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. 4 b s t r  a c t  

The synthesis of polysulfone-polydimle~hylsiloxane (PSU-PDMS)linear block copolyrners 
has been can'ied out in solution by condensation of ehtoro-terminated bisphenol A, 
diphenylsuffone and ~, 0)-di (hydrogensil)l) -polydimethylsiloxane with Si-C l'ond. ~H- 
NMR spectra of the block copolymers allow the esthnation of siloxane and polyaflt0ne 
ratio. The molecular weight of ,'he po!ysuRbne and polysiloxane oligomers and the block 
copolymers was detemfined by GPC. Thennogravhnetric analysis indicates a thennai 
stability of block copol3"mers 1.:p to 400 ~ and allows estimation of ~he process acti'eafio,~_ 
energy. Miclophase separation of file block copolymers ~.as obser~,ed by dis 
scanning calorimetry (DSC). 

I n l r  o d u  etio n 

The incorporation of polyorganosiloxanes as "soft" seNnents into high performance 
pobmefic matelials such as polysulfone has been of D'eat interest over tile past several 
years and has been used to prepare block, ~aft  or perl?ct alternating copolymers for special 
tcctu'dcal applications (I-3). The organosiloxane block copobxnm's containing a Si-C or Si- 
O-C link between two distinctly ditl~rent seDnenls, offers an opportunity for improving 
theia: properties. The siloxanr block displays a uaique combination of characteristics wtfich 
includes hi_rob flexibili~ of the siloxanic backbone, low ~ass transition ternperamre, thermal 
stabili~ ~, a wide temperature range, and hyd,'ophobicity (4,5). In addition, polysiloxanes 
may lead to surface modNcations, due to theft- surface ener~.' lower than of most oiher 
materials. Therefore, the>" tend to separe on the surli~ce, even if the}, represent a component 
of a microphase separated system (3). Block copols'mers containing high molecular weight 
se~nents of polysultone and polydimethylsiloxane with a Si-O-C bond between two 
different polymer segments, have been synthesized by Noshay (6-11,t4,15) by the 
condensation reaction of preformed dihy&oxy-tennmated polysuffone oligomers and bis- 
silylamine terminated pol.vNmethylsilo• As an alternative route, Percec (12) and 
Nagase (13,16) Nopose the hy&'osilylation 1~action to incorporate polysitoxanr block h~to 
aromatic polyethersulfone with vinyl end m-oup oligomers, including a hydrolitically stable 
Si-C bond between the seNnents. 
The paper deals with synthesis of pot~sulfonc-pob:dhncdaylsiioxane block copotsmcrs by 

~he condensatiort reaction of c<,e-di(hydrogensityl)-polyd/mcthytsi!oxa~e (I-WDMS) 
ohgomers with a ~..ro-di(chtoro)polysulf0ne (PSU) oligomers in the presence of m'ea. 'l'he 
obtai~ed block copolymers with an AB structure were characterized by I-R, 'tt-NMR, GPC, 
thermal stabili V and DSC. 
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Experimental 
Materials 

Dichlorodime~h~-lsitane and ch]orodimetbyisilane, 99% purity, (Fiuka). 4,4'- 
dicNorodil.'.hengls a~a~c and 2,2-bis(4-h:,dr~x':;phcnyl)propanr (Unkm Cafi~id~: 
(orporai ion)  were used as received. Chlorobenzene was dried on molect~iar sires an~t 
t}esbdv dis!i!led. Oihcr solvents and reagen> ~ are" !'~i~q ~e, dc co,mnercial [?r<:.g'~=ts u ; :d  
without thtlher ~mriitcation. 

tR absorption spvctra were obtained ot~ a Perkin Elmer 577 spectrophotometer on KBr 
discs. ,r-, ~ m ~D~ , .  **-N~,~-. analyses v~crc performed on a Jeol-C-60 HL spcc{ron:c~.er using a ,.~ ......... 
so]unon. Viscosunemc analysis m Cztt4clz solution was used to obtem ~Ascosimelly average 
mo!zcular weights ( 3 ' ! , j ) .  Reduced ~scosity was dsten-ai,'~cd on a.n U!~bzIo~ds 
viscosnne|er in CzH4CIz at 25 :~C. M~. Mw and molecular weight disn'ibutions (M,,,/M~) 
were deten.l~aned using a Molecular Gilson I_rPI_C systems controged b?' the G ~ - 7 1 2  
Software, UV-delector. T}-IF at flow rate oi 1 n-~L, ath~ and tyro Zorbax PSM-S bimodal 
colurm~s ca~brated tbr polystyrene standard were used to perfo~m separation. Differential 
scamning ealoNnctry (DSC) curves were recorded on a Perkin Ehncr 7 Thermal Analysis 
System for a temperature range o f - t 3 0  ~ to 220 ~ using 5 to 7 mg of 'each sample, at a 
heating rate of  20 :'Cmm~, under nigogen. D T A  axed D T G  cm'vcs v~erc registered on a 
M O M  Paulkk-Paulik-Erdev derivato~apb (12 ~ ~eating rate) witNn a 20-600~ 
t~.nnperatm'e range, in ah'. 

S),nthesis o f  a, co-dia(r&ogel;silj4)-potydimegh flsh' oxane (II~l) 3 IS) 
A difunctional Si-H terminated polysiloxane ofigomer HPDMS was obtained by the 

"equilibration reaction" of  octamethylcyclotetrasi.loxane (D~) and fbnctionalized Si-H 
1,1,3,3-tetramethyddisiloxane (TMDS) as endcapper, in the presence of  a 2-3% dried 
copolymer styrenedivinylbenzene s uffonic acid (Vionit C8-34 C) with an water content of  
3~ w/~ as cationic polymerization catalyst under stirring for 2~-/z hours at 90 ~C (17). 
Using various D. jTMDS molar ratios tbr different molecular weights Si-H temfinated 
potydimett~lsitoxanes were obtained. The average molecular weights (~ i~) ,  (XI,.) and 
( M, 0 were determined by Si-H endgroup analyses (I 8) and by GPC data (Table 1 )~ 

Table 1.0t, c,>di(hydrogensilyl)-polydimetby!siloxan.e: characteristics 

. . . .  _ % 

i i 

I-E'DMS-t J 11.>1 3~_0 i ~ o 0  180i ~44a 1.3_ i 0.0ol_ 
HPDMS-2 ~ 22.5,,1 6500 ! 5432 3762 5977 1.58 { 0.0303 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  �9 - . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . .  i- . . . . . . . . .  r . . . . . . . . . .  
. . . .  ' 6800 ~ .~6.7.. 1 7900 ~_ __ a 0.0253 HPDMS-3 

HPDMS-4 33.6."1 ! 9800 i 10269 J 19038 28483 ~ 1.49 " 0.0203 

a - ~I,~ based on end ~ o u p s  data 
b - M,, based on viscosimet W from relations Ig "q r c 
c - GPC data 

= 1,00 +- 0,0123 M< ~ 
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Synrhesi.~ of  chlorine terminated polyst~lfone oligomers (PSU) 
Chlorine temmmted PSU oligomers were sTnthesized by condensation of  2.2-his 

(4-hydro~q~henyl)propane (bisphenol A) with a calculated excess ofbis(4,4'-chlorophenyl) 
sulfone (DCDPS) according to the fiteramre procedure (19,20) as shown in Scheme I. 
A 26% excess of  K~,CO3 (with respect to bisphenol A) was employed as a base, to 
generate "in situ" the phenolate salt. ha a flask fitted with a Dean-Stark trap, condenser, N2 
inlet and stirrer, 22.831 g (0.1 mole)bisphenol A, 34.749 g (0.12 mole) DCDPS, 17.413 g 
(0.1 mole) anhydrous well powde~'ed potassium carbonate and 26~ excess, 150 cc N- 
methylpyrolidone and 75 cc chlorobcnzene are charged. 
The reaction mixture is heated under stirring with a constant purge of  N~ at 160 ~ until 
water and chlorobenzene are removed fi'om the system. The temperatm'e was raised to 
180~ and kept at that value tbr 6 hours. 

O CH3 
II T i K2CO3 

" - - '  [] " - - - '  " - - - '  NMP, PhCI 
0 CH3 

0 CIt3 O 

II ! 1 II 
~ C I [ - @ - S - @ - O - Q - C - @ - O -  j - @ - ~ - @ - O 1  

L I i n 
0 CH3 0 

( p s u  ) 
Scheme I 

The rngxture was then cooled and filtered to remove the salt. Further on, the &ark solution 
was coagulated in a highspeed blender containing seven volumes of methanol. The product 
was filtered, washed with water and methanol and dried in vacuum at 80 ~ for 16 hours. 
The synthesized chloroterminated PSU oligomers were characterized by halogen end~oup 
analysis and reduced viscosily (Table 2). 

Table 2. ~x,0a-dichloro-PSU characteristics 
Sample : r fvt? ~,~,~ Cl % i 

~i exp cale i 
I PSU-1 :, 5100 5174 t.48 1,37j 

PSU-2 Z 16000 16217 0.46 0,44~ ~ 
PSU-3 - i 36700 36572 0.28 0~201 

RV ~ ,~ m . p .  
(oc)  

4 
0.094 i 195-200 
0.244 j 2 4 ~ 2 4 9  . . . . . . .  
0.408 i 252-258 

a - ~,l.~, based on viscoshnetrv and osmomeuy data 
b - ~I~ calcu]a~ed fi'om the chloline content 
c - 0,2 g~dL solution m DMF 

Synthesi.~ of block eopotymer.~ 
PolysuRbneq~olydimethylsiloxane block copoiyrners were synthesized bv reacting the 

ofigomers in a cNorobenzene ,~olufion at 130 ~ The polysulfone wa~; dehydrated by 
azeouopic dksellafion beforc addition of fi'~e siloxane o~gomcr. The dcI~fils of  lypical 
svnthesb are ,.raven be!ow : in a 250 mL illrce-neck round bottom flask, equipped with a 
m~cha~:dcal siincr, nitrogen ialcl, Dcan.-SmJ, irap aml colidcnser 5 g (0.31 mmob) 
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PSU(M=16000), 50 cc cNorobenzene and 0.! g (1.66 mmole) urea are charged. 20% of  
chlorobenzene was distilled out to remo-~e ~he azeotrop cldorobenzenc-~,~ater after ~hich 
the trap was replaced by a drop funnel, 3 g (0.46 mmole) HPDMS (M=6500) being added 
&opwise. The reaction solution was healed at 130-135 ~ and maintained trader stining for 
24 h. Atier cooling, the solution was coagulated in methanol excess. The fihered product 
was washed with water end methanol to remove, the urea cNorohydrate. The polymer way 
then reprecipitated by dissobAng it into a minhnal amount of  dichloroethane, foilowed by 
pouring into methanol and tiltration. The unin.comorated siloxane was remo~vd using an 
extensive extraction with petrolemn ether in a Soxtfiet extractor, AfiLer drying o',.errfi~lt in 
vacuum at 50 ~ the resulting product (5.7 g, 82%) was a white flul~. polymer with 
reduced ~scosib  0.36 (0.2 g/dL in CzI-~Clz at 25 ~ 

CH) 

i 

PSU ~ I t - S i -  O -  
i 

OH3 

CH~ 
1 
i 

- S i  - O - 

i 

OH3 
( HPDMS 

m 

CH3 
i 

Si - H 
i 

oH3 

PhC1, urea 

-HC1, 130~ 

i ' , II II 

CH3 Ctt3 CH~ L O CH3 O 

PSU-PDMS (I-LX) Scheme II 

Results' and discussion 

The Si-I-t terminated PDMS of controlled molecular weight and possr a nmTow 
molecular weight distribution were prepared trom D4 and Si-H functionalized disiloxane 
(TMDS) by cationic polymeaization, in the presence of  acid catalyst (VIONIT CS-34 C). 
The molecular weight of  the po~,siloxane is controUed by the D4/TMDS ratio. The 
molecular weight and molecular weight distribution M,~&I,I and Si-H end ~'oup analssis 
were presented in Table 1. 

The s~'nthesis of  polyslflfone oligomers outlh~ed in Scheme I involves the cond~sation 
reaclion of  Bisphenol A with bis (4,4'- chlorophenyl)sultbne (DCDPS). A calculated 
excess o.f suKone monomers was used to obtain the chloro-lenninated PSU oligomers. The 
characteristics of  the synthesized polysuKone were presented in Table 2. 

Ial order to incorporate the polysiloxane seanents into polysulfone, a condensation reaction 
of  chloro-tet~ined PSU-otigomers and Si-H functionalized PDMS in 1:1 molar ratio was 
performed, in the presence of  urea as an HC1 acceptor,(Scheme 2). 

The average molecular weight~ of  tl,~e HPDMS and polysulfbne oligomers wr both 
varied. The characteristics of  ~hc synthesized PSU-PDMS block copolymers are presented 
m Table 3. 
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Table 3. Characteristics of PSU-PDMS Block copolvmers 

Sample Block size Siloxane i:. ]~{qa }~,,, 'i ~In !t ~4v/~/l.~, : RV b. 

code PSU PDMS % i (GPC) ] (GPC~ :. 
. . . . . . . . . . . . . . .  7 -  . . . . .  - : : -  . . . . .  4 . . . . . . . . . .  7 . . . . . . . . . . .  

! . . . . . . . .  _ 5 t 0 0  . . . . .  3 2 ~ 0  . . . . . . .  12 . . . . . .  72@0._18000 4900 . . . . . .  L 3 : 6 7  ....... 9 1 8  .... 

11 * 5100 7900 19 i 9350 22500 [ 7600 ~ 296  { 033 

1II i 5100 12000 17 ! 1200 30250 Ii 10250 { 2.95 0.22 

IX' 16000 3250 11.5 ~ 9100 43250 ! 8100 i 5.33 0.34 
, ~- 1 - - - -  ,. - - - - . -  . . . .  

V i16000 6500 t7.5 { 0900 :,79100 i 5900 i13.40 } 0.21 
. . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 . . . . . . . . .  ~ . . . . . . . . . .  F . . . . . . . . . . . .  ~ . . . . . . . .  7 . . . .  
VI i16000 9800 ~ 19 [ 2200 i45700 i 10300 i 4.43 0.36 

VII 37000 3250 8.5 4 8 6 0 0 _ ~ 5 0 0 0  4 5800 ] 5.03 0.36 

VIII 37000 650(3 7 ! 0200 ~36700 i 8600 ! 4.26 0.33 
- -  I ! L ~ - - - -  

LX 37000 9800 18 i 0850 i49700 ! 9100 ' 5.46 0.20 

a - ~l~l calculated from q = 3,685. 10 .4 ~'1 ~?'656 in CzI-LClz 

b - 0,2 g,'dL solution in C2tL, Ctz 

The LR spectra of  PSU-PDMS block copolymers ea,'idenced a complete conversion of the 
Si-C linkages between the siloxanc and polysulfonc segments, by the disapperancc of the 
Si-H absorbtion bands at 2120 cm 4 and the presence of a characteristic Si-phenyl band at 
1430 cm 4 and a large band at 1100-1000 cm 4 for the Si-O-Si, which are not present in the 
IR spectra o fPSU oligomers (Fig. 1). 

i I I l I I I I t I I 

1200 
I ! I I i I 

4000 3000 2000 1601: 

/4 
| | I 

% 
I ,  , ,  I , 

800 l, oocm -'f 

Figure 1. IR spectra o fPSU - PDMS block copolymer and HPDMS 

The molecular wright and molecular ~ e i ~ t  distribution of PSU-PDMS block copoiymers 
were investigated by GPC. Molecular ~ei~ht distribution were found !o be monomod:d and 
not bimodal as might be expected for a n~:turc of two oligomcrs 
The composition and siloxane content were delermined Iiom ~tt-NMR spectra t iom the 

ratio of relative areas of  the methyl proton resonance of si!oxanc and aromatic proton 
resonance of PSU {Fig. 2). 



334 

I ;a G "  z..~ I! ~ ~ I 
- (- 5, ~-o~,,,-~,,-~-<o_)-~-@-o-OD-~,-@-),,- 

CH~,  CH~, 0 r 1,11, 

J 

9 8 7 6 5 4- 3 2 1 

Figure 2. ~!t - NMPx spectra of P S U  - PDXIS block copoiymer. 

Di~arcn~ial scamping calorimc/17 (DSC) was uscd to mlal?sc microphasc sr hi the 
PSI 2-PDMS block copot3~ners, The results surrmlarized in Table 4 provided some evidence 
fbr the fom:ation o f  block copolymers, kll the P S U - P D M S  block copotymers showed a T~ 
at -122~ and evidenced o f  crystalizafion temperatm'e T~ in the -9g '~C, range which 
coresponds to that o f  the PDMS.  A deteclable Tg in lhe 143-168 ~ range could be 
observed I b r / h e  P S U  phase only' for the copolymers contednhlg higher molecular weight 
Pl)MS-blocks (M,~ =6500-! 2000) indicating better microphase separatioon with increasing 
P D M S  con,teni. 

Table 4, Result~ of  DSC analvsis o f  P S U -  P D M S  during the second healing cycle. 

P D M S  ~ PSU Sample } ...................................... 4; .............. q ............................. v ............ : ............. 

I ~ - i 2 2  - 94 :' " k " 

- i~  . . . . . . . . . . . . . . . . . . . . . . .  .......... : i 5 2  . . . . . . . . . . . . . . . . . . . .  : ~ ? ;  . . . . . . . . . .  ! . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . .  i . . . . . . . . .  i -~i~i  . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . .  t . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . .  

I/I i - 1 2 2  - 9 6  i - i 143 

Y i = .. . . . . . . . . . . . . . . . . . . . . . . .  i ........... "- . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . .  z . . . . . . . . . . . . .  ,~ . . . . . . . . . . . . . . . . . . . .  
VI : - 19:~ - 97 " - 50 i t49 

. . . . . . . . . . . . . . . . . . .  , .  . . . . . . . . .  ~ : m '  _ _  . . . . . .  - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  r q - -  . . . . . . . . . . . . . . . . . . . . . .  

V -  i , ~ .  ' 9 8  ~ 1 1  - l . a O  " - < ; " i " 

VII! i - i ~ i 
. . . . . . . . . . . . . . . .  7 . . . . . . . . . . . . . . . . . . . . . . .  T -  . . . . . . . . . . . . . . . . . .  F . . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . . . . . . . . .  

tX ~ - t 2 3 _ _ _  - 9 8  ~ - , 168 

- 1 3 "  ; ~ V  Thc thermal .-.ta, 11i, o f  P S U  - P D M S  ",~as smdicd by thenno~'avimctric ae~al.ysis (TGA - 
t3-1 A). TI~r temperatures o t  ~ w ei,,~i losses were delennined li 'om the originai 
termogram as lis~ed in Table 5. 
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Figure 3. DS(? traces o f  PSI  Y.-PDMS ( I l I ,  IV. IX) mm !i 

[ a b l e  5. - i G A  anah'sis o f  PSL; - P D k i S  block c()poh:mers. 

! T : m p , r a : u r c  ("C) IL, r Varions ~ t." D e c o m p o s e  ~ E 

Sample  Kcal ,mol  n 

J i 4(i8 450 487 502 530 ! M . 8 7 +  0 52 0.4 

II i 394 452 490 502 ~ 536 ! ~,4 4 d -  0 38 0.3 
. . . . . . . . . . . . . .  2 . . . . . . . . . . . .  5 . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . .  2 _ _  . & . . . . . . . . . . . . . .  - . '  . _ _ . ~ _ .  " ~  - _ _ Z . _ ' ~ ' ~ Z .  = . . . . . . . . . . .  

ffl r 102 328 490 i 51f) ~ 531 ! 41,t4 + 0.37 0.4 

IV , 373 i 452 491 ~ ~ "  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ! _x_, i 580 i i 5 . 1 2 a 0 . 0 6  0.5 
. . . . . . . . . . . . . . . . . . . . . . . . .  l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

V ! 147 ' 366 438 ! 469 ~ 523 ! 18.57 '- 0.96 0.5 
" 4 

'_..5"! . . . . . .  2 ..... 41.2 ........ !___ 441_ ........ L 4 } 2  ........ L _}1__1_._!_ _ 57}.___, _24:86._70_4i ........ 0.7 .... .  
VII  ! 154 223 " 447 I 482 546 ~ 2 1 , 9 2 •  0.3 
. . . . . . . .  '- . . . . . . . . . . . . . . . . . . . .  ~4 - -  . . . . . . . . .  " . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . .  
VIII  , 471 494 ~ 507 516 588 i 3 ! . 9 4 ) :  0.41 0.5 

% i :  . . . . . .  7 - - L ~ -  . . . .  ~ / ~ -  ....... : - 3 ~ 5  . . . . .  ~ i  y . . . . . . .  % g - ~ - 3 } - 5 7 7 0 ~ i  . . . . .  Z ~  ..... 

The  date o f  thennooo-axhnetAc anabs is  o f  P S U - P D M S  block copolymers  show an 
intemlediate  lhermal  stability be tween  the values recorded  with potysul tbne and 
potydimethylsi loxane homopo lymer s  (Fig. 4). 

The  thermal decompos i t ion  kinetics o f  the thermo.~ 'avimet l ic  weight  loss data allows 
est imation o f  the activation e n e r ~  ~ E, as well  as ~he reaction order  ,~ o f  lhe process  f rom the 
A~Thenius relation, by Coa t s -Red te rn  meflmd.  

For  P S U - P D M S  ( V [ )  block copob,mcrs ,  ff,,r example,  E---24.86 K c a l ' m o l  and n-' 0.7 
be tween  407-528 ~ were  obtahled values iower  allan (he kine6c data tbr tile 
:~,m'~'q~onding po!ys,q~b~e: E- 30.46 Kcal=mc-! and 0.4 r~spcctiw:ly, The lower  E -'a!u~ 
shows ihat ihe si loxanc block h~dluences ~he thermal proccss. 
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