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Polyurethane urea (PUU)
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1) 150 °C, 2 h, in NMP, Under Ar u)lfo O N N N
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m X

2) Casting: 150 °C, 1 h
3) Imidization: 200 °C, 4 h, in vacuo

Polyurethane-Imide Elastomer ( PUIE )
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2) 100 °C, 24 h, in vacuo

3) Kneading: 23+2 °C
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5) Imidization: 200 °C, 4 h, in vacuo PUIE
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1T, WIRITE ORRIBHICHE LiATy 2 & TR ZITV, A X NMbZa1T9 2 &
TPUIE 2155 Kk Thb, b o —HIL, UL TREERSIOWKELE HICE
IRVRIE CATERMED & D IRIEECTH D NMP 2 LT D08, Z OWREEZ 2 <
HLZ2wvwsvzik (RRA3) OB THL, A VT F—F, RIUA—, &
KM A IO, DT I EMALZ EICKY, KIGEKRESS,



o 80 °C, 30 min PMDA
+ HO H ———— >  OCN-Prepolymer-NCO
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W, PUBBLD A Y 27— MIFHEBEA Y T FT— b ThHDH 44-V 7 ==)b
AR AY T —F (MDD, REREA YT FT—FThHLY 7 m~Fy
VAR Q8T AT F— bk (HpMDI), RElifEA Y v 77— hThiH~F
PAFLIAY T —F (HDD) %, RUA—ICHRI T R AFL 7Y
a—/L (PTMG) %, A4 X RO T7 I ZAF LT =1 (MDA) %,
sk e 2 Yy NEREEKY)  (PMDA) %Wy, PUIE Z#47% L, PU
DA YT F— D PUIE ~DFEEZ, F1-A I REAHEE 15%, 25%, 35%,
45%, 55% & b &, 4 X REAHED PUIE OYE~DEEIZ O T HIREFL,
FOFERIZONWTIRR D,

2.2 £ B

2.2.1 ® ¥

MDI, HDI, HppMDI 33 Y — &40 D OFEAE S 2 BRI 2 duis
JEZ&EE (180°C, 80°C, 120°C/267 — 400 Pa) U{HH L7=, F5yF & 1000 O
U7 7 AF L7 Y a— (PTMGL000) 1EH Y —E St 6 Ol &
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24 WP IR (60°C/267 — 400 Pa) LA L7=, PMDA ¥ LU MDA T34k
i TEEO TR G & R (50°C 35 TN 40°C/267 — 400 Pa) LA L7-, NMP
(XF7 T AT AT ORERBGRIE AL WL (60°C/267 — 400 Pa) L7=DbH, 4A €
L 2T =y —TATHAKLERALE, 771 VY -—n-7F /LA X (DBTL)
BXO14-UT7HerraR247 %> (DABCO) 1374747 A7 KRXE
HORIEE, TLTURAKCRE L, TGO E EHEH L,

B« IERERBRCHEA LAY ) — VT ERLFE T E0RMME, T0F
FHEHA LT, T T8 Fu7 Ty (THF) 1375 7 4 7 2 7 BRSO Rl 3
ARFACT N LTHREL, ArZPHRTARE L, M L2, NN-T A F LR
NAT IR (DMF) BEXOYAFILRALRFT R (DMSO) 1XFHF7 4T A7
HASHORHERGRIEZ A EL X2 T — 0 —T AT 2 RKHBAKLIZOL, 7v
TUFERKTHREL, HHLE, ~xYy, TR by, RUBETFTHTIAT
A 7 BRAE AT D — i FE & il bt O F FHEH Lz,

2.2.2 & R

WWIRIE I L D6 EEZRR 4 12R L, PUIE OARICHWEREROR G E# 1
(RT, BOSIET R TT AT UFRAKTITY, — MRAUIZER T TiT o 72,

HEBEYA YT F— &M= PUIE DERL

R AIRR, T AENE, 2 AXAEIA L7z 100 mL DU [T 707
7 A3, 4,4-MDI I X PTMG1000 ZFFHL D, 80°C DA A /L3 A T 30 47[H]
MLIZATDHZEICEY, VLT LR ~—%fR L7, Bonir L
> 7 LR Y ~—|{Z PMDA B LXO'NMP (15mL) &M%, 150°C T 15 232 < ik
A LT=DH, MDA B LUFED O NMP (25mL) #7243 5, 150°C T 2 FEfH
< AFA LT, B SN OSAR & 150°C O bR IERIC it Liddy, — HnEk
THZETY—NMELIZDb, Boi/e— M&REJE (200°C/267 — 400 Pa) T
AFFBGLET 2 2 L1k, £ 3 MeasEk Lz,
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o Catalyst: DBTL + BABCO or DBTL
OCN-R-NCO + Ho(/\/\/ }H .
n 80 °C ,30 min, under Ar

R: isocyanate

HMDI

o 0

o o
o o
JI\ H PMDA
oent R OMO)T]/N\R NCO
H n
o) m

150 °C, 15min, under Ar
H,N” 'l MDA '[ “NH; in NMP

1) 150 °C, 2h, under Ar
2) 150 °C, 24h,
3) 200 °C, 4h, in vacuo

) o o 0

o
N, [H
N ‘N0 _R
\n/ o N
o] o n H
)

Possible structure

in NMP

M 4. WREBLOEHEA V77— &2 MW= PUIE D& R

NeWiE > A V27 x— k& 7z PUIE DGR

BRI AIRR, T AENE, 2 AXABEIA L7z 100 mL DU 0T 707
Z A 2z, PTMG1000, DABCO % #1819, 100°C TM#E 425 Z L2 Xk v, DABCO
ZURfE LT-, DABCO M2 RICIRRE LT-Z L 2R L7=D 5, HDI B L DBTL
ZINZ, 80°C DA A NW/NATI0 N IZATHZ EICLY, yLE T LR
V~—%Zfl L7z bz L ¥ 7 LR Y ~—IZ PMDA £ X UYNMP (10 mL)
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#/NZ, 150°C T 15 /3 <IZA L7zdH, MDA-NMP (10 mL) &K & 5% O
NMP (20 mL) % /1%, 150°C T 2 KEff A< 13 A LTz, 5 b7 SUGTEHK % 150°
C D LRI LiAZr, 24 BEFIINEAS 5 Z L Ty — MeEL7ZDb, GFbh
7= — M& UL (200°C/267 — 400 Pa) T4 KRBT Z L1k, A IR
b4 5ERE LTz,

K1, ZFESA VT F— b EHAWTZ PUIE OES

Diisocyanate PTMGH MDA® PMDAf DBTLY DABCO" Imide
content’
(%10 mol) (x10%° mol) (X102 mol) (%10 mol) (%x10° mol) (%X10° mol)  (W%)

MDI?
PUIE-MDly5 3.12 250 0617 1.25 - - 15
PUIE-MDl,s 3.67 250 117 235 - - 25
PUIE-MDl,s 4.40 2550 1.90 3.80 - - 35
PUIE-MDl,s 5.38 250 2.88 5.77 - - 45
PUIE-MD ;5 6.80 250 430 8.62 - - 55
HDIP

PUIE-HD ;5 3.5 250 0.642 1.28 0712 4,01 15
PUIE-HD 5 3.72 250 121 243 0.744 419 25
PUIE-HD I35 447 250 197 3.92 0.773 435 35
PUIE-HD 5 5.48 250 2.98 5.95 0.808 455 45
PUIE-HD 55 6.93 2550 445 8.90 0.869 4.89 55
HMDIe B
PUIE-H,MDls  3.12 250 0.620 1.25 153 15
PUIE-Hj,MDls  3.67 250 117 235 165 - 25
PUIE-Hj,MDls  4.40 250 1.90 3.78 174 - 35
PUIE-H,MDl;s  5.38 250 2.88 5.75 1.85 - 45
PUIE-Hj,MDlss  6.80 250 430 8.60 2.04 B 55

24,4-MDI, Mw=250.25

HDI, Mw=168.19

¢ H;,-MDI, Mw=262.35

dPTMG1000, Mw =1000

¢ MDA, Mw=200.24

fPMDA, Mw=218.12

IDBTL, Mw=631.56

¢DABCO, Mw=112.17

'imides contentis the theoretical value

R A Y o7 32— M & W= PUIE D& K -
EG R, T AEAE, LATABENST L2 100mL DY QBT 7T

Z A 2|2 PTMG1000, DBTL, Hy;;MDI ZJlll %, 80°C DA A /L3 AT 30 43 [EHe

16



CIFATHZEIZEY, Jv TR ~w—%2i LT, JBonl-v L gy
LR Y ~—|Z PMDA B3 X O'NMP (10 mL) #Mx, 150°C T 15 3/ < IdA L
7z0bH, MDA-NMP (10 mL) K &% O NMP (20 mL) %0z, 150°C T2
REf 2> <UFA LTz, 15 B AV SONER IR & 150°C D LA EHRIZIE LA, 24 I
MBS 52 & To— MELTZDO L, 5 b7 — %+ (200°C/267 — 400 Pa)
TARFHBVLEET 5 Z 2k, 43 Mezsek L,

2.2.3 BeiEEAf

2.2.3.1 A (Fourier Transform Infrared: FTIR)

HIELEE & LT HARS A SR FT/IR-5300 A {4 L, 0.20-0.25 mm O
>V E AW, ATR 1E1E JASCOPARTSCENTER #> ATR 7'V X KRS-5 %
AV, BEREEOE 256 [\, =R (23+2°C) IS CTHIEXTT -7,

2.2.3.2 X#HmHHr (X-Ray Diffraction: XRD)
HIEHEE & LTV A7 RS RINT 2500V/PC i L, M@ i E
(% 0.154 nm, EFETIH X OEBERIZENEI 40KV 5L V100 mA, Cu K #RiZ

X 0 R ELPH I 5 — 35°C X FREIHT OWIE Z 1T - 7=,

2.2.3.3 ENFRY—

RSt = % o~ % Simage Standard100 Zflif L, oS d72— MZ5ul
DAEEKZR T2 2 & T (CA) ORIEEIT- T2,

J5 - D B EE (Atomic force microscopy: AFM) IZAIEREE & LTA U /3R
BRI 7 o — 735 E Olympus NV2000 % /=, 1o F Lox—(d4 Y
YRARASHI Y ar = 8T 4 R F 13— (OMMCL-AC 240TS-C2) #
AWT, EE&F 2nm, DFM &— RIZcTHIEZIT-> 7,
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2.2.3.4 (bFHHE

TAfR R BRIT 0.1000 g OFRER T 2 HE L, 30 mL OFIEE (~%4 2, R
Yy, 7 b, THF, A% /—/L, DMF, DMSO, NMP) 2= (23£2°C)
IZTC 24 FHRE S0 b, 3kt 2 7 o7 — % —H1 T 6 IFfE 2% (60°C/267
—400Pa) L, g oilBtoEE (W) ZHIE L7,

A RBR 1 0.1000 g DFRER 2 HE L, 30 mL OB oz =R (23+2°C)
IZC 24 FFIRIBSETZ0L, A ZIY L, RAOBEEZREM /- EE
(W) ZJIE L7z, 0.1000 g OB B L ORHOBEEEZ R E B >7-EHE LD
HEBMELBMEE (Rs) & LT,
Rs (%) = (W’/0.1000) X100

2.2.3.5 MHBRAHEE
BEEEHE (T EHEE & L Tmdr Falde ka5 ASKER DUROMETER (JIS
K 6251-3 #it&) AAEH L, SBIORE %K 6 mm IZHEAEQTHIEEIT> 70,
SIERRBIIHEEE LTy TRk () =7 v 7o
RTC-1225A 35 X OMHTNEF U-4300) & MV o, & o~ Ui IS #itk 3 54 v~ L
AV, 7 v A~y REEL 100 mm/min (2% E LEIE 21T - 72,

2.2.3.6 BHME
FhH kLRI (Dynamic Mechanical Analysis: DMA) (ZiHIE3EE & LT A
T AL A Y A BB RL H E 2L B DMS6100 Z Ve, JAIE I AEE
J 5°C/min, R4 20 Hz, IR E#IPHIE—100 - 300°C (2 TIT - 72,
RAEEEENE (Differential Scanning Calorimetry: DSC) [33E@&E & LCYU A
7 #4184 Thermo-Plus DSC-8230 % fv 7=, JIE LA IRIEE 10°C/min, 1
FPHIX—100 - 200°C, 7 /LA U FHKIZ TIT o7, FI5-9meDiEt 2 7 /LI =
U LA TR Y, RS T a-T VR T E AW,
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BEEHIE (Thermo Gravimetric Analysis: TGA) 1%, HEE L LTl A a2—o
AV A 7 48 TGIDTA6200 % HV o, JIE X A-REEE 10°C/min, IR AL HLPH

(3 30-500°C, #HERFFPHXUZTIT> 7,

2.3 HMRBIUVEBELE

2.3.1 FHRNARZ pv (FTIR)

HHEA Y27 F— &V PUIE @ 1600 — 1800 cm™ O#EIH & Hik L 7=
FTIR 227 MV &R 4177, 1770 en™ fF3TIC A 2 FEEFHSRD C=0 &P
EEBOE—7 BELNZTZ®, WTHO PUIE 12 A X REOFELZHER LT,
A I REAERBEINT 525N T, 1770 cn™ (T °— 7 BREE & BN %
[ %7~ Uiz, 1720 em™ FHTIEA 2 REEHSRO C=0 Wi iRk L 0k
FEAER L T D L VRO C=0 tFMifEIEEI N E2 > 7- B — 7 T,
E 5121710 em™ TS, KFERBEEIERL LTIZ 7 L& kD C=0 xIFMiifER
O —7 bERLHTD, BEANTR— RORINE—7 & L TRLTWND,

2.3.2 X#5HHr (XRD)

KR A V2T F— L& PUIE @ XRD OfE R 2K 5 1287, 7°AFED
BOHEA X REARNEL 2 DI12o0, MENBS B I, £/, 20°FHic
BMATRAOT7 e — Rt —7 ThoH  m—pglls v,

2.3.3 EAHFBI—45H

KA YT — FEHWe PUIE O#fMATIEDRKERZR 2B LUK 6
(R, —RBUNS, AR IR R R E O S B OWREN A TS < 2R 5 H
%9 2 ENA STV S, PUIE-MDI 3 2 OV PUIE-HDI Ol O, A
T REREMEMLUTHIZEIFCEELZTRL, v— FOREITBUKMETH T2,
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(A) PUIE-MDI (B) PUIE-HDI (C) PUIE-H,,MDI

Absorbance

«—1685

V(C=0yonded)

V(€=040ndea) v(C=0,
1725 = g V(€=0rrec) V(C=0pangea) (171sme_)’ 1699
! 1719 7 M= 1711 .
1800 1700 1600 1800 1700 1600 1800 1700 1600
Wavenumber (cm1) Wavenumber (cm1) Wavenumber (cm-1)

K4. A Yo7 — k&A= PUIE @ FTIR 222 kL: (A) PUIE-MDI,
(B) PUIE-HDI, (C) PUIE-H,MDI, o X R&EAHR: B = 15wt%, 77 = 25 wtd%,

#H = 35wit%, Kt = 45wt%, & = 55wt%

(A) PUIE-MDI (B) PUIE-HDI (C) PUIE-H,,MDI

2000

1500 M

Intensity
=
(=]
[=]
2.

5001

5 10 15 20 25 30 355 10 15 20 25 30 35 5 10 15 20 25 30 35
26/degree 26/degree 26/degree

5. £ A V27— k&M= PUIE @ XRD: (A) PUIE-MDI, (B) PUIE-HDI,
(C)PUIE-H;,MDI, o 2 F&EAR: B = 15wt%, 7& = 25wit%, 7 = 35 wt%,

fk = 45wt%, & = 55wWt%

L2 L, PUIE-HoMDI DR I3A 2 REFRMEMNT D20 TR IIET
L, £ FEHZE A5 W% L O 55 wt% D PUIE OFREITHANEL 7257,
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K2, KA VT — FEHVZ PUIE O#filif

Sample 0(deg) 0(deg) 0(deg)

PUIE-MDly5 102.7 PUIE-HDI5 106.1 PUIE-H;,MDly5 109.8
PUIE-MD 5 104.3 PUIE-HD 5 108.2 PUIE-H{,MD s 105.1
PUIE-MD 35 104.2 PUIE-HD 35 108.7 PUIE-H;,MDl35 103.7
PUIE-MDls5 103.8 PUIE-HD 5 105.4 PUIE-H1,MD g5 88.1
PUIE-MDlss 98.2 PUIE-HD 55 106.5 PUIE-H;,MDls5 76.4
(A) PUIE-MDI (B) PUIE-HDI (C) PUIE-H,,MDI

aanaaa AMNANANAAN

120

Contact angle(®)

N & @ ® o
s s & & 8

o

15 25 35 45 55

35
Imide content(%)

6. £ A Y7 — & MW PUIE O#fiifi: (A) PUIE-MDI, (B) PUIE-HDI, (C)
PUIE-H,,MDI, 1 2 REAHR: B2 = 15wt%, /8 = 25wt%, 5 = 35wt%, fk = 45 wi%,

F& = 55wt%

KR A YT — MW PUIE © AFM OFERE2 R 7 (2Rxd, i
%z, HiZv— FREOMMOBRE ZRT, ARG O D WES I3RS b
g (RUA—n) (V7 hEZ AL b SS) &, BEWES IS (VL
BLXOAIR) Ov—=FREZ A HS) 2ZNERLTWS, T3TD PUIE
ICHRE R MR CE T2 D, FRx 72 HS &2 A3 % PUIE D1y BRI 23
MR T/, £, BTOPUIE IZBWT, A X REFEIHEINT SI2o0T,
HS Ry 72y SS Wiy d~ h U w7 ARSI — i LT\ %, PUIE OREIE
PUIE-MDI 73#1<, PUIE-HDI 3 X O PUIE-H,MDI 1F, BEEGHSFIRCTH D Z LA
MR SA, & VDT, PUIE-HMDIZMMA Do Tz, T ORERIT, HfitfA
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DR & RWHBMEZ R LT %,

(C) PUIE-H,,MDI

%] 4

7. KR A VT F— b &= PUIE @ AFM: (A) PUIE-MDI, (B) PUIE-HDI,
(C) PUIE-H;;MDI, 1 X REHHR:a = 15wWt%, b = 25wt%, ¢ = 35wit%, d =

45 wt%, e = 55 wt%

2.3.4 fbFERUEE

TR A VT F— NOBMRERBOMBREER 3IRT, WTHO PUIE -~
FH UATHOMEZ R L, PUIE-MDI 3 X O PUIE-HDI (X DMSO B8 XU A & /
—VICTE AR LTz, L L7223 5, PUIE-HyMDI % THF, DMF, NMP [ZIAf#
L, &£0bF, NMPITIZZERICEM Lz, —EMIZ, 41 I RET L2 LD
DF v b U — 7 fEEOAI L > T, PUIE 1L EAF 72 TABENE 2 779,

PUIE DOIARFRER DR R AR 4 127”73, PUIE-MDI 5 J O PUIE-HDI D =R
ITA X REAERIMT 20 TKIWIZED LT D7, (I Mz
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AT AHZLICEVEEEEENEINL, MEZ PUIE &72o7-, LvL,

#£3. HFFEA VT F— b & H= PUIE OUfifE RER

Sample Benzene  Hexane  Acetone THF NMP Methanol DMF DMSO
PUIE-MDly5 A X A A 0] x A x
PUIE-MD ;5 A X X X A X A X
PUIE-MD 35 X X X X X X X X
PUIE-MD 5 x X X X X X X X
PUIE-MDs5 X X x X X X X X
PUIE-HDI;5 A X A A (@) A A X
PUIE-HD I3 A X A A A X A X
PUIE-HD 35 X X X A A X A X
PUIE-HD Iy X X X X X X X X
PUIE-HDIs5 X X X X X X X X
PUIE-H1,MDl;5 A x A A (o) x A X
PUIE-H1,MD s A x A (@] 0] A @] A
PUIE-H;,MDl35 X X X @) O A A A
PUIE-H;,MD ;5 X X X (0] O X O A
PUIE-H1,MDlss5 X X x x (o) X x A

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

PUIE-H1;MDI DIFEERITA X REAROEMIC L 5801307 <, REBIME
orLT-, F77, BAEZEOEIX PUIE-H,,MDI > PUIE-HDI > PUIE-MDI ®JI&
WM LT A YT — FOEDEWNI L2 HDELEEZ NS,

2.3.5 MBAMEE

KA VT — b EHOWTEERBROERERAIRT, A I FEAF
WIS 5 &, BEEOEIZREIZELS 2D, BiED X 5 e S ZFF> PUIE & 72
~7-, PUIElI OffE (X PUIE-MDI > PUIE-H;;MDI = PUIE-HDI Th o7, =
MIA YT — hOREEICRE S BSh, HEEAY YT F7—hD MDI %
MW7z PUIE I n—a HHEMERICK D 78O 7 xRV T o MET L, &N
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A YT F— FOHDIE L OHpMDEZ W= PUIE 12 F8 07 L X% v
T AT A Z L ICERKRT 5,

F4. FFEOA YT F— &A= PUIE O FRIMEE

Hardness  Swelling rate Ty Ts Tso

(%) (°C) °C) (°C)

PUIE-MDl5 55 231 -50.2 336 421
PUIE-MD Ips 69 190 -56.1 344 424
PUIE-MD 35 87 150 -57.4 349 434
PUIE-MDl,5 90 134 -60.6 353 450
PUIE-MDs5 95 124 -64.7 358 494
PUIE-HDI35 46 387 -70.8 322 421
PUIE-HD 5 65 296 -68.8 326 423
PUIE-HD I35 73 222 -68.0 331 431
PUIE-HD I 82 168 -68.3 338 438
PUIE-HD 55 89 148 -68.5 340 461
PUIE-H,MD 5 45 705 -33.7 317 425
PUIE-H{,MD l,5 65 331 -30.1 311 429
PUIE-H1,MD I35 76 370 -32.5 317 437
PUIE-H1,MD l5 84 300 -38.7 310 445
PUIE-H{,MD 55 92 310 -46.3 328 461

KA VT F— b EHWTESIERRBROGRZR 8 I RT, 7z, R5IZ
W R T DI B I OMEZ RS, 4 I FEAERNEL< DL L, YIS
I < 72 0 BHEHI R B AR T, T ORERIE, ARG L OMEEE B & B
FHEAME 2 7~3, WL, PUIE-HDI = PUIE-MDI > PUIE-H;,MDI DOJIEIZAE
2%, £leA VT F—FOENIERR L, PUIE DA I REARPEMNT
DO TS I3 L, MW E A 9%, 2k, I FEAED
B> Ty U= BB S, MEEES ML, 4 I FEZ7A R
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MCTHEBNEZ > TWVWDH I EEREBLTWVD,

80

(A) PUIE-MDI (B) PUIE-HDI (C) PUIE-H,,MDI

Stress ( MPa )
I o
o o

N
o

L L L L L L 1 L L L L L n 1 L L L L
0 100 200 300 400 500 600 100 200 300 400 500 600 100 200 300 400 500 600 700

Strain (%)
B8 4 A V7 F— b &M= PUIE ®3|#ERER: (A) PUIE-MDI, (B) PUIE-HDI, (C)
PUIE-H,,MDI, £ X REAHEFHE: B = 15wt%, /8 = 25wt%, 5 = 35wt%, ik = 45 wt%,

F& = 55 wt%

2.3.6 EwWitE

“FA Y T F— M &MV PUIE © DMA OfE R 4K 9127~k L, DSC 5 LW
TGA DFEREZR AT RT , WTNDOA YT FH— b EHNZPUIEIZEBW T,
A X FEARERPHEMT D125 T, IREERNE < R LM ZRL, £hil
FEVIREMEWHEE & & < 72572, F72, PUIE-MDI I% 5 — 180°C |2 B fife 72 = 20fk
AR B S 415 23, PUIE-HDI 3 & U PUIE-H;,MDI DJIEIZ = 2008 F-HHFH
EARAME Z R L, A X REAE 15% TS 2RO FHEEE DB CE /e 2
G, BUCRZETHD ZENWLNE Rotz, RPHGEMER L L ORI%R
FRWAHBEMZF D, SRR O IR @ AU E TS VEEZ R L, A7
TR SR AMEC U AU LR B VAR MiE A ok L7z, DSC 38 X OYDMA @ Tan § Of5 R &
Y, PUIE-MDI 3 X O PUIE-HDI % i\ /= PUIE ® 4 7 AR 39 —70 - —
50°C LARIRMNZ & 0, RIRFHEIZEIL TV D,
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£5. HFHIA Y 7 F— &7z PUIE 5] iEaRER

c10 650 100 6200 6300 6400 6500 6600 o? EbP

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (%)

PUIE-MDl 5 1.09 2.90 4.26 6.27 8.82 12.2 16.1 20.3 22.7 657
PUIE-MDl g 1.80 5.79 8.56 12.1 16.9 24.0 - - 314 498
PUIE-MDly4 5.62 11.6 15.0 224 36.8 55.9 - - 56.3 402
PUIE-MDl 5 12.2 18.4 22.2 359 55.9 - - - 66.7 347
PUIE-MDl 25.6 29.6 33.9 51.4 - - - - 74.9 297
PUIE-HDI 5 1.27 2.59 3.20 5.72 9.95 15.2 231 - 35.0 624
PUIE-HDI 1.60 3.58 4.88 7.81 11.9 18.4 29.2 - 42.9 587
PUIE-HDI 4 2.83 5.42 6.81 9.69 13.7 194 28.4 - 46.5 643
PUIE-HDI 4 6.02 9.73 114 154 22.8 36.5 - - 55.2 492
PUIE-HDI g 13.2 15.8 174 24.2 38.9 64.4 - - 68.4 413
PUIE-H,MDl 5 0.842 1.70 217 2.85 5.11 10.5 - - 12.7 460
PUIE-H;,MDl, 1.81 3.84 5.16 902 176 32.5 - - 46.7 479
PUIE-H,;,MDIl,;  5.22 951 139 29.4 55.1 - - - 76.8 362
PUIE-H;MDl 5 15.9 20.8 26.6 42.6 - - - - 49.5 242
PUIE-H,,MDI5; 283 325 38.3 55.1 - - - - 62.4 253

(B) ©

Storage modulus (Pa)

(B) ©)

08

0.6

Tan &

04

02

IMIHﬂ” ? g
N 1T N

e

300 -100 o 100 200 300 -100 [} 100 0 300

Temperature(C)

9. #FEYA V7 F— k%M = PUIE @ DMA: (A) PUIE-MDI, (B) PUIE-HDI,
(C)PUIE-H;,MDI, 1 2 REAR: B = 15wt%, 77 = 25wt%, 7 = 35wit%, #k

= 45wt%, & = 55wt%
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2.4 % W

—HOD PUIE X, Fix DAY TF—EDOLEMRIN, ZNLDA VTS —
MIPUIE ORERESBEG L, BEEZ L5252 0 BMNERoTo, HEBA
YT F—FD MDI i3A X FELAR)—0 L, =F A h~—MoOEw PUIE
HAERT 203 L, BN SFHE A TIEVIRA Y > 7 F— ~®D HDI 31
I NI =58 L, =T A h~—PEDORW PUIE 24T 5 2 & 3 5 H
Elpotz, iz, ARG THDHA VT F— h® HpMDI X MDI 5 X OV HDI
EOHMBR T A M~ —MEDPUIE #£EKTHZ ENTE T,
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38 WWRKIEICXLD PUIE DA : a7 I DB

3.1 ##&
RY L&y (PU) FEMINKINZE>TA VYT = BRI A—v
MOBEGICERSND T Enn, 2 ORI THiA RHBRICASHERE
NTW5D, PU T L50ME, MHEERENE, #3507 CER SN DMEICHIE L TH
T D ENTED, LLARRL, —RIZ, PUIRMHEWEIZES, Z DAY
e (MEWE) 2B+ 52 LIk, PUIRT MG EZGS Z L3 HE
7252 LG, ABFEIE PU OMMEWEIZEI 4 228 2 FEMRAIIZIT > TE TV D
RYTLHAIR (PUD) BULHA A I REORHK—FAHANA T v N E
ALTHY SRR T COLREN, B ERNEE, B, Ehim
A A R 2 TV D, F2 PULIL, —EBOERTIIRRART 7V r— 3
AKXV EEMEEE LT T D, SBIZ, PUNITELIZEZL OEAT 7V &
—a i EN, FElk, 74—2%9 =52 h=—1M0 g 0
=D FEHERBLI I TWD,
ZOXDREEND, TIRBIZIAS LN D IO & D EWET 7 A b~
—IZEHL, PUl =7 &2 h~— (PUIE) OHRICEVMHTrZ LI Lz, AU A
2R PHDGEIZBWTIEEA OYT I U AFH BRI ED 5N TN 2508,
PUIE ODHIZEWTIEZK DY T IV DRHOLN T RWVWONREIRTH 5,
HxDYT I EMWTHTZR PUIE 2GR L, £ OIS Z AT 2 Z &8 L
ERNICHETHDL L L HIZ, FINMIICOERDR D, PUIEICHEA DY T I %
IR BHT B0, MR EZ R T2 ENEERER LD,
AWIETIE, A VT F— & LTHEFBHEA YT F—FThd 44-MDI %,
R A— b LTEm—F VRRY A —1Th % PTMG (Mw = 1000) (PTMG1000)

o

B, VTIVELTHEEESTIV (p -T7x2=b VT 0, 44-FF2 V7T
=V, 13 -EAT7x /%) XRoBYy) BIOEWES 7 (12 - —=F
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LoV T 20, 16— NIV AF LTIV, 112-RTHAF LI TIV)
Z, e MEAkice e XY N EKY) (PMDA) Z W, PUIE Z45A% L,
PURY A I READOIT I 2D PUIE ~D I HSOWTHEFT L, FOfEHRICH

3.2 £ B

3.2.1 &

44-F% 27 =1 (ODA) IFHFLK TR ASALORAEKEZ N I ¥
YP—ThREZ/N S Lieb D% 24 BRfEIERE: (60°C/267 — 400 Pa) L THEH
Lic, p-7 ==L Y7 I (PPDA) ITHI LA L3RS tho— k3t 4 =
52— MR B ATV L 72, 13-EX (473 / 7=/ F ) NrE
> (BABP) [3H ULk TEKASHO il A2 RO E EHEM L2, 12—
TF L U7 X (EDA) TR AL LR A SO R 2538 % Bulb-to-bulb %
ICEVRE LTz, 16— ~FHAFL Y7 2 (HMDA) 3Lk T3k
DAL O R AW E ARG LEA L7, 1,12 - KT AF LT 7 I (DMDA)
(THFALR LR A SO — a2 TR O F £ H Lz,

3.2.2 & Rk

PUIE DA FRICHWTZREORA 2% 6 1T T, IWRIEIC L DA EEZEAS5
(T, B HEER, T ABNE, HLATAENR OV 100 mL O &R
V7 A2, MDI, PTMG1000, NMP (10 mL) ZFFH(Y, 80°C MDA LN
A T30 N IFATHZEICEY, VLA UL R ~v—%F L7z, 55
Nl v & o7 LRY) ~—IZ PMDA B L UYNMP (15 mL) %1%, 150°C T 15
DLITALT=0E, FEKEYT LU O%ATE NMP (10 mL) 12, RIEY T
TUDOAEIEINMP (20 mL) (SRS E2UT I U % % 150°C
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o o

0. Mixing: 80 °C, 30 min, NMP (15mL)
G N e > © °
n in under Ar ixing: of i
ocN NCO ' Mixing: 150 °C, 15 min, under Ar
MDI

o o

PTMG1000

PMDA ° °
-R.
1) Diamine N N
2)in NMP (aliphatic diamine: 20 mL, 1) Casting: 150 °C, 24 h, o. )
aromatic diamine: 10 mL ) 2) Imidization: 200 °C, 4 h, in vacuo O o rll 00"
3) Mixing: 150°C, 2 h, under Ar ")If°/\/\)’°ﬁ]’“ N o N
,|| "o Y R:Diamine P4
m 1

Possible structure

R: Aliphaticdiamine R: Aromaticdiamine
NH, HaN A~ 0.
N NH, HzNQNHz
AL;:EDA AL,: HMDA HaN NH,
AR;: PPDA AR;: ODA
H,N 0. 0.
AL;: DMDA HoN NH,
AR3: BAPB

KX 5. KfET I 2= PUIE DAL (G&IKE)

T2HEMMN<IZA LD L, FHEKEYT I OBAEX NMP (5 mL), AElEY
7 2 O%ETENMP (10 mL) %N 2 SOGERIR 2 1572 75 B AT SOGE IR & 150°C
DI ORI LIAZ 24 REREINEN S5 2 & T — ME L7z B, BIET (267
— 400 Pa), 200°C T4 REMEVLIES 2 Z & T4 X MMea s L,

6. OB AE

MDI PTMGP Diamine® PMDAY

(%x10° mol) (%10° mol) (%x10° mol) (%10 mol)

PUIE-AL, 471 2.50 2.25 450
PUIE-AL, 4.60 2.50 2.08 4.20
PUIE-AL, 4.40 2.50 1.90 3.80
PUIE-AR, 4.64 2.50 211 4.23
PUIE-AR, 4.40 2.50 1.90 3.80
PUIE-AR, 4.24 2.50 1.72 3.42

a4,4°-MDI, Mw=250.25

b PTMG1000, Mw =1000

¢AL,: EDA=60.11, AL,: HMDA=116.20, AL ;: DMDA=200.36
AR;; PPDA=108.14, AR,: ODA=200.24, AR,: BAPB=292.34

dPMDA, Mw=218.12
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3.2.3 RMEEM

3.2.3.1 K ILEYEEE (Nuclear Magnetic Resonance: NMR)
T E 2578 1% Bruker AVANCE 111 HD 400 % VY, CP/MAS T BC (75.4MHz) =

N7 RNV ORIEZEAT > T,

3.2.3.2 EAFuI—
EALTE T PMEE O I E L B 13 JEOL JSM-6335 FM % V>, fi528134_C 30 k

X CHIEZIT> 1=,
3.3 ®ERBIUEEZ

3.3.1 HIIERSIEE (NMR)

1 02 PUIE @ BC K NMR A7 ML EFRT, WL EUEEGOHLR=L
DRFEIL 1635 (n), PTMG HIKD A F L HDRFEIE, 706 (¢), 26.8 (a),
MDI H2RD A F L B DRFEIL 417 (b) ppm i —2 ZRL, 4 X RGO
VIR =V DIRFEIL 164.4 ppm ICE— 2 ZoR LTc, 72, ¥ 7 X (ODA) (%1154
~1416 ppm (e, d, I, m) [ZE—2ZZ/RL7=Z LD, PUIE DA X REB IO
VLA R OMER AT T,

SO
“Q%VM%U§§R Y

|
fAa,h

b oo amsrist) WD B A e S et

240 220 200 180 160 140 120 100 80 60 40 20 o -20 ppm

X 1 0.PUIE-AR, DEZRERILIE 2~ 7 kL
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3.3.2 FHAMRRA~Z hv (FTIR)

PUIE ® FTIR A~%Z k)b (ATR{£) Z#K 1 11239, 3300 cm™ T NH %
DFEIREI O B — 27,1773 em™ 124 3 R C=0 RO FriiEIREI 0 &' — 2, 1720
cm? 124 2RI C=0 KoWsFifiEREis LY L & >0 C=0 DO il
B — 27 NE2 D, 3080 cm AT Y L & v D FEERE C-H OfEIEER L Ot
2940 cm™, 2852 cm™, 2794 cm™ LI Y L & OfgHIE C-H O RE O £ —
7 E2BT D LENTEI, FTIRDFERS S, PUIE DA X B IOY LA

Y EEOHEGBREAT > T,

g

v(C=0
v(N-Hurethane) 1725 f:: 1702
3I125-3450 .
3500 3300 3100 1800 1700 1600

X11.8f7 I %HW=PUIE D IR A7 FL:
%3 = Alg, éif\‘ = AL, %,fgkl_ = AL, v = ARy,

*ﬁ - ARz, % :ARg

3.3.3 X#BH5#H (XRD)
PUIE ® XRD "% — %X 1 2|7, BEERY T X &2 5Te PUIE OIERE
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PEIZHE R 9 ARV EIPTE— 7 % 5°8 L O 20°FHTic#iE2 L=, Lo, BENGlR
D7 2 v EFFO PUIE-AL, B X OV PUIE-AL; DRIHF B — 7 (T2 SN2 o T,

3000

2500

2000

1500

Intensity

1000 - K

500 ",

26/degree

X12. &7 2% M= PUIE @ XRD:
#H = AL, 7 = AL, # = AL, v~

- ARl, ﬁf‘,‘f == AR2, f\?*: :AR3

3.3.4 EAFRTID—LHT

— I, BRI R OEIVEZ R L, AHEE S TR CIX 90°LL ECBK I
Z, 90°LL FCHIKMEZ T LN TWVW5D, K1 3IZHEB LT PUIE Offh#AHI
EDOFERZ R, IBIEY 7 2 v &£ PUIE > — O 1XIFIER—TH Y,
90°LL ETHUKMEZRT, LnLARnb, HFHREYT I 2FKDPUIE > — LD
gL, U7 IO FHENEMT 22 o0 TREA L, PUIE > — bk OBUK
PEIZR 2 IZIE T L, PUIE-AR3 @ ¥ — MIBUKMEICHEL U7z,

PUIE ®Fifi F R 75 7 4 —iT 2X2um? O EE I 7= > T AFM (2 L 0 il
E LT, WEMEEAR L 41277, AD2WEERIZN—RFEZ A F (HS) &5
L, BWEEIEY 7 heZ A b (SS) & d, 7 IO F#HENINT
HZ LIS, B THEOYTIVEERTHPUIE X, ENTHEOYT
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= -
o o [
G ° )

Contact angle(°)

-]
=]

e
‘. e
ERE BER

AR, AR,

0

X13. K7 I &2 M- PUIE O#fitf: & = ALy,

R = Al,, f = Al;, 27 = ARy, # = AR,, X =AR;

IVEATHPUIE L IR L C, LV ORERZ R L, /~— K KAA > (HD)
TV 7 R RAALY (SD) O~ F U v 7 AFERICH 1208 S Uiz i B v %
AT EEBICHD OEHZ Bl NT,

PUIE ® SEM BIER G H 2R 1 512~7, o F#HED YT I ZF-> PUIE
X, EWOTEOVT IV EFFOPUIE LV b HD AL FIEL, MBS %
9, HDERr DA X13K 1-3um TH Y, HD OHEIIEHE Y 7 I V&6

PUIE-AR, PUIE-AR, ' PUIE-AR,

K14, %7 I ZHWCPUIE D AFM:a = AL, b = AL, ¢ = AL,

d= AR, e = AR, f=AR3
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PUIE LW EEHE YT IV EH PUIE DR REV, ZiuE, HS & SS &k
ICkoThlgEZSNEEERALND, Thb PUIE OFEEE#IEIE PUE OFH
SYBERE & 130 0 B DR Z R T, A X RIS % HD A R&E <5
BLTNDHEEBEZOLND, ZORERIEL, AFMER L BWHBEMEZ R L TW5,

PUIE-AR, PUIE-AR, PUIE-AR,

X15. £fT7 I ZHWEZPUIE® SEM:a = AL, b = AL,, ¢ = AL;,

d = ARy, e = AR;, f=AR;

3.3.5 [bFRUHEE

UIRBERRBR DFE B AR 7T IRT, £ TOPUIE IZ~FH L, P, THF,
T Ny, AK 7 —/L, DMF, DMSO IZ¥fiE L7205 7223, NMP IZIEVEfR L 7=,
221 (23°C) T NMP 1, PUIE-AL; 3 X OV PUIE-ARy (2584223 L, PUIE-AL,,
PUIE-AL;, PUIE-AR,, (XD 208 fE L, PUIE-ARs IZIEME L7270 - 7=,

IR O R A2 K 8 1R T, I5NiEY T 2 v & & Te PUIE ORZMEEIZIZIER
—Tholz (164-166%), LnL7eRb, HFEKEYT I v %HT % PUIE O
T, BRI T 2> 247 5 PUIE OAEE L 0 bk -T2, Fz, HHEE
PT I EAT D PUIE DL, 27 2 O FHEENEINT 52N T
DU, Zhd, o FREEBEICERNT L EZ2 b5, HERROERE
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RT. BHEDT I &2 T PUIE O R ER

Sample Benzene  Hexane  Acetone THF NMP Methanol DMF DMSO
PUIE-AL, X X X X o X X X
PUIE-AL, X X X X A X X X
PUIE-AL, X X X X A X X X
PUIE-AR, X X X X A X X X
PUIE-AR, X X X X A X

PUIE-AR, X X X X X

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

F8IRT, BT I 25T PUIE ORI, HERSTIVE2HAT S
PUIE O LV HIK -7~ ZHUTIEHERBROREE L —81 5,

F8. KT I & - PUIE O ERRIEE

Hardness  Swelling rate Ty Ts Tso

(%) (°C) (°C) (°C)

PUIE-AL, 75 164 -45 351 431
PUIE-AL, 76 166 -50 350 433
PUIE-AL, 76 165 -45 356 435
PUIE-AR, 76 157 -38 345 435
PUIE-AR, 81 154 -57 351 437
PUIE-AR, 84 146 -49 344 436

3.3.6 MRAMEE

B 1 62 PUIE D) —EAM#EREZ /R L, Hicd 5 5[8RFEZ R 9 1RT, F
WiE> T I v aGie—@#O PUIE IZEEIRY T I 232 PUIE LV b, BITF
IRHEMAVRIE 2R L7z, Tb ORERIE, BN T X 2 A4 % PUIE 23 BiA
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YL TRIKERAE E 22 BTHOICKL, HEEYT I 2H3 5 PUIE R
HAME & 3 FRKBRAICETE DL 2R L TWD, 7o, BUEYT
VEHT D PUIE OF SRR X OB EIL, ©7 I v o #EENENT 5
2O TN L7, PUIE-AR; D 5| 5RHE X1,

VMETH 5 68.8 MPa < L7~

Stress (MPa)
N w B u1 ) N (-]
o (-] o o o o o

[
o

fﬁﬁ - AL3, l:“/y == AR1, ﬁf‘,’f == ARz, #7\’: :AR3

ZDO—HD PUIE I2B W TS M

—— PUIE-AL, L —— PUIE-AR,
—— PUIE-AL, —— PUIE-AR,

—— PUIE-AL, - —— PUIE-AR;

1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 O 100 200 300 400 500

Strain (%)

X16. {7 I 2 M- PUIE OF|iERE: & = AL, 7% = AL,

#£9. HHYT 2 & = PUIE O 5| 5ERER

Strain (%)

600

c10 650 6100 6200 6300 6400 o2 Ebb

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (%)

PUIE-AL, 3.51 9.30 12.9 24.6 423 - 56.2 380
PUIE-AL, 3.52 7.46 10.0 17.4 35.9 68.0 63.9 406
PUIE-AL, 4.12 8.11 10.4 16.0 28.8 55.9 66.7 449
PUIE-AR, 513  11.9 16.0 275 46.3 - 51.7 336
PUIE-AR, 7.04 100 12.9 20.5 35.3 530 546 413
PUIE-AR, 5.01 9.61 12.8 23.3 38.8 63.1 68.8 416
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3.3.7 BwWiHE
DSC OHEIERE R 2 FE 8 1R T, T D OfEIE E'HI#RD D O v — 7 R & [F—
ThoT,

DMA ORIERFZR 1 710RT, BUiKES T I o2&t PUIEIZYT I D
SRR < 2 ude 513 ETEEETT 2 IR MK < 7 DM A R 3 oSkt
L, BEBRYT IV E2FZLPUIEILY T 2 Vb LT RIkOZE# 2~ LT, IR
Wilte 7 2 > % ¥#5 PUIE-AL;, PUIE-AL,, PUIE-ALs (3#) 4X 108 Pa o> gk
EAT DR T LR (50 - 150°C) R T OICK L, o, HEKRYT
I V& ¥FO PUIE-AR;, PUIE-AR;, PUIE-AR3 134 1x10° Pa D ¥R 2 A4 5%
P72 BAF7e 2 SRSEHAER (50 -180°C) Aon L7z, O ORER LY, AEN;
ETHFHENR LS 2D & REMEKT§ SIS —RITIK T LTS Z &b,
FEBRST I NIA I NEORy X I 2HETLEER DD,

1010 P E 1.0
— PUIE-AL, [ E —— PUIE-AR;
100k — PUIE-AL, —— PUIE-AR;
—— PUIE-AL, —— PUIE-AR, H0.8
3
5 10%¢ E
3 E — 0.6
t Y
S L 3
§ 107 o
) i 0.4
C106F E 1
2 ;
@ [ H
I Pl 0.2
:-.‘l' ™ s"“:'s_-'--_._,“.'__g y f"“ |
104 i L L L L 1 I L C I I 1 1 1 [ '
-100 -50 o0 50 100 150 200 250 300-100 -50 O 50 100 150 200 250 300
Temperature (°C) Temperature (°C)

K17. £FT 2= PUIE ® DMA: & = AL, & = AL,, i =

Al;, B2 7 = ARy, 1 = ARy, % =AR;

1 8| TGA Hh#i %, £ 81T 5%F LN 50%D B &R 273, TGA
BRIZ DR —ODORBETEZAZ A2 RBLTWS, H1EEMET, PUEDOY L
2 N DFEALI SR 350°C £ T o< W LT L, O E B 5% 5
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¥, 2 Beffld 350 — 500°C O EL i CIEF I RHIT M EST L, EEEK
50%% 57, PUIE OBRIREE X, PU & Pl EOEAKIZLY, XYV EWAE
JE\Z 7 b5, FRe g7 vt 213K 50% D EEHE KR A~ Th 54 440°C
LEND, BVIERSXOGERY T 2 %HT 25 PUIE O Ts Offilx 345 — 356°C
TIHFIZHLLL T e, L LA D, 5 1 OSMEMOMIZ, FEERYT
Y EHFTDHPUIELE, MEMIEY 7 I 2632 PUIE K0 &2/ g S a7z,

120

100

80

60

Weight (%)

401

— PUIE-AL, —— PUIE-AR,
—— PUIE-AL, —— PUIE-AR,
201 —— PUIE-AL, i —— PUIE-AR,
o 1 1 1 1 1 1 1 1
30 100 200 300 400 500 30 100 200 300 400 500
Temperature (°C) Temperature (°C)

X18. F£FEYT I EHWZPUIE D TGA: & = ALy, 78 = Al,, fk =

AlL;, 27 = ARy, & = AR, X =AR;

3.4 # W

x0T I oG Te—H#O PUIE A/ L7z, XRD, CA, AFM, SEM, 7l
7% 0 R, DSC, DMA, TGA # M\ T, PUIE ®E/L &K r ¥—F LU PUIE D1k
FHVREE, BERRPOREE, BARHE~O YT I OB OV THET LT, I

SAEHIE, PUIE O FHEETICYT SV OFEZEHL, ¥ 7 2 3 PUIE O
AR EALFRIEE B L OB E LI KRE<EE5T 25 2 &5, £ L THHE
MEICEH L TR 7T I URNEEEE LW EPRB ST, £z, W%
PEIX PUIE SMERCTH D Z L AR L, SOITENIBEY T I VB RLOEERY T
2 UEAT S PUIE OFMERIE, U7 2 O FEENENT I o0 THEINL
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Too HEWRYT IV EATDPUIE DA I REZ AL MEOEEINL, TBIKEY
T IV EAT D PUIE &L TR 0aR<, SIRRHE, B RRE, BARRRIE X

AIREBTAVRNETLE BT A NEDHOR Y MU —7 BEAMFTY)
—IZAELDZEERR L, DT IVEES TRy FT—7 OAEREBHIBWT
REREELH 2T, £, V7 I n AUy MNgHEAKY &IOS
NoHA I REZ AL FOBETN PUIE OFFEICKEREEL 5252 &0
bt irol,
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5.3.4 By

5.3.4.1 BERKHBHERHIE (DMA)

FHEBEBLIONEEY 7 2O DMA Of R 4R 3 01CRT, FHEEST I v
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DI, fRERIRY A V7 % — bk & LTHpMDI, R Y A — Ui 55125 1000
THHRY) =T VHRARY A—/L L LTPTMG1000, F#)5y 123 1000 Tdh 5
AU AT I)VHRARY A —/L & LT PCL1000 3 L OVPCD1000, F7=, 7 2 iZ
FHEWY T I & LT PPDA, ODA 1 L U BAPB, fIEliE> 7 X > & LT EDA,
HMDA 35 .U DMDA % W2 Ll aH3AT > TR Y, SRICAEI L TWD,

FITHEG6ETIE, 7 NI WNR B T BAWIZEE L, #EDOR: % PMDA
BLUODPA, VA V7 F— M 44-MDI, KU A — W FH455+ 85 1000
T& % PTMG1000, PCL1000, PCD1000, <7 X {2 ODA &>, =2 A k37
F = VR ETHENTWDE NV ZIEIC LD EREITY, 7 N7 VAR R

TAERY)D PUIE ~DREDORG21TH Z &I1Z LT,

6.2 £ B

6.2.1 & H

PUIE DERUCH WO G 2R 13187, RUNMTETT V= R

# 1 3.PMDA 1 L U ODPA % V7= PUIE DR3EFR

Diisocyanate® Polyold Diamine®  Tetracarboxylic
dianhydride
PMDA? ODPAP
(%102 mol) (x10° mol) (x10° mol) (%102 mol)

PUIE-P MDA 3.30 7.50 1.14 249

PUIE-ODPA 3.06 7.50 0.945 293

aPMDA, Mw =218.12
bODPA, Mw =310.21

¢MDI, Mw =250.25
dPTMG,PCL,PCD, Mw =1000
e ODA, Mw =200.24

TITV, = PRI 2R TIT o 7o, o< FARE, ZEim Az, 7 AENE
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7zDbH, ODA &M%z, 80°C T 2 W< IFA Uiz, 1§ B AL7e SOB AR % B+
Hr (267 —400 Pa), 100°C T 24 KFENEAL 7=, IRWT, BUSERMZ 3 A »F
7—/LIZTHY, 150°C, 60 MPa T 15 /3fNEL, ¥ — hdi&iT 72, 556
iz — M &EPIEH (267 —400 Pa), 200°C T4 KREEINEAL T4 I MMEAESER L
= (BR7),

(o] o] (o] (o]
o
R
* no"on *+ O oo @ °
OCN NCO
MDI o o o (o]

Polyol PMDA ODPA

o
1) Annealing: 100°C, 24 h, in vacuo
Mixing: 80°C, 30 min Mixing: 80°C, 30 min  2) Kneading: 23+ 2°C PUIE
—_—
Under Ar H,;N NH, UnderAr 3) Press: 150°C, 60 MPa
ODA

4) Imidization: 200°C, 4 h, in vacuo

Polyol:

PTMG

o
HO J\ OH
o~ o
n
PCD

X 7. ERdEKYIZ PMDA % 721X ODPA % 7= PUIE D& 1K

6.3 HRBIVELE
AL EEEICEGMEDERELLTO L S ITEDT,

MEAEE T2 A b~—MEafh, MBS 52 & THEL, HlET52L
T&, 2B, BEHIL kOt ZRF>=T R F~—|
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PUIE D& AT IV 7 2 W TITW, BB LTz 2 — R OB O 217 -
7o B3 3ITHEGREROFE R A<, PUIE-PMDA | 150°C, 200°C (Z/N#A L T
HENEHLHEDLLT U — FOBRER S TOHBREE LT T LGRS
% Z L7 RIE L7z, PUIE-ODPA (% 150°C DB C, T T2 — b DA% i

PUIE-PMDA PUIE-ODPA

X 3 3.PUIE-PMDA } L O PUIE-ODPA @ > — ~ OInEGER

BT HIENTE, Thux, BEAKY) & LT ODPA % V7o PUIE A EVATHEE
ARFOZ LR L TWD, £ TlRfhae 7 LV A THE S — MBI L
L, fFbhic— FOfbFR0NeM:, BEAYRrE, BARYRAME 2 iR RT O PUIE &
DG 21T > 7c, R 1 4 ITFRILAT & % O PUIE O, T, B
FRIRE Ts 38 KON Teo - ¥, FERRALAT & A% OMEIZRIBR O A R LTe, &
7o, SIRRBROMSER B L O DMA OFER AR 3 4 B LUK 3 51277, AU A —
SN X DM OENTH Db OO, BRI L A% OEIXFEEO[EZ R L
7o B SITEAHBHOM R E F LD DTH D, PUIE-PMDA D — b b
L EAT o CHID, — MTBRRMPAY, RaRalln bz 1T o
ZLIEFARARETH oTo, ZORDFERIY, FIRIE L [FERIZ ODPA DOHEIE D E
ATAPEIZ R E KBS L TWD Z AR L TWD, BVrTHM: & iR iKY O
& OMBIMEEZ B 5T 572512, PMDA 3 X U ODPA @ Gaussian 04 i it
BZAT o7 R 2R 3 6 (-7, 254 HOEF & [AALIZ PMDA (XA — - L2
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#£1 4. BAAT¥YE PUIE O FERIMEE

Sample Swelling test Tg T Tg
(°C) °C) (°C)
ODPA-PTMG Before 303 -37 342 433
After 300 -35 340 433
ODPA-PCL Before 179 -7 305 416
After 175 -4 303 411
Before
ODPA-PCD 190 52 322 398
After 185 54 325 399
100 PTMG PCL PCD
80
g 60
7} ~
20
o 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Strain(%)
B3 5. BTN PUIE O3B Fof =RINAT, R = pdi
120
100

Weight loss ( % )
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o
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0 " " " " " " " " " " " "
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1010 1
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105 L = R
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Temperature ( °C)

3 6. B\A[¥EME PUIE @ DAM: FEf# = FARUAT, sk = AR
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K15, B4 E

Sample Thermoplasticity
ODPA-PTMG @)
PMDA-PTMG X
ODPA-PCL

PMDA-PCL X
ODPA-PCD

PMDA-PCD X

O: Thermoplasticity X : No Thermoplasticity

2 RENFET D72, PUIE 3RV Ry 2 712 K » CTHINEIZ /2 > T D D
(Z%F L, ODPA IER—F EIZA I REMFEEL TWRWNWIZ AR I, S5
2, RUBVEROMICNTET 2BFERTIZEY, PUESIZCZLX L E YT 4N
BIMLCWD Z EBRHLMNE Tz, ZOFERICE BT BLIZIX PUIE

PMDA ODPA

X 3 6. Gaussian = X 5 PMDA ¥ X 1 ODPA Ot fcimifl. (BLJEEE%L:
B3LYP/6-31G(d))

73



DY FHEHDOLENKELS HEL TWDLIENEX LR, &b, ODPA D4y
TREEICHERKT D Z ERAS N E 2257~ PUIE-ODPA O Zzikit: 1 1R ER I &
DMA OFERND X FF SN AR E 7o T,
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Abstract

Polyurethane-imide elastomers (PUIEs) are formed from isocyanate, polyol,
acid anhydride, and diamine by liquid polymerization. Unfortunately, many
of the diamines have rarely been applied to the formation of PUIEs. Hence,
investigating the effect of diamines on PUIEs remains a challenge in poly-
mer chemistry. Herein, PUIEs prepared from 4,4 “diphenylmethane diisocya-
nate (MDI), polytetramethylene glycol (Mw: 1000), pyromellitic dianhydride,
and aromatic diamines (such as p-phenylene diamine, 4,4 “oxydianiline, and
1,3-bis(4-aminophenoxy)benzene), and aliphatic diamines (such as 1,2-ethylene
diamine, 1,6-hexamethylene diamine, and 1,12-dodecamethylene diamine) were
synthesized by liquid polymerization. The morphologies and the chemical,
thermal, and mechanical properties of the various PUIEs were investigated.
The obtained elastomeric sheets were characterized in terms of the following
tests and methods: solubility and swelling tests, X-ray diffraction and differen-
tial scanning calorimetry, dynamic mechanical analysis and thermogravimetric
analysis, tensile tests, nuclear magnetic resonance spectroscopy, infrared spec-
troscopy, atomic force microscopy, contact angle microscopy, and scanning
electron microscopy.

Keywords

Polyurethane-Imide, Diisocyanate, Polyol, Diamine, Pyromellitic
Dianhydride, Solution Polymerization

1. Introduction

Polyurethane (PU) is easily synthesized from isocyanates and polyols by the po-
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lyaddition reaction. Hence, PU has been widely used in a variety of applications
in many different fields. PU can be synthesized with customized specifications
for rubber elasticity, abrasion resistance, and adhesion. In general, PU has a basic
problem in terms of heat resistance. However, by improving this fundamental
property, PU may gain some industrial advantages. Therefore, chemists have active-
ly conducted multiple studies on the heat resistance of PU. Polyurethane-imide
(PUI), which has stability in high-temperature environments, excellent electrical
and mechanical properties, and good chemical resistance, is prepared via an or-
ganic-organic hybrid between urethane and imide [1]-[8]. PUI possesses some
distinctive properties such as heat resistance and solvent resistance. Therefore,
PUI has found special applications in some industries and continues to gain im-
portance in a variety of applications. PUI is used in a surprising array of commer-
cial applications. For convenience, PUI is classified into three major types of
products: foams [9] [10], elastomers [11] [12] [13] [14], and resins [15] [16]
[17]. On the basis of such a background, we focused on a novel heat-resistant
elastomer that is widely used for commercial products. As we attempted to im-
prove the synthetic method of PUI elastomers (PUIEs), we were successful in the
improvement of synthetic method [2] [6]. Thus, we focused on diamines as raw
materials. Although various diamines are utilized in the field of polyimide (PI)
formation, they are not considerably used in the field of PUIEs. Therefore, from
both theoretical and practical standpoints, it is important to synthesize PUIEs
using various diamines. To allow various diamines to be widely applied, retain-
ing elastic property of PUIEs becomes a key factor. Herein, the following mate-
rials are used for the synthesis of PUIEs: 4,4 “diphenylmethane diisocyanate, po-
lytetramethylene glycol (Mw: 1000), aromatic diamines (p-phenylenediamine,
4,4 "oxydianiline, and 1,3-bis(4-amino-phenoxy)benzene), aliphatic diamines
(1,2-ethylene diamine, 1,6-hexamethylene diamine, and 1,12-dodecamethylene
diamine), and pyromellitic dianhydride. The morphologies, chemical properties,
and physical properties of the synthesized PUIEs were examined to investigate
the effect of diamines on PUIEs.

2. Experimental

2.1. Materials

Polytetramethylene glycol (Mw: 1000) (PTMG1000) was supplied by Invista In-
dustry, Texas, USA. PTMG1000 was dehydrated in vacuo at 80°C for 24 h before
use. 4,4 “Diphenylmethane diisocyanate (MDI) was supplied by Tosoh Industry,
Tokyo, Japan. MDI was purified by distillation under reduced pressure (267 -
400 Pa) at 135°C before use. Pyromellitic dianhydride (PMDA) was purchased
from Nacalai Tesque, Inc., Kyoto, Japan (Nacalai), and used without further pu-
rification. The following compounds were purchased from Tokyo Chemical In-
dustry (TCI), Tokyo, Japan: ethylene diamine (EDA); 4,4 “oxydianiline (ODA);
1,3-bis(4-aminophenoxy)benzene (BAPB); and 1,12-dodecame-thylene diamine
(DMDA). EDA was purified by distillation (trap to trap) under reduced pressure
(267 - 400 Pa) before use. p-Phenylene diamine (PPDA) and 1,6-hexamethylene
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diamine (HMDA) were purchased from Kanto Chemical, Tokyo, Japan. PPDA
was recrystallized from toluene before use. Tetrahydrofuran (THF) and benzene
were purchased from Nacalai and distilled over calcium hydride in an Ar at-
mosphere. N,N-Dimethyl formamide (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: hexane (Nacalai), and acetone (Nacalai). N-methyl-2-pyrrolidone
(NMP) (Nacalai) was kept over a 4 A molecular sieve. Methanol was supplied by
Toyota Kagaku Kogyo Co. Ltd., Toyota, Japan.

2.2. Synthesis

Scheme 1 shows the procedure for PUIE preparation. The PUIE compositions
are listed in Table 1. PUIEs were prepared by liquid polymerization. In a 100 mL
four-necked separable reaction flask equipped with a mechanical stirrer, a gas
inlet tube, and a reflux condenser, MDI, PTMG1000, and NMP (10 mL) were
placed, and the mixture was stirred at 80°C for 30 min. A solution of PMDA in
NMP (15 mL) was added to this reaction mixture, and the mixture was stirred at
150°C for 15 min. Solutions of diamines in NMP (10 mL) (aromatic amine) or
(20 mL) (aliphatic amine) were added, and the mixtures were stirred at 150°C
for 2 h. Then, NMP (5 mL) (aromatic amine) or (10 mL) (aliphatic amine) was
added. The reactions proceeded under an Ar atmosphere. Test sheets were pre-
pared by casting half of the obtained solution using a centrifugal casting ma-
chine at 150°C for 24 h, after which the sheets were treated at 200°C for 4 h in

vacuo.

2.3. Characterization

2.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR spectra were recorded on a Bruker (Massachusetts, USA) AVANCE III
HD 400 (°C, 75.4 MHz) NMR spectrometer using the *C CP/MAS method.

O o
o) Mixing: 80°C, 30 min, NMP (15mL)
+ HOM )’"H in NMP, under Ar
OCN NCO Mixing:150°C, 15 min, under Ar
MDI PTMG1000
PMDA [}

1) Diamine N' N
2) in NMP (aliphatic diamine : 20 mL, 1) Casting: 150°C, 24 h, o

aromatic diamine : 10 mL ) 2) Imidization : 200°C, 4 h, in vacuo O O

N
3) Mixing:150°C, 2 h, under Ar J% /\/\)'
R:Diamine
|
Possible structure
R: Aliphatic diamine R: Aromatic diamine
NH, H,N o

HNZN SN N NN, HzN@—NHZ /@/ \@\

AL,: EDA AL,: HMDA HyN NH,

AR;: PPDA AR,: ODA

H,N o o

N e 970 2 g \rg NNITH /@/ \©/ \©\

AL,: DMDA HoN NH,

AR,: BAPB

Scheme 1. Synthesis of polyurethane-imide elastomers by the solution method.
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Table 1. Compositions of the PUIEs synthesized in this study.

Sample NI_DIa PTM_GIOOOb Dia{ninec PN{DAd
(x107% mol) (x107% mol) (x107% mol) (x107% mol)
PUIE-AL, 4.71 2.50 2.25 4.50
PUIE-AL, 4.60 2.50 2.08 4.20
PUIE-AL, 4.40 2.50 1.90 3.80
PUIE-AR, 4.64 2.50 2.11 4.23
PUIE-AR, 4.40 2.50 1.90 3.80
PUIE-AR; 4.24 2.50 1.72 3.42

“MDIL: Mw = 250.25; "PTMG1000: Mw = 1000; ‘Diamines: AL, = ethylene diamine (EDA) Mw = 60.1, AL, =
1,6-hexamethylene diamine (HMDA), Mw = 116.21, AL, = 1,12-dodecamethylene diamine (DMDA) Mw =
200.37, AR, = p-phenylene diamine (PPDA), Mw = 108.14, AR, = 4,4"-oxydianiline (ODA) Mw = 200.24,
AR, = 1,3-bis(4-amino-phenoxy)benzene (BAPB) Mw = 292.34; “PMDA: Mw = 218.12.

2.3.2. Fourier Transform Infrared (FTIR) Spectroscopy

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

2.3.3. X-Ray Diffraction (XRD) Analyses
XRD patterns were measured from 5° to 50° (26 value) with Cu K (conditions: A
= 0.154 nm, 40 kV, 100 mA) on a Rigaku (Tokyo, Japan) RINT 2500 V/PC.

2.3.4. Morphological Analyses
Scanning Electron Microscopy (SEM) was used to observe the surface morphol-
ogy of PUIEs using a JEOL (Tokyo, Japan) JSM-6335 FM. All micrographs were
taken at a magnification of 30 kx.

Atomic force microscopy (AFM) measurements were performed on dried
sheets at room temperature in air using an OLYMPUS (Tokyo, Japan) 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 con-
stant of 15 N/m and a resonating frequency of 20 KHz. The scanning rates varied
from 1 to 2 Hz. All images presented here were reproduced from images obtained
for at least three points on each sample surface.

Contact angle (CA) measurements were performed on dried sheets at room tem-
perature (23°C * 2°C) in air using an Excimer Inc. (Yokohama, Japan) Simage

Standard 100 instrument. Samples were dripped of 5 pL.

2.3.5. Chemical Properties
Swelling tests were performed using 0.1000 g test pieces. The degree of swelling
(Rs) was calculated using the formula Rs (%) = W'— 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.

Solubility tests were performed using 0.1000 g test pieces. Each test piece was
soaked in a solvent (methanol, benzene, hexane, acetone, THF, DMF, DMSO, or
NMP; 30.0 mL) at room temperature for 24 h.
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2.3.6. Mechanical Properties
Hardness tests were performed using a KOUBUNSHI KEIKI (Kyoto, Japan) Asker
durometer (type A durometer (shore A)) with test pieces stacked to achieve a thick-
ness of 6 mm.

Tensile tests were performed on an ORIENTEC (Tokyo, Japan) RTC-1225A
Universal Tensile Testing Instruments equipped with model-U-4300 extenso-
meter using a JIS K 6251-3-dumbbell as the standard sample and a crosshead

speed of 100 mm/min.

2.3.7. Thermal Properties

Differential scanning calorimetry (DSC) measurements were performed on a
Rigaku (Tokyo, Japan) Thermo-Plus DSC-8230 instrument at 10°C/min from
—120°C to 200°C under an Ar atmosphere. Approximately 5.0 mg of each PUIE
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.

Dynamic mechanical analyses (DMA) were performed on a Seiko Instruments
(Chiba, Japan) DMS 6100 instrument at 5°C/min from —100°C to 300°C at 20
Hz under an N, atmosphere.

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

3. Results and Discussion
3.1. NMR Studies

C NMR spectra of the PUIEs were measured using the solid-state method. The
PC CP/MAS NMR spectrum of PUIE-AR, is shown in Figure 1. Urethane car-
bon peaks at 153.5 (n), 70.6 (c), 41.7 (b), and 26.8 (a) ppm and an imide carbon
peak at 164.4 ppm are observed. The diamine (ODA) peaks at 115.4 - 141.6 ppm

(e, d, 1, and m) are also observed.

3.2. FTIR Studies

The FTIR spectra (ATR method) of the PUIEs are shown in Figure 2. The peaks
are observed for PUIEs at around 3300 and 1720 cm™ (N-H stretching and C=0
stretching of urethane, respectively), at around 3080 cm™ (aromatic C-H stret-
ching of urethane), and at around 2940, 2852, and 2794 cm™ (aliphatic C-H
stretching of urethane). In addition, the peaks at around 1773 cm™, 1725 cm™,
and 1375 cm™' (C=0 stretching and C-N stretching of imide, respectively) in the
spectra of the PUIEs indicate that almost all of the N-H and C=0 are hydrogen
bonded. Furthermore, the peak at around 1093 cm™ (C-O-C stretching of ure-

thane) is observed.

3.3. XRD Analyses

The XRD patterns of the PUIEs are illustrated in Figure 3. Broad diffraction

peaks, which were mainly attributed to the amorphous nature of the PUIEs with
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Figure 1. The solid-state *C CP/TOSS nuclear magnetic resonance (NMR) spectrum of
the PUIE-AR,.

PUIE-AL,
PUIE-AL,

PUIE-AL,
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Ll
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Figure 2. Fourier transform infrared (FTIR) spectra of PUIEs: blue (PUIE-AL,),

red (PUIE-AL,), green (PUIE-AL,), pink (PUIE-AR,), orange (PUIE-AR,), and brown
(PUIE-AR,).

aromatic diamines, were observed at around 20°. However, broad diffraction
peaks of the PUIEs with aliphatic diamines (PUIE-AL, and PUIE-AL,) were not

observed.

3.4. Morphological Analyses

Generally speaking, molecular angles are smaller on smooth surfaces than on

rough surfaces. In order to understand the distinction between the PUIEs with
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Figure 3. X-ray diffraction (XRD) patterns of PUIEs: blue (PUIE-AL,),
red (PUIE-AL,), green (PUIE-AL,), pink (PUIE-AR,), orange
(PUIE-AR,), and brown (PUIE-AR,).

various diamine components, it was necessary to observe and investigate the
surface wettability of the PUIE sheets. The contact angles of water on the surface
of PUIE sheets were measured at room temperature and atmospheric pressure.
Figure 4 shows the contact angles of PUIE sheets with the various diamines. The
contact angle values of the PUIE sheets with an aliphatic diamine were nearly
identical and indicated hydrophobicity. However, the contact angles of the PUIE
sheets with aromatic diamines decreased as the molecular length of diamine in-
creased, ie., the hydrophobicity of the PUIE sheets decreased gradually.

The surface topographies of the PUIEs were examined by AFM (Figure 5)
over a 2 x 2 um’ scan area. AFM was utilized to study the phase-segregated
morphology of the PUIEs with various hard segment structures. Topographical
heterogeneities were observed in the PUIEs, which may reflect the existence
of ordering tendencies in the polymer structure. In these images, by conven-
tion, the hard and soft segments appear as bright and dark regions, respec-
tively. By increasing the molecular length of the diamine, changes were ob-
served in the surface morphology. The AFM image of short-molecular-length di-
amine-containing PUIE has an extended smoother surface area in comparison
with long-molecular-length diamine-containing PUIE. The hard domains (bright
spots) are grouped into compact areas and appear as thick regions. The hard
segment agglomerates can be seen in limited areas that benefit from a better or-
dering.

SEM micrographs of the PUIE surfaces are depicted in Figure 6. PUIEs with
short-molecular-length diamines show a rougher surface than PUIEs with
longer-molecular-length diamines, and the phase separation is not very clear
owing to the fewer agglomerates of hard domains. The size of the lighter parts,
which are the hard domains, is approximately 1 - 3 pm, and the area covered is

larger for the short-molecular-length diamine-containing PUIEs than the
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Figure 4. Visual performance of the water droplet contact angles on the dif-
ferent PUIE sheets: blue (AL,), red (AL,), green (AL,), pink (AR,), orange
(AR,), and brown (AR;).
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Figure 5. Topographic and three-dimensional atomic force microscopy (AFM) images of
PUIEs: (a) PUIE-AL,; (b) PUIE-ALy; (c) PUIE-ALy; (d) PUIE-AR;; (e) PUIE-AR,; and (f)
PUIE-AR,.

long-molecular-length diamine-containing PUIEs. This may be caused by the
increase in compatibility between the hard segments and soft segments. These
phase separations are quite different from that of PU. The hard domains are
considered to correspond to the imide portions and are in agreement with the
AFM results.

3.5. Chemical Properties

The solvent resistances of PUIEs were tested by immersing each of the PUIE
sheets in various solvents, such as benzene, hexane, THF, acetone, methanol,
DMF, DMSO, and NMP. The results are presented in Table 2. None of the
PUIEs dissolved in benzene, hexane, THF, acetone, methanol, DMF, and DMSO
at room temperature (23°C + 2°C). However, in NMP at room temperature,
PUIE-AL, completely dissolved and PUIE-AL,, PUIE-AL,, PUIE-AR,, and
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Figure 6. Scanning electron microscopies of PUIEs: (a) PUIE-AL;; (b) PUIE-AL,; (c)
PUIE-AL;; (d) PUIE-AR; (e) PUIE-AR,; and (f) PUIE-AR,.

Table 2. Solubility tests of the PUIEs®.

Sample Benzene Hexane THF  Acetone Methanol DMF DMSO NMP
PUIE-AL, X X X X X X X (@)
PUIE-AL, X X X X X X X A
PUIE-AL, X X X X X X X A
PUIE-AR, X X X X X X X A
PUIE-AR, X X X X X X X A
PUIE-AR, X X X X X X X X

O: completely dissolved; A: slightly dissolved; x: undissolved; *Measurement conditions: benzene, hexane,
acetone, THF, NMP, methanol, DMF, or DMSO as the solvent at room temperature (23°C = 2°C).

PUIE-AR, dissolved slightly. PUIE-AR; did not dissolve in NMP at room tem-
perature.

The swelling test results are summarized in Table 3. The swelling values for
the PUIEs with aliphatic diamines were nearly identical (164% - 166%). Howev-
er, the swelling values of PUIEs with aromatic diamines were lower than the
swelling values for PUIEs with aliphatic diamines. Additionally, the swelling
values for the PUIEs with aromatic diamines decreased as the molecular length
of the diamine increased. This phenomenon might be a factor arising from the
molecular packing density.

The hardness results of the PUIE sheets with different hard segment contents
are also summarized in Table 3. The hardness of PUIEs with aliphatic diamines
was lower than that of PUIEs with aromatic diamines. This corresponds with the

swelling test results.

3.6. Mechanical Properties

Figure 7 shows the stress-strain curves for the PUIE sheets, and the corres-

ponding tensile characteristic parameters are reported in Table 4. In Figure 7,
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Table 3. Physical properties of PUIEs.

Sample Iét‘:ie;s; Swelling rate® (%) Tg (°C) T4 (°C) Tl (°C)
PUIE-AL, 75 164 —45 351 431
PUIE-AL, 76 166 =50 350 433
PUIE-AL, 76 165 —45 356 435
PUIE-AR, 76 157 -38 345 435
PUIE-AR, 81 154 -57 351 437
PUIE-AR, 84 146 -49 344 436

‘Measurement conditions: shore A type, total thickness = 6 mm, room temperature (23°C + 2°C). *Mea-
surement conditions: benzene solvent at room temperature (23°C + 2°C) for 24 h. “DSC was performed at a
heating rate of 10°C/min from —100°C to 300°C under an Ar atmosphere. ‘TGA was performed at a heating
rate of 10°C/min from 30°C to 500°C under an N, atmosphere.

Table 4. Tensile properties of the PUIEs with various diamines.

Sample® o010 050 0100 a200 0300 00 Vo Eb¢
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (%)

PUIE-AL, 3.51 9.30 12.9 24.6 42.3 - 56.2 380
PUIE-AL, 3.52 7.46 10.0 17.4 35.9 68.0 63.9 406
PUIE-AL, 4.12 8.11 10.4 16.0 28.8 55.9 66.7 449
PUIE-AR, 5.13 11.9 16.0 27.5 46.3 - 51.7 336
PUIE-AR, 7.04 10.0 12.9 20.5 353 53.0 54.6 413
PUIE-AR, 5.01 9.61 12.8 23.3 38.8 63.1 68.8 416

“Tensile properties measured at room temperature (23°C + 2°C) with a strain speed of 100 mm/min. *Ten-
sile strength at breaking point. “Elongation at breaking point.

80
70F —— PUIE-AL, L ——— PUIE-AR,
—— PUIE-AL, ~——— PUIE-AR,
60 [ —— PUIE-AL, 3 —— PUIE-AR;
~
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S 501 r
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Figure 7. Tensile tests (stress-strain curves) of the PUIEs: blue (PUIE-AL,), red (PUIE-AL,),
green (PUIE-AL,), pink (PUIE-AR,), orange (PUIE-AR,), and brown (PUIE-AR;).

the series of PUIE sheets with aliphatic diamine attained even better mechanical
properties than PUIE sheets with aromatic diamines, except for the case of PUIE-AR;.
These results suggest that PUIEs with aliphatic diamines have well-ordered and
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very strong intermolecular hydrogen bonding, whereas PUIEs with aromatic di-
amines do not allow this. Moreover, the tensile strengths and elongation at break
values of PUIEs with aliphatic diamines increased as the molecular length of the di-
amine increased. The tensile strength of PUIE-AR; shows the strongest value (68.8
MPa) in this series of PUIEs. PUIE-AR, was considered to have better well-ordered
packing and stronger intermolecular hydrogen bonding.

3.7. Thermal Properties

DSC analyses for the composites were performed over —120°C to 200°C under
Ar atmosphere. From the data in Table 3, one main transition occurred for the
composites. The values for the glass transition temperatures (7g) of the corres-
ponding PUIEs can be observed in the range between —60°C to —35°C. These
values were identical to the peak temperature from the E’ curves.

The results of DMA analyses for the composites are shown in Figure 8. Mod-
ulus-temperature and tan J-temperature curves for the PUIEs are provided in
Figure 8. The PUIE sheets with aliphatic diamines have almost completely iden-
tical thermomechanical behaviors, which show a strong dependence on the im-
ide segment and hydrogen bond strength of the PUIEs. Also, the PUIE sheets
with aromatic diamines display a similar behavior. PUIE-AL,, PUIE-AL,, and
PUIE-AL, have fairly good rubber integrity plateaus with a modulus of about 3 x
10° Pa. These polymers show movement along the order of their molecular di-
amine length (PUIE-AL, > PUIE-AL, > PUIE-AL,) between +200°C and +250°C.
PUIE-AL,, PUIE-AL,, and PUIE-AL; have a reasonably long rubbery plateau
with a modulus of approximately 8 x 10° Pa. PUIE-AR, and PUIE-AR, start
flowing slightly just above +200°C. However, PUIE-AR, starts flowing not more
than +200°C. This can be explained by the difference in the diamines. These po-
lymers result in well-ordered packing in the imide segments and also form strong
intermolecular hydrogen bonding, leading to good microphase separation.

The TGA curves of the PUIEs in Figure 9 and the 5% and 50% weight loss
temperatures for the PUIEs in Table 3 are reported. As shown in Figure 9, the
TGA curves show two distinct stages for decomposition. In the first stage, po-
lyurethane elastomers decomposed slowly until 350°C, which accounted for the
first 5% of the weight loss. This probably depends on the oxidative degradation
of urethane segments (the unstable segments in the composite). In the second
stage, weight loss was very rapid in the temperature range of 350°C to 500°C.
The formation of PUIEs mainly reduces the mobility of the urethane segment, so
the thermal degradation temperature of the composite shifts to higher tempera-
ture. The formation of the polyimide hybrid gives a composite with a higher de-
gradation temperature. The main degradation process can be observed at around
440°C, which is at the 50% weight loss point. The values of T, for PUIEs with
aliphatic and aromatic diamines were very similar at 345°C - 356°C. However,
during the first degradation stage, PUIEs with aromatic diamines degraded more

rapidly than PUIEs with aliphatic diamines.
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Figure 8. Storage modulus and tan J of the PUIEs as a function of temperature: blue

(PUIE-AL)), red (PUIE-AL,), green (PUIE-AL,), pink (PUIE-AR,), orange (PUIE-AR,),

and brown (PUIE-AR,).
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Figure 9. Thermogravimetric analysis (TGA) curves of the PUIEs: blue (PUIE-AL,),
red (PUIE-AL,), green (PUIE-AL,), pink (PUIE-AR,), orange (PUIE-AR,), and brown
(PUIE-AR,).

4. Conclusions

A series of PUIEs with various diamines were synthesized. The influences of
diamine on the chemical, mechanical, and thermal properties, and the surface
morphology of the PUIEs were investigated through DSC, DMA, TGA, CA,
AFM, SEM, and XRD. The results prove the existence of diamines in the mole-
cular structure, and the diamines contribute to their morphologies and chemical
and physical properties. However, the degree of phase separation is not propor-
tional to the properties of the PUIEs. In addition, the mechanical properties
demonstrate that the PUIEs were elastic. Moreover, the moduli of the PUIEs
with aliphatic and aromatic diamines increased as the molecular length of the
diamine increased. The moduli of PUIEs with DMDA and BAPB are especially
high. The cohesive forces between imide segments of PUIEs with aromatic di-
amines are stronger in comparison with PUIEs with aliphatic diamines. The dy-
namic, mechanical, and thermal properties suggested that networks between the
imide and the urethane segments occurred uniformly in the composites. The
properties of the PUIEs had a great influence on the molecular strength or mo-

bility of the diamine contents in the network. However, TGA analyses of PUIEs
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with various diamines did not show any diamine content dependence.

We found that the cohesive forces of the imide segments, which are formed

from diamine and pyromellitic dianhydride, had a great influence on the prop-
erties of the PUIEs.
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Abstract

Novel polyurethane-imide elastomers were prepared from isocyanates (hex-
amethylene, and 4,4’-dicyclohexyl diisocyanates), polytetramethylene glycol
(PTMG1000, Mw = 1000), pyromellitic dianhydride, and 4,4’-diphenylmethane
diamine. The formation of PUIEs was confirmed by Fourier transform infra-
red spectroscopy. The resultant films were studied through X-ray diffraction
analysis, contact angle measurement, atomic force microscopy, solubility and
swelling tests, tensile test, differential scanning calorimetry, dynamic me-
chanical analysis, and thermogravimetric analysis.

Keywords

Polyurethane-Imide Elastomer, Isocyanate, Morphology,
Mechanical and Thermal Properties

1. Introduction

Polyurethane elastomers (PUEs) having varying specifications, such as rubber
elasticity, abrasion resistance, adhesion, are easily synthesized from isocyanates
and polyols through the polyaddition reaction; this implies that PUEs have been
widely used in a variety of applications and fields. However, in terms of heat-re-
sistance, the PUEs that are formed from organic polymer materials have a basic
problem. By improving this fundamental property, these elastomers may gain
some industrial advantages; therefore, chemists have actively studied the heat-
resistance of PUEs. Consequently, the polyurethane-imide elastomer (PUIE) was
prepared via an organic-organic hybrid between a urethane and an imide that
had high-temperature stability, excellent electrical and mechanical properties,
and good chemical resistance [1]-[15]. The PUIE possesses some properties dis-

tinct from other PUEs, such as heat and solvent resistances. Therefore, the PUIE
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materials have special applications in industry and continue to gain importance
in a variety of applications that rely on heat and solvent resistances. The PUIEs
are used in a surprising array of commercial applications and are classified into
three major product types: foams [16] [17] [18], elastomers [19] [20] [21] [22],
and resins [23] [24]. Our research interests lay in elastomers that are widely uti-
lized for commercial products, and we have previously attempted to develop
PUEs. Thus, we noted the lack of variety in the isocyanate raw materials cur-
rently used for PUIEs compared with the different isocyanates utilized in the
field of polyurethanes. Therefore, to broaden the scope of potential applications,
the use of different isocyanate and polyurethane units in PUIEs remains an
important topic in polymer chemistry. It is important from both a fundamen-
tal and practical standpoint to study the synthesis of PUIEs and their proper-
ties.

In this article, the novel PUIEs were synthesized from isocyanates (hexame-
thylene diisocyanate (HDI) and 4,4’-dicyclohexyl diisocyanate (H,,MDI)), poly-
tetramethylene glycol (PTMG, Mw: = 1000), pyromellitic dianhydride (PMDA),
and 4,4’-diphenylmethane diamine (MDA). The morphology and the chemical

and physical properties of these elastomers were studied.

2. Experimental
2.1. Materials

Hexamethylene, and 4,4’-dicyclohexyl diisocyanates and Polytetramethylene
glycol were supplied by Tosoh Industry and were purified by distillation or de-
hydrated before use. Pyromellitic dianhydride, 4,4’-Diphenylmethane diamine,
and dibutyltindilaurate were purchased from Tokyo Chemical Industry and were
used without further purification. 1,4-Diazabicyclo[2.2.2]octane and N-Methyl-2-
pyrrolidone (NMP) were purchased from Nacalai Tesque, Inc. and NMP was
purified by distillation.

2.2. Synthesis

The PUIEs were synthesized from the isocyanates (HDI and H,,MDI),
PTMG1000, PMDA, and MDA via liquid polymerization (Scheme 1). Table 1
shows the recipe and imide content for each PUIE. The syntheses were per-
formed as follows: 1) In a 100 mL four-necked separable reaction flask equipped
with a mechanical stirrer, a gas inlet tube, and a reflux condenser were added
PTMG1000 and DABCO, and the DABCO was dissolved completely at 100°C.
HDI and DBTL were added to the separable flask. The prepolymers were pre-
pared by stirring at 100°C for 30 min. Then, PMDA and NMP (10 mL) were
added to the separable flask and stirred at 150°C for 15 min. Finally, MDA and
NMP (30 mL) were added to the separable flask and were stirred at 150°C for 4
h; 2) H,,MDI, PTMG1000, and DBTL were added to the separable flask. The
prepolymers were prepared by stirring at 80°C for 30 min. Then, PMDA and NMP
(10 mL) were added to the separable flask and were stirred at 150°C for 15 min
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Scheme 1. Synthesis of polyurethane-imide elastomers (PUIEs) by the solution method.

Table 1. Synthesis of PUIEs.

Diisocyanate*  PTMG1000° MDA® PMDA¢ DBTLS DABCOf Imide content®
Sample ¥
p (x1073 mol) (x1073 mol) (x1073 mol) (x1073 mol) (x107° mol) (x107° mol) (Wt%)
PUIE-HDI,, 3.15 2.50 0.642 1.28 0.712 4.01 15
PUIE-HDI,, 3.72 2.50 1.21 2.43 0.744 4.19 25
PUIE-HDI,; 4.47 2.50 1.97 3.92 0.773 4.35 35
PUIE-HDI,, 5.48 2.50 2.98 5.95 0.808 4.55 45
PUIE-HDI,;, 6.93 2.50 4.45 8.90 0.869 4.89 55
PUIE-H,,MDI,, 3.12 2.50 0.620 1.25 1.53 - 15
PUIE-H,,MDI,; 3.67 2.50 1.17 2.35 1.65 - 25
PUIE-H,,MDI,, 4.40 2.50 1.90 3.78 1.74 - 35
PUIE-H,,MDI,, 5.38 2.50 2.88 5.75 1.85 - 45
PUIE-H,,MDI, 6.80 2.50 4.30 8.60 2.04 - 55

*HDI: Mw = 168.19, H,,MDI: Mw = 262.35; ®PTMG1000: Mw = 1000; “MDA: Mw = 200.24; “PMDA: Mw = 218.12; °DBTL: Mw = 631.56; ‘DABCO: Mw =
112.17; “imide content is the theoretical value.
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besides MDA and NMP (30 mL) were also added to the separable flask and were
stirred at 150°C for 2 h. The degree of imide content was calculated using the

following formula:

Imide content (wt%) = (imide* /(isocyanate + PTMG + MDA + PMDA ) ) x100 (1)

a: weight of isocyanate® + MDA + PMDA;

b: (isocyanate — PTMG) mol x isocyanate (Mw).

The resultant PUIE solutions were treated at 150°C for 24 h under the at-
mosphere using a centrifugal casting machine. The resultant films were heated at
200°C for 4 h under reduced pressure (267 - 400 Pa) to complete the imide reac-

tion.

2.3. Characterization

2.3.1. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were recorded on a JASCO FTIR-5300 spectrometer (Tokyo, Ja-
pan) equipped with an attenuated total reflection (ATR) system, which used an
ATR500/M with an ATR prism KRS-5.

2.3.2. X-Ray Diffraction (XRD) Analyses

The XRD pattern was measured from 5° to 35" (26 value) with CuKa (condi-
tions: A = 0.154 nm, 40 kV, 100 mA) with a RINT 2500V/PC made by Rigaku
(Tokyo, Japan).

2.3.3. Morphological Analyses

Contact angles (CA) were measured on dried films at room temperature (23°C +
2°C) in the atmosphere using an Excimer (Yokohama, Japan) Image Standard
100. Samples were dripped of 5 pL.

Atomic force microscopy (AFM) measurements of the samples were carried
out at room temperature and ambient pressure, using an OLYMPUS (Tokyo,
Japan) NV2000. Most of the images were obtained in tapping mode (ACAFM)
with a silicon nitride cantilever (OMMCL-AC 240TS-C2, Olympus optical).

2.3.4. Chemical Properties
Swelling tests were carried out using test pieces (0.1000 g) in benzene. They were
put into benzene solution in test tube to keep 24 h.

Solubility tests were carried out using test pieces (0.1000 g). Each test piece
was soaked in a solvents (benzene, hexane, acetone, NMP, methanol, THF,
DMF, or DMSO; 30 mL) at room temperature for 24 h.

2.3.5. Mechanical Properties

Hardness was measured on a KOBUNSHI KEIKI Asker durometer (Kyoto, Ja-

pan) using scale-A. The test procedure follows the JIS K 6253 standard.
Stress-strain measurements were performed on dumbbell-shopped samples

cut from the PUIE films obtained (JIS K 6251-3 standard). The tests were per-

formed at room temperature using an ORIENTEC RTC-1225A Universal Ten-
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sile Testing Instrument (Tokyo, Japan) equipped with a U-4300 extensometer.

The crosshead speed used was 100 mm/min.

2.3.6. Thermal Properties

A Rigaku Thermo-Plus DSC-8230 instrument (Tokyo, Japan) was used for
thermal analysis and operated at a heating rate of 10°C/min. The thermal transi-
tion behavior was studied over a temperature range of —120°C to 200°C under
an Ar atmosphere. Tests were conducted on samples of 5 mg that the glass tran-
sition temperature ( 7g).

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

The thermal stability of PUIEs was tested under an N, atmosphere through
thermogravimetric analysis (TGA) using a Seiko Instruments TG/DTA6200
(Chiba, Japan) at a heating rate of 10°C/min from 30°C to 500°C.

3. Results and Discussion
3.1. Fourier Transform Infrared (FTIR) Spectroscopy

To examined the existence of the imide content in the PUIEs, FTIR spectral
measurements were carried out. Figure 1 shows Carbonyl C=0O group absorp-
tions. Three peaks were observed at around1700, 1720, and 1780 cm™', which
correspond to the hydrogen-bonded carbonyl stretching v (C=Oy,,4.q), the free
carbonyl v (C=Oy,), and the imide carbonyl v (C=0,,.), respectively. The
peak-strength of the imide carbonyl group increased as the imide content in-

creased.

«~—1685

V(C=O4g0) /__V(C=Ouongea)
=

V(C=04qs) V(C=Oponded) 1718 1699
1719 — M \
1800 1700 1600 1800 1700 1600
Wavenumber (cm-') Wavenumber (cm)

(A) (B)

Figure 1. Fourier transform infrared (FTIR) spectra of PUIEs: (A) PUIE-HDI; and (B)
PUIE-H,,MDI. Imide content: black = 15 wt%, red = 25 wt%, blue = 35 wt%, green = 45
wt%, and orange = 55 wt%.
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3.2. X-Ray Diffraction Analyses

Figure 2 illustrates the XRD patterns of the PUIEs composed of the isocyanates.
Broad diffraction peaks that were mainly attributed to the amorphous nature of
these PUIEs are observed at around 28= 6, 17.5 and 20.

3.3. Morphological Analyses

Generally speaking, molecular angles are smaller for smooth surfaces than for
the rough surfaces. In order to understand the distinction between the PUIEs
with the isocyanates, it was necessary to observe and investigate the surface wet-
tability of the films. The contact angles to water were measured at room temper-
ature and atmospheric pressure on the surfaces of films. Table 2 and Figure 3
show the contact angles of the PUIE films with the isocyanates, HDI and
H,,MDI. The values of the contact angles for the PUIE films were nearly identic-
al, showing similar hydrophobicities among the films. However, although the
values for the contact angles of the PUIE-HDI films were nearly identical as the
imide content increased, the values for the contact angles of the PUIE-H ,MDI
films decreased as the imide content increased, showing that the hydrophobicity
of these PUIE films gradually decreases.

The surface topographies of the PUIEs were examined by AFM (Figure 4),
and phase-segregated morphologies of the PUIEs with various hard segment

2000

1500 /| L

Intensity

1000 |,

500

5 10 15 20 25 30 35 5 10 15 20 25 30 35
20/degree 20/degree

(A) (B)

Figure 2. X-ray diffraction (XRD) patterns of PUIEs: (A) PUIE-HDI and (B) PUIE-H,,MDI.
Imide content: black = 15 wt%, red = 25 wt%, blue = 35 wt%, green = 45 wt%, and orange
=55 wt%.

Table 2. Contact angle micrographs of a water droplet on PUIEs with various isocya-

nates.

Sample 0 (deg) 0 (deg)
PUIE-HDI,, 106.1 PUIE-H,,MDI, 109.8
PUIE-HDI,, 108.2 PUIE-H,,MDI,, 105.1
PUIE-HDIL;, 108.7 PUIE-H,,MDl, 103.7
PUIE-HDI,, 105.4 PUIE-H,,MDI,, 88.1
PUIE-HDI,, 106.5 PUIE-H,,MDI,, 76.4
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Figure 3. Contact angle micrographs of a water droplet on PUIEs: (A) PUIE-HDI and (B)
PUIE-H,,MDI. Imide content: black = 15 wt%, red = 25 wt%, blue = 35 wt%, green = 45
wt%, and orange = 55 wt%.

Figure 4. Topographic AFM images of PUIEs: (A) PUIE-HDI and (B) PUIE-H,,MDI.
Imide content: a = 15 wt%, b = 25 wt%, ¢ = 35 wt%, d = 45 wt%, and e = 55 wt%.

structures were observed. The topographical heterogeneity was studied from the
images. In these images, dark and bright regions are appeared as the urethane
and imide contents and other content, respectively. Changes were observed in
the surface morphology as the imide content increased. Dark-colored spots
which are urethane and imide contents were dispersed all over the matrix parts.
Inclusions of the urethane and imide contents could be seen in some limited
areas. Comparing the two kinds of films, the AFM images of PUIE-HDI and
PUIE-H,MDI revealed a rough smooth surface.
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3.4. Chemical Properties

The solvent resistances of the PUIEs (PUIE-HDI,; ., and PUIE-H,MDI;; )
were tested by immersing each PUIE films in various solvents, including ben-
zene, hexane, acetone, THF, NMP, methanol, DMF, and DMSO. The results are
presented in Table 3. All of the PUIEs were resistant to hexane at room temper-
ature. The PUIE-HDIs were resistant to DMSO at room temperature. However,
no PUIE-H,,MDIs were resistant to NMP at room temperature. Generally
speaking, the PUIE films show good solvent resistance. The reason for this is
considered to be the uniformity caused by the formation of networked structures
between the imide and the urethane.

Swelling tests were then performed using the PUIEs. As evident from Table 4,
each of the swelling rates of the PUIE-HDIs decreased as the imide content

Table 3. Solubility of PUIEs with various isocyanates.*

Sample Benzene Hexane Acetone THF NMP  Methanol DMF DMSO
PUIE-HDI, A X A A O A A X
PUIE-HDI,; A X A A A X A X
PUIE-HDI;5 X X X A A X A X
PUIE-HDI,; X X X X X X X X
PUIE-HDI;; X X X X X X X X

PUIE-H,MDI A X A A O X A X
PUIE-H,,MDIL,; A X A @] @) A O A
PUIE-H,MDI;; X X X @] O A A A
PUIE-H,;,MDI,; x x x O O X O A
PUIE-H,,MDI;; X X X X O X X A

O: completely dissolved, A: slightly dissolved, x: undissolved. *Measurement conditions: benzene, hexane,
acetone, THF, NMP, methanol, DMF or DMSO as the solvent at room temperature (23°C + 2°C).

Table 4. Physical properties of PUIEs with various isocyanates.

Sample Hardness® Swelling rate® Tg T Tsod

P (Shore A) (%) €9} g@) Q)
PUIE-HDI,5 46 387 -70.8 322 421
PUIE-HDI,5 65 296 —68.8 326 423
PUIE-HDI;; 73 222 —68.0 331 431
PUIE-HDI,; 82 168 —68.3 338 438
PUIE-HDI;; 89 148 -68.5 340 461
PUIE-H,,MDI,, 45 705 337 317 425
PUIE-H,,MDI,, 65 331 -30.1 311 429
PUIE-H,,MDL, 76 370 -325 317 437
PUIE-H,,MDI,, 84 300 -387 310 445
PUIE-H,,MDL, 92 310 -463 328 461

‘Measurement conditions: shore A type, total thickness = 6 mm, room temperature (23°C + 2°C). *Mea-
surement condition: benzene solvent at room temperature (23°C + 2°C) for 24 h. “Differential scanning ca-
lorimetry was performed at heating rate of 10°C/min from -100°C to 300°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 Ar
atmosphere.
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increased, demonstrating the increase in crosslinking density. However, the
swelling rates of the PUIE-H,MDIs were unsteady. Additionally, the swelling
rate increased in the following order based on the type of isocyanate:
PUIE-H,,MDI > PUIE-MDI. This difference is considered to be due to the

structure of the isocyanate.

3.5. Mechanical Properties

Table 4 shows the hardness. The hardness of the PUIE-HDIs and PUE-H ,MDIs
are almost same and increased as imide content increased. This is due to the
molecular chains of the PUIEs with the isocyanates (HDI and H,,MDI), which
are similar to the mobility of the molecular chains.

Figure 5 shows stress-strain curves of the PUIEs. Table 5 shows the tensile
strength and elongation at the breaking point. Comparing the tensile strength
and elongation at the breaking point of the PUIEs, it can be seen that each of the
tensile strength values are almost the same and that the values for the elongation
at the breaking point follow this order for the isocyanates: PUIE-HDI > PUIE-
H,,MDI. Also, the tensile strength increased with increasing imide content, and
the elongation at the breaking point decreased with increasing imide content.
This is caused mainly by the ratio of imide content, and it suggests both that the
network chain density in the composite increases with increasing imide content
and that cross-linking occurs between the imide contents. It is important to
mention that the PUIEs almost lose their elasticity, especially, with high imide
content. Therefore, the ratio of urethane content and imide content need to be

controlled in synthesis of PUIEs.

Table 5. Tensile properties of PUIEs with various isocyanates.

cl0 050 100 0200 0300 5400 0500 o® Eb®

Sample®

ampre (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (%)
PUIE-HDI,5 1.27 2.59 3.20 5.72 9.95 15.2 23.1 35.0 624
PUIE-HDI,;5 1.60 3.58 4.88 7.81 11.9 18.4 29.2 42.9 587

PUIE-HDI;5 2.83 5.42 6.81 9.69 13.7 19.4 28.4 46.5 643

PUIE-HDI,; 6.02 973 114 154 228 365 - 552 492

PUIE-HDI;, 132 158 174 242 389 644 - 684 413
PUIE-H,MDI,, 0842 170 217 285 511 105 - 127 460
PUIE-H,MDI,;, 181 384 516 9.02 176 325 - 46.7 479
PUIE-H,MDL, 522 951 139 294 551 - - 768 362
PUIE-H,MDI,, 159 208 266 426 - - - 495 242
PUIE-H,MDI,; 283 325 383  55.1 - - - 624 253

“Tensile properties measured at room temperature (23°C + 2°C) with strain speed of 100 mm/min. "Tensile
strength at breaking point. Elongation at breaking point.
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Figure 5. Stress-strain curves of PUIEs: (A) PUIE-HDI and (B) PUIE-H,,MDI. Imide
content: black = 15 wt%, red = 25 wt%, blue = 35 wt%, green = 45 wt%, and orange = 55
wt%.

3.6. Thermal Properties

Table 4 reports the 7g values of the PUIEs. The 7gs of the PUIE-HDIs were
nearly identical as the imide content increased. However, PUIE-H ,MDIs fell as
the imide content increased. The chemical structure and crosslinking density of
PUIE influence to the 7gs of PUIEs. The 7gs of PUIEs fell as the imide content
or the number of crosslink increased. Moreover, when the steric hindrance
caused by the formation of physical and chemical crosslinks between molecular
chains, probably the 7gs of PUIEs fell.

Figure 6 shows the viscoelastic behavior of the PUIEs through the storage
modulus (E’) and tan J (tan 0 = E”/E’). None of the PUIEs had a rubbery pla-
teau. These results suggest that the PUIEs have much more crosslinking struc-
ture, but their molecular chains can still move easily above the 7g. Additionally,
the thermal properties of the PUIEs increased with increasing imide content.

Table 4 shows the TGA curves of the PUIEs. All of the PUIEs were thermally
stable up to around 300°C and began to lose weight at a higher temperature. The
5% weight loss temperature (T;) of the PUIEs changed according to the follow-
ing isocyanate order: PUIE-HDI > PUIE-H,,MDI. The 50% weight loss temper-
atures (T,,) of the PUE-HDI and PUIE-H;,MDI were identical. In general, the
decomposition of PUIE is believed to take place in two main steps: the urethane
linkage first dissociates to the isocyanate and alcohol at 300°C - 350°C, followed
by imide degradation at temperatures above 400°C. From these results, it is ob-
vious that the PUIEs with higher imide content are more thermally stable. Also,
the weight loss temperatures increased according to the following isocyanate
order: PUIE-H;,MDI > PUIE-HDI, and the T.s and T,ys of the PUIEs increased

as the imide content increased.

4. Conclusion

Novel PUIEs were synthesized from different isocyanates (HDI and H,,MDI),
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Figure 6. Storage modules and tand-temperature of PUIEs: (A) PUIE-HDI and (B)
PUIE-H,,MDI. Imide content: black = 15wt%, red = 25wt%, blue = 35wt%, green = 45
wt%, and orange = 55wt%.

and these isocyanates affected the properties of the resultant PUIEs to a signifi-
cant extent. An isocyanate with a comparatively regular molecular chain, such as
HDI, resulted in PUIEs with acceptable properties. By contrast, the use of iso-
cyanate with low chain regularity, such as H,MDI, led to PUIEs with poor elas-
ticity. The PUIEs that were crosslinked from isocyanates with low regularity

were harder and firmer.
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Abstract

Polyurethane-imide elastomers (PUIEs) are formed from isocyanates, polyols,
diamines, and acid anhydrides through liquid polymerization. However,
thermoplastic PUIEs have rarely been reported because the synthesis of ther-
moplastic PUIEs remains a challenge in polymer chemistry. In this study,
PUIEs were prepared from 4,4'-diphenylmethane diisocyanate, polyols (poly-
tetramethylene glycol (Mw = 1000), polycaprolactone diol (Mw = 1000), and
polycarbonate diol (Mw = 1000)), 4,4"-oxydianiline, and acid anhydrides (py-
romellitic dianhydride and 4,4'-oxydiphtaric anhydride). The thermoplastici-
ties of the resultant PUIEs were investigated, and only PUIEs synthesized us-
ing 4,4'-oxydiphtaric anhydride expressed thermoplasticity.

Keywords

Polyurethane-Imide Elastomer, Polyol, Acid Anhydride, Morphology,
Chemical and Physical Properties

1. Introduction

Polyurethane (PU) has been widely used in a variety of applications in many
different fields. In general, PU suffers from heat resistance. However, by im-
proving this fundamental property, PU may gain some industrial advantages.
Therefore, chemists have actively pursued PU heat resistance. Polyure-
thane-imide (PUI), which has stability in high-temperature environments, ex-
cellent electrical and mechanical properties, and good chemical resistance, can
be prepared via an organic-organic hybrid between urethanes and imides
[1]-[18]. PUI possesses some distinct properties such as heat resistance and sol-
vent resistance. Therefore, PUI has found special applications in selected indus-
tries and continues to gain importance in a variety of applications. PUI is used in

a surprising number of commercial applications. For convenience, PUI is classi-
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fied into three major types of products: foams [19] [20] [21] [22], elastomers
[23]-[30], and resins [5] [31] [32] [33]. However, a particularly interesting ma-
terial is polyurethane-imide elastomer (PUIE). We focused on PUIE because it is
a novel heat-resistant elastomer that is widely used for commercial products,
and we were successful in improving the synthetic method for creating PUIEs
[4] [9] [15]. Moreover, we focused on thermoplastic PUIEs (TPUIEs) that could
be utilized as industrial materials. Some of the most important TPUIE attributes
include their ability to be reprocessed, the wide range of colors obtainable, and
their worldwide availability. Although TPUIEs are industrially utilized, they are
often reported on in the field of PUIEs. From both the theoretical and practical
standpoints, it is important to synthesize TPUIEs that maintain their thermop-
lasticity. This becomes a key challenge in the field of polymer chemistry, and it is
important that an expression of PUIE thermoplasticity is clarified.

In this article, we used the following materials for the synthesis of new PUIEs:
4,4'-diphenylmethane diisocyanate, polyols (polytetramethylene glycol (Mw =
1000), polycaprolactone (Mw = 1000), and polycarbonate diol (Mw = 1000)),
4,4'-oxydianiline, and acid anhydrides (pyromellitic dianhydride and
4,4'-oxydiphthalic anhydride). The resulting thermoplasticities were examined.

2. Experimental

2.1. Materials

4,4'-Diphenylmethane diisocyanate (MDI) and polyols (polytetramethylene glycol
(Mw = 1000) (PTMG1000), polycaprolactone diol (Mw = 1000) (PCL1000), and
polycarbonate diol (Mw = 1000) (PCD1000)) were supplied by Tosoh Industry,
and they were purified by distillation or dried prior to use. Pyromellitic dianhy-
dride (PMDA), 4,4'-oxydiphtaric anhydride (ODPA), and 4,4'-oxydianiline (ODA)
were purchased from Tokyo Chemical Industry. N-Methyl-2-pyrrolidone (NMP)
was purchased from Nacalai Tesque, Inc., purified by distillation, and stored

over 4A molecular sieves.

2.2. Synthesis

Scheme 1 shows our synthetic method for preparing the PUIEs. Table 1 sum-
marizes the composition of the PUIE composites. All the PUIEs were prepared
by liquid polymerization. PUIEs containing 35% polyimide were synthesized.
MDI and polyols (PTMG1000, PCL1000, and PCD1000) were placed in a 100
mL four-necked separable reaction flask equipped with a mechanical stirrer, a
gas inlet tube, and a reflux condenser, and the mixture was stirred at 80°C for 30
min. To this reaction mixture was added PMDA and NMP (15 mL), and the
mixed solution was stirred at 150°C for 15 min. ODA in NMP (10 mL) was
added, and the mixture was then stirred at 150°C for another 2 h. The reaction
was carried out under an Ar atmosphere. A test film was next prepared from the
synthesized PUIEs by casting half of the obtained polymer solution using a cen-
trifugal casting machine at 150°C overnight, after which the film was treated at
200°C for 4 h in vacuo (267 - 400 Pa).
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OCN NCO under Ar

MDI Polyol PMDA ODPA
Mixing: 150 °C, 15 min /©/ \©\ Mixing: 150°C, 2 h Casting: 150 °C, overnight PUIE
in NMP, under Ar under Ar Imidization: 200 °C, 4 h, in vacuo
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Scheme 1. Solution-phase synthesis of PUIEs.

Table 1. Synthesis of PUIEs.

S ) MDI* Polyolb ODA“ PMDA¢ ODPA*®
ample

P (x1073 mol) (x1073 mol) (x107% mol) (x1073 mol) (x107% mol)
PUIE-PMDA 4.40 2.50 1.90 3.80 -
PUIE-ODPA 4.08 2.50 1.57 - 3.14

*4,4'-MDI: Mw = 250.25; "PTMG1000: Mw = 1000; PCL1000: Mw = 1000; PCD1000: Mw =1000; ‘ODA: Mw = 200.24; “PMDA: Mw = 218.12.

2.3. Characterization

2.3.1. Chemical Properties

Swelling tests were carried out using 0.1000g test pieces. The degree of swelling
(Rs) was calculated using the formula Rs (%) = (W' — 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.

2.3.2. Mechanical Properties
Tensile tests were performed on an OrientecRTC-1225A (Tokyo, Japan) with a
model-U-4300 using a JIS 3-dumbbell as the standard sample and a crosshead

speed of 100 mm/min.

2.3.3. Thermal Properties
Differential scanning calorimetry (DSC) measurements were performed on a
Rigaku Thermo-Plus DSC-8230 (Tokyo, Japan) at 10°C/min from —120 to 200°C
under an Ar atmosphere. Approximately 9.5 mg of each PUIE 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.

Dynamic mechanical analysis (DMA) was performed on a Seiko Instruments
DMS 6100 (Chiba, Japan) at 5°C/min over —100°C to 300°C at 20 Hz under a N,
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atmosphere.

Thermogravimetric analysis (TGA) was performed on a Seiko Instruments
TG/DTA6200 device (Chiba, Japan) at a heating rate of 10°C/min from 30 to
500°C under a N, atmosphere.

2.3.4. Molecular Calculations (Gaussian)

Molecular calculations were carried out using the Gaussian09W program at the
B3LYP/6-31G(d) level. The resulting molecular models were visualized using
Gauss View 5.0.

3. Results and Discussion
Expression of Thermoplasticity

The definition of a thermoplastic elastomer in JIS appears to be the following: “A
polymer, or blended polymer, showing a vulcanized rubber-like nature at the
operating temperature that can be processed and reprocessed to recover the po-
lymer, or blended polymer, at high temperature.” Currently, there is no defined
test method for evaluating thermoplasticity. Therefore, we defined thermoplas-
ticity as follows: “An elastomer showing elasticity at the operating temperature
that can be reprocessed at higher temperatures. Moreover, the nature of the re-
formed elastomer must demonstrate the same properties as the original material.”

Synthesis of the PUIEs was carried out using various raw materials and the
PUIE films fused during the process of imidization. A heating test was carried
out on the PUIE films (Figure 1). The PUIE films that contained ODPA became
fused, whereas the PMDA-containing PUIEs burned and carbonized. This sug-
gests that thermoplasticity only appears in the PUIEs that contained ODPA as
the acid anhydride. To confirm the thermoplasticity of PUIEs synthesized with
ODPA, a press molding was carried out. Then, tests for the chemical and physi-
cal properties (swelling test, tensile test, DSC, DMA, and TGA) of the PUIEs be-
fore and after the molding were carried out.

The swelling rate and 7 values of PUIEs both before and after the molding
were nearly identical (Table 2). Figures 2-4 show the stress-strain curves, tand,
and T; 450, respectively. The stress-strain curves, tand, and T;,,q 5, of the PUIEs
both before and after the molding were also identical.

Table 3 shows that the PUIEs expressed thermoplasticity. It has been sug-
gested that the structure of ODPA in the PUIEs is related to the thermoplastici-
ty. Therefore, to clarify correlation between the thermoplasticity and the struc-
ture of the acid anhydride raw material, the molecular orbitals of the PUIEs were
calculated using the Gaussian program. ODPA, PMDA, ODPA-containing
PUIE, and PMDA-containing PUIE were used as the model chemical com-
pounds. Figure 5 and Figure 6 show the calculated results. The flexibility of the
PMDA molecule, which has an aromatic ring and an imide group in the same
plane, is relatively low and the molecule is fairly restrained. In contrast, the flex-

ibility of the ODPA molecule, which has an oxygen atom between the two
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PMDA

Figure 1. Heating test of PUIEs: PUIE-ODPA and PUIE-PMDA.

Table 2. Synthesis of PUIEs.

Sample Swelling rate® (%) Tgb °C) TS (O Ty (O
Before ODPA-PTMG 235 -26 352 432
After ODPA-PTMG 213 =25 350 433
Before ODPA-PCL 175 52 324 417
After ODPA-PCL 173 50 320 417
Before ODPA-PCD 169 62 328 374
After ODPA-PCD 157 64 328 374

“Measurement conditions: benzene solvent at room temperature (23°C + 2°C) for 24 h; "DSC was performed at a heating rate of 10 *C/min from —100°C to
300°C under an Ar atmosphere; “TGA was performed at a heating rate of 10 *°C /min from 30°C to 500°C under a N, atmosphere.

5 (2) PTMG (b) PCL (c) PCD

80

[-)]
o
T

Stress(MPa)
8
T
'y

0 100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Strain(%)
Figure 2. Tensile tests (stress-strain curves) of the PUIEs: solid line (before PUIE-ODPA) and dotted line (after PUIE-ODPA).

aromatic rings, is relatively high and the molecule is not restrained (Figure 5).
Moreover, the flexibility of the PUIE is restrained by the m-m interactions be-
tween the diamine (ODA) and the aromatic ring. The expression of thermoplas-
ticity for the ODPA-containing PUIE is thought to be related to the flexibility of
the PUIE molecule, and this flexibility results from the molecular structure of
ODPA (Figure 5). This concept of thermoplasticity is supported by the swelling
tests and the DMA results as well.
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Figure 3. Storage modulus and tan 8§ of the PUIEs as a function of temperature: solid line (before PUIE-ODPA) and dotted line
(after PUIE-ODPA).
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Figure 4. TGA curves of the PUIEs: solid line (before PUIE-ODPA) and dotted line (after PUIE-ODPA).

Table 3. Expression of the thermoplasticity of PUIEs.

Sample Thermoplasticity*
ODPA-PTMG o
PMDA-PTMG X

ODPA-PCL o
PMDA-PCL X
ODPA-PCD o
PMDA-PCD X

*O: Thermoplasticity, x: No Thermopasticity.
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PUIE (PMDA) PUIE (ODPA)

J: Hydrogen ‘: Carbon ': Oxygen ’: Nitrogen

Figure 5. Molecular models of ODPA and PMDA.
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Figure 6. Molecular models of ODPA-containing PUIE and
PMDA-containing PUIE.

4. Conclusion

The expression of PUIE thermoplasticity for the various PUIEs synthesized by
solution-phase polymerization was investigated. The thermoplasticity of
ODPA-containing PUIEs was identified by the heating tests, swelling tests, ten-
sile tests, DSC, DMA, and TGA of the PUIEs both before and after a molding
treatment. We found that using ODPA as the acid anhydride greatly increased
the thermoplasticity of the synthesized PUIE. The knowledge obtained in this

study will be useful for designing TPUIEs for various applications.
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