2.3.4. Chemical Properties
Solubility tests were performed using 15 x 15 mm test pieces. Each test piece was soaked in a solvent (benzene,
hexane, acetone, THF, DMF, or DMSO; 8.0 mL) at room temperature (23°C = 2°C) or 100°C (for DMF and
DMSO) for 24 h.

Swelling tests were performed using 15 x 15 mm test pieces. The degree of swelling (Rs) was calculated us-
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ing the formula Rs (%) = W’/W x 100, where W’ is the weight of the test piece soaked in benzene for 24 h, and
W is the weight of the test piece after drying at 30°C for 24 h in vacuo.

2.3.5. Mechanical Properties
Hardness tests were performed using a Kobunshi Keiki ASKER DUROMETER (JIS A type) with test pieces
stacked to achieve a thickness of 6 mm.

Tensile tests were performed on an Orientec RTC-1225A with a model-U-4300 using a JIS 3-dumbell as the
standard sample and a crosshead speed of 200 mm/min.

2.3.6. Thermal Properties
Dynamic mechanical analyses (DMA) were performed on a Seiko Instruments DMS 6100 at a heating rate of
5°C/min over from —100°C to 300°C and at 20 Hz under an N, atmosphere.

Differential scanning calorimetry (DSC) measurements were performed on a Rigaku Thermo-Plus DSC-8230
at a heating rate of 10°C/min from —120°C to 200°C under an Ar atmosphere. Approximately 9.5 mg of each
PUE was weighed and sealed in an aluminum pan. The samples were rapidly cooled to —120°C and then heated
to 200°C at a rate of 10°C/min.

Thermogravimetric analyses (TGA) were performed on a Seiko Instruments TG/DTA6200 at a heating rate of
10°C/min from 30°C to 500°C under an N, atmosphere.

2.3.7. Surface Analysis

Atomic force microscopy (AFM) analyses were performed on dried sheets at room temperature (23°C + 2°C) in
air using an Olympus NV2000. Most of the images were obtained in tapping mode (ACAFM) with a silicon ni-
tride cantilever (OMMCL-AC 240TS-C2, Olympus optical) using a spring constant of 15 N/m and a resonating
frequency of 20 KHz. The scanning rates were varied from 1 to 2 Hz. All the images presented here were re-
produced from images obtained from at least three points on each sample surface.

3. Results and Discussion
3.1. NMR Spectroscopy

Analyses by *H NMR and **C NMR spectroscopy revealed that the polymers obtained were undoubtedly PUESs
containing sucrose and that these polymers were composed from a urethane segment and sucrose. The NMR
analyses indicated that sucrose was attached to the main PU chain as a cross-linker. For example, *H NMR of
PUE-PTMG-S1 (Figure 1); 8.54 (CO-NH), 7.31 and 7.08 (-C¢H,-), 5.10 - 4.27 (CH(OH)), 4.05 and 3.27
(O-CH,), 3.78 (-CgH4-CH,-CeH,-), and 1.49 (-CH,-CH,-, -CH(R)-) and *C NMR of PUE-PTMG-S1; 6129
(C=C), 118 (C=C), 70 (O-CH,), and 26 (CH,).

3.2. FTIR Spectroscopy

The representative IR spectrum of PUE-PTMG-S1 is shown in Figure 2. The IR spectroscopy analysis of
PUE-PTMG-S1 was used to check the end of polyaddition reaction. The absence of the characteristic NCO band
at 2265 cm *, appearance of N-H stretching band at 3300 cm *, N—H bending band and C-N stretching band of
amide 11 at 1530 cm*, and C=0 stretching band at 1725 cm™* confirmed the end of the polyaddition reaction
and formation of PU linkages. The characteristic absorption bands at 2794 - 2940 cm * indicated that the -CH,-
asymmetric stretching mode is available in the synthesized PUE-PTMG-S1. The band at 1647 cm* was attri-
buted to the amide I stretching mode of PU. The band at 1093 cm ™ is due to the asymmetric stretching of
C-O-C linkage.

3.3. GPC

The GPC of PUESs containing sucrose units is reported in Table 3. For example, PUE-PTMG-S1; Mw 340,000;
Mw/Mn 1.3.

3.4. Chemical Properties

The solvent resistances of the sucrose-containing PUEs were tested by immersing each PUE sheet in various
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Figure 1. 'H NMR spectrum of PUE-PTMG-SL.
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Figure 2. FTIR-ATR spectrum of PUE-PTMG-SL1.

solvents including hexane, benzene, toluene, acetone, THF, DMF, and DMSO. The results are presented in Ta-
ble 2. All the sucrose-containing PUES were resistant to hexane and acetone and swelled in benzene, THF, DMF,
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Table 2. Solubilities of polyurethane elastomers containing sucrose.

Sample®® Benzene® Hexane® THF® DMF! DMSO!
23°C 100°C 23°C 100°C

PUE-Polyol-S1 mi X X o A mi A
PUE-Polyol-S2 mi X X o A mi A
PUE-Polyol-S3 o X X o A o A
PUE-Polyol-S4 mi X X o A mi A
PUE-Polyol-S5 mi X X o A mi A

PUE-Polyol i X o o o m] o

o: completely dissolved, A: slightly dissolved, o: swelled, x: undissolved. ®Polyol: polyoxytetramethylene glycol (molecular weight = 2000; PTMG
2000), polycaprolactone diol (molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000; PCD2000). "Measurement
conditions: benzene, hexane, acetone, THF, DMF, or DMSO as the solvent at room temperature (23°C + 2°C) or 100°C (for DMF and DMSO) for 24
h. “Room temperature (23°C + 2°C). “Room temperature (23°C + 2°C) and 100°C.

and DMSO at room temperature (23°C + 2°C). Notably, the corresponding PUEs without sucrose dissolved
completely in DMSO and DMF at 100°C, whereas the sucrose-containing PUEs dissolved only slightly. In gen-
eral, the sucrose-containing PUEs exhibited good solvent resistance. These results suggest that the sucrose-con-
taining PUEs can form interpenetrating polymer networks [30].

3.5. Mechanical Properties

The tensile properties of the sucrose-containing PUEs are reported in Figure 3. The tensile strengths and elon-
gation at breaking points for PUE-(PTMG/PCL/PCD)-S1 and S2 were greater than those for PUE-(PTMG/
PCL/PCD) except for the elongation at the breaking point of PUE-PTMG-S1. However, for PUE-(PTMG/PCL/
PCD)-S2-S5, the tensile strengths and elongation at breaking points for the polymers decreased with the sucrose
contents. These results suggested that the effect of sucrose on the higher-order conformation expanded to the
overall structure as the sucrose contents increased. Note that the stiffness of the sucrose-containing PUEs in-
creased as the formation of the PUEs progressed and the sucrose contents increased. As a result, PUE-(PTMG/
PCL/PCD)-S1 exhibited the best elastomeric behavior.

The results of hardness, swelling tests, DSC, and TGA are presented in Table 3. The hardness of the sucrose-
containing PUEs increased with the sucrose contents, whereas their swelling rates decreased. These results cor-
responded with those of the tensile tests and suggested that the network chain densities in the sucrose-containing
PUEs increased with the sucrose contents.

3.6. Thermal Properties

DSC analyses of the sucrose-containing PUEs were performed over —120°C to 200°C under an Ar atmosphere.
From the data in Table 3, one main transition occurred for the sucrose-containing PUEs. The values for the
glass transition temperatures (Tg, determined as the peak temperature in the E’ curves) of the corresponding
PUEs without sucrose content were —67.0°C, —45.0°C, and —26.4°C for PUE-PTMG, PUE-PCL, and PUE-PCD,
respectively. Notably, as the sucrose contents in the sucrose-containing PUEs increased, the Tg values increased.
This peak corresponded to the breaking of the glycosidic bond in the sucrose segment of the sucrose-containing
PUEs.

The thermal stabilities of the sucrose-containing PUEs were examined via TGA under an N, atmosphere. Ta-
ble 3 shows that for the three types of PUEs with different polyols, the 10 wt% weight loss temperature (T1o)
decreased as the sucrose contents in the sucrose-containing PUESs increased. However, the T, values for su-
crose-containing PUEs were higher than those of PUE-(PTMG/PCL/PCD).

DMA measurements of the sucrose-containing PUEs were performed over —100°C to 300°C. Rubbery flat re-
gions were not observed in PUE-(PTMG/PCL/PCD)-S3-S5 but in PUE-(PTMG/PCL/PCD)-S1 and S2 at ap-
proximately 50°C - 180°C. In addition, the rubbery flat regions for PUE-(PTMG/PCL/PCD)-S1 and S2 declined
significantly in comparison with those observed for PUE-(PTMG/PCL/PCD). These results suggested that the
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Figure 3. Tensile properties of polyurethane elastomers containing various concentrations of sucrose. PUEs
were synthesized using (a) MDI, PTMG2000, and sucrose; (b) MDI, PCL2000, and sucrose; and (c) MDI,
PCD2000, and sucrose. Sucrose content: black, 0%; red, 1.4 wt%; deep blue, 3.1 wt%; green, 5.0 wt%;

orange, 7.6 wt%; light blue, 10 wt%.

Table 3. Physical properties of polyurethane elastomers containing sucrose.

Hardness® Swelling rate” Tg*

d
T10

Mw®

Sample QIS A) (%) C) () (x10% Mw/Mn®
PUE-PTMG-S1 65 294 -63.0 348 34 13
PUE-PTMG-S2 66 298 -63.1 342 11 16
PUE-PTMG-S3 71 285 —62.7 330 5.0 17
PUE-PTMG-S4 7 235 —61.7 310 4.7 15
PUE-PTMG-S5 85 220 —61.6 282 43 14

PUE-PTMG 7 229 —67.0 351 38 4.8
PUE-PCL-S1 62 234 —48.8 350 21 19
PUE-PCL-S2 61 229 —41.3 341 12 18
PUE-PCL-S3 65 214 —41.3 327 54 18
PUE-PCL-S4 67 213 —39.6 314 4.1 17
PUE-PCL-S5 86 199 —38.8 298 21 15

PUE-PCL 67 204 —45.0 338 16 35
PUE-PCD-S1 70 251 -30.4 336 8.4 17
PUE-PCD-S2 73 247 -27.9 331 4.8 18
PUE-PCD-S3 78 240 —26.1 323 3.8 14
PUE-PCD-S4 89 230 —255 311 3.7 12
PUE-PCD-S5 97 222 —24.4 296 26 13

PUE-PCD 79 195 —26.4 313 21 3.6

*Measurement conditions: JIS A type, total thickness = 6 mm, room temperature (23°C + 2°C). "Measurement conditions: benzene solvent at room
temperature (23°C + 2°C) for 24 h. “Differential scanning calorimetry was performed at a heating rate of 10°C/min from —120°C to 200°C under an Ar
atmosphere. “Thermogravimetric analysis was performed at a heating rate of 10°C/min from 30°C to 500°C under an N, atmosphere. °Measurements
conditions: solvent = N,N-dimethylformamide, sample = 0.1 wt% (N,N-dimethylformamide/dimethy! sulfoxide = 1/1 solution), flow rate 500 pL/min,

measurement temperature = 40°C.
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molecular chain lengths between cross-linked polymers were reduced following the addition of a small amount
of sucrose. Regarding PUE-(PTMG/PCL/PCD)-S3-S5, the characteristic S-shaped curves were not observed,
and the E’ values increased. These results suggested that the sucrose-containing PUESs calcified as sucrose con-
tents increased. The tano values also shifted to the high-temperature area as the sucrose contents and values of
the peak top simultaneously increased. These results agreed with the DSC results. Furthermore, two different
peaks were present as small broad peaks in the curves of PUE-(PTMG/PCL/PCD)-S1-S3 in the DMA curves for
PUE-(PTMG/PCL/PCD)-S4 and S5. The peak in the low-temperature area is attributed to the sucrose segment,
and the peak on the high-temperature area may be attributed to the PU chains.

3.7. Surface Properties

AFM images of the sucrose-containing PUEs (Figure 4) revealed that all the investigated sample sheets were
continuous organic layers with a roughness less than the sheet thickness. The incorporation of the sucrose into
the surface structures was visible. In addition, the surfaces of the sucrose-containing PUEs were compared with
those of the corresponding PUEs without sucrose. The surfaces of the sheets of the sucrose-containing PUES
became flatter as the sucrose content was increased.

4. Conclusions

In summary, we achieved the synthesis of PUs with retained elastic properties using the one-shot method. The
use of sucrose as a cross-linker was essential to obtain the desired PUEs. This study enabled the synthesis of
PUEs introduced with sucrose units, which act as a cross-linker in the main chain.

The sheets of PU containing sucrose are transparent. The experiment results showed that the hardness of the
polymer increases with the sucrose content of PUE. On the contrary, the sheet becomes slightly brittle, and
hence, its flexibility is unsatisfactory. The increase in the hardness was due to the sucrose inter-chain interact-

PUE-PTMG

~
&
-

40 [nm]

[nm] [hm]

[hm] [nm]

Figure 4. AFM images of polyurethane elastomer without (PUE-PTMG) and
with sucrose (PUE-PTMG-S5). (a) and (b) 500 x 500 nm; (A) and (B) 1000 x

1000 nm.
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tions because of the hydrogen bonds with urethane moieties. The stability and chemical resistance were streng-
thened in the high sucrose content. Regarding its applications, the sucrose-containing PUE is recommended for
use in commercial and industrial polymers. This study needs to be further extended by studying the biodegrada-
ble properties of the sucrose-containing PUE.
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Abstract

Polyaddition using isocyanate and polyol forms polyurethane elastomer (PUE). However, this me-
thod has rarely been applied to the construction of PUEs containing sucrose. Hence, the introduc-
tion of sucrose (disaccharide) as a cross-linker via polyaddition remains a challenging subject in
polymer chemistry. Here, we report the synthesis of PUEs using an aromatic isocyanate (4,4’-di-
phenylmethane diisocyanate), polyols including a polyether polyol (polytetramethylene glycol)
and two polyester polyols (polycaprolactone and polycarbonate diols), and sucrose as a cross-
linker by a one-shot method. The PUEs containing sucrose were successfully produced. The use of
sucrose was essential to obtain the desired PUEs containing sucrose units in the main chain.

Keywords

Polyaddition Reaction, Polyurethane Elastomer, Sucrose, Cross-Linker

1. Introduction

A variety of organic polymer materials are utilized in our daily lives, and those derived from sugar have been
actively investigated in recent years. Polymer materials (e.g., polyurethanes) containing sugar are expected to
replace materials derived from petroleum and to be used as bio-based materials. Polyurethanes [1] are used in a
surprising array of commercial applications, which, for convenience, are classified into seven major product
types [2]-[7]: flexible slab, flexible molded foam, rigid foam, solid elastomers, reaction injection molded mate-
rials, carpet backing, and one- and two-component formulations for coatings, adhesives, and sealants. Building
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on such a background, we are interested in solid elastomers that are widely used for commercial products, and
hence we attempted to develop polymer materials with new functionalities. Various studies have used natural
products as raw materials [8]-[20], initiators [21]-[23], and coating agents [24]-[26]. In addition, polyurethane
elastomers (PUES) containing natural products have been used as biocompatible materials in the medical field
[27] [28]. We focused on the synthesis of PUESs containing natural products. The use of sugar as a natural prod-
uct was essential to obtain the desired PUEs containing sugar units in the main chain. PUEs containing sugar
may be used for many purposes such as heat insulation, tremor insulation, and as cases for commercial instru-
ments. Typically, sugar is reduced in organic solutions, producing aldehyde and ketone groups. Thus, non-re-
ducing sugar, which retains hydroxyl groups in solution, was ideal to introduce sugar units into the main chain.
We selected sucrose as a representative non-reducing sugar. Sucrose has three primary hydroxyl groups and five
secondary hydroxyl groups. Sucrose can be derived from sugarcane, sugar beet, and corn. Sucrose is composed
of a fructose and a glucose ring linked by a glycosidic bond. Sucrose is one of the world’s most abundant or-
ganic chemicals, and it is available in a high-purity state at low cost.

Here, we report a synthesis of novel PUEs containing sucrose using the aromatic isocyanate (4,4’-diphenyl-
methane diisocyanate (MDI)), different types of polyols (polyether polyol: polytetramethylene glycol and po-
lyester polyols: polycaprolactone and polycarbonate diols), and sucrose by a one-shot method [29] to form the
corresponding PUES containing sucrose units in the main chain.

2. Experimental
2.1. Materials

MDI (MILLIONATE MT) and polycarbonate diol (molecular weight = 2000; PCD2000) (NIPPOLLAN 980N)
were supplied from Tosoh Industry, Tokyo, Japan. Polytetramethylene glycol (molecular weight = 2000;
PTMG2000) (TERATHANE 2000) was supplied from Invista Industry, Texas, USA. Polycaprolactone diol
(molecular weight = 2000; PCL2000) (PLACCEL 2000) was supplied from Daicel Industry, Osaka, Japan. MDI
was purified by distillation under reduced pressure (267 - 400 Pa) at 100°C before use. Sucrose was purchased
from NacalaiTesque, Kyoto, Japan and used without further purification. Tetrahydrofuran (THF) and benzene
were purchased from NacalaiTesque and distilled over calcium hydride under an Ar atmosphere. N,N-dime-
thylformamide (DMF) and dimethyl sulfoxide (DMSO) were purchased from NacalaiTesque and stored over 4
A molecular sieves before use. The following compounds were purchased from commercial suppliers and used
as received: dimethyl sulfoxide-d6 (DMSO-d6) (Euriso Top, Saint-Aubin, France), hexane (NacalaiTesque), and
acetone (NacalaiTesque).

2.2. Synthesis of Polyurethane Elastomers Containing Sucrose

The PUESs containing sucrose units were prepared from MDI, one of the three polyols (PTMG2000, PCL2000,
or PCD2000), and sucrose as a cross-linker by a one-shot method (Scheme 1). The recipe and sucrose content
for each PUE are listed in Table 1. NCO/OH molar ratio is 2 for all the PUESs containing sucrose. The yields of
the sucrose-containing PUEs were quantitative within 10 - 25 min, and the actual sucrose contents in each syn-
thesized PUE agreed with the theoretically expected values. Interestingly, the reaction solutions showed differ-
ent inherent viscosities, and the viscosity of the polymers increased with the sucrose contents. In addition, the
sucrose-containing PUEs below 10 wt% were transparent. The thin PU sheets (~0.5 mm) were obtained by cast-
ing the resulting PUE solution (20 g). For the sucrose-containing PUEs prepared using PTMG2000, the forma-
tions of sheets were achieved using a disposable container at room temperature (23°C + 2°C) for 15 h. For the
sucrose-containing PUESs using PCL2000 and PCD2000, the sheets were formed using a disposable container at
100°C for 15 h. All the obtained sheets were then cured at 80°C for 6 h in vacuo.

For example, the synthesis of PUE-PTMG-S1 was performed as follows. A solution of sucrose (0.34 g, 0.10 x
102 mol) and DMF (10 mL) was prepared and heated at 100°C for 15 min under an Ar atmosphere. MDI (5.0 g,
2.0 x 1072 mol), PTMG2000 (18 g, 0.90 x 102 mol), THF (20 mL), and the sucrose/DMF solution were then
added to a 100-mL four-necked separable reaction flask equipped with a mechanical stirrer, a gas inlet tube, and
a reflux condenser. This mixture was stirred at 80°C for 20 min under an Ar atmosphere. The thin polymer
sheets (~0.5 mm) were obtained by casting the resulting solution (20 g) using a disposable container at room
temperature (23°C + 2°C) for 15 h. The obtained sheet was cured at 80°C for 6 h in vacuo.



K. Kizuka, S.-I. Inoue

OH
Hﬂo 0 OH
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Scheme 1. Synthesis of polyurethane elastomers containing sucrose by a one-
shot method.

Table 1. Synthesis of polyurethane elastomers containing sucrose.

Sample MDI Polyol® Sucrose Sucrose content
P (mol x 10°?) (mol x 10°?) (mol x 10°%) (Wt%)
PUE-Polyol-S1 2.0 0.90 0.10 14
PUE-Polyol-S2 2.0 0.80 0.20 31
PUE-Polyol-S3 2.0 0.70 0.30 5.0
PUE-Polyol-S4 2.0 0.60 0.40 7.6
PUE-Polyol-S5 2.0 0.50 0.50 10
PUE-Polyol 2.0 1.0

?polyols: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone diol (molecular weight = 2000; PCL2000), and
polycarbonate diol (molecular weight = 2000; PCD2000).

2.3. Characterization

All analyses and tests were performed at room temperature (23°C + 2°C) unless otherwise indicated.

2.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy
'H NMR (300 MHz) and **C NMR (75.4 MHz) analyses were performed on a Varian Unity Plus-300 spectro-
meter in DMSO-d6 using tetramethylsilane as the internal standard.

2.3.2. Fourier Transform Infrared (FTIR) Spectroscopy
FTIR spectroscopy was performed on a JASCO FTIR-5300 using the attenuated total reflectance (ATR) and
transmission methods. The ATR spectra were obtained using an ATR500/M with an ATR prism KRS-5.

2.3.3. Gel Permeation Chromatography (GPC)

The average molecular weight and molecular distributions were measured using a Tosoh (Tokyo, Japan) Gel
Permeation Chromatograph (GPC) equipped with SD-8022, CCPD, C0O-8020 and RI-8020. The measurement
conditions for GPC were as follows: sample, 0.1 wt% (DMF/DMSO = 1/1 solution); solvent, DMF; column,
TSK gels a-M and TSK GUARDCOLUMNg; flow rate, 500 uL/min at 40°C; quantum, polystyrene transforma-
tion method.

2.3.4. Chemical Properties
Solubility tests were performed using 15 x 15 mm test pieces. Each test piece was soaked in a solvent (benzene,
hexane, acetone, THF, DMF, or DMSO; 8.0 mL) at room temperature (23°C = 2°C) or 100°C (for DMF and
DMSO) for 24 h.

Swelling tests were performed using 15 x 15 mm test pieces. The degree of swelling (Rs) was calculated us-
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ing the formula Rs (%) = W’/W x 100, where W’ is the weight of the test piece soaked in benzene for 24 h, and
W is the weight of the test piece after drying at 30°C for 24 h in vacuo.

2.3.5. Mechanical Properties
Hardness tests were performed using a Kobunshi Keiki ASKER DUROMETER (JIS A type) with test pieces
stacked to achieve a thickness of 6 mm.

Tensile tests were performed on an Orientec RTC-1225A with a model-U-4300 using a JIS 3-dumbell as the
standard sample and a crosshead speed of 200 mm/min.

2.3.6. Thermal Properties
Dynamic mechanical analyses (DMA) were performed on a Seiko Instruments DMS 6100 at a heating rate of
5°C/min over from —100°C to 300°C and at 20 Hz under an N, atmosphere.

Differential scanning calorimetry (DSC) measurements were performed on a Rigaku Thermo-Plus DSC-8230
at a heating rate of 10°C/min from —120°C to 200°C under an Ar atmosphere. Approximately 9.5 mg of each
PUE was weighed and sealed in an aluminum pan. The samples were rapidly cooled to —120°C and then heated
to 200°C at a rate of 10°C/min.

Thermogravimetric analyses (TGA) were performed on a Seiko Instruments TG/DTA6200 at a heating rate of
10°C/min from 30°C to 500°C under an N, atmosphere.

2.3.7. Surface Analysis

Atomic force microscopy (AFM) analyses were performed on dried sheets at room temperature (23°C + 2°C) in
air using an Olympus NV2000. Most of the images were obtained in tapping mode (ACAFM) with a silicon ni-
tride cantilever (OMMCL-AC 240TS-C2, Olympus optical) using a spring constant of 15 N/m and a resonating
frequency of 20 KHz. The scanning rates were varied from 1 to 2 Hz. All the images presented here were re-
produced from images obtained from at least three points on each sample surface.

3. Results and Discussion
3.1. NMR Spectroscopy

Analyses by *H NMR and **C NMR spectroscopy revealed that the polymers obtained were undoubtedly PUESs
containing sucrose and that these polymers were composed from a urethane segment and sucrose. The NMR
analyses indicated that sucrose was attached to the main PU chain as a cross-linker. For example, *H NMR of
PUE-PTMG-S1 (Figure 1); 8.54 (CO-NH), 7.31 and 7.08 (-C¢H,-), 5.10 - 4.27 (CH(OH)), 4.05 and 3.27
(O-CH,), 3.78 (-CgH4-CH,-CeH,-), and 1.49 (-CH,-CH,-, -CH(R)-) and *C NMR of PUE-PTMG-S1; 6129
(C=C), 118 (C=C), 70 (O-CH,), and 26 (CH,).

3.2. FTIR Spectroscopy

The representative IR spectrum of PUE-PTMG-S1 is shown in Figure 2. The IR spectroscopy analysis of
PUE-PTMG-S1 was used to check the end of polyaddition reaction. The absence of the characteristic NCO band
at 2265 cm *, appearance of N-H stretching band at 3300 cm *, N—H bending band and C-N stretching band of
amide 11 at 1530 cm*, and C=0 stretching band at 1725 cm™* confirmed the end of the polyaddition reaction
and formation of PU linkages. The characteristic absorption bands at 2794 - 2940 cm * indicated that the -CH,-
asymmetric stretching mode is available in the synthesized PUE-PTMG-S1. The band at 1647 cm* was attri-
buted to the amide I stretching mode of PU. The band at 1093 cm ™ is due to the asymmetric stretching of
C-O-C linkage.

3.3. GPC

The GPC of PUESs containing sucrose units is reported in Table 3. For example, PUE-PTMG-S1; Mw 340,000;
Mw/Mn 1.3.

3.4. Chemical Properties

The solvent resistances of the sucrose-containing PUEs were tested by immersing each PUE sheet in various
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Figure 1. 'H NMR spectrum of PUE-PTMG-SL.
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Figure 2. FTIR-ATR spectrum of PUE-PTMG-SL1.

solvents including hexane, benzene, toluene, acetone, THF, DMF, and DMSO. The results are presented in Ta-
ble 2. All the sucrose-containing PUES were resistant to hexane and acetone and swelled in benzene, THF, DMF,
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Table 2. Solubilities of polyurethane elastomers containing sucrose.

Sample®® Benzene® Hexane® THF® DMF! DMSO!
23°C 100°C 23°C 100°C

PUE-Polyol-S1 mi X X o A mi A
PUE-Polyol-S2 mi X X o A mi A
PUE-Polyol-S3 o X X o A o A
PUE-Polyol-S4 mi X X o A mi A
PUE-Polyol-S5 mi X X o A mi A

PUE-Polyol i X o o o m] o

o: completely dissolved, A: slightly dissolved, o: swelled, x: undissolved. ®Polyol: polyoxytetramethylene glycol (molecular weight = 2000; PTMG
2000), polycaprolactone diol (molecular weight = 2000; PCL2000), and polycarbonate diol (molecular weight = 2000; PCD2000). "Measurement
conditions: benzene, hexane, acetone, THF, DMF, or DMSO as the solvent at room temperature (23°C + 2°C) or 100°C (for DMF and DMSO) for 24
h. “Room temperature (23°C + 2°C). “Room temperature (23°C + 2°C) and 100°C.

and DMSO at room temperature (23°C + 2°C). Notably, the corresponding PUEs without sucrose dissolved
completely in DMSO and DMF at 100°C, whereas the sucrose-containing PUEs dissolved only slightly. In gen-
eral, the sucrose-containing PUEs exhibited good solvent resistance. These results suggest that the sucrose-con-
taining PUEs can form interpenetrating polymer networks [30].

3.5. Mechanical Properties

The tensile properties of the sucrose-containing PUEs are reported in Figure 3. The tensile strengths and elon-
gation at breaking points for PUE-(PTMG/PCL/PCD)-S1 and S2 were greater than those for PUE-(PTMG/
PCL/PCD) except for the elongation at the breaking point of PUE-PTMG-S1. However, for PUE-(PTMG/PCL/
PCD)-S2-S5, the tensile strengths and elongation at breaking points for the polymers decreased with the sucrose
contents. These results suggested that the effect of sucrose on the higher-order conformation expanded to the
overall structure as the sucrose contents increased. Note that the stiffness of the sucrose-containing PUEs in-
creased as the formation of the PUEs progressed and the sucrose contents increased. As a result, PUE-(PTMG/
PCL/PCD)-S1 exhibited the best elastomeric behavior.

The results of hardness, swelling tests, DSC, and TGA are presented in Table 3. The hardness of the sucrose-
containing PUEs increased with the sucrose contents, whereas their swelling rates decreased. These results cor-
responded with those of the tensile tests and suggested that the network chain densities in the sucrose-containing
PUEs increased with the sucrose contents.

3.6. Thermal Properties

DSC analyses of the sucrose-containing PUEs were performed over —120°C to 200°C under an Ar atmosphere.
From the data in Table 3, one main transition occurred for the sucrose-containing PUEs. The values for the
glass transition temperatures (Tg, determined as the peak temperature in the E’ curves) of the corresponding
PUEs without sucrose content were —67.0°C, —45.0°C, and —26.4°C for PUE-PTMG, PUE-PCL, and PUE-PCD,
respectively. Notably, as the sucrose contents in the sucrose-containing PUEs increased, the Tg values increased.
This peak corresponded to the breaking of the glycosidic bond in the sucrose segment of the sucrose-containing
PUEs.

The thermal stabilities of the sucrose-containing PUEs were examined via TGA under an N, atmosphere. Ta-
ble 3 shows that for the three types of PUEs with different polyols, the 10 wt% weight loss temperature (T1o)
decreased as the sucrose contents in the sucrose-containing PUESs increased. However, the T, values for su-
crose-containing PUEs were higher than those of PUE-(PTMG/PCL/PCD).

DMA measurements of the sucrose-containing PUEs were performed over —100°C to 300°C. Rubbery flat re-
gions were not observed in PUE-(PTMG/PCL/PCD)-S3-S5 but in PUE-(PTMG/PCL/PCD)-S1 and S2 at ap-
proximately 50°C - 180°C. In addition, the rubbery flat regions for PUE-(PTMG/PCL/PCD)-S1 and S2 declined
significantly in comparison with those observed for PUE-(PTMG/PCL/PCD). These results suggested that the
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Figure 3. Tensile properties of polyurethane elastomers containing various concentrations of sucrose. PUEs
were synthesized using (a) MDI, PTMG2000, and sucrose; (b) MDI, PCL2000, and sucrose; and (c) MDI,
PCD2000, and sucrose. Sucrose content: black, 0%; red, 1.4 wt%; deep blue, 3.1 wt%; green, 5.0 wt%;

orange, 7.6 wt%; light blue, 10 wt%.

Table 3. Physical properties of polyurethane elastomers containing sucrose.

Hardness® Swelling rate” Tg*

d
T10

Mw®

Sample QIS A) (%) C) () (x10% Mw/Mn®
PUE-PTMG-S1 65 294 -63.0 348 34 13
PUE-PTMG-S2 66 298 -63.1 342 11 16
PUE-PTMG-S3 71 285 —62.7 330 5.0 17
PUE-PTMG-S4 7 235 —61.7 310 4.7 15
PUE-PTMG-S5 85 220 —61.6 282 43 14

PUE-PTMG 7 229 —67.0 351 38 4.8
PUE-PCL-S1 62 234 —48.8 350 21 19
PUE-PCL-S2 61 229 —41.3 341 12 18
PUE-PCL-S3 65 214 —41.3 327 54 18
PUE-PCL-S4 67 213 —39.6 314 4.1 17
PUE-PCL-S5 86 199 —38.8 298 21 15

PUE-PCL 67 204 —45.0 338 16 35
PUE-PCD-S1 70 251 -30.4 336 8.4 17
PUE-PCD-S2 73 247 -27.9 331 4.8 18
PUE-PCD-S3 78 240 —26.1 323 3.8 14
PUE-PCD-S4 89 230 —255 311 3.7 12
PUE-PCD-S5 97 222 —24.4 296 26 13

PUE-PCD 79 195 —26.4 313 21 3.6

*Measurement conditions: JIS A type, total thickness = 6 mm, room temperature (23°C + 2°C). "Measurement conditions: benzene solvent at room
temperature (23°C + 2°C) for 24 h. “Differential scanning calorimetry was performed at a heating rate of 10°C/min from —120°C to 200°C under an Ar
atmosphere. “Thermogravimetric analysis was performed at a heating rate of 10°C/min from 30°C to 500°C under an N, atmosphere. °Measurements
conditions: solvent = N,N-dimethylformamide, sample = 0.1 wt% (N,N-dimethylformamide/dimethy! sulfoxide = 1/1 solution), flow rate 500 pL/min,

measurement temperature = 40°C.
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molecular chain lengths between cross-linked polymers were reduced following the addition of a small amount
of sucrose. Regarding PUE-(PTMG/PCL/PCD)-S3-S5, the characteristic S-shaped curves were not observed,
and the E’ values increased. These results suggested that the sucrose-containing PUESs calcified as sucrose con-
tents increased. The tano values also shifted to the high-temperature area as the sucrose contents and values of
the peak top simultaneously increased. These results agreed with the DSC results. Furthermore, two different
peaks were present as small broad peaks in the curves of PUE-(PTMG/PCL/PCD)-S1-S3 in the DMA curves for
PUE-(PTMG/PCL/PCD)-S4 and S5. The peak in the low-temperature area is attributed to the sucrose segment,
and the peak on the high-temperature area may be attributed to the PU chains.

3.7. Surface Properties

AFM images of the sucrose-containing PUEs (Figure 4) revealed that all the investigated sample sheets were
continuous organic layers with a roughness less than the sheet thickness. The incorporation of the sucrose into
the surface structures was visible. In addition, the surfaces of the sucrose-containing PUEs were compared with
those of the corresponding PUEs without sucrose. The surfaces of the sheets of the sucrose-containing PUES
became flatter as the sucrose content was increased.

4. Conclusions

In summary, we achieved the synthesis of PUs with retained elastic properties using the one-shot method. The
use of sucrose as a cross-linker was essential to obtain the desired PUEs. This study enabled the synthesis of
PUEs introduced with sucrose units, which act as a cross-linker in the main chain.

The sheets of PU containing sucrose are transparent. The experiment results showed that the hardness of the
polymer increases with the sucrose content of PUE. On the contrary, the sheet becomes slightly brittle, and
hence, its flexibility is unsatisfactory. The increase in the hardness was due to the sucrose inter-chain interact-

PUE-PTMG

~
&
-

40 [nm]

[nm] [hm]

[hm] [nm]

Figure 4. AFM images of polyurethane elastomer without (PUE-PTMG) and
with sucrose (PUE-PTMG-S5). (a) and (b) 500 x 500 nm; (A) and (B) 1000 x

1000 nm.
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tions because of the hydrogen bonds with urethane moieties. The stability and chemical resistance were streng-
thened in the high sucrose content. Regarding its applications, the sucrose-containing PUE is recommended for
use in commercial and industrial polymers. This study needs to be further extended by studying the biodegrada-
ble properties of the sucrose-containing PUE.
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Abstract

In recent years, sugar-derived polymer materials have been actively investigated. In research of
polyurethane (PU), sugar has been used as a raw material because it has properties similar to
polyol. However, the elastic property of the obtained PU is substantially lost. Hence, the introduc-
tion of a sugar unit to PU while maintaining the elastic property remains a challenge in polymer
chemistry. Here, we report the synthesis of a polyurethane elastomer (PUE) with a trehalose unit
using raw materials such as an aromatic diisocyanate (4,4’-diphenylmethane diisocyanate), poly-
ols including a polyether polyol (polytetramethylene glycol), two polyester polyols (polycapro-
lactone and polycarbonate diol), and trehalose. Novel PUEs with trehalose units were synthesized
by a one-shot method. Trehalose, which has non-reducing properties, was used as sugar. The use
of trehalose, which has been scarcely applied to PUE, was essential to obtain the desired PUEs with
sugar units.

Keywords

Polyaddition reaction; Polyurethane elastomer; trehalose; Cross-linker

1. Introduction

Polymer materials derived from sugar have been actively investigated in recent years in the field of poly-
urethane (PU) [1-20], because polymer materials using sugar were expected to replace materials derived
from petroleum and because they are biodegradable. However, most investigations have used sugar as a
raw material as it has similar properties to polyol. PUs are used in a surprising array of commercial ap-
plications, which, for convenience, are classified into seven major product types [21-27]: 1) flexible slab;
2) flexible molded foam; 3) rigid foam; 4) solid elastomers; 5) reaction injection molded materials; 6)
carpet backing; and 7) one- and two-component formulations for coatings, adhesives, and sealants.
Building on this background, we are interested in solid elastomers widely used for commercial products.
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Therefore, we are attempting to develop polymer materials with new functionalities [28]. Polyurethane
elastomers (PUEs) containing sugar may be used for many applications such as heat insulation, tremor
insulation, or as protective cases for commercial or industrial instruments. Typically, sugar is reduced in
organic solutions, producing aldehyde and ketone groups. Thus, non-reducing sugar, which retains hy-
droxyl groups in solution, is ideal to introduce sugar units in the main chain. We selected trehalose, which
is scarcely reported on studies of PUEs containing trehalose units [29], as a representative non-reducing
sugar which is similar to sucrose. Trehalose has two primary and six secondary hydroxyl groups. Hence,
we studied the synthesis of PUEs containing trehalose units and expected that trehalose acts as a cross-
linker. Trehalose is a rare sugar naturally found in crustaceans, insects, and mushrooms. However, a syn-
thetic method of producing trehalose was developed by Hayashibara Co., Ltd. in 1994 [30]. Thus, mass
production of trehalose is now possible. Presently, trehalose is used as a raw material for food adjunct,
cosmetics, and medical drugs in industrial applications. Here, we report the synthesis of PUEs containing
trehalose units using raw materials such as aromatic diisocyanate (4,4’-diphenylmethane diisocyanate
(MDI)), polyols including a polyether polyol (polytetramethylene glycol (PTMG)) and two polyester poly-
ols (polycaprolactone (PCL) and polycarbonate diol (PCD)), and trehalose by a one-shot method to form
the corresponding PUEs containing trehalose units in the main chain.

2. Experimental
2.1. Materials

PTMG (molecular weight = 2000) (PTMG2000) (TERATHANE 2000) was supplied by Invista Industry,
Texas, USA. PCL (molecular weight = 2000) (PCL2000) (PLACCEL 2000) was supplied by Daicel Industry,
Osaka, Japan. MDI (MILLIONATE MT) and PCD (molecular weight = 2000) (PCD2000) (NIPPOLLAN 980N)
were supplied by Tosoh Industry, Tokyo, Japan (Tosoh). MDI was purified by distillation under reduced
pressure (267-400 Pa) at 100 °C before use. Trehalose was purchased from Nacalai Tesque, Inc., Kyoto,
Japan (Nacalai) and used without further purification. Tetrahydrofuran (THF) and benzene were pur-
chased from Nacalai and distilled over calcium hydride under an Ar atmosphere. N,N-Dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) were purchased from Nacalai and stored over 4 A molecular sieves
before use. The following compounds were purchased from commercial suppliers and used as received:
DMSO (Euriso Top, Saint-Aubin, France), hexane (Nacalai), and acetone (Nacalai).

2.2. Synthesis of polyurethane elastomers containing sucrose

PUEs with trehalose units were prepared from MDI, one of the three polyols (PTMG2000, PCL2000,
and/or PCD2000)), and trehalose by a one-shot method (Scheme 1). The recipe and trehalose content for
each of the PUEs are listed in Table 1. The NCO/OH molar ratio was 2 for all PUEs containing trehalose
units.

For example, the synthesis of PUE-PTMG-T1 was performed as follows. A trehalose/DMF solution was
prepared from trehalose (0.34 g, 0.10 x 10-3 mol) and DMF (10 mL) at 100 °C for 15 min under an Ar at-
mosphere. MDI (5.0 g, 2.0 x 10-2 mol), PTMG2000 (18 g, 0.90 x 10-2 mol), THF (20 mL), and treha-
lose/DMF solution (10 mL) were added to a 100 mL four-necked separable reaction flask equipped with a
mechanical stirrer, a gas inlet tube, and a reflux condenser. This mixture was stirred at 80 °C for 20 min
under an Ar atmosphere. The thin polymer sheets (~0.5 mm) were obtained by casting the resulting solu-
tion (20 g) using a disposable container at room temperature (23 * 2 °C) for 15 h. The obtained sheet was
cured at 80 °C for 6 h in vacuo.

2.3. Characterization
All analyses and tests were performed at room temperature (23 + 2 °C) unless otherwise indicated.

2.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

&
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Scheme 1. Synthesis of polyurethane elastomers containing trehalose via the one-shot method.
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Table 1. Recipe and appearance of the polyurethane elastomers containing a trehalose unit.

Sample MDI Polyol * Trehalose Trehalose content
(mol % 10°7%) (mol % 10°%) (mol % 10°%) (wt%)
PUE-Polyol-T1 2.0 0.90 0.10 1.4
PUE-Polyol-T2 2.0 0.80 0.20 3.1
PUE-Polyol-T3 2.0 0.70 0.30 50
PUE-Polyol-T4 2.0 0.60 0.40 7.6
PUE-Polyol-T5 2.0 0.50 0.50 10
PUE-Polyol 20 1.0 - -

“ Polyols: polyoxytetramethylene glycol (molecular weight = 2000; PTMG2000), polycaprolactone diol (molecular weight = 2000; PCL2000), and poly-
carbonate diol (molecular weight = 2000; PCD2000).
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NMR spectra were recorded on a Varian (California, USA) Unity Plus-300 (1H, 300 MHz; 13C, 75.4 MHz)
NMR spectrometer. Chemical shift values for protons were referenced to the resonance of tetrame-
thylsilane as the internal standard and values of carbon were referenced to the carbon resonance of
DMSO-ds (649.5).

2.3.2. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectra were recorded on a JASCO (Tokyo, Japan) FTIR-5300 spec-
trometer equipped with an attenuated total reflection (ATR) system, which used an ATR500/M with an
ATR prism KRS-5.

2.3.3. Gel Permeation Chromatography (GPC)

The average molecular weight and molecular distributions were investigated using a Tosoh (Tokyo, Ja-
pan) gel permeation chromatograph (GPC) equipped with SD-8022, CCPD, C0-8020, and RI-8020. The
measurement conditions for GPC were as follows: sample, 0.1 wt% (DMF/DMSO = 1/1 solution); solvent,
DMF; column, TSK gels «a-M and TSK GUARDCOLUMNGg; flow rate, 500 pL/min at 40 °C; quantum, poly-
styrene transformation method.

2.3.4. Chemical Properties

Solubility tests were performed using 15 x 15 mm test pieces. Each test piece was soaked in a solvent
(benzene, hexane, acetone, THF, DMF, or DMSO; 8.0 mL) at room temperature or 100 °C (for DMF and
DMSO) for 24 h.

Swelling tests were performed using 15 x 15 mm test pieces. The degree of swelling (Rs) was calculated
using the formula Rs(%) = W’ /W x 100, where W’ is the weight of the test piece soaked in benzene for 24
h, and W is the weight of the test piece after drying at 30 °C for 24 h in vacuo.

2.3.5. Mechanical Properties

Hardness tests were performed using a Kobunshi Keiki (Kyoto, Japan) Asker Durometer (JIS A type) with
test pieces stacked to achieve a thickness of 6 mm.

Tensile tests were performed on an Orientec (Tokyo, Japan) RTC-1225A with a model-U-4300 using a JIS
3-dumbbell as the standard sample and a crosshead speed of 100 mm/min.

2.3.6. Thermal Properties

Dynamic mechanical analyses (DMA) were performed on a Seiko Instruments (Chiba, Japan) DMS 6100 at
5°C/min over =100 to 300 °C at 20 Hz under N2 atmosphere.

Differential scanning calorimetry (DSC) measurements were performed on a Rigaku (Tokyo, Japan)
Thermo-Plus DSC-8230 at 10 °C/min from -120 to 200 °C under an Ar atmosphere. Approximately 9.5 mg
of each PUE was weighed and sealed in an aluminum pan. The samples were rapidly cooled to =120 °C
and then heated to 200 °C at 10 °C/min.

Thermogravimetric analyses (TGA) were performed on a Seiko Instruments (Chiba, Japan) TG/DTA6200
at 10 °C/min from 30 to 500 °C under N atmosphere.

2.3.7. Surface analysis

Atomic force microscopy (AFM) analyses were performed on dried sheets at room temperature (23 *
2 °C) in air using an Olympus NV2000. Most of the images were obtained in tapping mode (ACAFM) with a
silicon nitride cantilever (OMMCL-AC 240TS-C2, Olympus optical) using a spring constant of 15 N/m and
a resonating frequency of 20 KHz. The scanning rates were varied from 1 to 2 Hz. All the images present-

ed here were reproduced from images obtained from at least three points on each sample surface.

3. Results and Discussion

O,
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3.1. NMR Spectroscopy

Analyses by 'H NMR (Figure 1) and 13C NMR (Figure 2) spectroscopy revealed that the polymers ob-
tained were undoubtedly PUEs containing trehalose and that these polymers were composed from a ure-
thane segment and trehalose. The NMR analyses indicated that trehalose was attached to the main PU
chain as a cross-linker. For example, 1H NMR (DMSO-ds, 300MHz) of PUE-PTMG-T1; 68.54 (1H, CO-NH),
7.31 and 7.08 (1H, -C¢Hs-), 5.10-4.27 (1H, CH(OH)), 4.05 and 3.27 (2H, 0-CH>), 3.78 (2H, -C¢H4-CH2-CsH4-),
and 1.49 (2H, -CHz-CHz-, -CH(R)-) and 13C NMR (DMSO-ds, 75.4MHz) of PUE-PTMG-T1; §154-147 (Ure-
thane: C=0), §138-135 (Urea: C=0), 129 (C=C), 118(C=C), 115(C=C), 70 (0-CHz), and 26 (CHz) (Figure 1).

3.2. FTIR Spectroscopy

The representative IR spectra of PUE-PTMG-T1-5 are shown in Figure 3. The IR spectroscopy analyses of
PUE-PTMG-T1-5 were used to check the end of polyaddition reaction. The absence of the characteristic
NCO band at 2265 cm-1, appearance of N-H stretching band at 3307 cm-1, N-H bending band and C-N
stretching band of amide Il at 1597 and 1535cm-1, and C=0 stretching band at 1709 cm-! confirmed the
end of the polyaddition reaction and formation of PU linkages. The characteristic absorption bands at
2940-2850 cm™! indicated that the -CH;- asymmetric stretching mode is available in the synthesized
PUE-PTMG-T1. The band at 1647 cm~! was attributed to the amide II stretching mode of PU. The band at
1093 cm™1 is due to the asymmetric stretching of C-O-C linkage.

Infrared (ATR, cm~1) v3307 (N-H), 2937, 2851, and 2795 (C-H), 1709 (C=0), 1597 and 1535 (N-H).

3.3. GPC

The GPC of PUEs containing trehalose units is reported in Table 2. For example, PUE-PTMG-T1; Mw
340000; Mw/Mn 7.4.

3.4. Chemical Properties

PUEs with trehalose units yielded quantitatively in 10-25 min, and the actual trehalose contents in each
synthesized PUE agreed with the theoretical values. Interestingly, the reaction solutions showed different
inherent viscosities, and the viscosities of PUEs increased with the trehalose contents. In addition, all
PUEs containing trehalose units were transparent. The solvent resistances of PUEs containing trehalose
units were tested by immersing each PUE sheet in various solvents including hexane, benzene, toluene,
acetone, THF, DMF, and DMSO. The results are presented in Table 3. All PUEs containing trehalose units
were resistant to hexane and acetone and swelled in benzene, THF, DMF, and DMSO at room temperature
(23 £ 2 °C). Notably, the corresponding PUEs without trehalose dissolved completely in DMSO and DMF at
100 °C, whereas the PUEs containing trehalose contents dissolved only slightly. In general, the PUEs with
trehalose units exhibited good solvent resistance. These results suggested that the PUEs containing tre-
halose units form interpenetrating polymer networks [29].

3.5. Mechanical Properties

The mechanical behavior of the crosslinked PUEs is dependent on the structural differences between
PUEs containing trehalose units which were caused by changing the hard segment content, crosslinking
density and intermolecular interactions between their hard segments. The stress versus strain curves for
the trehalose-containing PUE sheets with different hard segment molar ratios are illustrated in Figure 4,
and the tensile strengths and elongation at breaking points of the PUEs with trehalose units are shown in
Figure 5. The mixture of the trehalose and polyurethane chain in the soft amorphous phases reduced the
mobility of macromolecular chains, thereby generating stiff PUEs when trehalose was in the matrix phase.
Trehalose is a rigid, whereas polyurethane is a ductile elastomer. The tensile strength and elongation at
breaking points for PUE-(PTMG/PCD)-T1 were same as that for PUE-(PTMG/PCD), and the elongation at
breaking point of PUE-PCL-T1 was lower than that for PUE-PCL However, the tensile strength and elonga
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Figure 3. FTIR (ATR method) spectra of PUE-PTMG-T1-5.
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Table 2. Physical Properties of the polyurethane elastomers with trehalose unit.

Sample Hardness * Swelling rate " Tg* T Mw* Mw/Mn ©
(IS A) (%) C) C) (%10%)

PUE-PTMG-TI 61 340 =78.1 352 34 74
PUE-PTMG-T2 63 315 =771 345 14 18
PUE-PTMG-T3 66 308 -76.7 340 11 9.1
PUE-PTMG-T4 73 290 —76.2 335 11 15
PUE-PTMG-TS 83 275 =76.0 331 33 39
PUE-PTMG 77 229 —67.0 351 38 4.8
PUE-PCL-TI1 60 250 —44.4 347 10 18
PUE-PCL-T2 67 230 —41.0 346 7.0 18
PUE-PCL-T3 76 210 —39.1 338 2.6 17
PUE-PCL-T4 81 196 -36.5 346 28 15
PUE-PCL-T5 92 173 —34.2 328 22 11
PUE-PCL 79 204 —45.0 338 16 35
PUE-PCD-T1 67 265 —635.5 335 13 9.5
PUE-PCD-T2 70 250 —60.9 333 15 12
PUE-PCD-T3 86 239 -57.6 330 12 14
PUE-PCD-T4 91 223 —53.2 327 75 12
PUE-PCD-T5 95 208 =51.6 325 22 49
PUE-PCD 73 199 —54.0 331 21 3.6

* Measurement conditions: JIS A type, total thickness = 6 mm, room temperature (23 =2 °C).

" Measurement conditions: benzene solvent at room temperature (23 + 2 °C) for 24 h.

“ Differential scanning calorimetry was performed at a heating rate of 10 °C/min from =120 °C to 200 °C under an Ar atmosphere.

B Thermogravimetric analysis was performed at a heating rate of 10 °C/min from 30 °C to 500 °C under an N; atmosphere.

© Measurements conditions: solvent = N,N-dimethylformamide, sample = 0.1 wt% (N,N-dimethylformamide/dimethyl sulfoxide = 1/1 solution), flow rate
500 pL/min, measurement temperature = 40 °C.
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Sample * Benzene
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Table 3. Solubility test of the polyurethane elastomers with trehalose unit.

Hexane "

Acetone "

THF "

DMF ¢

DMSO *

23°C

100°C

23°C

100°C

PUE-Polyol-T1
PUE-Polyol-T2

A

PUE-Polyol-T3

PUE-Polyol-T4

PUE-Polyol-T5
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PUE-Polyol

A
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FlE|> > >

Q

I

el

o: dissolved, A: swelled, x: undissolved
* Measurement conditions: benzene, hexane, acetone, THF, DMF, or DMSO as the solvent at room temperature (23 + 2 °C) or 100 °C (for DMF and DMSO) for 24 h.

" Room temperature (232 °C)

“ Room temperature (232 °C) and 100 °C
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Figure 4. Tensile properties of the polyurethane elastomers containing a various amounts of trehalose. (A) PUEs using
MDI, PTMG2000, and trehalose; (B) PUEs using MDI, PCL2000, and trehalose; (C) PUEs using MDI, PCD2000, and
trehalose. Red: 1.4wt% trehalose content, deep blue : 3.1wt% trehalose content, green: 5.0wt% trehalose content,
orange: 7.6wt% trehalose content, light blue: 10wt% trehalose content, black: PUEs without trehalose content.
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Figure 5. Tensile strengths and elongation at the breaking points for PUEs with containing of the trehalose.
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Red: PUEs using MDI, PTMG2000, and trehalose; deep blue: PUEs using MDI, PCL2000, and trehalose; green: PUEs
using MDI, PCD2000, and trehalose.
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tion at breaking points of PUE-(PTMG/PCD)-T2-T5 for polymers decreased with the trehalose contents.
The tensile strengths of PUE-PCL-T2-T5 were same as that for PUE-PCL, and the elongation at breaking
points of PUE-PCL-T2-T5 decreased with the trehalose contents. As a result, PUE-(PTMG/PCL/PCD)-T1
exhibited the best elastic behavior. These results suggested that the effect of trehalose on the higher order
conformation expanded to the overall structure as the trehalose contents increased.

The effect of the various polyurethane microstructures on their macroscopic behavior was reflected in
their hardness. Table 2 shows hardness of the trehalose-containig PUE sheets with different amount of
hard segment content. Hardness of PUE-PTMG-T1-T4 were lower than that for PUE-PTMG, hardness of
PUE-PCL-T1-T3 were lower than that for PUE-PCL, and hardness of PUE-PCD-T1-T2 were lower than
that for PUE-PCD, respectively. These results show that hydrogen bonding, phase segregation, crosslink
density and the plasticizer effect of trehalose dangling chains affect the hardness. A higher number of
crosslinked hard segments leads to an increase in the hardness of the polyurethane materials.

3.6. Thermal Properties

DSC analyses of the PUEs containing trehalose units were performed from -120 to 200 °C under an Ar
atmosphere. From Table 2, it is evident that one main transition occurred for the PUEs containing treha-
lose units. The values for the glass transition temperatures (Tg) of the corresponding PUEs without the
trehalose content were -67.0, —45.0, and -54.0 °C for PUE-PTMG, PUE-PCL, and PUE-PCD, respectively.
The Tg values of PUE-PTMG-T1-T5 were lower than that for PUE-PTMG and the Tg values of
PUE-PCL-T1-T5 were higher than that for PUE-PCL. For PUE-PCD- T1-T5, The Tg values of T1-T3 were
lower than that for PUE-PCD and the Tg values of T4 and T5 were higher than that for PUE-PCD. Tg of
PUEs with trehalose units increases with the concentration of hard segments and with of the number of
crosslinks added. The increase in Tg of PUEs with trehalose units is due to the hindrance local motion of
the polymer segments throughout the formation of physical and chemical crosslinks between molecular
chains. Thus, the glass transition temperature of the PUEs with trehalose units is influenced by its cross-
linking density and chemical structure. The difference in Tg values arise from several factors including the
crosslinking density of the trehalose-based network and higher content of MDI in crosslinked polyure-
thane.

The thermal stabilities of the PUEs containing trehalose units were examined via TGA under an N at-
mosphere. The TG curves of the PUEs without trehalose and the PUEs with different trehalose component
ratios are displayed in Figure 6 to analyze the effect of trehalose on stabilization further. Degradation
temperature (T10) decreased evidently for the PUEs with trehalose. This result is attributed to the com-
plicated process of PUE decomposition given that PUE is a copolymer composed of microphase-separated
hard and soft segments.

DMA measurements of the PUEs with trehalose units were performed from -100 to 300 °C. The results
are displayed (Figure 7). Rubbery flat regions were not observed in PUE-(PTMG/PCL/PCD)-T3-T5 but in
PUE-(PTMG/PCL/PCD)-T1 and T2 at approximately 50-180 °C. In addition, the rubbery flat regions for
PUE-(PTMG/PCL/PCD)-T1 and T2 declined significantly in comparison with those observed for
PUE-(PTMG/PCL/PCD). These results suggested that the molecular chain lengths between crosslinked
polymers were reduced wupon addition of a small amount of trehalose. Regarding
PUE-(PTMG/PCL/PCD)-T3-T5, the characteristic S-shaped curves were not observed and the E’ values
increased. These results suggested that the trehalose-containing PUEs calcified as the trehalose contents
increased. The tand values additionally shifted to the high-temperature area as the trehalose contents and
values of the peak top simultaneously increased. Furthermore, the two different peaks were present as
small broad peaks in PUE-(PTMG/PCL/PCD)-T4 and T5. The peak in the low-temperature area may be at-
tributed to the hard segment, whereas that on the high-temperature area may be attributed to the PU
chains.

3.7. Morphology evolution

The surface topography of the PUEs containing trehalose units was examined by AFM (Figure 8). AFM
was utilized to study the phase-segregated morphology of PUEs with trehalose units. AFM investigations
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Figure 6. Thermo gravimetric analyses of the polyurethane elastomers containing a various amounts of trehalose. (A)
PUEs using MDI, PTMG2000, and trehalose; (B) PUEs using MDI, PCL2000, and trehalose; (C) PUEs using MDI,
PCD2000, and trehalose. Red: 1.4wt% trehalose content, deep blue : 3.1wt% trehalose content, green: 5.0wt% trehalose
content, orange: 7.6wt% trehalose content, light blue: 10wt% trehalose content, black: PUEs without trehalose content.
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Figure 7. Dynamic mechanical analyses of the polyurethane elastomers containing a various amounts of trehalose. (A)
PUEs using MDI, PTMG2000, and trehalose; (B) PUEs using MDI, PCL2000, and trehalose; (C) PUEs using MDI,

PCD2000, and trehalose. Red: 1.4wt% trehalose content, deep blue : 3.1wt% trehalose content, green: 5.0wt% trehalose
content, orange: 7.6wt% trehalose content, light blue: 10wt% trehalose content, black: PUEs without trehalose content.
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Figure 8. Atomic force microscopy images of the polyurethane elastomer without a
trehalose unit (PUE-PTMG) and the polyurethane elastomer with a trehalose unit (PUE-
PTMG-T5). (a) and (b) : two dimensions; (A) and (B): three dimensions.
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were conducted on the surface of the polymer, with a scanning area of 1000 x 1000 nm. Topographical
heterogeneity is observed in the images of PUE containing trehalose units, which may reflect the existence
of ordering tendencies in the polymer structure. In these images, by convention, the hard and soft mi-
crophases appear as bright and dark regions, respectively. By increasing the hard segment concentration,
changes were observed in the surface morphology. The presence of bright and dark regions indicates the
presence of microphase morphology. AFM images of the trehalose-containig PUE sheets have an extended
smoother surface area compared to the AFM image observed in the polyurethane sheet without trehalose.
The light-colored spots represent hard domains. These are dispersed all over the matrix which is formed
by the soft domains while in the case of polyurethane without trehalose and appear as thick regions. In-
clusions of hard segments can been in some limited areas. This could be explained by the possibility that
those areas benefitted from a better ordering.

3.8. Discussion for structure of polyurethane elastomers with trehalose unit

3D structures of the PUEs containing trehalose units were predicted using the characteristic structural
and chemical features of trehalose as a reference. Specifically, the trehalose composed of two glucoses has
two primary alcohols that are of the highest reactivity and six secondary alcohols which are of high reac-
tivity [31]. Their alcohols should preferentially react with isocyanate, and the resulting materials form a
sequential interpenetrating polymer network [32]. In addition, the initial chain polymerization reaction is
expected to proceed gradually to form a simultaneous interpenetrating polymer network [32]. Hence,
both networks are mixed in the PUE structure. Three types of interpenetrating polymer networks are
networks |, I, and III (Figure 9). The network I is molecular model which react with isocyanate by six al-
cohols of high reactivity. The network II is molecular model which react with isocyanate by four alcohols
of higher reactivity. The network III is molecular model which react with isocyanate by two primary al-
cohols that are of the highest reactivity. The network III partially generate in PUE containing many treha-
lose units. Therefore, the main networks in PUE-(PTMG/PCL/PCD)-T1-T5 are networks I and II. These
networks are mixed at random in each PUE. Consequently, as the trehalose contents in the PUEs increases,
the molecular densities of the PUEs with trehalose units increase.

4. Conclusion

In summary, we achieved the synthesis of PUs that maintain the elastic property using the one-shot
method. The use of trehalose for additive compound was essential to obtain the desired PUEs. This study
demonstrated the synthesis of PUEs by introducing trehalose units, which act as a crosslinker in the main
chain. The properties of PUE sheets were mainly governed by the stoichiometric balance of the compo-
nents in the reaction and the degree of crosslinking.
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