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ABSTRACT

A series of polyurethane block copolymers based on hydroxyterminated poly(dimethyl siloxane), poly(propy-
lene glycol) and poly(tetramethylene glycol) soft segments of molecular weights 1,809, 2,000 and 2,000, respecti-
vely, were synthesized.

The hard segments consisted of 4,4’-diphenylmethane diisocyanate and 1,4-butanediol as the chain extender.
Samples with different molar ratios were prepared. We tried to synthesize poly(dimethy! siloxane)-based
polyurethane(PDMS-PU) containing a hard block as major fraction and a soft block as minor fraction for
preparing toughened rigid systems.

After a study of the pure PDMS-PU, poly(propylene glycol)-based polyurethane(PPG-PU) and poly(tetrame-
thylene glycol)-based polyurethane(PTMG-PU), (mixed polyol)-based block copolymers and blends between
PDMS-PU, PPG-PU and PTMG-PU were prepared, and characterized by means of differential scanning calori-
metry, tensile testing and scanning electron microscopy.

In (mixed polyol)-based PU and in lower hard segment content blends, macro-phase separation was shown,

but blends with higher hard segment contents showed significant reduction in amounts of phase separation.
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£ 7ol A= poly(dimethyl siloxane), poly{pro-
pylene glycol) % poly(tetramethylene glycol) 3 7
& macromer$} 4,4'-diphenylmethane diisocyanate,
1,4-butanediol¥ raw material2 AH8-3}9] soft-hard
segment®] FFulstel] oz} Fejgeks A slo
EAMEE 2R8I o, |59 alloyRAle EAS
AEHY) Y8 BEFFRAY EHES e 2
Eol dgh 44 9 7)AA EAE A7l

L4 ¢

A%

£ Aol A of Dedol hydroxy”| & Z+e poly(di-
methyl siloxane) (PDMS)-2 4+ Shin-Etsu#, poly
(propylene glycol) (PPG) % poly(tetramethylene
glycol) (PTMG)& ©|=- Aldrich# & 60~70C2] &
T4 48417 Fob A3 polyolZ A3}
fom Fx2A) g Balgke g3 7.

CHs CH3

! | —
HOCzH4OC3H5PS|i‘O};‘SIi‘C3H60C2H40H PDMS(My : 1,809)

CH; CHj3

H—[-OCIHCHQ-],,—OH PPG(My © 2,000)
CHy

H-[-OCH,CHoCHaCHz-1,-OH PTMG(My © 2,000)

4,4'-Diphenylmethane diisocyanate(MDI), 1,4-
butanediol(BD)(%¥ Tokyo Kasei Kogyo#)$ #
T5F8 AHgalel o, $o]2 AH4-3} tetrahydro-
furan(THF), N, N-dimethylacetamide(DMAc) $-&
13 A% calcium hydride2 2A2A17) ¥, F53})
AHgstgoH, ZuEe e A9 g &
wjel dibutyltin dilaurateS 4% Tokyo Kasel Ko-
gyoAl & Fste] 2R ARS-3lch



Macromer& 7|22 § Z|$Hste] 34 2 5A

2.8 4

[oh

2.1 Polyol-based polyurethane2| &

oF st hydroxy”l| & % A% & 2,0009]
PDMS, PPG ¥ PTMGE soft segment® 3}
MDI#} BDZ hard segment® 3= 439 polyure-
thaned 27 $AFEyor FA sk

uhg- 4o 2= N, N-dimethylacetamide$} tetrahyd-
rofuran®) 38715 AME-stgon, dibutyltin dilau-
rates EH 2 AHE-H5ich

Dropping funnel, condenser, A&7} 313 ¥
LEAZE AR 4T EeaId HA dA
MDIE THF/DMAc(3/1, v/v) F&¥fe] =2 ¥,
IHA7IEA AzFe] PDMSS Fu7} 5ei3l 445
dropping funnel¥ AHg-3ted & whe¥ Hajsla wl
S8 50~55Cq 1~2417 Fb #FAlA
PDMS-based prepolymers deth 28AE 4
40& A7 YA F R AE L4
BDE #& Z&ujol =4 dropping funnel2 A4 3|

Step 1. Prepolymerization

Gojme] o]F 50~55Co A 3~41|7H53t Al
A% (chain extension) /|7 PDMS-PUE &4 3kt
(Scheme 1) 9eJ#l PDMS-PUS] uFgo}& zhgl
T 7T Ev 2779 sk Egdd 34S
AA 2 JAEE ot g2z AL o, 60
Coll A 72417k FaF AgAzEd),

§#H PPG-PU ¥ PTMG-PUE PDMS-PUS} Z-&
25A LA g gt en, polyol, diisoc-
yanate ¥ chain extender diol¥] Z¥]E PDMS-PUS]
hard segment $F9] Wslo] ghio] WMalAA A4
kot

2.2 (Mixed polyol)-based PUS| &4

¢ PDMS-PU, PPG-PU % PTMG-PUE A
23 &, oY alloyEd AL ATl st
PDMSs} PPG ¥ PTMG7} 4wt Agteg 4%
mixed polyols 7|22 & Fe]¢-#ehe g4 sgin),

S+l prepolymer methodE $-£3te] WA 1544
o] 41 THF/DMAc(3/1, v/v) 38w 3}l 4 PDMS%}

(.st qHa
HOC:H/OCHs[~§i~0J-§i—~C:HOCHOH -+ o Y- _H-neo

CHs CHs
PDMS

MDI

50~55C l/ Dibutyltin dilaurate
112 hr. THF/DMAc(3/1, v/v)

0] (ng (ng 0
OCN Q CH2©_ NH&OCzI‘hOCsHs‘E‘%i - O};ﬁi — C3H60C2H4OHJNH Q CH; @‘ NCO

CH; CH;
PDMS-Prepolymer
Step 2. Chain extension
50~55C HOCH.CH.CH.CH.OH
11/3~41/5 hr, L THF/DMAc(3/1, v/v)

‘£PDMSMDI—BD>MDI 1,

Scheme 1. Synthesis of poly(siloxane-urethane).
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MDI, PPG® MDI 121 PTMG$ MDIE 7z
1:29] 2u|E 50~55Co 4 247} kg1 7hke)
prepolymers %3, <% PDMS-prepolymer,
PPG-prepolymer ¥ PTMG-prepolymer& 1,4-BDZ

Step 1.

31p~41pA1 7t F3F 50~55C el A AE AL A)A
PDMS$} PPG, PDMS$} PTMG7} $-#jet Hto g
£/3% (mixed polyol)-based polyurethaned 3433
Atk (Scheme 2)

PDMS+2MDI—————— MDI-PMDS-MDI : PDMS-prepolymer
PPG+2MDI ————— > MDI-PPG-MDI : PPG-prepolymer
PTMG+2MDI ————MDI-PTMG-MDI : PTMG-prepolymer

Reaction temperature : 50~55¢

Reaction time : 1Y hr.

Dibutyltin dilaurate

THF/DMAc(3/1, v/v)
Step 2.

PDMS-prepolymer + PPG-prepolymer

Reaction time : 3% h~41/3 hr.

THF/DMAc(3/1, v/v)

Scheme 2. Synthesis of (mixed polyol)-based PU.

(PDMS-b-PPG)-PU
PDMS-prepolymer + PTMG-prepolymer —=—————> (PDMS-b-PTMG)-PU

Reaction temperature : 50~55TC

2.3 Blend

Sl $A4 479 PDMS-PUS PPGPU %
PTMG-PUE FAHZ 1:1558 #Hslo] THF/
DMAc(3/1, v/v) E&vjol] =0} 3~10wt% Lol
Bl dAG FAZ 29l casting® HE, 50T

AgeLolx 4915 A2A1A blend L Az3}

3.1 IR Zr2dEz}

IR ¥#%%4 (Shimadzu IR-420)5 Ab&3be] &
Y ZEAEES F2E sy}

3.2 Gel 2§ I=0IE72)5

TEAEE] EAL DMF 05gdl'e] ¥52
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A8F =9 Styragel AHo] A% HPLC(Waters
model 510) & AH8-3ted 243}9ith, Flow rate™ 0.8
ml min? 2.2 8917 differential refractometer2 de-

tect3Hsich,

3.3 Z24

P49 2EAEY GAEHE 2AlE] sty
4E4 42 (DuPont 9900) & AH8-3ted DSC thermo-
grame Fgich Axr)FsllA —160THE 5
SEF 20C/min' o2 o] EHsoion A g
5mgs #3hrh.

3.4 CIFAIY

Tensilon/UTM-4-100(Tokyo Baldwin Co., Ltd)<
Agdte] BEES A BAE SA8H. 4

oA FA 9} 2717} 242F 100~ 110pm, 10X 50mm?)
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Table 1. Material characterization

Lot Os}o A Eu| & H3A]7]HA Scheme 13} 2
el Ze AR $4T 4HY TR
£& Table 1o Jehisich

Sample codeollA &9} & base polyolE }
ehfin, HY %zks AMd isocyanated] ETE
Yepdth, %, PDMS 1%, MDI 3%, BD 282 *¥
g% PUE PDMS-32 XA3sith

Polyol : isocyanate - chain extender®] E¥|&
3147 hard block®] ¥]&o] Eolde] w2 54
38 zAbsl7] Sjste] WHEERIS 1120 1004 1122
21 7HA H3AA dde] fdeke Ak

PDMS-PUS] 75, &|9] H3tol @} hard seg-
ment®] F7%-&-& 246~803% .21, 2 AAES

il
kil

Sample Molar ratio Hard segment® Weight ratio Yield Molucular
code weight percent ) weight”
Polyol MDI BD (%) Soft : Hard (%) (X10%
PDMS-2 1 2 246 1:033 93.2 74
PDMS-3 1 3 2 34.0 1:051 91.9 41
PDMS-4 1 4 413 1:0.70 91.6 35
PDMS-6 1 6 5 519 1:0.08 80.5 3.2
PDMS-11 1 11 10 66.9 1:2.02 89.2 6.9
PDMS-17 1 17 16 75.9 1:315 90.3 6.8
PDMS-22 1 22 21 80.3 1:4.09 894 6.1
PPG-2 1 1 22.8 1:0.30 92.1 150
PPG-7 1 534 1:115 86.4 9.3
PPG-12 1 12 11 66.6 1:2.00 913 13.8
PPG-18 1 18 17 75.1 1:3.02 88.7 6.7
PTMG-7 1 7 6 534 1115 90.2 94
PTMG-12 1 12 11 66.6 1:2.00 894 12.7
PTMG-18 1 18 17 75.1 1:3.02 876 10.2
MS-M-PG-A 1/1° 4 2 237 1:031 86.7 33
MS-M-PG-B 1/2 6 3 234 1:0.30 884 5.9
MS-M-PG-C 2/1 6 3 24.0 1:032 87.2 3.8
MS-M-MG 1/1% 4 2 23.7 1:031 85.8 30

? Including MDI and BD
Y Peak value of GPC curve
9 PDMS/PPG molar ratio
9 PDMS/PTMG molar ratio

referenced to polystyrene standards(0.5gdl’, DMF solution)
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&2 805~932%0]49x, GPCE 23 Hg2
Ak 32,000~74,000 41l gtk

PDMS-PUS] 4% v|s}7] ¢13) PPG-PU 2
PTMG-PUXE PDMS-PU9] hard segment?] F#]8]¢]
Hslof ghpo] FHAIEgL)

(Mixed polyol)-based PUE PDMS$} PPG7}
4 71& MS-M-PG, PDMS¢} PTMG7} 3% #
MS-M-MG#} #3lsic.

MS-M-PG¥ 7$-= 7 polyold] H]E-1:1, 2:1,
1:22 W3AA 27+ A, B, C2 Hajglon, o2
FH polyol®l 47} HF YXE< morphologyl
oA GFE 2ARI L

&3 blend® 7, hard segment®] §HaFo| 7H&
PDMS-PU¢ PPG-PU ¥ PDMS-PUS} PTMG-PUZ
P& A2 Scheme 33 o] Ztz} Az,

Hard segment #3o] W& B2 % B69 7%l
BE Al macro-phase separation®] 2% 17 hard
segment ¥3Fe] gopdel uwhal 1 AR Ams}
725 9dct, =3 hydrophilicd PPGY A9}
PTMG®] 7% 2} macro-phase separation A7}
Ak, olg AL FAANHLER FaEHd.

<
5.
El

B2-MS-M-PG : PDMS-2-+PPG-2(1 : 1 wt. ratio)
B6-MS-M-PG : PDMS-6+PPG-7(1 : 1 wt. ratio)
B11-MS-M-PG : PDMS-11+PPG-12(1 : 1 wt. ratio)
B17-MS-M-PG : PDMS-17+PPG-18(1 : 1 wt. ratio)

B6-MS-M-MG : PDMS-6+PTMG-7(1 : 1 wt. ratio)

B11-MS-M-MG : PDMS-11+PTMG-12(1 : 1 wt. ratio)
B17-MS-M-MG : PDMS-17+PTMG-18(1 : 1 wt. ratio)

Scheme 3. Formulations of solvent-cast blends.

2. SHsiY

49 24 YA EY R-29EZHE Fig. 1o vt
welch o7]dlA B uke} 7ro) 2270cm el A v}
ehle 744 isocyanated] AlE band7} AlEFAE A
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Transmittance

4000 3500 3000 2500 2000 1800 1600 14001200 1000 806600
Wavenumber(cm™)

Fig. 1. IR spectra of polymers.

2.2 Hol F3ukgo] Ao A3 AW=HUSS &
A% 4 3sieh Fig. 1(A) o4 N-H stretch?} 3300
cm?, C=0 stretch?} 1700cm™?, Si-0-Si¢) stre-
tch7} 1020cm ™2k 1090cm "ol A b2k vpehus Ao
2 Ho} PDMS7} #4-9 $elgho] ol e o 4
A%k, 1540em™ 29 C-N-H blendings} 1280
cm A9 N-C-O stretch® urethane hard seg-
ment®] HEAl bandelch. & 1120cm™$} 1230
cm ol 4 C-0-C9) 7+t stretch band7} Vet
ol PPGY PTMGY FAkEel o3& 7°& Fig.
1D)¢ (B)llMe o]f 5 peakSe] 2w o]
yehh= 122 Ho} (mixed polyol)-based polyure-
thaneo| FAEHUSE & & lsich

DSC F4e& 7t I EAEEY AHEAS 24
sldck, AAALE ANl dXerd XEE
—160C7HA WZAR F A7) Flel Al heating
rates 20Cmin' & 445A1A 2448 DSC 34 Fig.
1~Fig. 5o vehisicl,

Fig. 2¢] PDMS-PUS] 4&A4& BH, hard seg-
ment®} §Fe] $-& PDMS-294, PDMS-6¢] A%
—117C -2el4 polydimethylsiloxane®) T,7} ¥
=2 9le™, hard segment ¥eke] W3l w2 ¢
Aolgol 719 de AL ¥ 4 i, = PDMS-
29} PDMS-39] 73-% hard segment®] melting peak7}
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Fig. 2. DSC thermograms of PDMS-PU. (A)
PDMS-2 (B) PDMS-3 (C) PDMS-4 (D)
PDMS-6 (E) PDMS-11 (F) PDMS-17 (G)
PDMS-22

Felo] FAEA %43 ook, L2y} hard segment
Fafol 60% olde] HAH A& T & AFHA|
%3 200C HZAAH double melting endothermo]
A2 Ak, o) e Eejde Ealgd] A¢E
soft segment®} hard segment®] A% zH8-A, AHA
o] 54 & AAAF| Bz S Z 4 4
et

=3 hard segment’} 371 £ Tt o3t
melting peak7t A3 AAE L& AAA] Fof
7] o #q Ae2 wthdr),

&4, Fig. 3¢14¢) PPG-PU % PTMG-PUS] ther-
mogram& 2, PPGSY PTMGO| 9 soft do-
main®] T,7} 2472t —45C 8} ~76C F2oll 4 vt
glom, PTMGS 74l 23C~29C F2ol| 4] soft
segment?) melting peak’} & WeRta gk

Ny gas
Heation rate . 20C/min

£ ©)
£
<
z D)
!
(E)
(F)
©)
| ! 1 |
—200  —100 0 100 200 300 400

Temperature(C)

Fig. 3. DSC thermograms for PPG-PU and PTMG-
PU. (A) PPG-2 (B) PPG-7 (C) PPG-12 (D)
PPG-18 (E) PTMG-7 (F) PTMG-12 (G)
PTMG-18

Hard segment®] T,& 200C o|4elA viehtx
280C ol ME T A% BF G Fal A%l B
A= 9k

Fig. 4% (mixed polyol)-based PU®] 7-$-¢ll+= do-
maing 348 PDMSe} PPG 2 PDMSe} PTMG
Atole) 43l & =}olof 215t macro-phase separation®)
doju} polyolE9f T,7k —117C¢} —55C F& —115
e} —82Cel A F3le] Fel=o} vieyict,

o]2]§ 43S hard segment §EFe] ¥ blend¥
735(Fig. 5A, B, D)eAx wp/tAZE vepix
glom 1 &% 2 Holr} 94t} BlendAHE
hard segment %ol F7hgel weh £ T/t
H&E A ¥StT, melting peak7t AR AFh

o] A}EL Table 29 A2jstsich
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N, gas
Heation rate : 20C/min

(a)

(B)

<—Endotherm

©

(D)

1 i 1 1 " \
—200 —100 0 100 200 300 400
Temperature(C)

Fig. 4. DSC thermograms for (mixed polyol)-based
PU. (A) MS-M-PG(1:1) (B) MS-M-PG(2
11 (C) MS-M-PG(1:2) (D) MS-M-MG
1:D

Table 2. DSC results

N, gas

\ Heation rate : 20C/min
\_—,—_(i\—/\

(B)
£
g (©
=]
[€3)
l
(D)
(B)

1 ! i I | 1

-200 —100 0 100 200 300 400

Temperature(T)

Fig. 5. DSC thermograms for blends. (A) B2-MS-
M-PG (B) B6-MS-M-PG (C) B11-MS-M-PG
(D) B6-MS-M-MG (E) B11-MS-M-MG

Sample? T,(C) Tn, sP(T) Tw, h9(C)
PDMS-2 —1175 -9
PDMS-3 —119.9 -
PDMS-4 —116.9 2032, 2121
PDMS-6 —115.5 198.8, 2103
PDMS-11 - 180.6, 204.8
PDMS-17 - 188.5, 2014
PDMS-22 - 201.2
PPG-2 —45.5 187.5
PPG-7 —44.1 204.1
PPG-12 - 205.8
PPG-18 - 192.8, 206.7
PTMG-7 —76.5 29.2 238.2
PTMG-12 - 232 2404
PTMG-18 - 242 2225, 241.3
MS-M-PG-A —1179, —57.7 -
MS-M-PG-B —1183, —543 204.0
MS-M-PG-C —117.6, —55.5 177.3, 190.8
MS-M-MG —115.9, —8238 -
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Table 2. DSC results

Sample® T, () () Twm, h?(C)
B2-MS-M-PG —1152, —53.9 -
B6-MS-M-PG —118.0, —43.7 193.3, 206.1
B11-MS-M-PG - 1854, 200.6
B17-MS-M-PG - 185.3, 200.3
B6-MS-M-MG —1152, —81.3 282 235.2
B11-MS-M-MG - 245 240.3

¥ All samples were quenched into liquid nitrogen before run.

DSC scans were started at —150C.
® Melting peak of soft segment.
9 Melting peak of hard segment.
9 Not observed.

Solvent castingdte] Al23 HEE Aol
JIARERE AT AHE Table 3o rehligich
Hard domaine] #Z<E PDMS-PU, PPG-PU ¥
PTMG-PUY ARE} ST )58 & F 9
o9, hard segment ¥2o| W& 75 PDMS-PU7

Table 3. Tensile strength and elongation at break

Tensile strength® Elongation

Sample” (MPa) (%)
PDMS-2 6.68 444
PDMS-3 9.95 50.2
PDMS+4 10.11 49.1
PDMS-6 10.02 232
PDMS-11 hard, but brittle
PPG-2 0.92 129.5
PPG-7 7.89 448
PPG-12 25.50 170.5
PTMG-7 11.26 38.0
PTMG-12 34.73 282.1
B6-MS-M-PG macro-phase separation
B6-MS-M-MG 5.73 13.0
B11-MS-M-PG 25.57 10.0
B11-MS-M-MG 32.06 115

2 Thickness : 100~110um
Size : 10X50mm?
b Cross-head speed . 10mm min’!

PPG-PU+t PTMG-PUS| ®]a] 423 71414 §4&
Hojrh,

Soft segment®} hard segment®] FAw7} 1712
=& PDMS6, PPG-7, PTMG-79] 7ol 44
THF/DMAc® 3-89 Al&de] o]F9 §Aelle A
g}z kol 4ule] dgo R FEE VI BAYLT
sol EA4o] A3}3ict. hard segment®] el
oS FolA™ FEo| hardsted |} brittledt 73S
Eoﬂ;].

g, (mixed polyol)-based PUE< 3114 & ma-
cro-phase separation>. % <1§F inhomogeneous defo-
rmation®] Aolvt AFEAE FA3}7] ksl

Blendell 9JoJAE hard segment’} $2 B2, B6
series®ll 4+ macro-phase separation®-Z 18} inho-
mogeneous deformation®] Yoy, hard segment
ghgko] olx|d HEo| homogeneousdte] =i}
B17%-E<= 423 brittles Ht}h. PPGEcl= PTMG
7} PDMS$}He] &3 & Afo]7} Aof BeollA Tyt Ey
e AE T AT, B11Y A EXO] K} $4%
PTMG-122 blend¥t 74-%-7} PPG-12% blend¥t 7+
2o} 7|AA EAo] $48k9l.en, PDMS-11¢] britt-
lenessE PPG-PUY PTMG-PUZ blend 3224 7|
AR 4 Sldch

1A ERE 2A)d 23 EEY A
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el Table 4] vehfaich
(Mixed polyol)-based PU 2 blendE%] morpho-
logye SEMo.2 #i3 HA#E Fig. 6~Fig. 8l

vehlgich 28 94 3712 e} 6oz goje)

£ SEM ARlellA Fig. 69 MS-M-PG serieso] S
oJA matrix F9¢ PPG domaind} 52 2ok

Table 4. Unstable films

Sample Film state
PDMS-11 Hard but brittle
PDMS-17 Hard but too brittle
PDMS-22 Hard but too brittle

PPG-18 Hard but too brittle

PTMG-18 Hard but too brittle

MS-M-PG-A Macro-phase separation®
MS-M-PG-B Macro-phase separation
MS-M-PG-C Macro-phase separation
MS-M-MG Macro-phase separation
B2-MS-M-PG Macro-phase separation
B6-MS-M-PG Macro-phase separation

* Inhomogeneous deformation

LB I I Y

103101 10KV 7iD107 . Hdm

(A) MS-M-PG(1: 1)
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PDMS domain® macro-phase separation®] 5&lo]
WA 9l9len, 53] PDMSS PPGY e ¥
Stol] w}E domain®] 27| W3y} A& A= 7 9l
olfl EAEL 48N ZFe A dX3n gith
g&H, MS-M-MG9 7-+-< PTMG7} PPGHe} &4
hydrophobic¥ & 1 Aie] =7t £01592
800M 2 A 55 Frfsle Holx Fe|® 4] He)r}
PPG 7ZA$E 60d] gt A¢ 2o} IH g5
g 2o

Blend*ll 41 PDMS-PU$% PPG-PU%] blend(Fig.
7)¢] 739 hard segment %] W& B29} B6S) 74
macro-phase separation®] 5-3{¢] Wbt o, hard
segment®] §eFo] F719 PUEY blendolA I 4
®el7} A3 22 2E°] homogeneousdt AlelE
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Fig. 6. Scanning electron micrographs of (mixed polyol)-based PU.
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(C) B11-MS-M-PG (D) B17-MS-M-PG

Fig. 7. Scanning electron micrographs of blends hetween PDMS-PU and PPG-PPU.

Fig. 8. Scanning electron micrographs of blends between PDMS-PU and PTMG-PU.
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