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Synthesis and Application of Tailored Graft Copolymers from 
Polystyrene Macromonomer 

Yuya Yamashita and Yasuhisa Tsukahara 

Department of Synthetic Chemistry, Faculty of Engineering, 
Nagoya University, Nagoya 4 6 4 ,  Japan 

S W \ Y  

Comb graft copolymers prepared by macromonomer technique has 

become applicable for permanent modification of polymer surfaces. 

In this paper the association and adsorption behavior in solution 

of the well designed graft copolymer prepared from polystyrene 

macromonomer and various hydrophilic comonomer was studied and the 

mechanism of surface accumulation of hydrophilic segment was clari- 

fied by surface analysis of polystyrene containing the graft copoly- 

mers. Wetting of modified polymer surfaces and the permeability of 

gases through the film was also discussed. 

INTRODUCTION 

Surface structure and properties of high polymers are known to 

be of considerable importance in determining their applications for 

uses as coatings, adhesives, films, fibers and moldings. We pro- 

posed a new surface modification techniques consisting of blending 

comb graft copolymers in polymer matrix to obtain a controlled 

Copyright 0 1984 by Marcel Dekker, Inc. 
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998 YAMASHITA AND TSUKAHARA 

surface structure for any particular Comb graft 

copolymers of well defined structure has become available by the 

copolymerization of the macromonomer with various functional co- 

monomers. In polymer matrix, the functional comonomer segment 

(may be hydrophobic o r  hydrophilic) can been accumulated on the 

surface induced by environmental conditions and stabilized by the 

anchor segment compatible with the matrix polymers. Permanent 

modification of conventional polymers by using preformed graft 

copolymers is useful for various application. Hydrophobic modifi- 

cation of polar polymers is useful to improve water and oil repel- 

lency, and frictional properties. Hydrophilic modification of 

nonpolar polymers is useful to improve adhesion, wetting, coating 

and antistatic properties. This paper presents some basic studies 

on the surface activity of the hydrophilic graft copolymers pre- 

pared from polystyrene macromonomer. 

EXPERIMENTAL 

Materials 

Graft copolymers were prepared according to Scheme 1. PSt 

macromonomer (Mi) was obtained by the method of Milkovich3), using 

a high-vacuum technique. 

BuLi, endcapped by ethylene oxide (EO) and deactivated by metha- 

csyloyl chloride (MAC). The macromonomer was precipitated by 

methanol. 

to the calculated value, and the molecular weight distribution was 

sharp with M&in around 1.1. 

can be analyzed by NMR and bromine titration to the accuracy of 

Styrene was polymerized in benzene by sec 

Yield was quantitative and molecular weight was close 

The terminal methacrylate double bond 
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TAILORED GRAFT COPOLYMERS 999 

copolymerization 
with Mz 

cox 

‘BuLi VBC -> -> S~~ CH~+ CH=CH* , 
(Mi ) 

copolymerization 

with M2 -&CHz-{ 
cox 

Scheme 1 Preparation of  graft copolymers 

above 90% purity. In some cases, macromonomer with terminal styrene 

group was prepared by endcapping of living PSt with p-vinylbenzyl 

chloride (VBC) . 
Radical copolymerization of the PSt macromonomers with hydro- 

philic comonomers was carried out to high conversion at 6OoC in an 

ampoule by using DMF or THF as an solvent and a,a’-azobisiso- 

butyronitrile (AIBN) as an initiator. The graft copolymers were 

precipitated out of methanol or water, reprecipitated from THF into 

methanol or diethyl ether. Unreacted macromonomers were removed by 

extraction with diethyl ether or cyclohexane. Trace amounts of 

homopolymers consisting of comonomers were removed by methanol. 

The graft copolymers thus obtained were confirmed to be satisfac- 

torily pure by the single peak in GPC. The graft copolymers were 
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1000 YAMASHITA AND TSUKAHAM 

Table I. Characterization of Graft Copolymers 

a) %do-  3b) Composition (wt%) 
Sample Type Comonomer MMA PSt Branch Total 

GAS-1 G (PfA&%MA-PSt) MAA 28.9 34.8 36.3 9.7 58.6 

GAS-2 G (MAA/?IMA-PSt) MAA 35.3 18.9 45.8 9.7 55.0 

GAS-3 G (MAA/MI@x-PSt) MM 55.4 3.7 40.9 9.8 50.6 

GHS-1 H (HEMA-PSt) HEMA 28.0 - 72.0 4.0 28.8 
GHS-2 G (HEMA-PSt) HEMA 56.0 - 44.0 4.0 24.9 

GHS-3 G (HEMA-PSt) HEMA 85.0 - 15.0 4.0 27.0 

GHS-4 G (HEMA-PSt) HEMA 61.0 - 39.0 11.3 80.2 

GSS-1 G (AllPS/IfMA-PSt) AMPS 49.0 - 51.0 13.2 29.3 

a) 
b) determined by GPC using PSt and PEO calibration curve 
c) MAA=methacrylic acid, HEMA=2-hydroxyethyl methacrylate 

calculated by elemental analysis and 'H-NMR 

AMPS=2-acrylamido-2-methyl-propanesulfonic acid 

characterized by lH NMR, IR, elemental analysis and GPC. 

results are summarized in Table I. 

Met hod s 

The 

PSt film specimens containing various amounts of the graft 

copolymers were cast into thin films of about 0.1 mm thickness by 

pouring dilute solutions of 5 w/v % concentration in THF onto clean 

glass slides and evaporating the solvent gradually at about 3OoC, 

dried under vacuum. To obtain clear solution, MeOH is added 

sometimes. 

Contact angle of water droplet was measured at 2OoC with 

goniometer. IR spectra was measured on KRS prism by ATR method 

using FT-IR instrument. X P S  spectra was measured at torr. 

Permeability of gases was measured a t  25OC by a Rouse type 

apparatus. Pressure difference was controlled by saturated vapor 
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TAILORED GRAFT COPOLYMERS 1001 

pressure and liquid nitrogen trap. 

p ccs tp * cm-1. s-l-cmHg-l was calculated from P=q,l/p, where qs 

stands for rate of mass flux, 1 film thickness, p pressure 

difference. 

Permeability coefficient 

RESULTS AND DISCUSSION 

Synthesis of the graft copolymers 

Graft copolymers were prepared according to Scheme 1 with the 

results summarized in Table I. Piolecular weights and distribu- 

tions were estimated by GPC, which accounts for roughly from one to 

six PSt branches per molecule. Estimated molecular weight from 

GPC by using PSt calibration curve is expected to show lower values 

for comb graft copolymers and some samples were corrected by the 

molecular weight from membrane osmometer, which showed 30-50% high- 

er value. The molecular weight of the graft copolymer was shown to 

depend on the monomer concentration and the initiator concentration 

during the copolymerization. The purity or the composition distri- 

bution of the graft copolymer depends on the monomer reactivity in 

the copolymerization. The macromonomers and the comonomers were 

all chosen from acrylate or styrene type to keep the composition 

distribution not t o o  broad even at high conversions. 

experiment the copolymerization was expected to proceed in an ideal 

behavior in a homogeneous solution4,5). 

Micelle formation of the graft copolymer in solution 

In the present 

Amphiphilic graft copolymers are expected to form micellar 

aggregates in a particular solvent above critical micelle concentra- 

tion. 

tion due to the restricted motion of the  segment^.^) 
This can be observed by the broadening of NMR peaks in solu- 

In 'H NMR 
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1002 YAMASHITA AND T S U K A W  

spectrum of  St-HEMA random copolymer, peaks due to the PSt segments 

appeared at 

appeared at 

Figure 1 (b) shows the spectrum of PSt rich graft copolymer (GHS-l), 

which is apparently soluble in CDC13 to give a clear solution, but 

the spectrum shows only those peaks due to PSt segments. With the 

addition of CD30D, the peaks due to PHEMA segments also appeared. 

This clearly indicates that the PHEW segments insoluble in chloro- 

8 6.5-7.0 (CsH.5) and peaks due to the PHEMA segments 

2 3.7-4.1 (OCH2CH20) as observed in Figure 1 (a). 

form constitute a micelle core which behaves as a solid on the NMR 

time scale, consequently their peaks are too broad to be observed. 

On the other hand, PSt segments are molecularly dispersed in 

Figure 1. ‘H NMR spectra of St-HEMA copolymers 

(a) random copolymer in CD30D 
(b) graft copolymer (GHS-1) in CDC13, and in CDC13-CD30D 

(c) graft copolymer (GHS-3) in CD30D, and in CD30D-CDC13 
(20 vol%) 

(20 vol%) 
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TAILORED GRAFT COPOLYMERS 1003 

chloroform to show well resolved NMR peaks. 

solvent for PHEMA segments and destroys the micelle structure to 

show normal spectrum in the mixed solvent. 

is observed with a PHEMA rich graft copolymer (GHS-3), which showed 

only those peaks due to PHEMA segments in CD30D, indicating the 

formation of a micelle of PSt core surrounded by PHEMA segments. 

Addition of  CDC13 destroys the micelle to give a normal spectrum in 

Figure 1 (c). 

Methanol is a good 

The reverse phenomenon 

The surface properties of cast films reflect the micelle 

structure in solution. Contact angle of water droplet on polymer 

films cast from appropriate solvents were measured at 2OoC to 

estimate the surface structure. Random copolymers of St-HEMA 

showed, as expected, a smooth change in cose with composition, 

becoming more wettable with increasing HEMA (hydrophilic) content, 

independent of the cast solvent as shown in Figure 2 (a). The 

graft copolymers showed very interesting wetting properties as 

shown in Figure 2 (b). When cast from DMF, a good solvent for both 

homopolymers, their contact angles were very close to that of PSt 

and independent of composition, even with a sample of 85 wt% HEMA 

(GHS-3). It is reasonable to consider that the PSt domains with 

lower surface energy would dominate on the polymer surface dif- 

ferent from the bulk composition. This sample, however, was 

significantly more wettable when cast from methanol. This results 

clearly suggest that the surface properties of graft copolymers 

are also controlled by microphase separation phenomenon. Thus, 

the polymer cast from methanol, a selective solvent for PHEMA, 
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1004 YAMASHITA AND TSUKAHARA 

0.6 

0.4 

0.2 

0 

Cast  from 

0 DMF 
- OTHF 

0 MeOH 

/ 
I I I I 

0 20 40 60 do 100 
t I 

CD 0 DbF 
(li 0.4  1 QTHF 
0 0 0 MeOH 

Figure 2. Contact a n g l e s  of water  on St-HEMA copolymer f i l m s .  

( a )  random copolymer (b) g r a f t  copolymer 

appears  t o  r e t a i n  i t s  s t r u c t u r e  a s  i n  s o l u t i o n ,  i . e . ,  w i t h  a PSt 

c o r e  covered wi th  PHEMA. 

-. Surface accumulat ion of t h e  g r a f t  copolymer i n  polymer s o l i d s  

The r e s u l t s  of t h e  w e t t a b i l i t y  v a r i a t i o n s  of  PSt f i l m s  w i t h  

added g r a f t  copolymer c o n c e n t r a t i o n  are shown i n  F igure  3. For  

t h e  comparison of h y d r o p h i l i c  segments t o  o b t a i n  p o l a r  s u r f a c e ,  

advancing c o n t a c t  a n g l e  on g l a s s  s i d e  s u r f a c e  i s  shown. Contact  

angle  on a i r  s i d e  s u r f a c e  h a s  an almost  c o n s t a n t  v a l u e  of  90D s i m i -  

lar  t o  PSt s u r f a c e .  On t h e  o t h e r  hand, g l a s s  s i d e  s u r f a c e  become 
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TAILORED GRAFT COPOLYMERS 1005 

Concentrat  i o n  (wt %) 

Figure  3 .  Contact angle  v a r i a t i o n s  f o r  water  on PSt f i l m  
specimens c o n t a i n i n g  g r a f t  copolymers 

w e t t a b l e  by adding s m a l l  amount of t h e  h y d r o p h i l i c  g r a f t  copolymer. 

The change of c o n t a c t  a n g l e  i s  marked n e a r  the c o n c e n t r a t i o n  of 0 .1  

w t % .  

boxyl ic  a c i d  group > hydroxyl group, which is  t h e  u s u a l  o r d e r  of  

h y d r o p h i l i c i t y .  Contact  a n g l e  below 30' is a t t a i n e d  by u s i n g  below 

1% of s u l f o n i c  a c i d  c o n t a i n i n g  g r a f t  copolymer. 

The o r d e r  of e f f e c t i v e n e s s  fo l lows  s u l f o n i c  a c i d  group 7 car -  

The mechanism o f  s u r f a c e  accumulat ion of t h e  g r a f t  copolymer 

i n  polymer m a t r i x  h a s  been considered t o  c o n s i s t  of thermal  d i f f u -  

s ion ,  s e g r e g a t i o n  and s u r f a c e  adsorp t ion? '  6, 

e s t a b l i s h e d  t h a t  a g r a f t  copolymer forms domain s t r u c t u r e  i n  t h e  

s o l i d  state.  Small amount of a g r a f t  copolymer mixed i n  homo- 

It h a s  been w e l l  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1006 YAMASHITA AND TSUKAHARA 

polymer is assumed to form a spherical domain dispersed in homo- 

polymer matrix. In previous section, micelle formation of a graft 

copolymer in solution was discussed. In casting solution, the 

graft copolymer forms a micro domain dispersed in PSt solution due 

to PSt branches. During casting process, the micro domain is 

accumulated to the surface by diffusion and segregation. 

In previous papers we pointed out that random copolymer is 

not so effective for the modification of polymer surfaces.') 

might be caused by insufficient mixing of the random copolymer in 

polymer solution and by unfavorable structure in surface adsorp- 

tion. Further merit of the graft copolymer in surface modifica- 

tion is its resistance to migration. We measured ATR-IR spectra 

of modified PSt films to know the surface concentration of func- 

tional segments. Figure 4 shown ATR-IR spectra of modified PSt 

films before and after immersion in MeOH. The modified PSt films 

contained 5 wt% of the methacrylic acid copolymer. 

copolymer of methacrylic acid-MMA, the composition is 50/50 and 

%=1.9 x l o 4 .  
tion disappears completely in five minutes after immersion in 

methanol both on air side and glass side surface. However, the 

graft copolymer GAS-2 was scarcely extracted by methanol after 

three hours, showing the effectiveness of PSt branches as an anchor 

segment for the permanent modification of polymer surfaces. 

This 

RAM is a random 

In case of the random copolymer, carbonyl adsorp- 

The concentration of the graft copolymer on the polymer sur- 

face can be measured by XPS and ATR-IR. This gives further evi- 

dence for surface accumulation of functional segments. From 

ATR-IR spectra in Figure 4 ,  surface concentration of methacrylic 
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TAILORED GRAFT COPOLYMERS 1007 

F i g u r e  4 .  ATR-IR s p e c t r a  of  t h e  two s i d e s  of PSt f i l m s  
c o n t a i n i n g  5 w t %  of GAS-2 and RAM b e f o r e  and a f t e r  MeOH 
i m m e  rs i o n  

a c i d  segments can  be  c a l c u l a t e d .  P e n e t r a t i o n  d e p t h  of  i n f r a r e d  

l i g h t  i s  known t o  depend on t h e  wave l e n g t h ,  b u t  i t  w a s  shown t h a t  

ATR-IR s p e c t r a  of  t h i s  r e g i o n  correspond t o  average  composi t ion of  

about  2 4 m  depth  from t h e  s u r f a c e  by c a l c u l a t i o n .  It was apparent  

t h a t  t h e  g r a f t  copolymers are concent ra ted  on both  a i r  s i d e  and 

g l a s s  s i d e  of t h e  f i l m  (40N80Um t h i c k n e s s ) .  Compared t o  5 w t %  

of t h e  g r a f t  copolymer c o n c e n t r a t i o n  i n  b u l k  polymer f i l m ,  s u r f a c e  

c o n c e n t r a t i o n  w a s  10-15 w t %  on both  s u r f a c e .  Thus, t h e  g r a f t  

copolymers are segrega ted  from the b u l k  polymer and c o n c e n t r a t e d  

t o  b o t h  s i d e  s u r f a c e .  T h i s  i s  n o t  c o n s i s t e n t  w i t h  t h e  c o n t a c t  

a n g l e  measurement, where o n l y  t h e  g l a s s  s i d e  s u r f a c e  is  w e t t a b l e .  

Thus w e t t a b i l i t y  seems t o  correspond t o  t h e  t o p  s u r f a c e  s t r u c t u r e  

of nm depth.  
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1008 YAMASHITA AND TSUKAHARA 

Spectroscopic evidence of  surface accumulation of hydrophilic 

segments corresponding to contact angle measurement was obtained 

from X P S  spectra. X P S  spectra is known to reflect the surface 

composition of nm range depth. Figure 5 shows ClS peak of XPS 

spectra of PSt film surface containing various amounts of  the 

graft copolymer GAS-3. The air side surface and glass side sur- 

face of PSt homopolymer show similar ClS peak accompanied by 

satelite at 292 eV. 

corresponding to methacrylate group i n  the main chain of the graft 

copolymer is observed on the glass side surface of P S t  film contain- 

However, strong peak of ClS carbonyl carbon 

PSt GAS-3/PS t GAS-3/PS t 
sub  * p s  (1%) 

GAS- sub. (AA 3/PS t z;::L 
-- ~ ' " " ' ' ' ' ~  

300 290 260 300 290 280 300 290 280 
(ev) (eV) (ev) 

Figure 5. X P S  spectra of PSt cast films containing various 
amounts of the graft copolymer GAS-3. 
sub. means glass (substrate) side surface 
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TAILORED GRAFT COPOLYMERS 

i n g  1 w t %  of GAS-3. On t h e  o t h e r  hand, t h e  a i r  s i d e  s u r f a c e  of t h e  

same f i l m  shows si-i lar  peak t o  PSt a lone .  

c o n c e n t r a t i o n  of added g r a f t  copolymer c o n c e n t r a t i o n ,  t h e  change of  

carbonyl  peak i s  observed.  Thus t h e  agreement of t h e  c o n c e n t r a t i o n  

dependence of  c o n t a c t  angle  and X P S  s p e c t r a  is observed showing 

t h a t  b o t h  phenomena ref lect  t h e  s u r f a c e  composi t ion i n  nm range  

depth.  

f i l m ,  no d i f f e r e n c e  were observed between a i r  s i d e  and s u b s t r a t e  

s i d e  s u r f a c e  measured by c o n t a c t  a n g l e  and XPS. 

cumulat ion of  f o r e i g n  subs tances  dur ing  c a s t i n g  of PSt  f i l m ,  t h e  

p a r t i c i p a t i o n  of s u b s t r a t e  s u r f a c e  i s  expla ined  by t h e  i n t e r a c t i o n  

of  h y d r o p h i l i c  group o f  t h e  g r a f t  copolymer and of t h e  g l a s s  sur -  

f a c e  t o  change t h e  arrangement of  t h e  h y d r o p h i l i c  group on t h e  

f i l m  s u r f a c e .  Comparison of  t h e  C l S  peak s t r e n g t h  of  carbonyl  

By d e c r e a s i n g  t h e  

By c a s t i n g  of PSt c o n t a i n i n g  t h e  g r a f t  copolymer on Teflon 

I n  s u r f a c e  ac- 

carbon on t h e  g l a s s  s i d e  s u r f a c e  of PSt f i l m  c o n t a i n i n g  5 w t %  of 

t h e  g r a f t  copolymer w i t h  100% g r a f t  copolymer f i l m  showed c l o s e  

s i m i l a r i t y ,  and i t  w a s  concluded t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  of 

t h e  g r a f t  copolymer i s  v e r y  h i g h  and n e a r l y  equal  t o  t h e  backbone 

segment i t s e l f .  

F u r t h e r  d e t a i l s  of t h e  s u r f a c e  s t r u c t u r e  i s  obta ined  by 

observ ing  t h e  e l e c t r o n  micrographs.  

tween t h e  g r a f t  copolymer and t h e  random copolymer. 

s u r f a c e  of PSt f i l m  c o n t a i n i n g  t h e  g r a f t  copolymer shows w e l l  

d i s p e r s e d  s m a l l  domains, but  i n  c a s e  of  random copolymer, l a r g e r  

domains o f 4 m  o r d e r  w a s  observed.  Thus, anchor  segment of  t h e  

g r a f t  copolymer p l a y s  two r o l e s  i n  s u r f a c e  accumulat ion.  One is 

SEM shows t h e  d i f f e r e n c e  be- 

The g l a s s  s i d e  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1010 YAMASHITA AND TSUKAHARA 

t o  d i s p e r s e  t h e  copolymer i n  small domains i n  polymer s u r f a c e  and 

t h e  o t h e r  is t o  s t a b i l i z e  t h e  s u r f a c e  s t r u c t u r e  f o r  m i g r a t i o n .  

Permeabi l i ty  of g a s e s  through s u r f a c e  modif ied membrane 

The permeabi l i ty  of gases  through polymer membrane is known 

t o  depend on t h e  d i f f u s i o n  i n  b u l k  polymer and on the s o l u b i l i t y  

i n  t h e  polymer s u r f a c e .  

accumulat ion of  p o l a r  g r a f t  copolymers are expected t o  show 

Asymmetric membranes obta ined  by s u r f a c e  

enhanced p e r m e a b i l i t y  toward p o l a r  g a s e s  by i n c r e a s i n g  t h e  so lu-  

b i l i t y  c o e f f i c i e n t  i n  the surface. ') A g r a f t  copolymer c o n s i s t i n g  

of  poly IIAA backbone and PSt branches (GAS-3) w a s  blended w i t h  PSt .  

The membrane cast on a g l a s s  p l a t e  from t h e  blend had a re la t ively 

non-polar a i r  s i d e  s u r f a c e  and r e l a t i v e l y  p o l a r  g l a s s  s i d e  s u r f a c e .  

The i n f l u e n c e s  of  t h i s  s u r f a c e  p o l a r i z a t i o n  i n  b o t h  s i d e s  were 

examined by permeation behaviors  of water vapor  and carbon d i o x i d e  

gas  and benzene vapor .  

w a s  1 .0  w t %  and t h e  t h i c k n e s s  of t h e  c a s t  f i l m  from THP w a s  about  

10 a m .  

The g r a f t  copolymer c o n t e n t  i n  t h e  b lend  

The p e r m e a b i l i t y  c o e f f i c i e n t  o f  water vapor  through t h e  blend 

membrane i s  p l o t t e d  a g a i n s t  r e l a t i v e  vapor  p r e s s u r e  p/po a t  25oC i n  

F igure  6 (a). The p e r m e a b i l i t y  w a s  h igher  when t h e  g l a s s  s i d e  w a s  

placed toward t h e  h igh  p r e s s u r e  s i d e  i n  permeat ion c e l l .  Permea- 

t i o n  from a i r  s i d e  s u r f a c e  w a s  a l i t t l e  lower t h a n  PSt f i l m ,  

probably because of r e s t r i c t e d  d i f f u s i o n  of  water vapor  i n  PSt  

conta in ing  p o l a r  g r a f t  copolymers. 

carbon d i o x i d e  i s  shown i n  F igure  6 ( b ) ,  a g a i n  showing enhanced 

permeation from p o l a r  s i d e  due t o  the i n c r e a s e  o f  t h e  s o l u b i l i t y  

The p e r m e a b i l i t y  c o e f f i c i e n t  of 
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F i g u r e  6. P e r m e a b i l i t y  c o e f f i c i e n t  p o f  GAS-3-PSt b l e n d  
(1 wt%) membrane ( 1 0 4 m  t h i c k n e s s )  a t  2 5 O C .  Sub d e n o t e s  
permeat ion  from g l a s s - s i d e  s u r f a c e .  A i r  from a i r - s i d e  
s u r f a c e .  
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1012 YAMASHITA AND TSUKAHARA 

coefficient. On the other hand, permeation of benzene vapor shown 

in Figure 6 ( c )  shows a different behavior. Non-polar benzene 

vapor is solube in PSt domain and permeation from air side is 

favored. These results clearly shows that the surface accumula- 

tion of  polar segments on the polymer membrane by using comb graft 

copolymers can increase the permeability of  polar gases by increas 

i n g  the solubility coefficient on modified surfaces. 
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