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                        CHAPTER 1 

                       INTRODUCTION 

    The modification of elastomers, plastics or fibers is becom-

ing increasingly important since the development of completely 

new polymers will probably diminish in importance in the future. 

Furthermore the type of polymers applicable to large scale prac-

tical use will become increasingly limited due to pollution prob-

lems. As a result of these recent situations one of the most im-

portant modifications is  block/or graft copolymerization. 

    The resultant block or grat copolymers can be regarded as a 

kind of amphiphilic compounds(1), such as synthetic surfactants 

and lipids in vivo, which are characterized by possessing in the 

same molecule two groups or sequences differing greatly in their 

solubility behavior. Therefore graft copolymers can be expected 

to exhibit emulsification or solubilization leading to formation 

of micelles which are colloidal particles composed of many ag-

gregated molecules. These characteristic properties permit 

polymeric materials to have a high-ordered, multi-phase structure 
whose importance is increasingly recognized in the field of ma-

terials science. High impact polystyrene and ABS resins are 

typical examples of industrial success of these modified poly-

mers. 

   According to Ceresa(2) and Battaerd and Tregear(3), Compagnon 

and Le Bras(4) in 1941 prepared a modified natural rubber by 

polymerizing acrylonitrile, swollen in the stabilized latex par-

ticles, with ethyl peroxide. This was the first report concern-

ing the formation of a graft copolymer. However, it was not 

until 1950 that the term "graft" was adopted by Alfrey and 

Bandel(5). "Graft copolymer" was officially defined in 1952 by 

the International Union of Pure and Applied Chemistry (IUPAC). 

The application of radiation techniques to produce graft copoly-

mers is generally regarded as beginning with the work by 

Mesrobian, Ballantine and Dienes reported at the Symposium on 

Macromolecular Chemistry of the IUPAC, Milan, Italy, 1954(6). 

Since then, the possibility of chemically combining synthetic
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polymers with natural or other synthetic ones has attracted the 
attention of numerous workers, especially in industry. Up to the 

present time, over 1500 patented graft  copolymers have been syn-
thesized(3). 

    In spite of the large number of investigations, it is not yet 

obvious whether graft copolymers are capable of behaving as am-

phiphilic compounds and hence achieving the expected purposes. 
This reason may be due to the fact that most of workers have ig-

nored fundamental studies such as the isolation of pure graft 

copolymer from the reaction product and its characterization. 

Their main efforts have been devoted towards so-called graft co-

polymerizations and measurements of the properties of crude 

grafted products usually containing a large amount of homopoly-
mers. Battaerd and Tregear(3) stated in their book as follows; 
"in a great many reviews , authors are either optimistic and claim 
the field of graft copolymers to be a panacea for tailor-made 

polymers, or bluntly state that grafts behave as the blend of the 
corresponding homopolymers and therefore are not a particularly 

exciting exercise." Regretfully, such simplistic reviews often 

appear even at this time. Since modern anionic synthetic methods 

have opened a way to prepare relatively well-defined block or 

graft copolymers, data on the behavior specific to block and 

graft copolymers have been accumulated and thus the latter opin-
ion has not been fully justified. It should be possible to con-

firm the validity of the former claim, especially in the field of 

radiation grafting since the technique is characterized by the 

possibility of wide variations in backbone-branch combinations. 
   The objective of this dissertation is to clarify the charac-

teristics of graft copolymer through systematic investigations on 

the synthesis, characterization and physicochemical properties. 

To achieve this end, the graft copolymerizations of styrene and 

methyl methacrylate(MMA) onto poly(vinyl alcohol) (PVA) were 

carried out mainly by the gamma-ray irradiation technique. PVA-

styrene or PVA-MMA graft copolymers were isolated from the reac-

tion products by alternate extraction, which has been already 

successfully used by Stannett and his co-workers(7,8) and us(9,
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10). After isolation, the graft copolymers were characterized 

and the emulsifying behavior was investigated. 

    Chapters 2 and 3 are mainly devoted to the polymerization 

mechanism of radiation grafting. In grafting reactions, espe-

cially radiation grafting, solvents such as water and methanol 

are frequently used and the product is extracted with a solvent 

for the homopolymer corresponding to the graft side chain. 

However, the question arises whether all the nongrafted homopoly-

mers are really extracted or not. In addition the role of sol-

vent is not clear. Therefore, we carried out the grafting of 

MMA onto dry or water-swollen PVA films in the presence of vari-

ous concentrations of methanol mainly by the mutual irradiation 

technique and have attempted to isolate pure PVA-MMA graft co-

polymer from the reaction product by the alternate extraction 
method. In Chapter 2, the apparent grafting yield after a conven-

tional extraction is compared with the true grafting result. It 

is pointed out that the former yield has little significance as 

the basis for discussing the mechanism of grafting because of 

significant differences which were obtained. The dependences of 

the true yield and branch length on the monomer concentration and 

the degree of swelling of the film are also discussed. In Chapter 

3, the effects of methanol on the grafting of styrene or MMA onto 

PVA films are discussed on the basis of the weight increase of 

the films, the monomer conversions and the molecular weights of 

the homopolymers. The effects of chain transfer agents are also 

discussed in a similar way. 

    Chapters  4 and 5 are concerned with the characterization of 

graft copolymers prepared by various methods. Hitherto very 
little effort has been devoted to the characterization of graft 

copolymers, in particular the synthesis of graft copolymers suit-

able for the fundamental investigation of their properties. We 

intended to prepare graft copolymers whose branch length is com-

parable to that of backbone by employing chain transfer agents. 
In Chapter 4, the syntheses of PVA-MMA graft copolymers by mutual 

irradiation, pre-irradiation, catalytic method with potassium 

persulfate and without initiator are described and the yield as
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well as the chemical structure of the graft  copolymers obtained 

are compared. In Chapter 5, the fundamental quantities in graft 

copolymerization,such as the yield and chemical structure of graft 

copolymers, are calculated as a function of the probability of 

branch formation from the monomer residue of the mother polymers. 

The theoretical and observed results are compared with each other 

for the radiation graftings of styrene or MMA onto PVA, cellulose 

poly(ethylene terephthalate) and nylon. Some attempts to increase 
the number of branches are also described. 

    Chapter 6 is devoted to general discussions on various iso-

lation methods of graft copolymer from the reaction product by 

referring to the investigations of the previous chapters. It is 

concluded that the difficulty in the isolation process is mainly 

due to the amphiphilic property of the graft copolymer. It is 

hoped that these discussions will provide useful suggestions for 

workers in the field of graft copolymers. Numerous interesting 

properties of the graft copolymers were also found during the 

process of isolation. 

    Chapters 7, 8 and 9 are concerned with studies on the amphi-

philic behavior of the well-defined graft copolymers from PVA 

or poly(vinyl acetate) (PVAC). Merrett(11) first observed the 

formation of a stable colloidal sol during fractionation of a 

grafted product and interpreted the phenomenon as an effect of 

the co-existing graft copolymer. On the other hand, Hughes and 

Brown(12) found that solutions of polystyrene-poly(ethyl acrylate) 

mixture prepared from the product of polymerization of styrene in 

poly(ethyl acrylate) emulsion apparently consisted of a single 

hazy phase, while the physical mixture of these homopolymers 

separated into two distinct layers when dissolved in common sol-

vents. A similar phenomenon was also reported by Molau(13) in 

several polymer-polymer systems. He concluded that this must be 

due to the emulsifying ability of a graft copolymer which would 

have been formed during polymerization and accumulated on the sur-

face of droplets of polymer solution. However these phenomena 

have not been investigated quantitatively. It seems of interest, 

therefore, to study how much graft copolymer is needed to emulsify 

a given amount of homopolymer and whether the graft copolymer is 

capable of controlling the size of micelles formed at the emulsi-
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 fications. In Chapter 7, the effect of PVA-MMA graft copolymer 

on the protection of homoPMMA against precipitation from solution 

caused by the addition of a selective precipitant is discussed. 

A stable emulsion is shown to be formed as a result of the protec-

tion of homopolymer against precipitation. In Chapter 8, the 

effect of PVAC-styrene graft copolymer on the demixing of immis-

cible PVAC-PS solutions and the structure of the resulting emul-

sion are discussed. It will be suggested from these studies that 

the graft copolymer is able to play an important role in a compo-

site system even when the amount present is relatively small. 

    Investigations on the mechanisms of the formation and stabili-

tion of graft copolymer micelles are essential in order to clari-

fy the emulsifying ability of graft copolymer, especially the 

ability of controlling the size of micelles. Thus, in _Chapter 9, 

the aggregation process of the pure graft copolymer is followed 

by turbidimetry and the critical points of the formation and floc-

culation of graft copolymer micelles are determined. On the basis 

of these results the stability of the micelles is explained in 

terms of the theory of nonionic polymeric dispersants(14,15).
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 CHAPTER 2 

COMPARISON OF TRUE AND APPARENT GRAFT

                      INTRODUCTION 

    Grafting, especially radiation-induced grafting is often car-

ried out in a heterogeneous system. The product is separated 

after the reaction and subjected to extraction with a solvent for 

the homopolymer constituting the graft branch. Percent weight in-

crease is conventionally called "percent graft". But the question 

arises whether all nongrafted homopolymers are really extracted or 

not. It is possible that a fraction of the homopolymer formed in 

the matrix of substrate polymer is occluded in such a state that 

the extraction is hindered. 

    Conventional or apparent percent graft is of practical impor-

tance, for example, for the modification of fiber or film proper-

ties. So long as the branch polymer is insoluble in the solvent, 

the problem whether the so-called graft branch molecule is really 

connected with its one end to the backbone or not, does not play 

a significant role in the modification of properties. The impor-

tant thing is that the polymer is so intimately mixed with the 

backbone polymer as if it were grafted. Even when a graft copoly-

mer is used after bringing it into concentrated solution or molten 

state, apparent graft seems to be of great value, because the 

presence of true graft copolymer may help intimate mixing of the 

two homopolymers as shown in Chapter 8. However, from the scien-

tific point of view, it is necessary to know the true percent 

graft. As will be shown later in detail, a product of 100 % ap-

parent graft often has a value of less than 10 % true graft. It 
is essentially necessary to know the true percent graft for 

discussing the mechanism or kinetics of grafting. 

    It is expected that some more homopolymer will be extracted, 

if we extract the unreacted substrate polymer after extraction of 

the homopolymer. By continuing such an alternate extraction until 

no more homopolymer and substrate polymer can be extracted, it is 

able to obtain the true graft copolymer. Stannett and collabo-

rators(1) have carried out such an experiment with cellulose
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acetate-styrene, and showed the alternate extraction method to be 

adequate for the analysis of grafting reaction products. Since 

then the alternate extraction has been widely adopted by Stannett 

and other investigators to obtain true graft copolymers(2-8). 

    The main purpose of this chapter is to compare the true and 

apparent percent graft based on the alternate extraction meth-

od for the poly(vinyl alcohol)(PVA)-methyl methacrylate(MMA) 

grafting system. We will also discuss briefly the chemical struc-
ture of the graft copolymer. 

 EXPERIMENTAL 

1. Grafting 

    Unfractionated PVA with a viscosity-average molecular weight 

of 90,200 was thoroughly hydrolyzed and purified by Soxhlet ex-

traction with methanol. Films were prepared from the purified PVA 

by casting 6 % aqueous solution on glass plates so as to have a 

thickness of 0.1 mm and dried under a reduced pressure at 500C. 

In the case of grafting by mutual irradiation technique, strips 

of dry or water-swollen films were immersed in a monomer-methanol 

mixture, degassed by repeated cycles of freezing-thawing, and 

then irradiated at 50°C with gamma-rays to a dose of 9.0 x 104r 

or 2.4 x 105r, where the dose rates were 0.6 or 1.0 x 104r/h. 

The water-swollen films with higher degrees of swelling(DS) were 

obtained by immersing dry films in pure water at 25°C and those 

with lower DS in water-methanol(or acetone) mixture at 50°C. In 

this chapter the DS is defined to be gram water contained in one 

gram PVA film; the calculation of the water content was carried 

out with the assumption that the weight fraction of water of the 

liquid in the swollen film is the same as that of the initial 

swelling mixture. 

2. Isolation of graft copolymers 

    Homopolymer formed in the outer solution and loosely included 

in the films was removed by immersing the whole reaction products 

in a large amount of benzene at 80°C, till no more extractable 

polymer was present, and the apparent percent graft was calculated 
from the weight increase of the films. When acetone is used for the
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extraction we find usually a higher value of the apparent percent 

graft. Unreacted PVA backbone was extracted with a water-n-pro-

panol(75:25) mixture, which is known to be a better solvent for 

PVA than water. The extraction of unreacted PVA and homoPMMA was 

repeated alternately till no more  polymer was detected by evapo-

ration of the solvents from the extracts, and the residue was 

regarded to be the pure graft copolymer. The extracted solutions 

were in every case transparent, and it was confirmed from infra-

red spectroscopy that the extracted polymers contained no appre-

ciable amount of the other polymer component. 

    In order to reduce the time consumed for the isolation of the 

graft copolymer, we tried also selective precipitation of the 

graft copolymer by addition of a selective precipitant such as 

water or acetone to dimethyl sulfoxide solution of the whole re-

action products, but clear phase-separation was not observed, 

which took place, on the contrary, for the solution prepared from 

the blend of both homopolymers. In the case of grafting products 

the solution became always milky by the addition of a precipitant. 

A further study given in Chapter 7 reveals that this phenomenon 

appears as a result of a protection effect of a coexisting graft 

copolymer against the precipitation of the homopolymer. 

    The apparent and true percent graft are defined as follows:

app. percent graft 

     wt. increase after conventional extraction
x 100 (2-1)

weight of starting PVA

    true percent graft 

         wt. of branch after complete extraction 
-------------------------------------------------- x 100 (2-2) 

                 weight of starting PVA 

3. Determination of chemical composition of graft copolymer 

    For the determination of the composition, the true graft co-

polymer was completely acetylated and the acetyl content was de-

termined by hydrolysis. The detailed conditions of the acetylation
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and hydrolysis were described elsewhere(9). The fraction of  graft. 

ed PVA was calculated from the composition and the amount of the 

true graft copolymer. 

                 RESULTS AND DISCUSSION 

1. Comparison of the true and apparent percent graft 

   Table 2-1 shows the result of grafting of MMA onto dry PVA 

film; the table contains not only the true and apparent percent 

graft and fraction of grafted PVA, but also molecular weight of 

the branch and number of branches. The last two items will be 

discussed later. 

           Table 2-1. Mutual grafting of MMA onto dry PVA 

                      film with MMA-methanol, 

                      Dose = 9.0 x 104r

Methanol(Vol.%) 10 30 50 70 8o 90

 Percent graft 
      app.(A) 

true(B) 

 Fraction of true 
  graft(B/A) 

Fraction of PVA 
   grafted 

Mol.wt.of branch, 
   Mb x 10' 

Nr. of branc4a), 
   B/Mb x 10

3 
0 

4.31

74 
43 

0.58 

0.06 

3.68 

 1.2

305 160 
97 84 

 0.32 0.53 

 0.11 0.15 

4.72 2.00 

 2.1 4.2

201 136 
106 7o 

 0.53 0.52 

 0.16 0.06 

1.33 --

8.o —

  a) Nr. in mole per 100g starting PVA 

    From Table 2-1 it is seen that there is a considerably great 

difference between the true and apparent percent graft. The frac-

tion of true graft is about 0.5. A similar but less prominent 

difference was also observed by Stannett et al.(3) When the 

grafting mixture contains no or less than 10 % methanol,grafting 

does not occur, but with increasing content of methanol the per-
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cent graft increases, passes a maximum and then decreases. We 

will return to the problem of the percent graft in dependence on 

methanol content. 

    The results obtained in the grafting onto swollen films are 

given in  Tales 2-2 to 2-4. It is seen from the tables that 
the apparent percent graft increases, especially when the meth-

anol content is low, with an increasing amount of water in the 

swollen film. On the other hand the true percent graft increases 

only a little by swelling of the film, in some cases it decreases 

therefore the fraction of true graft is in most cases less than 

0.1.

Table 2-2. Mutual grafting of MMA onto swollen PVA 

          film(DS = 0.66) with MMA-methanol, 

          Dose = 2.4 x 105r

Methanol(Vo1.%) 0 20 40 60 80

Percent graft 
     app.(A) 

true(B) 

Fraction of true 
 graft(B/A) 

Fraction of PVA 
  grafted 

Mol.wt.of pranch, 
 Mb x 10-

Nr. of branch, 
  B/Mb x 105

15

0.01

1.29

397 
29

0.07

0.04

1.18

2.5

648 
13

0.02

0.02

1.02

1.3

1,150 
  36

0.03

0.05

0.66

5.5

313 
49

0.16

0.04

0.64

7.7

    This observation is very important. To achieve a high degree 

of grafting, pre-swelling of the substrate polymer is a generally 

adopted technique; it is true that by this technique a high ap-

parent percent graft is effected, but the pre-swelling favors 

the true graft only a little. By the pre-swelling the diffusion 

of monomer into film becomes easier and the monomer in the film
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Table 2-3  . Mutual 

 (DS  = 1

grafting 

.2) with

of MMA onto 

MMA-methanol

swollen 

, Dose =

PVA 

 9.0

film 

x 104r

Methanol(Vol.%) 0 20 40 60 80

Percent graft 
app.(A) 
     true(B) 

Fraction of true 
 graft(B/A) 

Fraction of PVA 
  grafted 

Mol.wt.of pranch, 
Mb x 10-

Nr. of branch, 
  B/Mb x 105

1,380 
 202

0.15

0.11

4.16

4.9

1,110 
 128

0.12

0.07

3.52

3.6

1,094 
  98

0.09

0.06

3.00

3.3

817 
113

0.14

0.09

2.16

5.2

289 
101

0.35

0.12

1.60

6.3

Table 2-4. Mutual 

(DS =

grafting 
2.3) with

of MMA onto swollen 

MMA- methanol, Dose

PVA 

= 9.

film 

0 x 104r

Methanol(Vol.%) 0 20 40 60 80

Percent graft 
     app.(A) 

true^B) 

Fraction of true 
 graft(B/A) 

Fraction of PVA 
  grafted 

Mol.wt.of pranch, 
  Mb x 10- 

Nr. of branch , 
  B/Mb x 107

2,000 
 159

0.08

0.11

3.89

4.1

1,670 
 118

0.07

0.09

3.34

3.5

1,252 
 102

0.08

0.08

2.62

3.9

1,150 
 101

0.09

0.06

2.02

5.0

2
78

0.31

0.07

1.26

6.2
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is polymerized mostly initiated by monomer radicals or solvent 

radicals independent of substrate radicals. In the case of dry 

film, monomer diffusion is very difficult, so that the concen-

tration of solvent and monomer radicals may not be so much higher 

than that of the substrate radicals, which initiate polymerization 

to effect true grafting. 

    In place of methanol which is a nonsolvent for PMMA and was em-

ployed in the foregoing experiments, acetone, a solvent for PMMA, 

was used; the results are shown in Table 2-5. 

  Table 2-5. Mutual grafting of MMA onto swollen  PVA film 

              (DS = 0.92) with MMA-acetone, Dose = 2.4 x 105r

Acetone (Vol.%) 0 20 40 60 8o

Percent graft 
      app.(A) 

     true(B) 

Fraction of true 
  graft(B/A) 

Fraction of PVA 
  grafted 

Mol.wt.of kranch, 
Mb x 10' 

Nr. of branch, 
 B/Mb x 105

35 
12 

0.34 

 0.02 

 1.89 

0.63

157 
3o 

  0.19 

 0.03 

 1.08 

  2.8

79 
29 

0.37 

 0.02 

 1.63 

 1.8

121 

35 

  0.29 

  0.03 

 1.47 

  2.4

42 
20 

 0.48 

 0.02 

1.29 

 1.6

    There is no essential difference between methanol and acetone. 

In this case the apparent percent graft was rather low and the 

true one somewhat high. This may be attributed to the fact that 

acetone is a poorer swelling agent to PVA than methanol. 

    Pre-irradiation is a technique which seems to be very suita-

ble to effect the true grafting. Therefore a series of experi-

mentsof grafting was carried out with this technique. Dry films 

were irradiated in the presence of air without moisture at 25°C 

to a dose of 1.0 x 106r at a dose rate of 0.68 x 104r/h, and then
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transferred into ampoules, to which the monomer mixture was 

After thorough degassing, they were sealed and kept at  50°C 

24hrs to proceed with the grafting. The results are shown 

Table 2-6. 

   Table 2-6. Pre-irradiation grafting of MMA onto dry PVA 

              film with MMA-methanol, Dose = 1.0 x 106r

added. 

for 

in

Methanol(Vol.%) 20 40 50 60 80 90

Percent graft 
     app.(A) 

     true(B) 

Fraction of true 
 graft(B/A) 

Graft efficiency(%) 
       app. 
      true

20 522 841 
10 238 312 

0.50 0.46 0.37 

11 80 84 
3 38 36

836 954 571 
300 245 191 

 0.36 0.26 0.34 

90 9698 
35 2634

    It is seen from the table that not only the apparent but also 

the true percent graft is very high as was expected. A value of 

300 percent true graft is the highest value found in our experi-

ments. Concerning the graft efficiency it was found that at high-

er methanol concentrations the value is about 100 % for the ap-

parent graft in accordance with observations of various research-
ers, but that for the true graft is much smaller and about 1/3 

of the former value. Such a rather low value was also reported 

by Munari et al.(10) at vacuum pre-irradiation grafting of pure 

styrene onto cellulose diacetate. The low graft efficiency at 

pre-irradiation grafting may be attributed largely to the chain 

transfer of growing radicals to the monomer. 

2. Molecular weight of branch 

    Now we wish to discuss the molecular weight and number of 

graft branches. It has been often pointed out that the molecular 

weight of graft branches is essentially the same as that of homo-

polymer formed in the substrate matrix. That this is true also 

                               - 14 -



for the 

2-7. 

  Table

case of the grafting of MMA onto PVA is shown in Table

2-7. Molecular weight of graft branch and homopolymer 

     formed in polymer matrix

 Mn x 10-5
Grafting method

Branch Homopolymer

Ref.

Pre-irradiation 

Pre-irradiation 

Pre-irradiations) 

Pre-irradiation 

Mutual irradiation 

Catalytic(KPS)

4.42 

4.35 

62b) 

4.4 

 1.81 

1.46

4.63 

  3.9 

68b) 

4.5 
  1.77 

1.04, 1.67

Chapter 4 

(11) 

(12) 

(12) 

Chapter 4 

Chapter 4

   a) All graftings except this one were carried out in the 

      presence of trichloroethylene as a transfer agent. 

   b) These molecular weights are viscosity-average_ 

    Therefore, in the present case molecular weight determina-

tion was not carried out for separated branches, but viscometric 

estimation was carried out for homopolymers formed in the matrix 

by using the following equation(13): 

        (n) = 8.69 x 10-5My°76(30°C, in benzene) 
    The molecular weightsof the homopolymers obtained in the 

present work are in most cases higher than the upper limit of 

the above equation, beyond which there is no experimental evi-

dence that the equation is applicable. Therefore, it should be 

stressed that only a qualitative meaning should be attributed 

to those values obtained by the above equation. Molecular 

weights of branch Mb, shown in Tables2-1 to 2-5 represent these 

values. 

    Molecular weights of branches for PVA's of different degrees 

of swelling in dependence on methanol content of the grafting 

mixture are summarized in Fig. 2-1.
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I 
                                  Fig. 2-1. Molecular weight of 

2 ,  branch vs. methanol content of 
r-3I-grafting mixture at different 

             •degrees of swelling (DS) . 
  15.2-^. DS = 0 

   x--xX :DS=0 .66 
• : DS = 1.2 

  0I-----------------------------------0 : DS 2 .3       0 20 40 60 80 *0 
Methanol content (vol.-%) 

    As clearly seen from Fig. 2-1, in all cases the molecular 

weight of branches decreases monotonously with increasing con-

tent of methanol. Several reasons may be ascribed to the monoto-

nous decrease of branch length with methanol; for instance, the 

decrease of monomer concentration with methanol, the chain trans-

fer to methanol, the influence of methanol radicals produced by 

direct irradiation etc. Concerning the role of methanol at the 

grafting we will discuss in detail in Chapter 3. 

    It is interesting to point out here that Tables 2-1 and 2-2 

show maxima of apparent percent graft at a methanol content of 

50^-60 %. Such a phenomenon is often ascribed to a so-called 

gel-effect of methanol, since methanol, a precipitant for homo-

polymer(PMMA), may disturb termination of growing chains, result-

ing in a higher degree of polymerization of the graft chains(3, 

14). However, the present result indicates that the maxima of 

apparent percent graft cannot be attributed merely to the gel-

effect. A remark should be given here that we have newly found 

that the gel-effect really plays an important role when styrene 

is grafted onto PVA, as will be shown in Chapter 3. 

3. Estimation of the number of branches 

    The number of branches may be expressed by various ways, 

but we wish to adopt in the present work an expression of "number 

of branches per 100 g starting PVA in mole", which is equal to 

B/Mb. The calculated number was already shown in Tables 2-1 to 
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    As Fig. 2-2 shows, in two series of experiments for low a-

mount of water in the swollen film, the number of branches in-

creases rapidly with the increase of the methanol content. It 

means probably that the diffusion of monomer into films is more 

and more accelerated by the increasing content of the methanol 

of the grafting mixture, and the initiation of polymerization 

can take place at radicals formed on the backbone of PVA mole-

cules before decay. 

    When the amount of water in the swollen films is high, the 

number of branches decreases a little at first and then increases 

with increasing content of methanol. The first decrease may be 

explained by an assumption that water in PVA film is expelled by 

methanol to reduce the diffusibility of monomer. When the meth-

anol content of the grafting mixture is high, the pre-swelling 

of film plays only an unimportant role, and the number of branches 

becomes almost independent of the degree of pre-swelling. 

    The above number of branches is expressed as a number per 

100 g starting PVA, from which only a fraction has taken part 

really in the grafting. By dividing the number of branches per 

100 g starting PVA in mole by the fraction of grafted PVA, one
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obtains the number of branches per 100 g grafted PVA. By multi-

plying the latter number by 902 (the viscosity-average molecular 

weight of mother PVA is 90,200) one arrives finally at a number 

of branches per one grafted PVA molecule. 

    The above-mentioned way of calculation is theoretically  cor-

rect, but there are many experimental uncertainties; 

 1) only viscosity-average molecular weight of the mother PVA is 

    known; but in this case the number-average molecular weight 

    is necessary for the calculation, 

 2) the molecular weight of branch is also viscosity-average, 

    which was calculated by an equation, in most cases from a 

    very large limiting viscosity number at which the applicabil-

    ity of the equation is not yet supported with experiments, 

 3) the value of the fraction of grafted PVA may have comparative-

    ly large experimental error. 

    Notwithstanding the uncertainties, calculation was carried 

out to find the order of magnitude of the number of branches per 

one grafted PVA molecule. Twenty three experimental results shown 

in Tables 2-1 - 2-5 gave numbers which lay between 0.2 and 1.70. 

file average number was 0.64, a number which is nearly equal to 

one. We believe, in spite of the uncertainties, that the value is 

very reasonable. The number of grafted branches per total start-

ing substrate polymer is often estimated by various workers(14 - 

17), but there is no calculation of branch numbers per one graft-

ed substrate polymer except that of Stannett et al.(3), who show-

ed the number to be approximately one. 

    To arrive at a reliable result it is more necessary than any-

thing else to prepare copolymers whose branch length is about one 

tenth of that of copolymers mentioned in the present work and 

find number-average molecular weights of mother PVA and branch. 

As will be shown in Chapter 4, we have carried out grafting in 

the presence of a chain transfer agent, trichloroethylene, and 

osmometric molecular weight determinations. And we have succeeded 

to show that the separated true graft copolymer molecule really 

consists of one branch and one mother PVA molecule.

- 18 -
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                      CHAPTER 3 

    SOLVENT EFFECTS ON RADIATION GRAFT COPOLYMERIZATION 

 INTRODUCT  ION 

    The radiation graft copolymerizations which proceed hetero-

geneously in a substrate matrix are generally performed with the 
use of solvents (often named swelling agent) (1). It is expected 

that they accelerate the diffusion of monomer into the substrate 

matrix and hence increase the rate of grafting. Surely this is 

the strongest reason to use the solvents for the grafting. 

However it should be also noted that the solvent can affect the 

grafting, further behaving, for example, as a diluent of monomer, 
a chain transfer agent, and either a good solvent or non-solvent 

of growing polymer chains. This variety of the solvent effects 

makes the kinetic study of grafting much difficult. 

    From a view point of the solvent effect, the radiation graft 

copolymerization can be regarded as a matrix or heterogeneous 

polymerization(2) and it is not always necessary to distinguish 
between the grafted branch polymer and the non-grafted homopoly-

mer which is produced in a large amount in the matrix. Therefore, 

in the present work the homopolymer produced during the grafting 

was not separated from the true graft copolymer unless the chemi-

cal structure of the graft copolymer had to be determined. Since 

the chain transfer agent is known to behave peculiarly in the 

heterogeneous polymerization(2,3), the effects were also discuss-

ed in some detail.

                      EXPERIMENTAL 

1) Graft copolymerization 

    The graft copolymerization onto PVA films was carried out 

both with a mutual irradiation and a pre-irradiation method. In 

the latter grafting, dry films of 0.05 mm thickness were irradi-

ated in the presence of air at room temperature with gamma-rays 

from a Co-60 source. The irradiated films were transferred into 

an ampoule and then a monomer-swelling agent mixture, in some
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cases, containing a small amount of a chain transfer agent, was 

sufficiently added to the ampoule so as to immerse the films. 

After the ampoule was degassed by freezing and  thawing,and sealed, 

the graft copolymerization was carried out in a water bath kept 

at 50°C under incessant rotation of the sealed ampoule. 

    The mutual irradiation grafting was carried out in the simi-

lar way as the pre-irradiation grafting except that dry or water-

swollen films were irradiated simultaneously with the monomer 

solution in a degassed ampoule with gamma-rays. 

2) Conventional polymerization 

    Catalytic polymerization of styrene was carried out at 50°C 

in methanol solution in the presence of carbon tetrachloride 

(CC14) (styrene : methanol = 40 : 60 by volume) by using a,a'-

azobisisobutyronitrile (AIBN) as an initiator. 

3) Removal of homopolymers 

    After the graft copolymerization, the whole graft products 

were placed in plenty of benzene at room temperature and the 

homopolymer formed in the outer solution and adsorbed on the sur-

face of the films was removed. The weight increase was calculated 

from the weight difference of original and graft films. When the 

chain transfer agent was present in the monomer mixture, the 

graft films were at first soaked in water to prevent the eventu-
al crosslinking of PVA by CC14 or trichloroethylene (TCE). 

    In the case to determine the number of truely grafted branches, 

the unreacted PVA was also extracted with water-n-propanol (75 : 

25) mixture at 95°C. The alternate extraction with benzene and 

water-n-propanol was continued till the amount of polymer extracted 

decreased to a relatively low extent. Then the PVA part in the 

residue was completely acetylated and further extraction was re-

peated for homopolystyrene with hot cyclohexane and for homopoly-

(vinyl acetate) with hot methanol to ensure the complete isola-

tion of the graft copolymer. The residue was re-dissolved in 

benzene or dioxane and precipitated into n-hexane or water. 

This procedure was repeated several times. The acetylation re-
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duced the extraction time to a considerable extent. When no 

more polymer was extracted with either of the solvents, the final 

residue was regarded as pure graft copolymer and the percent 

graft was calculated by the equation (2-2). 

 4) Determination of molecular weights and chemical compositions. 
    The molecular weight of the homopolymer was estimated from 

the limiting viscosity number (n) in benzene with the use of the 

equations, 

(r) = 1.13 x 10-6 Mv0.73 ( polystyrene, 25°C) (4) 

(r^) = 8.69 x 10-5 My0•76 ( PMMA 30°C) (5) 

Osmotic pressure measurements were carried out with a High-Speed 

Membrane Osmometer (Hewlett Packerd Co., 502-type) in toluene at 

30°C for the mother PVA, the isolated graft copolymer and the 

grafted branch polymer, after the hydroxyl groups in each polymer 

were completely acetylated in acetic anhydride-pyridine (1 : 2) 

mixture. The grafted branch was separated from the backbone by 

cleaving 1,2-glycol bonds in the hydrolyzed graft copolymer with 

sodium metaperiodate in DMF. The chemical composition of the 

graft copolymers was determined from the alkali-consumption at the 
hydrolysis of the acetylated graft copolymers in benzene-methanol 

(20 : 1) mixture with N/4 methanolic NaOH. More detaild proce-

dure of the characterization will be shown in Chapter 4. 

RESULTS AND DISCUSSION 

1) Effects 'of swelling agent 

    In the present work the grafting was carried out by using 

styrene and MMA as monomer, and methanol and water as swelling 

agent. These swelling solvents, such as methanol, are known to 

be very effective to promote the grafting (1) not only onto 

PVA(6, 7) , but also onto nylon(8 - 11), cellulose(12 - 18), 

poly(ethylene terephthalate)(11, 19) etc. (9, 20 - 23) 

   Figures 3-1 and 3-2 show the influences of methanol on the 

grafting of styrene and Figures 3-3, 3-4 and 3-5 on the grafting
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Fig. 3-3.
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 Fig. 3-5. Effect of methanol on weight increase at mutual graft-

          ing of MMA onto highly water-swollen PVA films(DS = 

           2.3) ; radiation dose = 9.0 x 104r, 50oC. 

of MMA, respectively. The grafting of styrene was carried out 

by the mutual irradiation method onto dry PVA films at 55°C. 

The dose rate and the total dose are 6.0 x 103 r/hr and 2.5 x 

105 r, respectively. The mutual grafting of MMA was carried 

out onto dry or water-swollen films with a dose of 9.0 x 104 r. 

The degree of swelling, defined as gram water contained in one 

gram PVA film, varied from 0 to 2.3. As can be seen, methanol 

actually promotes both graftings, unless the degree of water-

swelling of the film is high. However, comparison of Figs. 3-1 

and 3-3 reveals clearly that the variation of molecular weight 

as well as the weight increase with the methanol content is 

different between the grafting of MMA and that of styrene. This 

indicates that the swelling agents have several effects other 

than to accelerate the diffusion of monomer into the substrate 

matrix. Therefore, in the following we will discuss the solvent 

effects other than this simple penetration by classifying into 

some representative ones and clarify as much as possible 

 whether the weight increase is due mainly to the increase in the 

number or the length of polymer chains formed.
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1-1. Gel effect 

    The steep rise in the weight increase owing to the presence 

of solvent is frequently ascribed to the so-called gel effect(9, 

 14% 16, 18, 21, 22)(Trommsdorff effect(24)). If this effect is 

predominant, the molecular weight of the polymer formed should be 
increased in proportion to the weight increase. This case is 

seen just in Fig. 1, where the results of grafting of styrene in 

the presence of methanol were given. Several interesting trends 

can be seen from the results. The first is that when methanol was 

added to the monomer, the extent of grafting was increased first 

gradually, reached a maximum at methanol contents of about 60 to 

80 % and then decreased rapidly. Furthermore it is seen that the 

methanol content where the homopolystyrene formed in the films 

has the maximum molecular weight agrees with the methanol content 

where the weight increase becomes maximum. Therefore it is obvi-

ous that the steep rise of the weight increase around the methanol 

content of 75 % must be principally due to the gel effect. 

    On the other hand, the methanol contents where the homopolymer 

has the maximum molecular weight are somewhat different between 

the homopolystyrene formed in the films and that in the outer so-

lution of films. This may be attributed to the difference between 

the concentration in the films and that in the outer solution. 

However the difference seems not to be so significant as that in 

the grafting of styrene onto polyethylene(22, 23) or cellulose ace-

tate(17). Another remarkable feature is that the molecular weight 

of the homopolystyrene formed in the films is about twice larger 

than that formed in the outer solution. This result may be ex-

plained in terms of the matrix effect due to the polymer substrate 
in which the mobility of polymer chains is strongly restricted. 

Since the gel effect is substantially originated to the decrease 

in the rate of collision of mutual propagating polymer chains 

mainly because of high viscosity of medium, the matrix effect can 

be regarded as a sort of the gel effect. Methanol may cause the 

propagating polystyrene chains to coil up, leading to the burying 

of the radicals, while the substrate matrix decreases the mobility 

of the propagating polymer chains through the gel-like property.
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1-2. Diluent effect 

   As can be seen in Fig.  3-4, the molecular weight of PMMA homo-

polymer formed in PVA films is decreased steadily with increasing 

methanol content, in contrast with the grafting of styrene, Huang 

(14) also observed in rayon-styrene grafting the monotonous de- 

crease of the molecular weight of PS branch withthe increasing 

content of acetone, which is a non-solvent for PS. 

    The reason of the different influence of methanol content on 

molecular weight change in the MMA and styrene graftings is not 

clear, but it seems probable that methanol coagulates polystyrene 

much stronger than PMMA, giving rise to the significant gel effect 

in the grafting of styrene. Anyhow the above results suggest that 

the role of swelling agent in the heterogeneous grafting is not 

simple and should be discussed by taking various effects into 

consideration. 

    Two factors may be important to explain the result in Fig. 3-4 

that the,molecular weight of homopolymer is monotonously decreased 

with the methanol content. One is the dilution of monomer with 

methanol and the other is the radical transfer to methanol. In 

the mutual grafting the indirect effect due to the methanol radi-

cals formed directly by irradiation should be further taken into 

consideration similarly as in the radiation-induced homopolymeri-

zation (25). As a result of the indirect effect the rate of ini-

tiationRibecomes a complicated function of the concentration of 

swelling agent. However, in the case of MMA and methanol mixture 

Rican be regarded as independent of the concentration to a first 

approximation, since the G-values for radical formation are near-

ly the same for MMA (GR = 27.5) and for methanol (GR = 24.0) (26). 

On the contrary, it is known (25) that the transfer of excited 

energy takes place between styrene and methanol, resulting in the 

pronounced increase in the polymerization rate with methanol. 

The small maximums of the conversion in the outer solution and the 
total conversion at a methanol content of 20 % observed in Fig. 3-
2 may be explained in terms of this indirect effect. Here the 

conversions in the outer solution and in the interior of the films 

are the fractions of the monomer polymerized in each place to the 

initial total'monomer and the total conversion is the sum of them. 
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    If the diluent and the chain transfer effect are assumed to 

be the chief factors influencing the degree of polymerization of 

the homoPMMA,  P , it is given by 

    1CS)  k1"2 Ril/2 
      = C + C 

(M)+k (M)(3-1) 

where (S) and (M) are the concentrations of solvent and monomer 

in the film, CM and CS the chain transfer constants to monomer 

and solvent, kt and kp the rate constants of termination and propaga-

tion, respectively. If CM) and [SJ are assumed to be proportional to 
those of the outer solution (M'J ( =k'(M] ) and (Sal ( = k"(S) ), the 
following equation is obtained 

     „1/21/2 1
=CM-S~SMO,M•k• C + ( Csk"~SMO,M+ktRi~.MO_ M) .1 

PAMMO
, Sk'?MMO,SkpQMk'v' 

                                                       (3-2) 
where v' is the volume fraction of the monomer in the outer mono-
mer_ solution, MOM and M0s are the molecular weight of monomer 
and solvent, and 4M and Ps are the .density of monomer and solvent, 
respectively. In this equation the concentration is expressed 

by mol/ml. Therefore, the value of CM - (?sMO M/AMMOs)(k"/k')CScan 

be determined as the intercept of a plot of l/ against 1/v'. The 

plot is shown in Fig. 3-6, where it is seen that the intercepts 
are 1.0 x 10-5 regardl6ss of the degree of swelling of the film. 

As CM is 1.0 x 10-5 according to the literature (27), Cs is found 

to be zero. It is therefore concluded that the decrease in length 

of the homopolymer is attributed to the dilution effect of meth-

anol. 

    Consequently the change of weight increase shown in Fig. 3-3 

should be explained in terms of the penetrating effect of methanol. 

The monotonous decrease in the weight increase with the methanol 

content shown in Fig. 3-4 may be due to the higher affinity of 

water with'PVA than of methanol, which repels water from the PVA.
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2) Chain transfer agent effect 

    As is demonstrated above and in other works(14,18,19,22,28), 
the length of polymer chains formed during the heterogeneous 

grafting is extremely long compared with that of backbone because 
of the matrix effect of the substrate polymer. Actually the poly-

mer chain appears to be able to grow almost to the upper limiting 

length which is determined by the radical chain transfer to mono-

mer. For this reason one can say that the radiation grafting is 

a model system to investigate the polymerization mechanism in a 

matrix or a heterogeneous medium. 

    One of the features of heterogeneous polymerizations 

is known to be the decrease in the total conversion of monomer with 

the increasing concentration of a chain transfer agent, even if 

it is not a degradative one(2,3). We found similar results also 

in the graftings. Fig. 3-7 shows the result of the pre-irradia-

tion grafting of styrene onto PVA in the presence of carbon tetra- 

chloride(CC14),a strong chain transfer agent for styrene. The 

dry PVA films were pre-irradiated to a dose of 1.0 x 1O6r at a 

dose rate of 8.4 x 104 r/hr and then grafted in styrene-methanol 

(40 : 60) mixture containing CC14. This agent did not cause any
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reduction of the conversion in the catalytic solution polymeriza-

tion of styrene with the use of 1.0 x 10-2 mol/1 AIBN, as shown 

in Fig. 3-8. As is seen in Fig. 3-9, the similar results were 

observed also in the mutual graftings of styrene and MMA, where 

CC14 and trichloroethylene(TCE) were used as chain transfer agents, 

respectively. 

2-1. Change of the number of branches by the chain transfer agent 

    To study the effect of chain transfer agent on the grafting, 

it is important first of all to know whether the added chain trans-

fer agent deactivates the initiating sites for grafting on the 

substrate polymer. For this purpose, the mutual grafting of sty-

rene onto PVA films was carried out in the presence of a small 

amount of CC14 and the chemical structure of the graft copolymer 

formed was determined after complete removal of homopolystyrene 

and the unreacted PVA. The results are tabulated in Tables 3-1 

and 3-2 together with the grafting conditions. It is seen that 
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Table 3-1. Mutual grafting of styrene  onto water-swollen PVA 

          films (DS = 0.66) in the presence of CC14

M3S M4S MlOS M8S

Wt. of PVA film(g) 

Styrene(ml) 

Methanol(ml) 

(CC14]/(Styrene) (mole ratio) 

Dose rate(r/hr) 

Dose(r) 

Temp. (°C)

34.131) 

234 

940 

0.13

4.6x105

20.071) 14.641) 

119 120 

476 478 

0.05 0.025 

 1.0 x 104 

4.6x105 4.7x105 

    50

23.372) 

119 

476 

0.05

4.7x105

Total cony, of monomer(%) 

Wt. of graft copolymer(g) 

Wt. frac. of styrene part 

True grafting efficiency(%) 

True percent graft(%) 

Frac. of reacted PVA(%)

69 

2.976 

0.533 

 1.1 

4.6 

4.1

100 

3.523 

0.635 

 2.2 

11.1 

6.4

89 

3.323 

0.676 

 2.0 

15.3 

7.3

93 

2.124 

0.677 

1.5 

6.2 

2.9

G-value for branch formation 1.0 1.3 1.2 1.0

1) Mn = 5.89 x 104 

2) Mn = 3.40 x 104

the G-values for branch formation, defined as the number of 

branches formed per 100 eV radiation energy, do not scatter vir-

tually from the average value of 1.0 in the range of (CC14] /(mono-
mer) from 0.025 to 0.13. This important conclusion that the chain
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Table 3-2. Chemical structures of  PVA  -styrene graft copolymers

Sample

VAC cont. of 

aoetylated 

   graft 

copolymer 

  (wt%)

Mn x 10-5
Numbers 

copolymer

in a graft 

 molecule

Acetylated 

  graft 

copolymer

Backbone 

PVAC11)

Branch 

PS1)

Isolated 

branch Backbone2) Branch

M3S 

MS 

M9S3) 

M10S 

M8S

63.1 

53.0 

58.9 

48.4 

48.2

3.54 

3.90 

4.02 

6.03 

2.89

2.23 

2.07 

2.36 

2.92 

1.39

1.31 

1.83 

1.66 

3.11 

1.50

1.04 

1.88 

1.40 

2.71 

1.41

1.94 

1.80 

2.05 

2.54 

2.09

1.26 

0.97 

1.18 

1.15 

1.06

1) 

2) 

3)

Calculated by values of 

(Mn of backbone' PVAC) / 
Prepared under the same

the composition and 

(Mn of mother PVAC) 

condition as sample                 Mn

of the 

M4S .

acetylated graft copolymer.
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transfer agent does not affect the branch number is also support-
ed from the fact that the fraction of grafted PVA which is di-
rectly related to the number of branch formed except for M8S re-
mains roughly constant regardless of the variation of  CC14 con-
centration. On the contrary, Hayakawa et al.(29) and_Huang(14) 
reported that the number of branch increased with addition of 
CC14 in the graftings of styrene onto cellulose acetate and rayon, 
respectively. However it is questionable in these cases whether 
the homoPS formed within the fibers was completely removed. 

2-2. Chain transfer constant in the grafting 
   In Fig. 3-10, 1/P was plotted against the initial concentra-

tion ratio of CC14 to styrene to estimate the chain transfer con-
stant CS.The Cvalues calculated from slopes of the linear 

curves in Fig. 3-10 are 6.0 x 10-3 for mutual irradiation graft-

ing, 7,5 x 10-3 for pre-irradiation grafting and 6.7 x 10-3 for 

the conventional polymerization with AIBN. Also in the graftings 

of MMA onto PVA (30) and styrene onto cellulose acetate(29), the

                    44 

40 C
s =6.7x10 

         036• 

           • 
,32 is 

               6C
s=7.5x10-3 

    4• 
                                            QC

s = 6.0x10 3 

0' • 
                      0 0.025 0.05 0.075 

(CC14) / (Styrene) 

Fig. 3-10. Effect of CC14 on the DP's of 

           at various polymerizations ; 

           merization (AIBN = 1.0 x 10-2 

          irradiation grafting, (0) :

0.10

 homopolystyrene formed 

 (0) : catalytic poly-

mol/l) , ( 0 ) : pre-

mutual grafting.
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two values of  C obtained from the grafting and catalytic  polymeri-

zation were in good agreement. These results do not seem unreason-

able, since the concentration ratio of chain transfer agent to 

monomer in the vicinity of the growing chain ends in the film 

would be nearly equal to that for the growing chains at the con-

ventional polymerization and in addition the rate constants of 

polymerization (k p) and of chain transfer (ktr) may be same in 
the grafting and the catalytic polymerization. 

2-3. Decrease in the total conversion 

    The above experiments denote that the chain transfer agent 

neither deactivates the primary radicals on the substrate polymers, 

nor behavesabnormally, at least, with respect to the change of 

polymer chain length. However, it decreases greatly not only the 

percent graft(31), but also the total conversion of monomer, as 
shown in Figs.3-7 and 3-9. To gain a deep insight on the mechanism, 

we determined the weight of homopolymer formed in the film and in

Fig. 3-11

c 
0 

> 
c 0 U

4k

 2~

 0
0 20

~'Oin the outer solution 

 4060 80 100 120 

Polymerization time ( hr)

. Effect of CC14 on the monomer conversions in the film 

 and in the outer solution at pre-irradiation grafting 

 of styrene onto PVA films (Methanol / Styrene = 60 / 

40). (Q,. )(CC14) / (styrene) = 0, (Li, ^ ) 0.01, ( 0 , 
• ) 0.05, (0,^) 0.10.
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Fig. 3-12.

Table  3-3,

s0• 

40 

o •_ 

O •20 

0 --------------------------------------- 
0 0.25 0.50 0.75 100 

(TCE) / (MMA) 

Effect of TCE on the monomer conversions in the PVA 

films and in the outer solution at mutual grafting of 

MMA onto PVA films (Methanol/MMA = 60/40); (0) in 

film, ( ® ) in outer solution. 

Effect of CC14 on the mutual grafting of styrene onto 

water-swollen PVA films (DS=0.66), methanol/styrene = 

80/20, radiation dose = 1.44 x 105 r, 50°C.

S75  S76 S77 S78 S79

(CC14)/(styrene (mole ratio) 

Cony. in the outer soln. (%) 

Conv, in the PVA films (%) 

Total conversion (%) 

My of homoPS (105) 

Number of PS molecules 
formed in PVA films(1017)

0 

14.6 

40.8 

55.4 

51.0 

1.05

0,.025 

15.1 

 7.7 

22.8 

7.07 

1.42

0.050 

11.2 

4.5 

15.7 

3.12 

1.86

0.075 

7.3 

 2.5 

 9.8 

2.24 

1.42

0.10 

 8.0 

 2.0 

10.0 

2.24 

1.17
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the outer solution as well as the molecular weight of both poly-

mers. The yield of homopolymer, expressed here as conversion, was 

given in Figs.  3-11 and 3-12 and Table 3-3. It is seen that the 

weight of polymer formed in the film is decreased with the concen-

tration of chain transfer agent, whereas the conversion in the out-

er solution does not depend actually on the concentration for those 

cases. The influence of CC14 through the indirect effect on the 

the mutual grafting can be neglected, because the decrease in the 

polymer yield is observed also in the pre-irradiation grafting. 
It is interesting to point out that, as is seen in Table 3-3, the 

number of polymer formed in the film remains constant regardless 

of the CC14 concentration within the experimental error. It fol-

lows that the CC14 radicals produced as a result of radical trans-

fer from the growing chain disappear rapidly from the substrate 

matrix. Judging from the fact that the yield of homopolymer in 

the outer solution is constant or rather decreased with the CC14 

concentration, it seems to be probable that the radicals from 

CC14 disappear in the film as a result of the recombination. 

                       CONCLUSION 

1) The presence of methanol in the monomer enhances the diffusion 

of monomer into the substrate film, resulting in increase of the 

number of polymer chains. 

2) The monomer diffusion into the film is more largely enhanced by 

water, which pre-swells the film, than methanol whose affinity 

for PVA is much lower than water. 

3) In the grafting with styrene methanol gives rise to the gel 

effect to a considerable extent in the content range near 75 96. 

As a result the length of polymer chains becomes very long and 

hence the percent graft is increased in proportion to the chain 

length. 

4) In contrast with the grafting with styrene, methanol in the graft-
ing with MMA dose not cause any gel effect, but acts merely as a 

simple diluent. The chain length is decreased with the methanol 

content as obeying the normal polymerization kinetics. 

5) The percent graft as well as the total conversion are decreased 
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significantly when the graftings of styrene and MMA are carried 

out in the presence of  CC14 and TCE, respectively, though they 

are found not to be degradative chain transfer agents in the con-

ventional, catalytic polymerizations. This may be a reflection 

of the heterogeneous polymerization process by which the graft-

ings proceed. 

6) The chain transfer constant of CC14 calculated from the varia-

tion of molecular weight of the homopolystyrene formed in the 

film is in good agreement with that found in the conventional 

polymerization of styrene in the presence of CC14. 

7) The characterization of the graft copolymers freed from the 
homopolymers proves that the number of truely grafted branches 

produced per unit dose is not increased nor decreased by the pre-
sence of CC14. 
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                      CHAPTER  4 

     CHEMICAL STRUCTURE OF  POLYVINYL ALCOHOL)-METHYL 

 METHACRYLATE GRAFT COPOLYMERS PREPARED BY VARIOUS METHODS 

                     INTRODUCTION 

   Within recent years a great number of investigations(1) have 

been carried out on the grafting. These works are mainly con-

cerned with methods, kinetics or mechanisms of the grafting. 

On the other hand, very little effort has been devoted to the 

characterization of graft copolymers produced (2-14). However, 

it is essential to elucidate the chemical structure of graft 

copolymers, not only to learn the grafting mechanism, but also 

to evaluate properties of the graft copolymers. In our labora-

tory extensive studies have been done on the radiation-induced 

graft copolymerization of vinyl monomers onto poly(vinyl alcohol) 

(PVA) (15). Concerning the chemical structure of graft copoly-

mers, it was pointed out ten years ago(16) that graft copolymers 

of methyl methacrylate (MMA) on PVA prepared by an ordinary ir-

radiation technique consisted of one mother PVA molecule (DP 

about 1,000) and one long poly(methyl methacrylate) (PMMA) branch 

(DP about 30,000). We have then begun with experiments to prepare 

graft copolymers whose backbone and branch have practically the 

same length(17,18). In that case graft copolymers were prepared 
by pre-irradiation technique as before, but monomer solution was 

different from that used in the previous experiments ; trichloro-

ethylene (TCE), a chain transfer agent, was added to the solution 

to shorten the length of the branches. The number of branches of 

the copolymers thus obtained was in all cases one, but unexpected-

ly the number of mother PVA molecules in a graft copolymer ranged 

from 0.9 to 5.7. 

    The reason why the backbone of these graft copolymers consist-

ed of several mother PVA molecules was made clear recently (19). 

It was observed that unirradiated pure PVA films were slightly 

colored yellowish when heated in a methanol/TCE (1 : 1) mixture 

at the temperature of extraction of homoPMMA (80°C). The colored 

films were partially insoluble in boiling water, indicating that
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crosslinking took place between PVA molecules due to TCE. On 

the contrary, neither coloration nor insolubilization was observ-

ed for the films treated in methanol-TCE at temperatures lower 

than 50°C. The graft films prepared in the presence of TCE were 

colorless, but became colored after continuous extraction with 

boiling benzene for one week without exchanging the benzene, and 

were no more soluble in dimethyl sulfoxide (DMSO), a solvent of 

both  PVA backbone and PMMA branch. However, when the graft films 

were at first immersed in water or extracted with boiling water 

prior to the extraction with boiling benzene, they were soluble 
in DMSO and not colored at all. Therefore it is expected that 

a graft copolymer with the backbone consisting of one mother PVA 

can be obtained, if the extraction is carried out at first with 

water. Preliminary experiments have verified the expectation. 

   The main purpose of this chapter is to clarify the chemical 

structure of PVA graft copolymers prepared by several different 

methods, and to obtain well-characterized graft copolymer samples 

for the studies of their properties. The methods employed in the 

present study are both radiation and chemical ones. The tech-
niques used for the radiation-induced grafting are pre-irradiation 

and mutual irradiation with gamma-rays from 6oCo. The chemical 

grafting was carried out by the use of potassium persulfate(KPS) 
as an initiator (initiator method). In addition, grafting was 

tried under conditions that neither irradiation nor initiator 

was used (method of IMOTO (20, 21)) . In all cases MMA was graft-

ed onto films of PVA in the presence of TCE. 

EXPERIMENTAL 

1) Films 

    Aqueous solution of purified PVA was cast on glass plates at 

room temperature. The films formed were cut into strips of 5 x 

1 cm, and dried under vacuum for 2 days at 50°C. The thickness 

of films was 0.1 mm except those used for pre-irradiation graft-

ing which had a thickness of 0.05 mm. For the grafting by mutu-

al irradiation (M1M) and KPS initiator, films were prepared from 

fractionated PVA, whereas unfractionated PVA was used in other cases.
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2)  Pre-swelling of films 

     In order to proceed with the grafting reaction as homo-

geneously as possible throughout the whole films, they were 
treated with swelling agents such as water or water-methanol 

prior to grafting except for the case of pre-irradiation method. 
Table 4-1 lists the swelling conditions and the observed degrees 

of swelling. 

            Table 4-1. Pre-swelling of PVA-films

Swelling

Grafting method
Agent

Temp. 

(°C)
Time

Degree of 

swellings) 

  (g/g)

Mutual irradiation 

Pre-irradiation 

KPS 

Without initiator

H20/MeOH(40:60) 50 

1.25 % aqu . soln . 20 

of KPS 

water20

24 hrs 

3 min 

3 min

1.64 

2.74 

2.69

   weight increase after swelling 
a) ---------------------------------------- 
      weight of dry films 

In the case of grafting by KPS, films were swollen with an aqueous 

solution of the initiator to impregnate the films with KPS. In 

the pre-irradiation grafting the pre-swelling was not performed, 

and the dry films were submitted to the grafting reaction imme-

diately after the irradiation. 

3) Graft copolymerization 

    A pre-swollen or pre-irradiated film was put into a reaction 

tube and monomer solution containing TCE and methanol, whose con-

tentsare shown in Table 4-2, was added to it. They thoroughly 

degassed by conventional freezing and thawing cycles.
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Table  4-2. Composition of monomer solution for the grafting

Grafting method
McOH / MMA (TCE)/(MMA) Solution/Film 

(vol,ratio) (mole ratio) (ml/g)

Mutual irradiation 

Pre-irradiation 

KPS 

Without initiator

80/20 

60/40 

0/100 

60/40

0.5 

0.5 

1.5 

0.5

46.6 

20.2 

51.2 

27.2

The amount of TCE was fixed on the basis of results of our pre-

vious experiments (17) so as to make the branch length comparable 

with that of the backbone. In the pre-irradiation grafting, the 

irradiation was carried out at room temperature in the presence of 

air to a desired dose. The dose selected was the optimum dose, 

above which the PVA was degraded to a significant extent (22), 

and below which the yield of grafting was too low. The pre-ir-

radiated films and the monomer solution were separately degassed 

by the use of a breakable seal, and then allowed to contact with 

each other after the tube was sealed. After the sealed tubes 

were preserved overnight in a refrigerator in each case, grafting 

  Table 4-3. Conditions of grafting reactions

Grafting method
Temp. 

(°c)

Dose rate 

 (r/h)

Dose 

(r)

 KPSPo lym . 

(mole%)b)time(h)

Mutual irradiation 50 

Pre-irradiation 50 

KPS60 

Without initiator 60

6.1x103 3.0x105 

6.6x104 a) 1.0x106 a)

0.57

49 

99 

 5 

150

a) Dose rate and dose of pre-irradiation. 

b) Mole% to the basic molecule of PVA. 
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reaction was conducted by rotating the tubes incessantly in a 

water bath kept at a given temperature. The detailed grafting 

conditions are tabulated in Table  4-3. 

4) Isolation of graft copolymer 

   After separation of the graft films from homoPMMA formed in 

the outer solution, isolation of pure graft copolymers from both 

the homoPMMA and the unreacted PVA existing in the crude graft 

films was effected by alternate repetition of extraction. The 

unreacted PVA was extracted with water or water-n-propanol (75 : 

25) mixture and the homoPMMA with benzene mainly at their boil-

ing temperatures. In every case the extraction was started with 

water, as noted above. The cycle of extraction was continued, 

until the amount of extracted polymers was decreased to a negli-

gible extent, and the residue was regarded to be the pure graft 

copolymer. 

5) Separation of branch, acetylation, and hydrolysis 
   The isolated graft copolymers were divided into two parts. 

For the separation of the graft branch from the backbone, one of 

them was dissolved in DMSO which contained a small amount of per-

iodic acid, and treated at 30°C for five hr. It is well known 

that ordinary PVA contains 1 - 2 mole/ of 1,2-glycol linkage, 

which is selectively attacked and broken by periodic acid. Since 

the separated branch which was recovered from the DMSO solution, 

carries a short fragment of PVA at the end of the molecule, it was 

subjected to osmometry for the molecular weight determination, 

after acetylation of the fragment. The outline of the separation 

procedure is shown in Fig. 4-1. 

             PMMA 
               branch 

HIQ4 in DM50acetic anhydride-pyridine  
5 hr , 30°C15 hr , 100°C

 PVA,  (x  =1,2-glycol)PVAc 

Fig. 4-1. Separation of graft branch (the content of 1,2-glycol 

         in the PVA = 1.5 mole%)
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The other part was used to convert the poly(vinyl alcohol-g-

methyl methacrylate) to poly(vinyl acetate-g-methyl methacrylate) 

which is soluble in many conventional solvents. It should be 

pointed out that PVAc and PMMA are compatible in benzene over the 
whole polymer concentration range. The complete acetylation of 

hydroxyl groups in the graft copolymer and the isolated branch 

was effected with acetic anhydride-pyridine mixture for 15 hrs at 

100°C under nitrogen. 

6) Determination of composition of graft  copolymers 

   The MMA or VAc content of the graft copolymers was calculated 

from the alkali-consumption by the alkaline hydrolysis of the 

acetylated graft copolymer under such conditions(23) that exclu-

sively the acetylated backbone (not PMMA branch) is attacked on 

hydrolysis. 

   The details of cleaving reaction, acetylation and hydrolysis 

were described elsewhere(16). 

7) Determination of molecular weights 

   Number-average molecular weights of the acetylated graft co-

polymers and separated branches were determined by osmotic pres-
sure measurement in benzene at 30°C. Molecular weights of acety-

lated mother PTA and homoPMMA formed in the films during the 

grafting were also measured by osmometry under the same condition 
as that for the graft copolymer. The polymers to be measured 

were purified by precipitation into petroleum ether from the fil-

tered benzene solution and then dried at 50°C under reduced pres-

sure. These polymers were dissolved in benzene and their osmotic 

pressures were measured with the aid of a "502 High-Speed Membrane 
Osmometer" manufactured by Mechrolab Inc., and a "CMS-1 Recording 

Osmometer" by Melabs. The results obtained by the two different 

osmometers were in good agreement with each other. The membranes 

used were "Ultracella-Filter(feinst)" of Sartorius Membranfilter 

GmbH.
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                 RESULTS AND DISCUSSION 

1) Extraction of homopolymers 

   Regardless of the grafting methods employed, the removal of 

the  homopolymers by alternate extraction was not carried out so 

simply as in the cases described in Chapter 2, because the molecu-

lar weight of PMMA was decreased with a chain transfer agent so as 

to be comparable with that of the backbone. We presented here 

merely the results obtained at the mutual grafting as a typical 

example. In Tables 4-4 and 4-5 are shown the results. 

Table 4-4. Extraction of homoPMMA with benzene at 80°C 

          (mutual grafting)

 Step of
extraction

procedure

Time

(days)

Extracts

(g)

Step of
extraction

procedure

Time Extracts

(days) (g)

2nd

4th

4

3

32.43a)

0.19

6th

8th

2 0.05

3 0.02

 a) Number-average degree of polymerization,  P
n = 1,770. 

The extraction of homoPMMA with benzene was rather simple, and 

the extracts were confirmed from infra-red spectroscopy to be 

pure homoPMMA at each step of the extraction. In the case of 
extraction of the unreacted PVA, however, the circumstances were 

much complicated, as may be seen from Table 4-5. For instance, 

when a water/n-propanol(75 : 25) mixture, which is known as a 

better solvent for PVA than water (2L), was used instead of water 

at the third step of the extraction, the extract solution became 

completely milky and the separation of the two phases was not 

successful even by centrifugation at 3,000 rpm for 1 hr. In that 

case, therefore, the turbid solution was concentrated under vacuum 

below 50°C to dryness, and the recovered residue was submitted to 

further extraction under a milder condition, that is, with pure
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Table  4-5. Extraction of unreacted PVAa) (mutual grafting)

Step of 
extraction 

procedure

Solvent Temp. 

(°c)

Time Extracts 

 (g)

Appearance 

of solution

1st

3rd 

5th

7th

9th

Water 

Water/n-propanol 

Water/n-propanol 

Water 

Water 

Water

Water/n-propanol 

Water/n-propanol 

Water/n-propanol

8o 

80 

80 

80 

100 

80

80 

100 

100

1 hr 

1 day 

1 hr 

3 days 

3 days 

2 days

4 days 

2 days 

2 days

0.544 

2.86b) 

3.35 

0.67 

0.021

0.419 

0.131 

trace

clear 

clear 

milky 

clear 

clear 

slightly 
 turbid 

slightly 
 turbid 

turbid 

turbid

a) The 

b) Pn

weight of starting PVA = 10.73 g, and Pn = 

= 1,860.

2,140.

water at 80°C. Then the extract solution became practically 

clear and could readily be separated from the residue. When it 

became difficult to separate the extract solution from the resi-

due by simple decantation or filtration procedures, the separa-

tion was carried out by centrifugation. As demonstrated above, 

the extraction of the unreacted PVA was considerably troublesome. 

However, in our case, the homoPMMA and unreacted PVA could be 

removed satisfactorily from the graft copolymer by a suitable 

choice of extraction conditions. 

   In extraction from graft films prepared by the pre-irradia-

tion technique, the films were dissolved in DMSO at the middle 

step of extraction, and re-precipitated into methanol to alter 

the state of mixing of PVA and PMMA. Further alternate extrac-
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tion was continued for this pulverized product. The films before 

dissolution in DMSO appeared like a hollow beanpod, evidently 

indicating that the grafting reaction was confined to the surface 

regions of the films. A similar result was also reported by 

Campbell et al.(25) In other cases dissolution in DMSO was not 

necessary, because the films were broken to pieces gradually 

during the extraction. In the case of mutual irradiation also 

the grafting did not proceed throughout the whole film, when it 

was not sufficiently pre-swollen. 

    As mentioned above, the separation of the grafting product 

into its three possible constituents by extraction method is 

very time-consuming, whereas that of a mechanical mixture into 

the constituents is usually easy. This suggests that the graft 

copolymer strongly affects the extractability of the homopolymers. 

Some problems on the isolation of pure graft copolymer will be 

discussed in Chapter 6. 

2)  Results of graft. copolymerizations 

    The results of graft copolymerizations are summarized in 

Table 4-6. When the homoPMMA was removed not so vigorously as 

by the repetition of alternate extraction, but only by the simple 

extraction with benzene as usually done, considerably higher per-

cent grafts were obtained as demonstrated in Chapter 2. 

   We believe that the fraction of grafted PVA indicates most 

distinctly the characteristics of grafting methods. It is easily 

understandable that the fraction of grafted PVA is remarkably 

low in the case of grafting without initiator. The heterogeneous 

distribution of graft copolymer in the case of pre-irradiation 

grafting may be ascribed to insufficient diffusion of the monomer 

into the dry films, which leads to the restricted localization 

of graft copolymer and the relatively low fraction of grafted PVA. 

The graftings by mutual irradiation and catalytic initiation with 

KPS, where swollen films were used, resulted expectedly in high 

fractions of grafted PVA. 

   It is noteworthy that the mutual irradiation gives lower frac-

tion of grafted PVA than the initiation by KPS, although the total
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Table  4-6. Comparison of various graftings of MMA onto PVA films

  Mutual 

irradiation

Pre-

irradiation
KPS

Without 

initiator

Initiation 

Polym. time (h) 

Total conversion (%) 

Percent graft (%) 

Graft efficiency (%) 

Fract. of grafted PVA 

Location of grafting

(%)

3.0 x105 r 

49 

100 

 18.9 

   2.3 

  10.9 

 Homo-

 geneous

6[KPS) 1
.0 x10 r ------ 

(VA) 

  99 

18.4 

  13.1 

   10.2 

4.25 

 Near the 

film surface

5.7 mole 

  1,000`ratio 

  5 

  21.2 

42.8 

   6.1 

  21.9 

Homogeneous

  0 

150 

14.8 

   1.9 

   1.8 

0.46 

Homo-

geneous



conversion of monomer reached 100 % in the former case. The high-

est fraction of grafted PVA for the initiation by KPS may be ex-

plained mainly from the following two reasons. In the first place, 

the concentration of KPS could be increased to a fairly high de-

gree without causing any appreciable side reactions such as deg-

radation and crosslinking. Secondly, KPS and PVA form a redox 

system, from which radicals are produced directly on the main 

chains of PVA (27).  However, it should be pointed out that the 

fraction of grafted PVA is even in this case rather too low if 

we recall that the amount of KPS was as high as 0.57 mole per 100 

basic moles of PVA (Table 4-3). Provided that each branch is 

produced by one molecule of KPS, only 1.4 % of KPS is regarded 
to have contributed to the grafting. According to our earlier 

study (27) it appears that some of the KPS molecules are consum-

ed to produce ketone groups on the main chain of PVA. The use 

of ceric ion, ,a well-known initiator of "grafting", was avoided 
in the present chemical grafting due to the reason that it causes 

exclusively main chain scission of PVA as a result of the selec-

tive reaction with 1.2-glycol linkages in PVA (28). 

    Considerably low graft efficiencies found in every case are 

due to the presence of chain transfer agent. It is a reasonable 

result that the graft efficiency is highest in the case of pre-

irradiation grafting. When grafting was carried out in the ab-

sence of chain transfer agent, the graft efficiency was higher 

and the percent graft increased remarkably, regardless of the 

presence of swelling agent and the grafting methods adopted, 
since the branch chains grew about several tens times as long as 

those obtained in the present case (17, 26). It is, of course, 

too difficult to characterize the graft copolymers with such long 

branches, and in addition the graft copolymer with such an unbal-

anced structure is not suitable as a sample for studies of vari-

ous properties of graft copolymer. The use of a chain transfer 

agent is favorable also due to another reason that they exclude 

possible termination reaction by mutual combination of growing 
branches, which would otherwise lead to formation of graft co-

polymers of the "H" type structure. 
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3) Molecular weights of various polymers 
   Typical results of osmotic presure measurements 

Fig.  4-2. This is an example for polymers obtained 

grafting.

are given in 

at the mutual

 2 

1 

 0 

 3 

  2 

0 1 
L 3 

 2 

1 

 3 

  2 

1

 Acetylated graft copolymer

_ Branch 

_ Acetylated mother PVA

_ Homo-PMMA

 0  0.5 
c (g/dl)

1.0

Fig. 4-2. Reduced osmotic 

pressures of various poly-

mers in benzene at 300C 

(mutual grafting)

The homoPMMA. is the one that was formed in the films and removed 

at the second step of extraction (see Table 4-4). In other cases, 

excellent linear relationships similar to those in Fig. 4-2 were 

observed between the reduced osmotic pressure and polymer concen-

tration. Table 4-7 lists the molecular weights, M
n, of various 

polymers obtained at the different graftings, together with the 

chemical compositions of graft copolymers. Although the separated 

branch has PVAC fragment on one end of the branch chain, its addi-

tional effect was not taken into consideration for the calcu-
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Table 4-7. Molecular weights and chemical compositions of graft 

          copolymers prepared by various methods

Grafting 

method

 Mn x 10-5 

Acetylated Sepa- Acetylated Homo-

  graft rated mother PMMA 

 copolymer branch PVA

MMA content of 

  acetylated 

graft copolymer 

(mole %) (wt. %)

Mutual 

irradiation 

Pre-

irradiation 

K PS 

Without 

initiator

4.17

6.65 

3.69 

6.88

1.81

4.42 

1.46 

5.32

1.84

1.15 

1.99 

1.15

1.77

4.63 

1.67

43.4

57.8 

36.8 

65.5

47.2

61.4 

40.4 

68.8

lation of molecular weight of branch, because the molecular 

weight of the PVAc fragment was negligibly low, compared to that 

of the branch. It is interesting to note that the molecular 

weight of homoPMMA formed in the matrix of PVA films is approxi-

mately equal to that of the branch polymer. The identical find-

ing was also observed in the previous works (18, 29). 

4) Chemical structure of graft copolymers 

   Basing on the values given in Table 4-7 it is now possible 

to make clear the chemical structure of the graft copolymers 

without any assumption. The number of branches and mother PVA 

molecules in one graft copolymer molecule is calculated in the 

following manner. When we multiply the molecular weight of 

graft copolymer by the fraction of PMMA or PVAc, we get the 

molecular weight of PMMA or PVAc part, respectively. Dividing 

the molecular weight of PMMA or PVAc part by the molecular weight 

of separated branch or acetylated mother PVA, respectively, we 
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get finally the numbers of 

which one graft copolymer 

Number of branches 

 Mn of PMMA part in

branches and 

consists.

mother

acetylated graft

PVA molecules of

 copolymer

(Mn

Mn 

of graft

of separated 

copolymer) x

branch 

(wt. fraction     of graft

of PMMA part 

copolymer

Number of 

Mn

mother 

of PVAc

Mn of separated 

PVA molecules 

part in acetylated

branch

graft copolymer

(4-1)

(Fin

Mn 

of graft

of acetylated 

copolymer) x

mother 

(wt.

PVA 

fraction 

of graft

of PVAc part 

copolymer

Mn of acetylated mother PVA 

(4-2) 

The numbers calculated in this way are given in Table 4-8, where 

it can be seen clearly that in every case the number of branches 

is about unity on the average. On the other hand, the number of 

mother PVA molecules is more than unity in every case; close to 

unity in the samples (M1M and KPS) prepared from the fractionated 

PVA's and to 2 in the others prepared from the unfractionated. 

This fact is not due to the crosslinking between mother PVA 

molecules as pointed above. The most reasonable reason is that 

mother PVA molecules with higher molecular weights are prone to 

be grafted more frequently. As will be shown theoretically in 

Chapter 5, the ratio of molecular weight of PVA part of the graft 

copolymer to that of the mother PVA should range from two to one 

in various fractions of grafted PVA, if the molecular weight dis-

tribution of the mother PVA sample is random. Thus it is proved 
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Table  4-8. Number of branches and mother PVA molecules in one 

          molecule of graft copolymer

Grafting method

                    Number of mother 
Number of branches PVA molecules

Mutual irradiation 

Pre-irradiation 

KPS 

Without initiator

1.09 

0.93 

1.02 

0.89

1.20 

2.23 

1.10 

1.87

definitely that the graft copolymer consisting of one mother PVA 

molecule and one branch is produced irrespective of the method 

adopted. This fact confirms evidently that the first extraction 

with water prevents the formation of crosslinking between mother 

PVA molecules as expected above, and, besides, that the acetylated 

graft copolymer is dissolved monomolecularly in benzene. It 

should be also noted that no appreciable degradation of main 

chain of mother PVA occurred during the course of grafting and 

extraction. 

    If we take into account the rather low concentration of ac-

tive sites for grafting produced by irradiation or KPS initiation, 

it seems quite reasonable that the fraction of grafted PVA and 

the number of branches are small. According to our statistical 

calculation in Chapter 5, the average number of graft branches 

in one graft copolymer is as low as 1.1 when the fraction of 

PVA subjected to the grafting is 0.20. The number increases to 

two, if the fraction increases to 0.75. 

5) Comparison of various grafting methods 

    In general it is not easy to compare the results obtained by 

various methods, because the grafting conditions are different. 

In the present case, nevertheless, the comparison is possible to

-55-



a certain extent, since we selected reaction conditions under 

employment of TCE as a transfer agent, to make the percent graft 

as high as possible in each case and the grafting was always 

carried out in heterogeneous system to films. 

   Table  4-8 shows conclusively that all the grafting methods 

employed in the present study produce graft copolymers with the 

identical chemical structure, that is, one mother PVA and one 

branch. However, according to the results given in Table 4-6, 

it is evident that the results of grafting are significantly 

different from one another. For instance the fraction of grafted 

PVA is increased as follows : 

  grafting by KPS > mutual irradiation > 

                       pre-irradiation > without initiator. 

The higher value of the fraction of grafted PVA in the chemical 

grafting than in the radiation-induced one may be explained from 

the above-mentioned fact. Namely, PVA has very reactive and hy-

drophilic groups similar to cellulose, and is able to form active 

redox system with various ions such as persulfate ions and metal 

ions (30). This redox system gives rise to production of polymer 

radicals, which initiate either graft or block copolymerization. 

On the other hand, it seems likely that for the less active poly-

mers such as polyolefins the radiation methods are more advanta-

geous than the chemical ones, since polymer radicals can be pro-
duced readily even from these polymers, if they are subjected 

to irradiation.
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                CHAPTER 5 

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS ON 

 YIELD AND CHEMICAL STRUCTURE OF GRAFT  COPOLYMERS

INTRODUCTION 

    In the previous chapters concerning the radiation grafting 

of vinyl monomers onto PVA, it was described that the number of 

grafted branches is about unity per one graft copolymer molecule, 
the fraction of grafted mother polymer being unexpectedly low. It 

seems of interest to discuss the experimental results from a theo-

retical view point. However, theoretical treatments on the graft-

ing reaction have not yet been reported expect for quite simple 

cases (1,2). If some important quantities in the grafting, such 

as the fraction of the mother polymer participating in the graft-

ing and the number of branches formed, can be predicted, studies 

on graft copolymerization will make great progress; for instance 

it may be easy to explore a method effective to increase the true 

grafting yield. 

    In this chapter fundamental quantities in graft copolymeriza-

tion were calculated as a function of the probability of branch 

formation from the monomer residue of mother polymer and compared 

with the experimental results obtained in our laboratory. On the 

basis of the calculations, the structure of graft copolymer was 

also discussed and some efforts to increase the number of branch-

es were attempted. 

                       THEORETICAL 

   We deal with the graft copolymerization of a vinyl monomer 

initiated by radicals on a pre-existing mother polymer, leading 

to formation of a graft copolymer containing long sequences of 

two different monomer units. In the present treatment it is as-

sumed that the grafted branches are formed randomly on the mother 

polymer and independently with each other. Production of active 
sites on mother substrate polymer via any secondary radicals is 

neglected. Furthermore the molecular weight of mother polymer is 

assumed not to change during graft copolymerization and to have a 

uniform or most probable distribution.
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 1. Probability of branch formation from a monomer residue (a) 

   a is generally given by the following equation ; 

           fbf0fi'Rd•dt 
 a =(5-1) 

(M)O 
where CMJ0 is the concentration of monomer residue of mother poly-
mer, fb is the reacting efficiency of mother polymer radical with 

monomer, and t is the polymerization time (the pre-irradiation 

time in the case of pre-irradiation grafting). fi and Rd are de-

fined as follows according to the grafting method. 

Case A : Chemical grafting  

    In a non-redox system, Rd is simply the rate of decomposition 

of catalyst and fi is the reacting efficiency of catalyst radical 

with the mother polymer. In a redox initiation to which the moth-

er polymer participates, Rd is similarly the rate of decomposition 

of catalyst, but represented as a function of the concentrations 

of catalyst and mother polymer. Here fi is unity. 

Case B : Radiation grafting  

   In both the mutual and pre-irradiation graftings, fi.Rd/(M)0 
is given by 

       fi•Rd(Ga/100)-I•A 

                                                 (5-2) 
M)0 NA/M0

,B 
where Ga is the G-value for the formation of active site, I is the 

dose rate(r/time), A is the energy conversion factor (= 5.8 x 1013 

eV/g.r), NA is Avogadro's number, and MOB is the molecular weight 

of monomer residue of mother polymer. By substituting eq. (5-2) 

into eq. (5-1) and integrating it, we obtain 

           f(G
a/100)R•A (1/100)•A•R(fb•Ga)   a = b = (5-3) 

NA/MOBNA/MOB 

where R(= I•t) is the radiation dose and fb•G
a corresponds to the 

G-value for branch formation Gb . Hence we may write eq. (5-3) in 

the form
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 « = 9.63 x  10-13R•M0 ,B•Gb(5-4) 

2. Number fraction of mother polymer with n branches (Fn) 

2.1. Uniform distribution 

   Clearly Fn is given by 

    Fn=PCn•an(1 - a)P-n(5-5) 

where P is the degree of polymerization of mother polymer. 

2.2. Most probable distribution 

   By definition the number of mother Molecules with P of the 

degree of polymerization, i(P), is 

      i(P) = (N/PB
4O) exp (-P/1513,0)(5-6) 

whereN is the total number of the monomer residues of mother poly-

mer and PBis the number average degree of polymerization of 

mother polymer. Then Fn is written in the form 

i(P). Cn•an(1 - a)P-n 
Fn = 

      P=ni(P) 

P=1 

0o 
            1 £ exp (-P/PB0).pC n.an(1 - a)P-n (5-7)         T;13

,0 P=n' 

If n<< P and a (<l, Fn is given in a good approximation by 

      Fn = (a.PB
'O)n / (1 + a.pB4O)n+1(5-7') 

3. Weight fraction of mother polymer with n branches (Wn) 

3.1. Uniform distribution 

Wn is given by the same equation as eq. (5-5) 

    Wn=PCn•an(1 - a)P-n(5-8)
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 3.2. Most probable distribution 

The general expression for Wn 

04 F.i(F)(! .nn(1 -

w n P=n P •i(P) 
P=1 

00 

          

1--------
2 II P•exp (P/PB4O)•pCn•an(1 - a) 

(PB
4O) P=n 

n«P and a4K1, it follows that 

Wn(n + 1)(a.B0)n / (1 +a.BO)n+2

is 

n)P-n

If

P-n
(5-9)

(5-9')

4. Fraction of mother polymer grafted (f,w) 

   Number and weight fractions of mother polymer possessing, at 

least, one branch are given by the following equations, respective-

ly .: 

f = Z Fn = 1 - FO(5-10) 

w = Z Wn = 1 - WO(5-11) 

where the summation should be taken from n=1 to P for the uniform 

distribution and from n=1 to oo for the most probable distribution. 

In the latter case, if n <C P and a01,  eqs. (5-10) and (5-11) re-

duce to 

f = a.PBO / (1 + a.PB
10)(5-10') 

w = a•PB O(2 + a•PB O) / (1 + a.15/3
90;(5-11')

5. Average number of branches grafted per one mother 

  cule (Nt) 

   In general Nt is given by 

       Nt=Zn.Fn 

Where the summation is taken over in the same way as 
and (5-11). By substituting eq. (5-5) or(5-71) into

polymer mole-

     (5-12) 

in egs.(5-10) 

eq. (5-12),
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we obtain the following equation regardless of the type of molecu-

lar weight distribution; 

  Nt =  a•PB
,p(5-12') 

6. Average number of branches grafted per one mother polymer mole-

  cule (Ng) 

Ng is given by the following equation for the most probable 

molecular weight distribution; 

0000 

     N='~n•Fn / Z Fn = 1 + Nt(5-13" 
n=1n=l 

However if the molecular weight distribution is uniform, the sum-

mation should be carried out from n=1 to P. 

   It can be shown that Ng is related to w as follows: 

Ng = -ln (1 - w) / w (uniform distribution) (5-14) 

       Ng=(1 - w)-1/2 (most probable distribution) 

(5-15) 

7. Average degree of polymerization of the backbone with n 
   branches 

   If the mother polymer has a most probable molecular weight 

distribution, the number average degree of polymerization $B 
n 

of the backbone with n branches is given by 
00 

--- P•i(P)•pC•an(l-a)P-n 

                           n 

  BonP=n (5-16) 
i(P) •pCn•an(1 - a)P-n 

                  P=n 

The weight average degree of polymerization 1BW
n of the backbone 

with n branches is 

00 

Z P2.i(P) •PCn•an(1 - a)P-n 
B W = P_n  B

,noo(5-~7) 
P•i(P) •pCn•an(1 - a)P-n 

P=n
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When  n«  P and a<<1, eqs.(5-16) and (5-17) reduce to eqs.(5-16') 

and (5-17') in a good approximation; 

PB,n = ((n + 1)/(1 + a.PB4O), • PB4O(5-16') 

     PBWn((n + 2)/(1 + a•PB4O)).PB4O(5-17') 

8. Average degree of polymerization of the backbone of graft 

copolymer 

   For the graft copolymer whose mother polymer has a Most prob-

able molecular weight distribution, the number and weight average 

degrees of polymerization of the whole backbone having branches, 

B,g and PBWg,are given by the following equations; 
00 00 

             Z Z P•i(P) . Cn•an(1 - a)'-n 
      PB

3g=      n-1c^o 00(5-18)
 zLi(P) •PCn•an(1 

n=1 P=n 

0oao 

2,~ P2•i(P) •PC„•an(1

- a)P-n 

 -a)P-n

 PBWg= ,----------------------------------------------(5-19) 
P•i(P) •PCn•an(1 - a)-n 

                n=1 P=n 

If n « P and a<0., we obtain the following equations as very close 

approximations, 

                               PB,g((2+a•PB4O)/(1+a:1313,09'PB4O(5-18') 

     P w-(6 + 6a•PB4O+ 2(a.P~Q)2 •p(5-19')  B,gB4O 
              (1 + a•P8

,0)(2 + a•PB4O) 

   The ratio M
w/Mn is often used as a measure of the polydisper-

sity of a polymer sample. By using egs.(5-18') and (5-19'), the 

ratio of the backbone polymer of graft copolymer is given by
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    W    P
B,g 

 PB
tg 

Number

(6 + 6a•PB
4O +

2(a•PB 0)2)

9. raction

Fg
,n =

of 

0o 

P=n

(2 + a.PB 0)2 

graft copolymer 

i(P) •pCn•an(1 -

(5-20)

aw 

n=l

00 

z P=n

i(P)•pCn•an(1

10. Weight fraction of graft copolymer 

    As mentioned above, it is assumed 

branch is not affected by the position 

and the existence of other branches. 

          00 

(MOBP + nMObPb)•i(P)-PCf 
w_ P=n 

with n branches (Fg
,n) 

a)P-n 
---------- (most probable 

          distribution) 
a)p_n 

                  (5-21) 

with n branches (Wg
,n) 

that the growth of each 

n on the backbone polymer 

Then Wg
,n is given by 

         )P-n 

        a

gin E
(M0BP 

n=1 P=n 

where Pb and Mob are the 

and the molecular weight 

spectively. When n<< P, 

Cn'Pb + ( n 
Wg

,n =

nMObPb) •i(P) •pCn•an(1 - a)P-n 

   (most probable distribution) (5-22) 

number average degree of polymerization 

of monomer residue of branch polymer, re-

a 4<1 and MOB=MOb,we obtain 

+ 1)L) (La)n-1(1 - La)2

where L = P
,0/(1

P 

+ a•PB

b 

,0)'

L(2 - La)
(5-22')
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                       RESULTS 

    The above equations are mainly expressed in terms of a and 

 B4O or Nt and Ng which are a function of a and TB4O, as is 
seen from eq. (5-12') or (5-13). Therefore the knowledge on the 

magnitude of a or Nt is necessary to evaluate the grafting yield 

or the number of branches with the employment of the above equa-

tions. 

    In the radiation grafting Nt is given from eqs. (5-12') and 

(5-4) by 

Nt = a•TB
4O = 9.63 x 10-13R•1.10B.Gb.pB4O 

• 9 .63 x 10-i3R•MB
4O.0b(5-23) 

where MB 0 is the number average molecular weight of mother poly-

mer. Relationships between Nt and R are shown in Fig. 5-1 for 

various Gb-values at MB0 = 105. Since the G-value for radical 

formation on mother polymer, which is considered to be comparable 

to the Gb-value, is about 0.1 to 10 for most of polymers and the 

dose employed in usual radiation graftings is 105 to 106 r, Nt 

may be lower than 1.0. On the other hand the prediction of Nt in 

chemical graftings is much difficult, but it seems possible to 

raise Nt to much higher than unity. 

    Taking into account this evaluation, the weight fraction of 

backbone polymer with n branches Wn was calculated as a function 

of Nt. In Figs. 5-2 and 5-3 are shown the results for the mother 

polymers possessing uniform and most probable molecular weight 
distribution, respectively. As clearly seen, the distributions of 

Wn become broader with increasing Nt. The influence of molecular 

weight distribution is negligible at low Nt, but becomes prominent 

at high Nt. It is noteworthy that the weight fraction of mother 

polymer with one branch does not exceed 0.2 and that of two 

branches is very low, as far as Nt remains 0.01 to 0.1 as in the 

usual radiation grafting. 

    Fig. 5-4 shows a relationship between the weight fraction of
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 n

Fig. 5-7. Weight  fraction of graft copolymer with n branches.

grafted mother polymer w and the average number of branches Ng 

per one graft copolymer molecule according to egs.(5-14) and 

(5-15). The difference of Ng-* relationship between the uniform 

and most probable distribution is negligible. It is obvious that 

the graft copolymer with more than 2 branches on the average 

cannot be produced unless w becomes higher than 0.75, which is, 

however, hardly attainable at the usual radiation grafting. 

   A relationship between 13B
,g/PB4O and Ng was shown in Fig.5-5 

according to eq.(5-18'). It can be seen that PB
,g/PB4O has a val-

ue of about 2, if N
g is close to unity. 

   The polydispersity of the backbone of graft copolymers was 

given in Fig. 5-6, where the ratio PBWg/PB,gwas plotted against 
Ng according to eq.(5-20). The ratio is seen to increase from 
1.5 to 2 with the increase of Ng. 

   In Fig. 5-7 the weight fraction of graft copolymer was plotted 
against the number of branches according to eq. (5-22') for var-
ious Ng values. Here PB and Pb were assumed to be 1000. It is 
clear that most of graft copolymer have only one branch, if Ng is 
close to unity.
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                      DISCUSSION 

1. Grafting  yield 

   In Tables 5-1 and 5-2 are summarized the conditions and the 

results of the radiation graftings shown in the previous chapters 

together with those reported elsewhere (3-5). The grafting condi-

tion was in every case selected so that side reactions can be sup-

pressed to a negligible extent whereas the weight increase becomes 
as high as possiole. The mother polymers were used without frac-

tionation except for sample M1M. 

   As clearly seen from Table 5-2, the yield in the grafting with-
out irradiation is by far lower than that in the corresponding ra-

diation graftings. This suggests that graft copolymer is formed 

predominantly as a result of gamma-ray irradiation. In each radi-
ation grafting the fraction of mother polymer grafted is lower 

than 0.1. This agrees fairly well with the theoretical expecta-

tion. The difference between mutual and pre-irradiation graftings 

is evidently characterized by the fact that the grafting efficien-

cy of the latter is always higher than that of the former. 

   In order to express the grafting yield, several experimental 

values can be utilized : the percent graft, the fraction of graft-

ed mother polymer and the Gb-value of graft branch formation. The 

two formers depend not only on the radiation dose, but also on the 

molecular weights of branch and mother polymer. Therefore it 

seems more appropriate to use the Gb-value, since it is theoreti-

cally independent of the radiation dose and any molecular weights. 

   The Gb-value of branch formation, defined as the total number 

of graft branches produced by irradiation of 100 eV, is given by 

the following equation, if grafting takes place uniformly through-

out the cross section of films or fibers. 

     Gb = Y•NA / p•A• 
,b(5-24) 

Here Y is the percent graft and Fin 
,b is the number average molec-

ular weight of grafted branch. Gb-values calculated by using eq. 

(5-24) are summarized in Table 5-3 with the GR-values of radical 

formation on PVA(6,7), cellulose(8,9) PET(10) and nylon(11) re-
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Table  5-1. Conditions of graft copolymerization

Backbone 

Monomer 

Grafting

polymer PVA Cellulose 

St  St  

Mb) Mb) Pc)

PETa) Nylon

MMA  St 

Mb),    d) 

(M4S)

St

method
Mb),    d) 

(M1M)
pc)

Withoute) 

 irrad.
Mb) Pc)

 Monomer / McOH (vol.) 

IChain transfer      agen tI~fionar) 
(m1. ) 

Dose rate (ice) (/) 

DoseCMUMO 

Polym. temp. (°C)

20/80

0.5

0.61 

0.30 

50

40/60

0.5

6.6 

1.0 

50

40/60

0.5

60

20/80

0.05

1.0 

0.46 

50

20/72f)

0.05

1.0 

0.20 

50

50/50 50/50 50/50 50/50

0.05 0.05 0.05 0.05

1.0 

0.50 

50

17 

14 

50

0.83 

0.39 

50

17 

2.4 

20

a) 

d) 

e) 

f)

Pol*thylene terephthala4 b) 
    _. 2.: ..v7e with 1120.-1 -t <( 40

H2O waS added.

 H2O 

mew / MOT

Mutual irradiation, c) Pre-irradiation, 

60) to a Aellearee of amelling of 1.64. 

02.64. 

/ H20 =



 w

Table 5-2. Results of graft copolymerizations

Backbone 

Monomer 

Grafting

polymer PVA

MMA 

P

 St 

M 

(M4S)

Cellulose 

   St 

M

PET 

St

method
M 

(M1M)

Without 

irrad.
M P M

Nylon 

St 

P

Total conversion 

  of monomer NO 

Percent graft 

      (/) 

Graft efficiency 

      (%) 

Frac. of grafted 

 mother polymer(%)

100 

18.9 

 2.3 

10.9

18.4 

18.1 

10.2 

4.25

14.8 

1.9 

1.8 

0.46

100 

11.1 

  2.0 

 6.4

34.3 

11.0 

6.36 

4.95

100 

 0.47 

 0.14 

 0.043

15.4 

3.43 

10.3 

0.56

100 

 6.2 

 1.7 

 0.54

27,1 

14.6 

27.3 

1.38



Table 5-3. G-values of 

in one graft

branch formation and 

 copolymer molecule

numbers of branches

Backbone polymer PVA Cellulose PET Nylon

Monomer MMA St St St St

 Grafting method
M 

(M1M)
P

Without 

irrad.

M 

(MkS)
M M P M P

G-value

branch

radical 

  Ref.

formation

ft

3.6  0.3

1-6 , 

(6)

8.0 

(7)

1.3 3.1

2.9 

(8,9)

0.05 0,01

0.025 

 (10)

0.70

0.7 

(11)

0.17



ported by other investigators. As is clearly seen, the  Gb-value 

at the pre-irradiation grafting is lower than that at the mutual 

grafting. This result may be ascribed to partial disappearance 
of radicals before they initiate the polymerization of monomer, 

and furthermore, especially in the pre-irradiation grafting onto 

PVA films, to the fact that the grafting is restricted near the 

film surface. 

   It is interesting to point out that the Gb-value is almost 

equivalent to GR, at least in the order of magnitude, though one 

should not place too much emphasis on the absolute values of GR 

as well as Gb owing to the dependence of GR-value on the hyster-

esis of polymer sample and the method of measurement. It is sure 

that this equivalency is not a result of the existence of a chain 

transfer agent used as a modifier of the length of grafted branch, 

because the Gb-value is not affected by the chain transfer agent 

as made clear in Chapter 3. Thus the number of branches formed 

by the radiation grafting can be regarded to closely relate to 

the number of active sites formed by irradiation. In other words, 

the maximum grafting yield can be roughly predicted from the GR-

value of radical formation on the mother polymer.

2. Chemical structure of graft copolymers 

   The chemical structure of graft copolymers produced by the 

radiation grafting is summarized in Table 5-4. The number of 

branches was calculated by 

   average number of branches 

Mn of branch part in graft copolymer

Mn of isolated branch 

Mn of graft (wt. fraction of branch part 
  copolymer x of graft copolymer

Mn of isolated branch

(5-25)

-75-



 v 

1

Table 5-4. Molecular weights and chemical structures of graft copolymers

Backbone 

Monomer 

Grafting

polymer PVAa)

MMA St 

M 

(M4S

Cellulosea) 

  St 

MM

PET 

St

Nylon 

St

method
M 

(M1M)
P

Without 

irrad.
P M P

MMA or 

  graft

M x  n 

10-5 

Number

St cont. of 
 copolymer (wt%) 

graft copolymer 

mother backbone 

separated branch 

of branches

 MBIMB
4O

47.2 

4.17 

1.84 

 1.81 

 1.09 

 1.20

61.4 

6.65 

1.15 

4.42 

0.93 

2.23

68.8 

6.88 

1.15 

5.32 

0.89 

 1.87

63.5 

3.90 

1.15 

1.88 

0.97 

 1.80

55.8 

3.06 

0.724 

1.87 

0.92 

1.87

91.5 

 2.20 

0.197 

2.03 

0.99 

0.95

85.9 

1.90 

0.197 

2.00 

0.82 

1.36

91.9 

2.89 

0.153 

2.37 

 1.12 

1.56

91.4 

3.87 

0.153 

3.71 

0.95 

2.22

a) Hydroxyl groups in the polymers were completely acetylated.



It is evident that the average number of branches is about unity 

in every case. This result accords with the theoretical evalua-

tion shown in Fig.  5-4. Since the GR-value of most of polymers 

is smaller than 10, it cannot be expected that a graft copolymer 

prepared by the radiation grafting has more than 2 branches on 
the average. 

   The ratios of the number average molecular weight of the 

backbone part(MB) to that of the mother polymer(MB
4O) which were 

calculated by the following equation are also given in Table 5-3. 

    __Mn of backbone part in graft copolymer 
    MB/MB 0 = 

               t Mn of mother polymer

Mn of graft wt. fraction of backbone part 

copolymer x of graft copolymer

Mn of mother polymer 

                                                  (5-26) 

It is seen that the ratio is close to two in the case of graft co-

polymers prepared from the unfractionated mother polymers(PVA, 
cellulose and nylon), whereas about unity for the PVA-MMA graft 

copolymer(M1M) prepared from the fractionated mother PVA. Besides, 

the ratios were found to be 1.69 and 2.08 for samples M3M and M7M 

prepared under the same conditions as sample M1M except for the 
use of the unfractionated PVA's with MB 0=3.40 x 104 and 5.89 x 

104, respectively. When the mother polymer has a most probable 

molecular weight distribution and the number of branches is around 

unity, the ratio MB/MB 0 should be close to 2 as shown in Fig. 5-5. 

Therefore the observed ratios coincide fairly well with the theo-

retical. It appears that the low ratios observed for the PET-

styrene graft copolymers may be due mainly to the molecular weight 

distribution of mother PET which is different from the most pro-

bable one.
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    The good agreement between the experimental and theoretical 

results indicates that the products are not block type but graft 

one. If the end of mother polymer is preferentially activated 

and a block copolymer is formed,  MB / MB0 should not be equal to 

                                                              t 2 but unity regardless of Ng value. 

3. Preparation of graft copolymer possessing numerous branches 
    To increase the number of branches, the weight fraction of 

grafted mother polymer must be enhanced as is clear from Fig. 

5-4. In radiation grafting, R, fb and Ga must be increased for 

this purpose, as eqs. (5-11') and (5-3) suggest. From an experi-

mental view point one can easily increase R. However side reac-

tions such as degradation or closslinking of mother polymer may 

occur on irradiation at a high dose. In the mutual grafting 

the supply of monomer may become insufficient at a high dose ow-

ing to the consumption for the homopolymerization. The second 

possibility is to enhance the reaction efficiency, that is, fb. 

However it is evident from the work in Chapter 3 that such sol-

vents as swelling agents and chain transfer agents are not so 

much effective to increase fb. Another method to increase the 

branch number is to raise Gb by chemical modification of the moth-

er polymer, for instance, by introduction of groups which are apt 

to form radical-. This may cause also the enhancement of the chain 

transfer to mother polymer, giving rise to the increase of branch 

number. Any effort has not been paid toward this problem. 

    Since the catalyst concentration can be easily increased, 

the number of branch is expected to increase at the chemical graft-

ing, though side reactions may also occur. Thus the grafting of 

MMA onto PVA films using potassium persulfate(KPS) as an initiator 

was investigated. However, as shown in Chapter 4, good results 

were not obtained, because KPS was insufficiently penetrated into 

PVA films. Therefore we carried out a homogeneous grafting by 

using dimethyl sulfoxide(DMSO) as a common solvent for PVA and 

PMMA. A certain amount of KPS and 18 ml of MMA were added to 

PVA-DMSO solution(2 g/60 ml) in a test tube . After degassing the 
solution, the test tube was sealed . The reaction was allowed to 
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Table 5-5. Graft copolymerization of MMA 

fate ( PVA = 2.5 wt%, MMA  _ 

starting PVA = 5.9 x  l04).

onto 

 22.5

PVA in DMSO solution 

 wt%, wt.of starting

by 

PVA

patassium 

 = 2 g and

persul-

Mn of

Exp. no. DG-1 DG-2 DG-3 DG-4 DG-5 DG-6

Polym. temp. (°C) 

KPS (wt%) 

Reac. time (hr) 

Graft copolymer 

MMA content of (
wt%) acetylated GP 

        Acetylated GP 

Mn x10-4 

         Branch 

Number of branches 

MB/MB
4O

  60 

  0.31 

   2 

soluble 

 58.6 

 36.5 

 5.37 

  3.6 

 1.32

 40 

  0.06 

41 

soluble 

 71.7 

  109 

 19.9 

  3.9 

 2.75

   60 

   0.81 

2. 

colored, 
 insoluble

polymer 

 permeated 
  membrane

  60 

  0.06 

   2 

soluble 

65.4 

  61.2 

  15.2 

   2.6 

1.84

  30 

  0.31 

 15.5 

soluble 

 71.8 

 85.1 

 19.5 

  3.1 

 2.09

8o 

   0.31 

    2 

insoluble

not 

  recovered



proceed for a certain time interval at a given temperature from 

30 to 80°C. The methods of isolation and characterization of the 

graft copolymer were the same as described in Chapter 4. The 

results are given in Table 5-5. It is seen that the graft copoly-

mers having about 2 to 4 branches are obtained. The weight frac-

tion of PVA grafted was higher than 0.8 in every case except for 

DG-3 and DG-6, though the value could not be distinctly determined 

because of the loss of the graft copolymer into the extracting sol-

vents. On the other hand, side reactions became predominant, when 

the reaction condition was severe as in the cases of DG-3 and DG-6.

Table  5-6. Repeated 

          onto PVA 

           solution 

          = 0.5(by

radiation graft copolymerization of MMA 

Cswelling : in water-McOH(40-60), monomer 
: MMA-McOH(20-80), (trichloroethylene) / (MMA) 
mole), irradiation : 500C, dose = 2.63 x 105r).

Grafting 1st 
(M2M)

2nd 3rd

Final solvent for extraction 
  prior to the next grafting 

Weight of polymer to be (g) 
 irradiated 

PVA content in the polymer (g)

20.46

20.46

water

2.00

0.778

benzene

2.148

0.778

Apparent weight increase (g) 

                  (%) 

Weight of branch PMMA formed (g) 

Instantaneous percent graft (%) 

Cumulative(%) 

Total conversion of monomer (%)

42.74 

309 

 2.93 

 14.3 

 14.3 

94

0.219 

10.9 

0.148 

7.4 

16.1 

88

 0.339 

15.8 

- 0.003 

 0 

16.1 

82
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 Terefore this method may be also restricted to the preparation 

of graft copolymer with only several branches. 

   Another possibility to increase the number of branches is to 

repeat grafting reaction with the same sample. The results of 

the repeated mutual grafting of MMA onto PVA are summarized in 

Table 5-6. The graftings at the second and the third step were 

carried out under the same condition as the first (M2M) for the 

graft copolymer freed from the homopolymers. It is evident from 
the table that the further grafting hardly took place at the third 

step, though the first and the second graftings occurred to a sig-

nificant extent. This result may chiefly be due to the difficul-

ty of the MMA monomer to diffuse into the crystalline part of PVA.

1) 

2) 

3) 

4) 

5) 

6) 

7) 

8) 

9) 

10) 

11)
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                      CHAPTER 6 

   ISOLATION OF GRAFT  COPOLYMER FROM THE REACTION PRODUCT 

                     INTRODUCTION 

  In general, grafting products contain more or less the cor-

responding homopolymers. Therefore, in order to obtain the pure 

graft copolymer it is essential to remove the homopolymers from 

the crude product. Nevertheless, only a few papers(1-8) have 

been published which include the careful isolation. The most 

probable reason is that the isolation is not simple. For instance, 
the isolation procedure is awfully cumbersome for the products of 

radiation-induced graftings, where the fraction of the mother 

polymer participating in the grafting is rather low and also the 
homopolymer corresponding to the branch is formed by a large 

amount as shown in the previous chapters. In addition, we are apt 

to suppose that the isolation has been effected sufficiently 

enough before the true isolation is completed, as mechanical mix-

tures of two homopolymers can be easily separated in most cases. 

It should be also mentioned that there has been no good means to 

estimate the purity of the graft copolymer except for the density 

gradient centrifugation(9) which requires, however, a complicated 
technique and a device. 

   In this chapter we will discuss several problems relating to 

the isolation process based on our experimental results and pre-

sent effective isolation methods, especially noting the emulsify-

ing effect of graft copolymers on the isolation. Finally we will 

estimate the purity of isolated graft copolymers by means of thin-

layer chromatography. For an illustrative purpose attention will 

be confined to the graft copolymers with one branch, but the sim-

ilar consideration may apply to those with many branches and 

block copolymers.

                 ISOLATION METHODS 

   The methods generally utilized to isolate the graft copolymer 

from the reaction product can be , in principle, divided into three
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groups. They are selective precipitation, extraction, and ad-
sorption chromatography methods. 

1) Selective precipitation 

   The selective precipitation is usually carried out with the 

intention to precipitate only one homopolymer, say poly-A, from 

the solution of a crude reaction product by adding a precipitant 

for poly-A.  The separation by this method seems to give a suc-

cessful result, since the poly-A-B graft copolymer can be held in 

the solution as dispersed micelle(10). However, it is usually 

observed(1,11) that on addition of the precipitant a stable dis-

persion is formed which can not be coagulated to a complete ex-
tent even by long centrifugation at relatively high gravities. 

   This phenomenon may be interpreted as follows: with addition 

of the precipitant, not only the poly-A homopolymer but also the 

poly-A sequence in the graft copolymer molecule collapse 
and form the core of the micelle. The other, soluble sequences 

may form a peripheral outer shell of the micelle. In other words, 

the graft copolymer is considered to act as an emulsifier of 

poly-A homopolymer. This emulsification is schematically rep-
resented in Fig. 7-10. As shown in Chapter 7, the homopolymer 

to be precipitated was completely emulsified, for example, by a 

graft copolymer of 15 wt.% based on the homopolymer. Accordingly 
it is concluded that such a method as intended to precipitate 

selectively only one homopolymer does not give the true value ow-

ing to the emulsifying behavior of the coexisting graft copolymer. 

   However, if it is possible to coprecipitate the graft copoly-

mer with poly-A, keeping poly-B alone in the solution, we may be 

able to remove poly-B from the reaction product. For this purpose 

the solubility of poly-A-B graft copolymer should sufficiently 

differs from that of poly-B. As an example,turbidimetric titra-

tion curves of polystyrene (PS), poly(vinyl acetate) (PVAC), and 

PVAC-styrene graft copolymer (M4S) isolated from a radiation-

grafting product are shown in Fig. 6-1. The turbidity was mea-
sured by adding water, a common non-solvent, to each dioxane so-

lution of about 5 mg/dl at room temperature. The result indi-

cates clearly that the graft copolymer is completely coagulated
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Fig. 6-1. Turbidimetric titration curves of PS, PVAC, and PVAC-

          styrene graft copolymer. 

before the PVAC homopolymer begins to be precipitated, suggesting 

our proposed method to be promising. The detailed study on the 

micelle coagulation will be given in Chapter 9. 

   Table 6-1 gives a typical result of this modified precipita-

tion performed for a physical mixture of PVAC, PS, and PVAC-

styrene graft copolymer (M4S) (1 : 1 : 0.5). The mixture was dis-

solved in dioxane and precipitated selectively by adding water by 

such an amount as PS was completely precipitated but PVAC was 

still in a dissolved state. After the solution containing the 

precipitate was subjected to centrifugation at a high speed, the 
PVAC homopolymer was recovered by evaporation of the solvent from 

the supernatant solution. As seen in Table 6-1, only about half 

of the added PVAC homopolymer was separated by the first precipi-

tation procedure. However, the coprecipitated PVAC homopolymer 

could be removed by repetition of the re-solution and re-precipi-

tation procedure for the precipitate. In this experiment the 

separation was accomplished after 6 repetition. The number of 

repetition required for the complete separation would decrease if 

the precipitant is added by the amount as small as just to coagu-

late the graft copolymer and as slowly as possible. When the 

amount of the precipitant was too insufficient to coagulate
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Table 6-1. Removal of PVAC from a PVAC - PS - PVAC-styrene 

          graft copolymer mixture by the modified precipi-

          tation ( initial polymer conc.  L 2 g/dl)

                 Water 

Precipitation Dioxane 

              (by vol.)

Recovered PVAC

Weight 

(mg)

Cumulative 

wt. fraction

1 

2 

3 

4 

5 

6

0.35 

0.35 

0.365 

0.35 

0.36 

0.36

51.4a) 

25.3a) 

3.9 

18.5a) 

0.5 

0.6

0.514 

0.767 

0.806 

0.991 

0.996 

1.002

 a) Styrene unit was not detected in the IR spectra. 

completely the graft copolymer, the supernatant appeared more or 

less turbid even after the centrifugation. The removal of PS 

homopolymer from the PVAC - PS - PVAC-g-PS mixture was also suc-

cessful when dioxane - n-hexane was used as a solvent - precipi-

tant system. 

    The modified precipitation was further attempted for the 

product obtained by radiation grafting of styrene onto cellulose( 

12). After the cellulose part was completely acetylated to tri-

acetate, the product was dissolved in a mixture of methylene 

chloride - methanol (80 : 20) and then methanol was added to pre-

cipitate selectively the PS homopolymer and the graft copolymer. 

The result of the precipitation is given in Table 6-2. It can be 

seen from the table that the removal of the unreacted cellulose 

triacetate (CTA) came virtually to completion after the precipi-

tation procedure was repeated four times. The recovered precipi-

tate could be easily separated into the PS homopolymer and the 

graft copolymer by extraction of the former with benzene. As will 

be described later, it was confirmed by thin-layer chromatography
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Table 6-2. Removal of unreacted CTA from the graft product by 

          modified precipitation ; methylene chloride  - 

          methanol (acetylated grafting product = 5.00 gb))•

            Initial 

Precipitationpolymer 
                  conc. 

(wt/)

CH3OH cont. 

 of final 

 solution 

(v01/)

Recovered CTA

Weight 

 (g)

Cumulative 

wt. fraction

1 

2 

3 

4

2.0 

2.7 

3.9 

4.3

45.0 

45.0 

46.3 

46.3

2.287a) 

1.139a) 

o.084a) 

0.014

0.572 

0.856 

0.877 

0.881

 a) Styrene unit was not detected in the IR spectra. 

 b) The weight of total CTA in cluding the backbone of graft 

    copolymer and the homopolymer is 3.99 g. 

that the separation of the three component polymers was satisfac-

torily carried out. 

   Form the above results it may be concluded that the separa-

tion by the precipitation technique is effective if carried out 

in such a way poly-A and poly-A-B graft copolymer are copreci-

pitated and only poly-B is left in solution. The clear phase 

separation observed by Merrett(1) and Magat et al.(3) in the iso-

lation of graft copolymers by precipitation methods would be at-

tributed to the application of this principle. If a 9-solvent is 

available which has widely different 9-temperatures for the two 

homopolymers, the modified precipitation technique is very advan-

tageous because solution and precipitation of polymers can be done 

merely by raising and lowering the solution temperature. 

2) Extraction 

    In the grafting onto fibers or films, the homopolymer occluded 

in the grafting product is conventionally removed by extraction 

with a selective solvent(13). This method is in itself relatively
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simple and hence most widely used, though often  time-consuming. 

However, it is pointed out that a relatively appreciable amount 

of homopolymer can be furthermore extracted if the unreacted 

substrate polymer has been previously removed. According to 

Stannett and collaborators(2), the conventional extraction method 

is inadequate to obtain the pure graft copolymer free of homo-

polymers, unless both homopolymers are subjected to a repeated, 

alternate extraction. We have also revealed in the previous chap-

ters that the alternate extraction is necessary for the separation 

of various grafting products. During those experiments several 

problems arose with respect to the extractability of homopolymers. 

   First we will examine the possibility whether the graft co-

polymer is also "dissolved" away as micelle into the extracting 

solvent. If this actually occurs, the extraction method cannot 

be applied. 

2-1) Dispersibility of graft copolymers into selective solvents 

    Because a graft copolymer has in the same molecule two se-

quences different in their solubility behavior, it seems possible 

that graft copolymer is dispersed into the extracting solvent, 

resulting in micelle formation. In fact Kotaka et al.(14) and 

Uchida et al.(15) observed that A-B type block copolymers could 

pass spontaneously from a dried state into a dispersion when im-
mersed in their selective solvents. 

   We studied the dispersibility of several pure PVAC-styrene 

graft copolymers with one PS branch into various selective sol-

vents mainly at room temperature. The experiment was done with 

two kinds of the dried samples; one was recovered from tetra-

hydrofuran solution by pouring it into water and the other from the 

benzene solution into n-hexane. The former was named sample A and 

the latter sample B. From the difference in interaction of each 

polymer sequence with those solvents, sample A is supposed to have 

approximately such a microstructure that PVAC chains are extended 

and PS chains collapsed, while sample B has the inverse structure. 

A similar tendency was pointed out also by Merrett(16). The re-

sults are summarized in Table 6-3. 

   It is obvious from the table that neither sample A or B could 

be dispersed in the solvents in which one chain is soluble but the
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Table 6-3. Dispersibility of PVAC-styrene graft copolymers into 

           various solvents from the dried samples at room  tem-

          perature; graft copolymer/solvent = 1/100 (w/v).

Solvent PVAC1) PS
A

M3S

B A

M8S

B A

M9S

B

Ml OS 

A B

Methanol 

CH3) 

Acetone 

EAA4) 

OAc5)

 soluble 

insoluble 

 soluble 

 soluble 

T=83°C6)

insoluble 

T®=34°C 

 swollen 

TO =108.5°C 

 soluble

ND ND ND ND 

ND ND ND ND 

DDDD 

DDDD 

ND D ND D

ND ND ND ND 

ND ND ND ND 

D D PD PD 

D D D ND 

ND D ND PD

A: graft copolymer recovered by pouring the dilute THE solution 

   into water. 

B: graft copolymer recovered by pouring the dilute benzene solu-

   tion into n-hexane. 

D: dispersed, PD: partially dispersed, ND: not dispersed. 

1) PIn= 1.14 x 105, 2) 1 n= 2.11 x 105, 3) cyclohexane (at 50°C), 

4) ethyl acetoacetate, 5) n-octyl acetate, 6) initial cloud 

point. 

other is completely insoluble (methanol and cyclohexane). On the 

other hand, in the solvent which can swell the insoluble chain to 

a significant extent (acetone), both samples A and B could be com-

pletely dispersed and the solution appeared opalescent by reflect-

ed light. A similar appearance was observed in ethyl acetoacetate 

and n-octyl acetate which are 0-solvents for less soluble chains 

and good solvents for the other. However, in n-octyl acetate sam-

ple A was hardly dispersed, though sample B was completely dis-

persed. Since n-octyl acetate is a selective solvent similar to 
ethyl acetoacetate except that the PS branch is soluble in the 

former while the PVAC backbone is soluble in the latter, it can-

not be ignored that the sequential structure of the graft copoly-
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mer influences its dispersibility in these  0-solvents. Anyway, 

if one of the component polymers is quite insoluble in the selec-

tive solvent, it is clear that the dispersion does not occur, re-

gardless of the sequential structure of the graft copolymer mole-

cule and the microstructure of its bulk sample. The reason that 

such specific behavior was not observed distinctly for MlOS may 

be due to its higher molecular weight. 

   As a conclusion one can say that the graft copolymer with at 

least one branch can be isolated by the extraction method with 

the selective solvent which is a good solvent for the one chain, 

but a fully bad solvent for the other. Even if dispersion into 

the extracting solvent occurred as frequently observed in the iso-

lation of the graft copolymers with numerous branches(17) or A-B 

type block copolymers(14), they might be freed from the homopoly-

mers by decreasing the solvency of extracting solvent for the 

soluble chain, for example, by adding a precipitant for the both 

homopolymers till the copolymer micelle is coagulated. 

2-2) Factors affecting the extractability 

    In contrast with mechanically-blended homopolymers, grafting 

products need to be extracted alternately with each selective sol-

vent and besides for a very long period. Fig. 6-2 shows a typi-

cal example of the alternate extraction for the product obtained 

by radiation grafting of MMA onto PVA films. The numbers in the 

figure denote the order of the extraction. As is obviously seen, 

it is essetial for the effective removal of the homopolymers to 

repeat the alternate extraction several times. Since the molecu-

lar weight of the PMMA homopolymer was so high as several million 

in this case, employment of better extracting solvents than ace-

tone and water, such as benzene and water - n-propanol (75 : 25) 

mixture, was further required for the effective extraction. For 

the sample consisting of PMMA of the average molecular weight ( 

Mn = 1.8 x 105) comparable to that of PVA the extraction was more 

complicated as shown in Chapter 3; the extract solution for PVA 

became milky and the separation into two phases did not occur 

even by centrifugation. This means that the PVA-MMA graft copoly-

mer whose branch has the length comparable to that of the backbone
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 Fig. 6-2. Alternate extraction of PMMA homopolymer and unreacted 

           PVA from the reaction product obtained by the mutual 

           irradiation grafting of MMA onto water-swollen PVA 

            films. 

can be dispersed as micelle into water - n-propanol. Therefore, 

in this case water was used instead of water - n-propanol mixture 

as the solvent to extract the unreacted PVA. 

    On the other hand, the similar alternate extraction gave an 

erroneous result for the reaction product (M9S) obtained by the 

grafting of styrene onto PVA (extractions 1-7 in Fig. 6-3), unless 

the PVA part in the product was acetylated to PVAC. The acetyla-

tion was carried out for the residue taken out in the middle stage 

of the 2nd extraction (at A in Fig. 6-3) and the PVAC and PS were 

extracted with methanol and cyclohexane, respectively. The result 

is also given in Fig. 6-3 (broken line). As can be seen, the ace-

tylation enabled us to remove the homopolymers successfully. The 

removal of the homopolymers from the unacetylated reaction product 

appears to be accomplished at the 7th extraction, but extraction 

3' for the acetylated sample indicates that the unreacted PVA re-

mained unextracted still in the 7th extraction residue by such an 

amount as nearly equal to that of the PVA component in the graft
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copolymer. Further discussion on this figure will be given later. 

   A similarly poor efficiency extraction can be seen also in 

Fig.  6-4, where the extraction result for the product obtained by 

the radiation grafting of styrene onto poly(ethylene terephtha-

late) (PET) fibers(18) is shown. In this case the unreacted PET 

was extracted after most of PS homopolymer was extracted by re-

peated solution-precipitation of the sample. It should be men-

tioned here that the solution procedure was also necessary to 

achieve the extraction of the unreacted PET, though most of PS 

homopolymer had been already removed. Also for nylon-styrene(18) 

and poly(vinyl chloride)-acrylonitrile(19) grafting products, 

such solution-precipitation procedure was necessary to remove the 

homopolymers to a sufficient extent. 

   The difficulties in the above-mentioned extraction may be 

chiefly attributed to the microstructure of the sample to be ex-

tracted, because the rate of extraction may depend on whether the 

polymer molecule to be extracted is extented, or collapses in the 

outer component phase(20). In the experiment shown in Fig. 6-3, 

PS was attempted to be extracted from the acetylated sample with 

cyclohexane at 50 0C, after the PVAC homopolymer was removed. 

However, the PS homopolymer could hardly be extracted as shown by 

curve 4'. Since this sample was recovered by pouring the acetyla-

tion mixture, i.e., the pyridine - acetic anhydride solution into 

cold water, it may have such a microstructure as the PS chain is 

collapses and is occluded in the continuous phase of the extended 

PVAC. Therefore, to invert the microstructure of the sample it 

was again dissolved in tetrahydrofuran and recovered by pouring 

the solution into n-hexane whose nonsolvency is much stronger for 

PVAC than PS (at 1:i in Fig. 6-3). Then extraction was carried out 

with cyclohexane at 50 0C. The result is shown by curve 4" in 

Fig. 6-3. It is clear that the extended PS homopolymer could be 

readily removed by this further extraction, as expected. 

   Thus for the successful removal of homopolymers it is evi-

dently necessary to take into consideration the microstructure. 

When we change the microstructure by the solution-precipitation, 

this may additionally destroy the crystallite or the intimate en-

tanglement among polymer molecules making the extraction difficult.
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3) Adsorption chromatography 
    The isolation of graft and block copolymers by a chromato-

graphic technique has been reported not so extensively. Also 

in this case, the emulsifying effects should be considered. Re-

cently, it has been reported that thin-layer chromatography is 

very useful to fractionate polymer mixtures(21-25). Thus we ap-

plied a column adsorption chromatography for the isolation in or-
der to find its more rapid and simple method than selective pre-

cipitation or extraction. 

    The sample used in the present work is the product prepared 

under the same condition as Sample M9S. Prior to chromatographic 

separation, it was subjected to rough extraction of unreacted PVA 

and PS homopolymers. The PVA part in the product was completely 

acetylated to PVAC. Silica gel (100 mesh) from Mallinckrodt Chem-

ical Works, U.S.A., was washed with water to remove free acid, 

rinsed with methanol, and dried at 100-105°C for 15 hrs. Then it 

was charged by a wet method with benzene to a column of 50-cm 

height and 2.2-cm diam equipped with a glass  jacket, water was 

circulated in the clearance at 25°C from a thermostat. After 

washing the column with benzene, the polymer solution (308.0 mg/ 

30 ml benzene) was allowed to flow. The rate flow was kept 0.3-

0.4 ml/min throughout the experiment. 

    The solvents used as eluent are benzene for PS, methanol for 

PVAC, and methyl ethyl ketone (MEK) for the graft copolymer. Evi-

dently, the separations with benzene and MEK are based on the 

difference in adsorption strength of the polymers to silica gel, 

whereas that with methanol on the difference in the solubility of 

the polymers for the solvent. In order to avoid mixing of benzene 

and methanol, carbon tetrachloride (CC14), with which any of three 

polymers are not at all eluted, was allowed to run between the 

elutions with benzene and methanol. Each solvent was made to flow 

till the amount of eluted polymer became negligible, and then re-

placed by the subsequent solvent. 

    Fig. 6-5 shows the chromatogram where the polymer concentra-

tion c is plotted against the elution volume. It seems that the 

product is expectedly divided into three fractions by this chro-

matography. However, in order to confirm whether the chromato-
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graphic separation is really effective, it is necessary to deter-

mine the extent of contamination of the three fractions.  Thin- 

layer chromatographic analysis, which is discussed later, for the 

fractions of the graft copolymer indicates that each fraction is 

not contaminated with either homopolymer by more than 0.5-1 wt%. 

This contamination could be decreased if the elutions would be 

continued further with respective solvents. It was found from IR 

spectra that PS fractions were not virtually contaminated with 

PVAC, while initial PVAC fractions contained PS component to a 

larger than negligible amount. This may be due to the elution of 

a small amount of the graft copolymer with CC14-methanol mixture 

formed during the replacement of CCl4 by methanol. The recovery 

of the polymers was quite quantitative (308.0 mg used, 308.6 mg 

recovered), but partial hydrolysis took place when removal of 

free acid from the silica gel was insufficient. 

    On the other hand, when the separation was performed based 

only on the difference in the adsorption behavior, the PVAC-

styrene graft copolymer could not be separated from PVAC homo-

polymer. The result is given in Fig. 6-6. The sample is blend 
of PS(100mg), PVAC(100mg), and PVAC-styrene graft copolymer(l00 

mg) isolated by extraction method. PS was eluted at first with 

benzene as thoroughly as possible. Then the concentration gradi-

ent elution was further continued by using benzene- methyl ace-

tate mixture as a eluent. Elution characteristics of methyl ace-

tate is similar to that of MEK for the polymers. From Fig. 6-6 it 

seems likely that PVAC and the graft copolymer were eluted at the 

same time though the chemical composition of the two polymers is 

widely different from each other. 

    In conclusion, we can say that the reaction product can be suc-

cessfully and rapidly separated into its three components if the 

elution condition is properly chosen.

      ESTIMATION OF THE PURITY OF GRAFT COPOLYMERS 

    Ende and Stannett(9) first applied the density gradient cen-

trifugation method to a graft copolymer to check if the given 

sample was free from one or both of the attendant homopolymers.
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However, the technique has scarcely been used in the field of graft 
copolymers in spite of the lack of other suitable methods, proba-
bly because the choise of solvent pairs to produse a suitable den-
sity gradient is quite difficult. Clearly, the turbidimetric ti-
tration method is not appropriate to detect the homopolymer contam-
inating by a relatively small amount. On the other hand,  thin-
layer. chromatography (tic) appears to be a feasible technique. Re-
cently it has been reported that the tic technique makes possible 
to fractionate polymers through the differences in composition(21, 
21), monomer arrangement(23), steric isomerism(24.,25), and molec-
ular weight(26-30). Especially Inagaki et al.(23) observed that 
block copolymers were not developed on a chromatoplate, though the 
corresponding homopolymers, statistical and alternate copolymers 
had a high Rf-value. Thus it seems highly possible by tic to 
check the purity of graft copolymers. 

    The chromatographic behavior of a , polymer in adsorption chro-
matography is known to depend on the polarity of solvent and poly-
mer and the activity of stationary phase (especially in tic). For 
instance the more polar a solvent the more possible it is for the 

polymer to be developed. In the case of mixture of poly-A and poly-
B (say, poly-A is less polar than poly-B), merely poly-A would be 
developed, if suitable solvent is used as a developer. On the 
contrary, it is impossible to develop solely the more polar poly-
B as far as tic proceeds via the adsorption-desorption mechanism. 
In this case we must use such a developer that allows the develop-
ment to take place by a selective elution mechanism. For this 

purpose the solvent should be highly polar, and a good solvent for 
poly-B but a bad solvent for poly-A. 

    The tic substrate used in the present study were silica gel 
with a thickness of 0.25 mm precoated on 5 x 20 cm or 20 x 20 cm 

glass plates (Merck A.G., Darmstadt, Germany). The polymer (4-
4Opg) was deposited as a band of 5 cm length parallel to the de-
veloping direction using a microsyringe. The band-like deposition 
was made because about 40/4g was necessary to determine so small 
an amount of homopolymer occluded in the sample and such a large 

amount of polymer could not be normally developed when deposited 

as a spot. Some developers used are tabulated in Table 6-4
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Table  6-4. Experimental conditions of thin-layer chromatography for graft copolymers

Sample 
Spotting 

 solvent

Homopolymer Mother polymer

Developer Indicator Developer Indicator

 CTA-g-PS 

PVAC-g-PS 

 PVAC-g-PMMA 

Nylon-g-PS 

PET-g-PS

   CHC13 

   CHC13 

   CHC13 

HC00H/CHC13 

    = 2/8 

Phenol/CH30H 

= 95/5

CHC13 

CHC13 

MEK/CC14 = 

    CHC13 

CHC13

8/2

HC104 10 % aq. 

HC104 10 % aq. 

 12 N/20 aq. 

HC1O4 10 % aq. 

Kayalon 

Fast Brown Rb) 

H2O-CH3OH soln.

CH2C12/CH3OH 

     = 1/1 

CH3oH/H20 

     = 9/la) 

CH3oH/H20 

=. 9/1a) 

 HCOOHa) 

Phenol/H20 

      75/25

HC104 10 % aq. 

HC104 10 % aq. 

I2 N/20 aq. 

I2 N/20 aq. 

 Kayalon 

Fast Brawn Rb) 

H2O-CH3OH soin,

a) 

b)

continuous development. 

manufactured by Nippon Kayaku Co. ,Ltd.
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 rig . 6-8. Thin-layer chromatograms of the  CTA homopolymer, the PS 

            homopolymer, the isolated CTA-g-PS, and the CTA - CTA-

            g-PS mixtures with different mixing ratios (developer: 

methanol-methylene chloride (1 : 1) mixture). 

  togather with solvents for preparing sample stock solu-

  tions and indicators used for staining of chromatograms. All of 

  the samples are the graft copolymers prepared by radiation graft-

  ings and subjected to the isolation by either of the above-men-

  tioned methods. In any case tic was carried out not only for the 

  graft copolymer sample, but also for the mixtures of the sample 

  and the homopolymer of a given amount in order to estimate quanti-
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Fig. 6-9.

Fig. 6-10
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Thin-layer chromatograms of the PS homopolymer, the 

PVAC homopolymer, the isolated PVAC-g-PS(M9S), and the 

PS - PVAC-g-PS mixtures with different mixing ratios ( 

developer: chloroform). 

        PVAC  
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        (pg) 

Thin-layer chromatograms of the PVAC homopolymerur 

                the isolated PVAC-g-PS(M9S), and the 

 PVAC - PVAC-g-PS mixtures with different mixing ratios 

 (developer: methanol-water (9 : 1) mixture).

tatively the amount of the attendant homopolymer. 

    Figs. 6-7, 6-8, 6-9, and 6-10 show typical chromatograms of 

cellulose triacetate-g-PS and PVAC-g-PS(M9S). The scanning  spec-

trodensitometric traces for PS in the chromatogram of PS - PVAC-

g-PS mixtures by the reflected light of 265 nm are given in Fig. 

6-11. Other graft copolymers gave similarly clear chromatograms..
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Fig. 6-11. Scanning spectrodensitometric traces for PS in the 

           chromatograms of the PS - PVAC-g-PS (corresponding to 

          Fig. 6-9). 

It is probable from these results that the graft copolymers are 

not developed, the corresponding homopolymers alone being devel-

oped, as reported by Inagaki et al.(23) In these studies we 

could detect the homopolymers contaminating by amounts of 0.5 -

1.0 %, though the development with the selective solvents had to 

be continued overnight in several cases by the continuous devel-

opment method(31). 

   From the comparison of the staining degree of developed poly-

mers in tic for the mixtures of graft copolymer and its homopoly-

mer, the purity of the cellulose-g-PS was found to be above 99 %. 

Those of PVAC-g-PS (M3S, M8S, M9S, and MlOS) and nylon-g-PS were 

95 -98 %. On the other hand, the PVAC-g-PMMA and PET-g-PS were, 

in some cases, contaminated with their homopolymers of about 10 %. 

The poor separation of the homopolymers from the PVAC-g-PMMA may 

be due to the fact that the solution - precipitation was not car-

ried out. The extraction of PS homopolymer from the PET-g-PS sample 

might be not sufficiently effective since the adequate inversion 

of microphase would not be attained by the solution - precipitation
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                    CHAPTER 7 

EMULSIFYING EFFECT OF GRAFT  COPOLYMER FOR THE HOMOPOLYMER

                      INTRODUCTION 

     Block and graft copolymers have sequences of different mono-

 mer units in a molecule. These copolymers are, therefore, expect-

 ed to exhibit a number of unique properties which cannot be ob•-

 served when the corresponding homopolymers are employed. One of 

 these properties may be an emulsifying power as observed with low 

 molecular weight surfactants. For instance, Hughes and Brown(1) 

 found that solutions of a polystyrene-poly(ethyl acrylate) mixture 

 prepared from the product of polymerization of styrene in poly-
 (ethyl acrylate) emulsion apparently consisted of a single, hazy 

 phase, while the physical mixture of these homopolymers separated 
 into two distinct layers when dissolved in common solvents. A 

 similar phenomenon was also reported by Molau in several polymer-

 polymer systems(2). He concluded that this must be due to emul-
 sifying ability of the graft copolymer which would have been 

 formed during polymerization, and accumulated on the surface of 

 droplets of polymer solution. 

     Recently Wellons and co-workers(3) found a particularly in-

 teresting property of graft copolymer : films cast from solutions 

 of two immiscible homopolymers containing a small amount of the 

 corresponding graft copolymer were transparent, while those pre-

 pared from a mixture of homopolymers without copolymer were trans-
 lucent. This effect of graft or block copolymers was studied 

 more extensively by Riess and co-Workers (4 - 6), and it was shown 

 that the incompatibility of two homopolymers could be reduced by 

 addition of block copolymer which acts as an emulsifier. 

     It has frequently been pointed out (7) that isolation of 

 graft copolymers by means of fractional precipitation technique 
 from a reaction mixture containing two homopolymers correspond-

 ing to backbone and branch, is very tedious, since a stable 

 colloidal suspension is readily formed which resists aggre-

 gation by most of the common methods. It seems highly plausi-
 ble that this undesirable stabilization of colloidal solutions
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 is just a consequence of the above mentioned emulsifying effect 
 of the co-existing graft copolymer. 

     The purpose of this work is to investigate more or less 

 quantitatively the emulsifying effects of graft copolymers using 
 well-characterized samples. In the present work we will report 

 the effect of graft copolymer on the protection of the corre-
 sponding homopolymers against precipitation from the solution 

 caused by addition of the precipitant, resulting in emulsion  for-
 mation. The graft copolymers used are poly(vinyl alcohol)(PVA) 

 g- methyl methacrylate) and poly(vinyl acetate)-g-methyl methacry-
 late . They have one grafted branch whose length is approximately 

 equal to that of the backbone. The homopolymer to be protected 

 from precipitation is poly(methyl methacrylate)(PMMA) with vari-

 ous degrees of polymerization. Dimethyl sulfoxide(DMSO) was used 

 as a common solvent, and water as a selective precipitant of 

PMMA . 

     A study concerning graft copolymer effects on the emulsion. 

 formation in a polymer-polymer-good solvent system will be pre-

 sented in the following chapter.

EXPERIMENTAL 

1. Graft copolymer 

   The PVA-MMA graft copolymer was prepared by mutual irradia-

tion grafting mentioned in Chapter 4.. Each graft copolymer mol-

ecule has one branch. The degree of polymerization(DP) of the 

branch and the backbone were 1,810 and 2,740 for sample M1M, 

and 1,560 and 2,780 for M7M, respectively. In the present study 

the sample M1M was used, unless otherwise stated. 

2. Homopolymers 

   HomoPMMA's with DP of 870, 1,040, 1,200, 1,500 and 1,770 

were those which were formed during grafting. HomoPMMA with DP 

of 3,540 was obtained by bulk polymerization with azobisiso-

butyronitrile as an initiator. The DP was measured in every case
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 osmometrically and all the samples were used without fractiona-

tion.

   3. Precipitation equilibrium 
      The homoPMMA and the graft copolymer were dissolved at the 

   same time in DMSO in test tubes, the concentration of homoPMMA 

   being always maintained at 1.0 % and that of the graft copolymer 

   being varied widely. A known amount of water was added to the 
' ''''solution at room temperature and the tube was sealed . The sealed 

   tube was then heated on a boiling water bath to redissolve the 

   polymer which had been precipitated by the addition of water. 

   After complete dissolution, the tube was put in a thermostat at 

30°C for 48hr to equilibriate the precipitation or the liquid-

   liquid phase separation. The equilibrium was generally reached 

   within a day. 

      The polymer precipitated to equilibrium was isolated from 

   the solution by decantation (in an exceptional case centrifuga-

   tion was applied), washed with methanol or water, dried and 

   weighed. In the case of phase separation, the higher concentra-

   ted phase was separated from the less concentrated upper liquid 

   phase by decantation and the polmer was recovered by addition 
   of methanol or water.

4. Electron microscopy 

Electron microscopic photographs were taken after colloidal 

suspensions containing homoPMMA protected from precipitation 

were dialyzed against water to exchange DMSO for water and con-

densed to dryness on collodion or polyvinyl formal)film at room 
temperature. For comparison an electron microphotograph was tak-

en after the same suspension was coagulated by pouring into meth-

anol, dried and then again dispersed on collodion film. 

RESULTS 

1. Influence of graft copolymer and water concentrations on the 

  precipitation of homoPMMA 

   In the present work the emulsifying effect of the graft co-
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polymer was studied under the condition that the homopolymer is 

precipitated, while the graft copolymer  is still held in the 

solution. The solvent-precipitant combination adopted here was 

DMSO-water. The concentration of homoPMMA in DMSO was kept at 

1.0 % and various amounts of the precipitant (H20) were added. 

   Fig. 7-1 shows the precipitation curve of homoPMMA in DMSO-

water mixture at 30°C.

E 
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E 
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r — a 

o 'u 
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1.0 

0.8 

0,6 

0.4 

0.2 

 0
    0246 

                                 Water content  (  vol°/.  ) 

      Fig. 7-1. A precipitation curve of homoPMMA in DMSO-

                water mixtures (initial polymer conc. = 1.0 wt%, 

               DP - 1,500, temp. = 30°C). 

As is seen, the amount of water required to cause precipitation 

of all the PMMA is very small. The graft copolymer was not pre-

cipitated at all by addition of such a small amount of water . The 
influence of the added graft copolymer on the incipient cloud 

point of homoPMMA is shown in Fig. 7-2. 

The presence of graft copolymer does not affect the cloud points 

of the solution of homoPMMA, indicating that initial aggregation 

of homopolymer molecules was not disturbed with the existing 

graft copolymer, at least by such a small amount Of graft co-

polymer. However, amounts of the homoPMMA precipitated at the 
bottom of tube were decreased distinctly , when the graft copoly-
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mer was present in the solution. The appearance of the solution 

changed in the following fashion. 

    When the graft copolymer was absent, the DMSO solution of 

 PMMA became hazy upon addition of water, and then separated into 

two clear layers within one day. In case that the amount of ad-

ded water was sufficient enough, the upper phase contained prac-

tically no polymer, while the lower phase consisted of swollen, 

precipitated homoPMMA. This is quite the well-known phenomenon 
observed with ordinary solutions of homopolymers. However, when 

the graft copolymer was present in the solution, the appearance 

of the upper phase changed from clear to turbid and the amount 

of homopolymer precipitated at the bottom was decreased and fi-

nally became zero with increasing amount of the added graft co-

polymer. 

    A typical result is given in Fig. 7-3. 

The amount of water was adjusted so as to precipitate the homo-

PMMA just to completion when the graft copolymer was not added. 

It can be clearly seen that the precipitation of homoPMMA was 

greatly reduced by the presence of the graft copolymer. In 

other words, one can say that the homopolymer was emulsified by 

the graft copolymer. The minimun amount of the graft copolymer 

to be added to cause the precipitated polymer phase to disappear 

was as small as 1.0 % of homoPMMA. In this case the solution 

became turbid on the whole and this trend was kept 

unchanged at least for six months. Even if the turbid solution 

was subjected to centrifugation at 24,300 g for 10 min., a con-

siderable amount of homoPMMA was still held in dispersion with-

out precipitation. The result is given also in Fig. 7-3. 

   DP of the homoPMMA used in the above experiment was 1,040. 

The following studies were carried out to see the effect of the 

DP of homoPMMA on its emulsification and the results are given 

in Fig. 7-4. 

The precipitated polymer was separated by decantation. As is 

obvious from Fig. 7-4, the emulsifying effect of graft copolymer 

for the homopolymer became more prominent as the DP of homoPMMA 

decreased. The similar large dependence of DP of homopolymer
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has been also reported by other workers in the study of compat-

ibilization or solubilization effects of block copolymers on im-

miscible homopolymers (4 - 6, 8, 9). 

    In the above experiments a critical amount of water was ad-

ded which was required to just cause all homopolymers to be 

precipitated when the graft copolymer was absent. Fig. 7-5 shows 
the results obtained at experiments whereby the water was added 

to a smaller extent than the critical amount . 

It is seen that a plateau region appeared in the precipitation 

curves in this case. The upper solution layer was always clear 

in this concentration range of the graft copolymer, suggesting 

that the graft copolymer did not influence the phase-separation 

of homoPMMA solutions. However, when the amount of graft co-

polymer became higher than a certain threshold value, the emul-

sification took place, which led to a change in the appearance
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of the solution phase from clear to turbid. 

    On the contrary, the result given in Fig. 7-6 was obtained, 

when a larger amount of water was added than the critical a-

mount. In this case, the precipitation of homopolymer could be 

prevented by a smaller amount of the graft copolymer, as long as 
the added amount was small. 

   From the results given in Figs. 7-5 and 7-6, we can draw 

a phase diagram for emulsification of the homopolymer as func-

tionsof the graft copolymer and the precipitant (water) contents. 

This is represented in Fig. 7-7, where open circles correspond 

to the graft copolymer content at the end of the plateau region 

in Fig. 7-5 and filled circles to those by which all.the homo-

polymer is just emulsified, as shown in Figs. 7-5 and 7-6. 

In the region I the added graft copolymer does not influence the 

precipitation of the homopolymer, while it protects the homopoly-
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 mer from precipitation in the region II, though not completely. 

 However, in the region III the homopolymer to be precipitated is 

 thoroughly emulsified by the graft  copolymer. The broken line in 

 the figure denotes the critical water content where just total 

 homopolymer would be precipitated in the absence of the graft 

 copolymer. The strong dependence of the water content on the e-

 mulsification may be compared with the similar dependence of po-

 lymer blend concentration on the polymeric oil-in-oil emulsion 

,...formation as will be shown in Chapter 8. It is well known 

 that the phase separation caused by addition of the precipitant 

 (aggregation) proceeds more predominantly with increasing amount 

 of the precipitant, while in the case of blend solutions prepared 

 with a common solvent the tendency of phase-separation (demixing) 

 increases with the blend concentration. 

 2. Size of emulsion particles 

     Fig. 7-8 (a) gives a representative electron microphotograph 

 of emulsion taken after subjecting to dialysis against water. 

 One can clearly see round particles which are similar to ordinary 

 emulsion particles. It is interesting to point out that the spher-

 ical structure of the particles is apparently preserved even after 

 coagulation of emulsion, as seen in Fig. 7-8 (b), which was taken 

 after the same suspension sample as used for Fig. 7-8 (a) was 

 coagulated by pouring into methanol and pulverized again mechan-

 ically. 

     The particle radius was read from the electron microphoto-

 graph and the average radius R defined as ~.n.R.3 /MI.,n.R.2 was1                                            17,
calculated. (The reason for this averaging will be discussed 

 later.) 

     Table 7-1 lists the average radius of emulsion particles 

 whose photographs were taken after dialysis. The emulsions were pre-

 pared by adding the M7M graft copolymer sample by larger amounts 
 than necessary to protect just all the homopolymer. The water 

 content was adjusted to such an amount that all the homopolymer 

 was just precipitated.
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Fig. 7-8.  Electron microscopic photographs of colloidal 

particles in the emulsion containing homoPMMA 

protected from precipitation by the presence 
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Table 7-1  . Influence 

 radius of

of 

the

the graft 

 emulsion

 copolymer 

particle.

content on the

GP content 

  (%)

R ( )

870

DP of homopolymer 
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7.41 

9.09 
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0.188 
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0.204 
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3. Polyvinyl acetate-MMA graft copolymer - homoPMMA system 
   The studies have been extended to  polyvinyl acetate)(PVAC)-

MMA graft copolymer which was obtained by acetylation of the PVA 

portion of the PVA-MMA graft copolymer (M1M) used in the above 
experiment. The homopolymer to be emulsified is homoPMMA with 

DP of 1,500. The solvent-precipitant combination is DMSO-water, 

similarly to the case of PVA-MMA graft copolymer. The PVAC-MMA 

graft copolymer also was not precipitated by addition of such a 

small amount of water as to cause the homoPMMA to precipitate 

just to completion. Fig. 7-9 shows the results obtained. As 

can be seen clearly, this graft copolymer also protects homoPMMA 

significantly from precipitation. 

                     DISCUSSION 

   As made clear in the above experiments, homoPMMA can be emul-

sified by both of the PVA-MMA and PVAC-MMA graft copolymers. Ac-

cording to a preliminary experiment, the PVA-MMA graft copolymer 

was found to be able to emulsify also homoPVA in DMSO-benzene 

mixture, where benzene is a good solvent for PMMA, but a precipi-

tant for PVA. In this case, when the DMSO solution was poured 

into a large amount of benzene, the solution containing the emul-

sified PVA molecules seemed quite clear to the naked eye, but 

microscopically not homogeneous because Tyndall phenomenon was 

observed distinctly. Therefore, it may be concluded that the 

emulsification by a graft copolymer is not a specific effect ob-

served only for some limited systems, but rather a general phe-

nomenon and can be ascribed to the chemical structure character-

istic to graft copolymers. (HomoPVA exhibited no protection ef-

fect for homoPMMA from precipitation.) The fact that colloidal 

dispersions of the homoPMMA are stable at least for six months, 

indicates the protecting force of graft copolymers to be rela-

tively strong. It should be pointed out here that there is con-

sequently considerable doubt as to whether the fractional and 

selective precipitation methods are really effective to separate 

the graft copolymer from the reaction mixture. 

   As is clearly seen from Figs. 7-5 and 7-6, such factors as
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    the graft copolymer and water contents affect greatly but compli-
    catedly the emulsification of the homopolymer. First, we will 
    discuss the emulsification mechanism in the region III of the 

    phase diagram of Fig. 7-7, especially at the water  content where 
    all the homopolymer is just emulsified. 

       Region III : When the temperature of the solution containing 
   both homopolymer and graft copolymer is dletre4sed bet404he cloud 

    point of the homopolymer, the homopolymer molecules AMU aggre-
" "'gate with each other , resulting in formation of sup ,rge par-

    ticles that cause the appearance of solution turbiltIt seems 
   very reasonable to believe that the PMMA part in the graft copo-

    lymer is also incorporated into the particle formstionv whereas 

    the other soluble part cannot enter into the particle.{ Then it 

follows that the emulsion particles are eurtound 'd by the `PVA 

    (or PVAC) part of the graft copolymer which,' i+i i ,, a r 1ssolved 
    state regardless of the presence of the praycipitaa't.,'`. As a re-

    sult the particles may be held in dispersion by thte Soluble 
    chains which form a peripheral outer shell, leading .4o prevention 

    of coagulation of particles. Thie effect of graft copolymer 
    seems analogous to the emulsification of organic liquids in aque-

    ous solutions of soap. Electron microscopic photographs shown 
    in Fig. 7-8 also support the above Mechanism of emulsification. 

    Then, the shell of a spherical emulsion particle should consist 
    of monomolecular layer of graft copolymer, as illustrated sche-

    matically in Fig. 7-10. We can test the validity of this assump-
    tion by the following calculation. 

       The total surface area of particles in an emulsion of, say, 
    100 ml is given by 

         S =2:n.. 47LRi2(7-1) 

    where ni is the number of particles with the radius of Ri in 

    the 100 ml emulsion. The total number of graft copolymer mole-

    cules in the emulsion particles is 
                      NA 

     N= Wg_(7-2) 
                      Mg 

    where Wg is the weight of the graft copolymer present in the
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   To verify this relation, the reciprocal of emulsion particle 

radius given in Table 7-1 was plotted against Wg /  (WO + Wg) 

in Fig. 7-11, where it can be seen that the experimental data 

satisfy the eq. (7-4) to a fairly good approximation. The Sg 

values calculated from the slopes of straight lines in Fig. 11 

assuming g= 1.188 g/cm3, are 6.3, 4.9 and 4.3 x 10-i3 cm2 for 

homoPMMA with DP of 870, 1200 and 1,500, respectively. 

   On the other hand, if each graft branch on the particle sur-

face is assumed to have a spherical form, the cross sectional 

area of the sphere S' can be calculated from 

      S' = 7t(------43C. -----               N
A 2/3 (7-5 )                        A 

where Mb is the number-average molecular weight of the branch 

PMMA. Again assuming 5= 1.188, we find S' to be 4.4 x 10-13 
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cm2. Agreement of this value with  Sg is satisfactory, though 

 Sg seems to increase slightly with decreasing DP of homoPMMA. 

This is a support for the mechanism of the emulsification that 

spherical emulsion particles have shells of monomolecular layer 

of graft copolymer. 

   Region I : Since the homopolymer is partly precipitated in 

this region, a small amount of the graft branch also must be 

coagulated. Nevertheless, the graft copolymer does not influence 

the phase separation of the homopolymer. It is at present diffi-

cult to give a clear explanation for this phenomenon. As is 

generally observed during the process to attain an equilibrium 

of liquid-liquid phase-separation, the solution becomes tempo-

rarily turbid upon addition of nonsolvent, and then separates 

gradually into two liquid layers. In the ini' 1 stage prior 

to the equilibri establishment, the graft copolymer with a 

precipitated branch might be located in the interface ' the 

unstable droplets present in the turbid solution as shown in 

Fig. 7-10, and hence to disturb the coalescence of each droplet 

which would lead otherwise finally to the phase-separation into 

two layers. If the density of the graft copolymer at the drop-

let surface is too sparse to prevent the droplet from the coa-

lescence, no effect of the graft copolymer might be expected. 

This mechanism is somewhat Similar to that of the polymeric oil-

in-oil emulsion formation, as will be discussed in the following 

chapter. It might be better to state simply that the solution 

concentration of the graft copolymer should be higher than a 

critical value in order to emulsify the homopolymer, if one 

stresses the similarity of the present result with conventional 

emulsions where active surfactants are able to emulsify only 

when their concentration becomes higher than a so-called critical 

micelle concentration (CMC). If this is true, the graft copoly-

mer content corresponding to the end of the plateau region in 

Fig. 7-5 should represent the CMC. 

    It is reasonable to suppose that the CMC decreases with in-

creasing water content and finally becomes zero, because even 

one molecule of the graft copolymer is likely to protect a cer-

tain amount of the homopolymer.
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   Region II : As shown in Figs. 7-4 and 7-5, except for the 

 homopolymer with the DP of 3,540, the fraction of the homopoly-

mer precipitated decreases almost linearly with the graft copo-

lymer content in the water content range where all the homopoly-

mer is not yet precipitated (in the left side of the broken line 

in Fig. 7-7). This result suggests that a unit weight of the 

emulsifying graft copolymer protects constantly a definite 

amount of the precipitated homopolymer at a given water content. 

   When the water content becomes higher than that which precip-

itates just all the homopolymer (in the right side of the broken 

line in Fig. 7-7), the above-mentioned linearity is no longer 

observed (Fig. 7-6). In this case the emulsifying effect may 

become more remarkable, because the driving force to aggregate 

PMMA molecules should increase with increasing amount of the 

added precipitant. However, the strong aggregation of PMMA mol-

ecules might lead, in turn, to a result that an amount of the 

graft copolymer larger than what is sufficient just to emulsify 
the homopolymer is incorporated into the particles. Thus a 

somewhat excess amount of graft copolymer should be needed to 

emulsify all the homopolymer. This may be the main reason by 

which the boundary curve between the regions II and III goes 

upwards. 

   The other remarkable feature in the region II is that the 

emulsifying effect of the graft copolymer becomes much more sig-

nificant with decreasing DP of the homopolymer, as is clearly 

seen in Fig. 7-4. This result may be explained in terms of ag-

gregation velocity of PMMA chains. It is reasonable to suppose 
that the PMMA chains of higher DP must aggregate earlier than 

those of lower DP, because the precipitation equilibrium was 

established at 30°C by decreasing slowly the temperature of the 

solution from about 100°C where both of the homoPMMA and the 

graft copolymer were completely dissolved. Therefore, the homo-

PMMA molecule of DP higher than that of the graft branch 

PMMA (DP0) is scarcely protected from precipitation by the graft 

copolymer, since the aggregated particle would have grown too 

large before the graft branches participate in the par-

- 120 -



 title formation. However, in the present case every polymer 

  sample has a rather broad DP distribution, and thus the emulsifi-

  cation of homoPMMA with higher DP than DP0 may occur to 

  some extent. Of course, in this case the complete emulsification 

  is impossible, as evidenced by the fact shown in Fig. 7-4 that 

  it was not successful to emulsify all the homopolymer with the 

  DP of 3,540. Furthermore, the extent of emulsification of the 

homopolymer was much lower, when the M7M graft copolymer (the 
'average DP of branch - 1,500) was added. In the above consider-

  ation we ignored the effect of water content which was increased 

  as the DP of homoPMMA became lower. However, this factor must 

  be considered to discuss more deeply the effect of DP of homo-

  polymer.

1) 

2) 

3) 

4) 

5) 

6) 

7)

8) 
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                  CHAPTER 8 

EFFECT OF GRAFT COPOLYMER ON DEMIXING OF  IMMISCIBLE 

             POLYMERS IN SOLUTION

                      INTRODUCTION 

    In the preceding chapter we have shown that graft copolymers 

are able to emulsify a large amount of constituent homopolymer 

in selective solvents in which the graft copolymers are in a 
"dissolved" state , whereas the homopolymer is in a "precipitated" 
state. This emulsifying ability of a graft copolymer seems to 

be related to its characteristic chemical structure. Indeed, 

the graft copolymer as well as the block copolymer may be regard-

ed as an amphiphilic compound (1), such as surfactants of low 

molecular weight, since these copolymers comprise polymer se-

quences of chemically different segments in the same molecule. 
    It seems likely that even in a good solvent for both the back-

bone and the grafted branch the interaction between chemically 

different segments may cause a segregation of each polymer se-

quence in the graft copolymer molecule, at least in relatively 
concentrated solutions (2). Hence the graft copolymer molecules 

may be segregated into micelles above a certain threshold concen-

tration, though there is still controversy concerning the molecular 

conformation in very dilute solutions (3). Vanzo(4) concluded 

the micelle to be formed from the fact that solutions of a block 

copolymer showed iridescent colors at moderate concentrations. 

    On the other hand, as is well known, a solution of ,immiscible 
homopolymers in a common good solvent separates into two phases 

and demixes gradually on standing due to incompatibility of the 

polymers. If the demixing into layers could be prevented by some 
means, a stable (in reality, metastable) emulsion would be ob-

tained. Molau (5) first pointed out that such an emulsion should 

be actually formed when a graft or block copolymer is present 

in immiscible polymer solutions, because the copolymer can act as 

an emulsifier. An emulsion of this class is termed as polymeric 

oil-in-oil emulsion (P00 emulsion).
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Recently Okada and his collaborators  (6)-reported that the demix-

ing rate of dimethylformamide solutions of a polyacrylonitrile-

poly(vinyl chloride) blend is greatly reduced by addition of a 

small amount of the grafting product obtained by polymerization of 

acrylonitrile in poly(vinly chloride) powder. 

   Thus it seems highly probable that an emulsifying effect of 

the graft copolymer would be observed also in a good solvent. 

The aim of the present work was to study the effect of a graft co-

polymer on the demixing of immiscible polymer solutions and to 

find the critical conditions for the formation of stable P00 emul-

sion, especially as a function of the graft copolymer and blend 

polymer concentrations and the degree of polymerization of homo-

polymers. Molau (7) has recently investigated the influence of 

molecular weight of a block copolymer on the stability of a P00 

emulsion.

                      EXPERIMENTAL 

1) Graft copolymer 

   Graft copolymer consisting of one PVAC backbone and one PS 

branch was obtained by complete acetylation of the PVA part of a 

PVA-styrene graft copolymer (M4S) prepared by radiation graft co-

polymerization of styrene onto PVA as shown in Chapter 3. The 
number-average degrees of polymerization (DP) of the branch and 

the backbone were 1,880 and 2,350, respectively. The detailed 

grafting procedure and the characterization method were described 

in Chapter 3.

2) Homopolymers 

    Samples of homoPVAC were prepared by acetylation of commer-

cial PVA with a viscosity-average DP of 4.20, 430 and 1,000. 

HomoPS samples were obtained by thermal polymerization of styrene 

in the presence of carbon tetrachloride. The viscosity-average 

DP was 510, 590, 950 and 1,030.
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   3) Preparation of emulsions and measurement of the stability 
       PVAC and PS were weighed into a test tube to which 1 - 0.1 % 

   benzene solution of PVAC-styrene graft copolymer and pure benzene 

   were added to obtain a desired concentration of the polymers. 

   After the test tube was sealed and the polymers were completely 

   dissolved, the solution mixture was shaken vigorously with the 

   use of a vibromixer. 

       In the case to compare the instability of emulsions at low 

 - homopolymer concentrations, the time necessary for the incipient 

   demixing at room temperature was measured. On the other hand, 

   for emulsions of higher concentrations, the point at which the 

   demixing begins could not be determined visually with reasona-

   ble accuracy owing to the high turbidity. Therefore, in this 

   case we pursued the turbidity change of the emulsion with time 

   by means of a turbidimeter. Fig. 8-1 represents one of typical 

   changes of the relative turbidity of emulsions at various blend 

   concentrations under a constant wt. ratio of graft copolymer (GP) 

   to PVAC. The blend concentration  is always expressed in the 

   present work, unless otherwise mentioned, as ((WPS+ WPVAC)/ 
   (WPS+ WPVAC+ Wbenzene)J x 100, where W is the weight of sub-

1.0

(J    0.5

0
0 2

Fig.  8-1. Change of 

          ing time

202

Blend conc.(wt°/e)

4 6 8 10 

Standing time (day) 

the relative turbidityVrel ,with stand- 
(PVAC/PS = 1/4, GP/PVAC = 0.10).

- 124 -



stance denoted by the subscript. The turbidity seems to change 

approximately linearly with the time of standing, at least, in the 

initial stage. Thus a plot of the initial slope of curves against 

the blend concentration (Fig. 8-2) enables us to determine the 

critical point of stable emulsion  formation.

0• • • 

a -1 

                0 

             in 

     -2 • 

         10 15 20 25 
Blend conc. (wt°/°) 

      Fig. 8-2. Influence of the blend concentration on the 

               rate of turbidity change (PVAC/PS = l/4, 

               GP/PVAC = 0.10). 

The critical blend concentration required to form a stable emul-

sion is indicated in Fig. 8-2 by an arrow, where the slope be-

comes just zero. 

4) Phase-contrast microscopy and electron microscopy 

    A phase-contrast microscope was used for emulsions and an 

electron microscope for dried sample. The latter was made by cast-

ing the emulsion on a glass plate and evaporating benzene, and 

then cutting into ultrathin sections of about 800 •R thickness. 
In order to contrast the PS region with PVAC, PVAC was extracted 

selectively from the ultrathin section with methanol. Consequent-

ly samples from a 1 : 4 blend of PVAC and PS could be observed 

with the electron microscope, because only in this case the PVAC 

phase was dispersed in the form of droplets in the continuous PS 

phase.
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 RESULTS 

1) Formation of P00-emulsion 

Fig. 8-3 shows the influence of graft copolymer on the 

of blend solutions.

demixing

0 

0 
.r

100

10

Blend conc.  (wt°l.) 

x17.1 

_14.6

1------------------------------------------------------------=1 
                   0 0.025 0.050 0.075 0.10 0.12 

GP/PVAC (9/g) 

     Fig. 8-3. Effects of the graft copolymer content and 

                the blend concentration on the time for 

              incipient demixing (PVAC/PS = 1/4). 

The wt. ratio of PVAC to PS was kept at 1/4 and the DP's of PVAC 

and PS were 430 and 590, respectively. The blend concentrations 

studied here are rather close to the critical blend concentration 

for demixing, which is 13 wt% in the present case. The graft 

copolymer content was expressed by wt. ratio of the graft copo-

lymer to the homopolymer corresponding to the dispersed phase 

component. The value of t/t0 in ordinate is the ratio of the 

time required for the incipient demixing in the presence of the 

graft copolymer to that in the absence of it. It is .clear from 
Fig. 8-3 that t/t

0 becomes as high as about 100 in this blend 
concentration range, but tends to level off with increasing graft 

copolymer content. This implies that stable emulsions would not
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be formed even if a rather large amount of the graft copolymer 

is added, so long as the blend concentration remains low. 

   Therefore we made a further experiment at higher blend con-

centrations and followed the turbidity change. In this case 

stable emulsions were found to be successfully formed. As can 

be seen from Fig.  8-4, where the minimum graft copolymer contents 

required for emulsion formation were plotted against the blend 

concentration, they decrease progressively with the blend 

concentration and are so small as about 1/10 of the amount of 

PVAC or 1/50 of the total polymer blend at a blend concentra-

tion of 21.5 wt/ .

0.25 

G 0.20 

v+ 
Q0.15 
0L 

a0.10 

  0.05 

    0

critical conc. for demixing

        10 15 20 25 30 
                          Blend conc.  (wt  .  °/°  ) 

     Fig. 8-4. Phase diagram of P00 emulsion (PVAC/PS = 1/4). 

The stable emulsions formed in the region III were very turbid 

and the appearance did not change within a few months. On the 

contrary, in the region II, where the blend concentrations cor-

respond to those studied in Fig. 8-3, stable emulsions were not 

formed, but merely the reduction in demixing rate was observed 

on addition of the graft copolymer. When the blend concentration 

was very close to the critical blend concentration for demixing 

(region I), the graft copolymer did not practically influence
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critical demixing concentration 

was nearly identical to that of 

lowest blend concentrations for 

quite different between the two

for the blend of PVAC/PS = 

PVAC/PS = 1/4. Nevertheless, 

the stable emulsion formation 

blends.

2) Microscopy of P00 emulsions 

    The P00 emulsions were examined by a phase-contrast micro-

scope. Fig. 8-6 shows a representative microscopic photograph 

taken under the following conditions ; PVAC/PS = 1/4, GP/PVAC 

  0.10 and the blend concentration = 21.5 wt%. The white part 

of the photograph corresponds to PVAC solution droplets and the 

gray continuous part to PS solution phase. For the blend with 

PVAC/PS = 4/1, the phase was inverted as shown in Fig. 8-7.
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Fig. 8-6
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In both the photographs it is seen that the droplet size distri-

bution is fairly uniform, similarly as observed by Molau(5). 

The difference in the droplet radius between Figs. 8-6 and 

8-7 is remarkable. The droplets formed in an unstable region 

were observed to change rapidly to larger and less uniform ones 

by successive coagulation of  droplets. 

   It seems interesting to see whether the emulsion structure 

is preserved even after the solvent is vaporized. For this pur-

pose the same emulsion as shown in Fig. 8-6 was dried and an 

ultrathin section was prepared to observe by an electron micro-

scope. The photograph is given in Fig. 8-8 . Since PVAC was 

extracted from the sample with methanol to distinguish the PVAC 

region from that of PS, the dispersed phase appears white in the 

photograph. It is clearly seen that the emulsion structure is-
retained still in the dried state.

Fig. 8-8.

-
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Electron micrograph of an ultrathin section of 

the film prepared by drying an emulsion (PVAC/PS 

= 1/4, GP/PVAC = 0.10, Blend conc. = 21.5 wt/).
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   As can be supposed from Figs. 8-3 and  8-4, such finely dis-

persed structure may not be generated by means of simple casting 

from dilute homogeneous solutions, since droplets of the polymer 

solution will coagulate with each other already in an unstable 

region (region II in Fig. 8-4) during evaporation of the solvent.

3) Factors governing the droplet radius 

   In order to obtain some deeper insight into the mechanism of 

stabilization of the P00 emulsion, the change in size of emulsion 

droplets was investigated as a function of various factors. The 

size was read from the phase-contrast microscopic photographs. 

The influence of graft copolymer content on the droplet radius 

is given in Fig. 8-9, where the results obtained in the unstable 

region II (GP/PVAC < 0.075) are also plotted for comparison.

2.5 - 

2.0 Ir

     1.5 

C 
^ 1.0 C

0.5

0 0.05 0.1 

 Wg/W2

0.15 0.2

Fig. 8-9. The plot of reciprocals of droplet radius R 

         against the graft copolymer content Wg/W2 

         (PVAC/PS = 1/4, Blend conc. = 21.5 wt%).
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It is seen that the droplet radius varies inversely with the 

graft copolymer content in the stable region, though some devia-

tion takes place at higher graft copolymer contents. 

   Fig. 8-10 shows the influence of the DP of each homopolymer 

on the droplet radius. Evidently the droplet radius does not 

depend on the DP of each homopolymer within the DP range studied. 

The droplet size distribution was very uniform, as mentioned 

above. It was observed, however, that the droplets became very 

large and no longer had a narrow size distribution when the DP 

of homopolymers exceeded about 1,000. This suggests that such 

emulsions are unstable. A similar result was reported also by 

Molau (7), who pointed out that the broader size distribution in 

the higher molecular weight range depends simply on a dispersion 

method. The dependence of the droplet size on the blend con-

centration is shown in Fig.  8-11.
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Influence of the degree of polymerization of 

the homopolymers on the droplet radius (PVAC/PS = 

1/4, GP/PVAC = 0.125). 
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• : homoPS (DP of homoPVAC = 430)
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    Fig. 8-11. Influence of the blend concentration on the 

              droplet radius (PVAC/PS = 1/4). 

O , ® : experimental results ------ 

: according to the eq.(8-5) 

It is seen that the variation of radius with the blend concentra-

tion is insignificant. The curves in Fig. 8-11 will be discussed 

later. 

DISCUSSION 

    It is evident from the results obtained above that the PVAC-

styrene graft copolymer has a large effect on the demixing of 

PVAC-PS-benzene mixture. For instance, stable emulsions are 

formed upon addition of the graft copolymer by an amount of only 

about 1/10 of the dispersed component polymer or about 1/50 of 

the total polymer blend, unless the blend concentration is lower 

than a certain critical value. 

    Before we discuss the mechanism of stabilization of emulsion, 

we should first consider the efficiency of the emulsifying method 

with a vibromixer. It might be reasonable to suppose that dis-

persion of droplets takes place only to an insufficient extent, 
if the blend mixture has high viscosity such as at high polymer 

concentrations or high DP. In fact, it was observed that the 

emulsion droplet size became abnormally large and quite nonuniform 

for the homopolymers with DP higher than about 1,000. However, 

in the emulsions made from the homopolymers with DP smaller than
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1,000, the distribution of droplet size was quite narrow, and 

the reproducibility of the data was quite satisfactory. Thus the 

emulsifying method with a vibromixer may be regarded as an effi-

cient procedure in the present study, where the homopolymers with 

DP smaller than 1,000 were used. 

   Molau(5) proposed the following mechanism for the stabiliza-

tion of  P00 emulsion. The graft copolymer molecules accumulate 

in the interface between the droplet and the continuous phase 

owing to the repulsive interaction between chemically different 

polymer chains. As the droplets covered with graft copolymers 

are brought closer together to interpenetrate with each other, 

significant repulsion should arise from the increase in the local 

concentration of the polymer chains at the overlapping interface 

and, in addition, from the incompatibility of different polymer 

chains, leading to protection of droplets against coalescence. 

The former is just the same repulsive force as interacting between 

particles adsorbed by dissolved polymeric chains in a lyophilic 

dispersion. Stabilization of the dispersion has been considered 

to be due to the repulsive forces resulting from the possible 

change in the free energy of mixing of polymer and solvent(8-11) 

occurring when chain molecules adsorbed on neighboring particles 

begin to overlap. We also intended to discuss in some detail the 

mechanism of the flocculation of graft copolymer micelle in a se-

lective solvent and the origin of the repulsive force. It will 

be given in the next chapter. 

   It should be noted that in P00 emulsion both components of the 

emulsifying graft copolymer have a nearly similar solubility to 

the solvent and that amphiphilic behavior may result from the 

incompatibility of chemically different polymers. This feature, 

characteristic of P00 emulsions, can account for the fact 

that the emulsifying effect of graft copolymer in a good solvent 

is greatly affected by the blend concentration (Fig. 8-4). 

Of course, the graft copolymer molecule is thought to undergo 

intramolecular phase separation and to accumulate preferably 

in the interface, even in regions I and II. However
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it seems plausible that the graft copolymer molecules are not 

fixed strongly enough in the interface to prevent the coalescence 

of droplets, but rather mobile because of insufficient attractive 

interaction between the homopolymer and the similar  'component of 

the graft copolymer. On the contrary, as the blend concentration 

becomes higher, the interaction between similar segments will be 

enhanced probably due to decrease in solvation caused by differ-

ent segments and increase in viscosity. As a result, the graft 

copolymer molecules would be fixed sufficiently in the interface 

to prevent the coalescence of droplets. 

    It may be interesting to point out here that the fixation of 

the graft copolymers in the interface between solution droplets 

and the intervening continuous solution phase becomes more strong 

and stable if the disperse phase is not in a mobile fluid state 

but in a solid state such as crystalline or glassy. When the 

precipitant of the polymer in the dispersed phase is added to the 
solution, the mobile, dissolved polymer chains change to precipi-

tated ones. Consequently the mobility of the polymer molecules 

must be remarkably reduced and a strong aggregative force may 

arise to give good emulsion stability. This is just the case 

studied in the preceding chapter. 

    On the basis of the simplified mechanism that every graft 

copolymer molecule is located in the interface between the drop-

let and the continuous phase in the emulsion, it is possible to 

derive equations relating the droplet radius R to the blend con-

centration and the graft copolymer content, provided that each 

graft copolymer molecule occupies a definite interface area Sg 

and the whole interface area of the stable emulsion droplets 

is entirely covered with the monolayer of graft copolymers. 

If an emulsion of 100 ml contains Ne droplets and Ng graft co-

polymer molecules, we obtain 

       Ng • Sg= Wg • NA • Sg= 4X• R2 • Ne (8-1) 

M 

where Wg is the weight of the graft copolymer in 100 ml emulsion,
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 Mg is the number-average molecular weight of graft copolymer, 

and NA is Avogadro's number. The total dispersed phase volume V2 

in 100 ml emulsion is given by 

     V2 = (  4  n  R3 / 3 ) • N
e(8-2) 

As is seen from Table 8-1, the blend solutions containing no 

graft copolymer demix into two phases whose volume fraction is 
nearly equal to the weight fraction of each added homopolymer at 

higher concentrations. A similar result was also obtained by 

Sakurada about 25 years ago (12). Therefore V2 can be taken to be 

approximately equal to 100 x W2/(Wl + W2) in the stable emulsion 

region, where W1 and W2 are the weight of the homopolymer corre-

sponding to the continuous and dispersed component in the 100 ml 
'emulsion , respectively. Substituting these relations into eq. 

(8-1), we get finally the following relation. 

W300 • R 
R • = -------------------------------g(8-3) 

W2 (W
1 + W2) • Sg • NA 

The graft copolymer content defined in the present study is Wg/W2. 

According to eq. (8-3), R should be inversely proportional to 

Wg/W2 , when Wl + W2 is kept constant and Sg is assumed not to 

depend on the concentration of graft copolymer. This assumption 

may be correct to a first approximation, since the graft copolymer 

content is quite low in the present case. The experimental 

results in Fig. 8-9 seem to obey eq. (8-3). The deviation seen 

at graft copolymer contents lower than 0.075 might be ascribed to 

the fact that the emulsions are in the unstable state where eq. 

(8-3) is no longer valid. The deviation at relatively high graft 

copolymer contents may be due to rather insufficient mixing to 

generate equilibriated emulsion. 
    Applying eq. (8-3) to the experimental results, we can con-

firm the assumption that the droplets are covered by monolayers 

of graft copolymer molecules. As is seen from Fig. 8-9, when 

Wg/W2 is, for example, 0.1, R is 0.62k. As the blend concen-

tration is 21.5 wt/, that is, (21.5 g blend) / (100 g blend 

solution), W1 + W2 amounts to approximately 19.7 g in 100 ml 
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Table 8-1. Influences 

total blend 

tion on the 

 phases.

of the DP of each homopolymer , the 

concentration and the blend composi-

volume fraction of two separated

DP
  blend 

concentration

wt 

of

PVAC PS (wt%) (vol%)a)

. fraction 

PVAC in 

blend
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fraction of 

PVAC rich 

phase
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    tt 

It 

     tl 

    tt 

420 

1,000 

430 

    It 

    It

 590 

n 

    tt 

 950 

1,030 

 590 

    It tl 

11

14.7 

18.7 

22.4 

25.7 

28.8 

22.4 

n It 

 It 

25.7 

28.8

13.3 

17.1 

20.6 

23.7 

26.8 

20.6 

,, 

23.7 

26.8

0.20 

 It 

 It 

 It t 

0.80

0.15 

0.19 

0.20 

0.21 

0.21 

0.20 

0.20 

0.20 

0.20 

0.84 

0.80 

0.81

a) Calculated 

dissolution

unaer the assumption of no volume change at
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emulsion, provided that the simple additivity of solute polymers 

and the solvent holds for the emulsion volume and that the den-

sity of both polymers in emulsion is 1.1. Substituting these 

values and  Mg  - 3.90 x 105 into the eq. (8-3), we find S
g to be 

1.57 x 10-12 cm2. 

    On the other hand, the volume shared per gram polymer in 

the emulsion is simply 100/(W1 + W2) , since 100 ml emulsion 

contains the blend polymers of (W1 + W2) gram. Also the branch 

PS and the backbone PVAC may be assumed to occupy the similar 

volume in the emulsion. Then the volume to be distributed, for 

instance, per branch PS molecule is 

 100 Mb _ ----------- •' whereM
b is the molecular weight of the branch. W

1 + W2NA 

Therefore, if we reduce the volume to a sphere, the cross-section-

nal area of the sphere S' is given by 

3 Mb 100 
S' = 1C ( .-- • — • --------- ) 2/3(8-4) 

41 NA W1 + W2 

The similar equation can be obtained also for the backbone PVAC. 

The calculated S' values are 1.62 x 10-12 cm2 for branch PS and 

1.75 x 10-12 cm2 for backbone PVAC molecule. These values agree 

fairly well with the interfacial area Sg shared per graft co-

polymer which is calculated under the monolayer assumption. We 
believe that this finding affords strong support for the above 

mechanism; every graft copolymer molecule accumulates in the 

interface, covering compactly the droplet surface. 

    Therefore, if we assume Sg to be equal to S' and substitute 

the eq. (8-4) into the eq . (8-3), we get the following equation. 

       1/3 M W?  1  
  R(4.8 x 103)g(8-5) 

         7C NA
Mb2/3 Wg (W1W2)1/3 

The curves given in Fig. 8-11 were plotted according to the eq. 

(8-5), converting W1 + W2 into the blend concentration expressed
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in  wt%. As can be seen from Fig. 8-11, the curve agrees quite 

well with the experimental results obtained at Wg/W2 = 0.1. 

The disagreement at Wg/W2 = 0.2 is ascribed to the fact that the 

radius of emulsion droplets does not vary anymore inversely pro-

portional to Wg/W2 at such high graft copolymer content range. 
The prediction of the eq. (8-5) that R is independent of DP of 

the homopolymers was confirmed by the results shown in Fig. 8-10. 

   In conclusion, it may be summarized that each graft copolymer 

accumulates on the surface of the droplets and occupies a definite 

area. As the blend concentration exceeds a threshold value, the 

graft copolymer is fixed strongly enough on the droplet surface 
to hinder the coagulation of droplets, leading to formation of 

stable emulsions. There are two factors influencing the droplet 

size in the stable region; the graft copolymer content and the 

interface area occupied by each graft copolymer molecule.
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                    CHAPTER 9 

THE FORMATION AND FLOCCULATION OF GRAFT COPOLYMER MICELLES

 INTRODUCTION 

   It is well known that graft and block copolymers are able to 

form micelles by themselves in a common good solvent at high con-

centrations as well as in a selective solvent(1,2). In addition, 

it has recently been made clear that they can emulsify the corre-

sponding homopolymers(3 - 14) and low-molecular-weight compounds 

(15 - 17). These phenomena result obviously from the fact that 

they are a kind of amphiphilic compounds(18) which are character-

ized by possessing in the same molecule two groups or sequences 

greatly different in their solubility behavior. 

    Up to the present time, extensive works have been reported for 

the dilute solution properties of the copolymers(1,2). However, 

less attention has been given towards the aggregation process of 

the graft and block copolymers as nonionic polymeric amphiphiles. 

   In this chapter criteria for formation and flocculation of 

the graft copolymer micelles were investigated turbidimetrically 

in single selective solvents and the formed micelles were observed 

by electron microscopy. We used as graft copolymers PVAC-styrene 

graft copolymers with one branch whose length is comparable to 
that of the backbone and PVAC-MMA graft copolymers with one or 

several branches.

                       EXPERIMENTAL 

1) Graft copolymers 

   PVAC-styrene and PVAC-MMA graft copolymers with one branch 

were synthesized by complete acetylation of PVA part of PVA-styrene 

and PVA-MMA graft copolymers prepared by mutual irradiation graft-

ings of styrene and MMA onto PVA films, respectively. PVA-MMA 

graft copolymers with several branches were prepared by chemical 

grafting of MMA onto PVA in homogeneous dimethyl sulfoxide solu-

tion with the use of potassium persulfate as an initiator as shown 

in Chapter 5 and then converted to PVAC-MMA graft copolymers.
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Table 9-1. Characteristics of 

copolymer samples.

PVAC-styrene and PVAC-MMA graft

 Samplea)

 VAC 

content 

(wt/)

Mn x 10-5

Graft 

copolymer Backbone Branch

Number of 

 branches

M3S 

M8S 

M9S 

M1OS

63 

48 

58 

48

.1 

.2 

.9 

.4

3.54 

2.89 

4.02 

6.03

2.23 

1.39 

2.36 

2.92

1.04 

1.41 

1.40 

2.71

1.26 

1.06 

1.18 

1.15

M3M 

M7M

37 

60

.0 

.5

3.02 

3.95

1.12 

2.39

1.87 

1.56

1.02 

1.00

DG-2 

DG-4 

DG-5

28.3 

34.6 

28.2

10,9 

6 .12 

8.51

3.09 

2.12 

2.40

1.99 

1.52 

1.95

3.92 

2.63 

3.13

a) MXS 

  MYM,

: The 

DG-Z

backbone is PVAC 

: The backbone is

and the branch 

 PVAC and the

is PS. 

branch is PMMA

These graft copolymers were freed from the corresponding homopoly-

mers by vigorous alternate extraction and their purity was checked 

by thin-layer chromatography. The chemical structure of the graft 

copolymers used in the present study is summarized in Table 9-1. 

2) Homopolymers 

PVAC homopolymers were obtained by acetylation of commercial 

PVA's with an acetic anhydride-pyridine mixture(1 : 2). PS and 

PMMA homopolymers were those which were formed during the above 

grafting reactions. As a monodisperse sample NBS 705 standard

- 141 -



PS was used. Their number-average molecular weights are summa-

rized in Table 9-2.

Table 9-2.  Mn of PVAC, PS and PMMA homopolymer samples.

PVAC-1 PVAC-2 PS-1 PS-2 PS-3 PS-4a) PMMA-1

Mn x 10-5 0.661+ 1.15 1.22 2.11 6.50 1.709 4.15

a) NBS 705.

3) Turbidimetry 

   The turbidity which appeared upon cooling a polymer solution 

under stirring was measured by a Shimazu-Kotaki photoelectric 

nephelotitrator NT.3H with the incident light of 436 nm from a 

mercury lamp and recorded as optical density. About 180 ml of 

the solution in a cylindrical cell was cooled or heated at a 

rate slower than 0.5°C per minute by circulating poly(ethylene 

glycol) from a thermostat. The temperature of the solution was 
measured directly, putting a thermometer in the cell. As the 

turbidity difference was slight between the precipitated and 

dissolved state of the graft copolymers, all incipient cloud 

points were determined by the scattered light at 90°. The total 

polymer concentration was adjusted to 5 - 200 mg in 100 ml 
solution. 

4) Determination of s-temperature 

   The e-temperatures(Tg) were determined osmometrically from 

dependence of the second virial coefficient on the temperature. 

A 502-type high-speed membrane osmometer (Hewlett Packard Co.) 

was used. 

5) Electron microscopy 

   Electron micrographs were taken after the solution contain-
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ing micelles was dialyzed against methanol or  acetonitrile and 

condensed to dryness on carbon-reinforced poly(vinyl formal) film 

at room temperature followed by platinum-shadowing. The dialysis 

was performed because of low vapor pressure of the solvent used 

for the micelle formation. For comparison the micrographs were 

also taken without dialysis. 

                 RESULTS AND DISCUSSION 

1) Formation of graft copolymer micelles 

   As shown in Chapter 6, the dried samples of graft copolymers 

are often observed to be spontaneously dispersed into selective 

solvents to form micelles. The dispersibility depends strongly 

on the affinity of the solvent to the insoluble chain as well as 

the solvent-precipitant combination with which the dried sample 

has been recovered. On the other hand, it is known(1,2,19) that 

the similar micelle is also formed from a solution of graft and 

block copolymers by preferentially decreasing the solvency of

Fig. 9-1.

T 

a, 
0 

ro 

v 

a 0

1.0 - 

0.8 --

                   PS-2 

0.6 --

Optical 

graft 

ethyl

0.4 

0.2 --
        M8S 

0 
  20 40 60 80 100 120 

              Temperature (°c) 

  density-temperature curves of PVAC-styrene 

opolymer(M8S) and PS homopolymer(PS-2) in 

,cetoacetate(cps 5 mg/dl).
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the medium for either of sequences, for example, by addition of 

a selective non-solvent to the solution. In the present work, 

single selective solvents were used instead of mixtures of good 

solvent and non-solvent to avoid the preferential solvation. 

The graft copolymer micelle was attempted to be formed by cooling 

the solution after the graft copolymer was completely dissolved 

once above  To of both sequences. 

    Fig. 9-1 shows typical examples of optical density-temperature 

curves of PVAC-styrene graft copolymer(M8S) and PS-2 in ethyl 

acetoacetate which is a 9-solvent for PS but a good solvent for 

PVAC. As clearly seen from Fig. 9-1, the turbidity of the graft 

copolymer solution increased very gradually, whereas that of the 

PS homopolymer solution with the same PS concentration appeared 

abruptly at a certain temperature and then rapidly increased. 

The turbidity of the graft copolymer solution kept at room tem-

perature did not change at least for several months. 
    The electron micrographs taken from the solution exhibiting 

the constant turbidity are given in Fig. 9-2. The solvents used 

for the dialysis are good solvents for PVAC, but non-solvents for 

PS. 

     w4_,^~/I: .,      •
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Clearly the dried micelles are spherical except for the undialyz-

ed micelle of somewhat flattened  structure. No difference is 

observed in the particle size between the two solvents for the di-

alysis. Further it was found that the initial polymer concentra-

tion influenced the particle size to an insignificant extent in 

the concentration range from 0,05 to 1.0 g/d1. The dispersity 

in particle sizes would be due to the dispersity in molecular 

weights of graft copolymer. From the average particle radius(ca. 

300 A) the number of graft copolymer molecules making up one 

micelle was found to be about 200 on the average, provided that 

the density is equal to that of the solid polymer (1.1 g/cm3). 

   To give a plausible model about the inner structure of the 

micelle, more detailed information is needed. Nevertheless, if 

we take into consideration the fact that the spherical micelle 

is very stable, the arrangement of two polymer sequences in the 

micelle may be depicted roughly as given in Fig. 9-3. The insolu-

ble and soluble chains construct the micelle core and the periph-

eral outer shell, respectively. Strictly speaking, the chains 

in the core of undried micelle are not in a fully precipitated, 

but in a highly concentrated phase, because the core part is

Fig.  9-3. A model of graft copolymer micelle.
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formed as a consequence of the phase separation of the insoluble 

chain, which can be discussed similarly to that of the ordinary 

polymer-solvent two component  systems(20). 

2) Incipient cloud points of graft copolymers 

   As is seen in Fig. 9-1, the incipient cloud point(Tc) of the 

graft copolymer seems to be comparable to that of the correspond-

ing homopolymer. In order to make this relationship in more 

detail, the subsequent experiments were carried out. 

   First the Tc values of PVAC-styrene graft copolymers and PS 

homopolymers were measured in ethyl acetoacetate at various con-

centrations. Fig. 9-4 shows plots of the reciprocal of Tc against 

the logarithm of the concentration of PS component cps (expressed 

as gram PS in 1 ml of the solution) according to the method pro-

posed for homopolymers by Elias(21, 22) and Cornet and Ballegooijen 

(23). It is obvious that not only the PS homopolymers but also 

the graft copolymers satisfy a linear relationship between 1/Tc 

and log The The temperatures extrapolated to a pure polymer

3.1 ------------------------------------------------------------------------------------------------- 

10- 

'Y 2.9 - 

• • 
2.8 --~ •, • 

27- 

2.6 - 

 2.5--------------------------------------------------------------------------------------------------------------------- 
             1 0-510'41 0-3 1 0-2 1 0-1 11.0 9 

Cps ( g/ml) 

Fig. 9-4. Plots of the reciprocal of the incipient cloud point 

          against the concentration of the PS component (PVAC-

         g-PS - ethyl acetoacetate) : (0) M8S ; (X) M9S ; 

(A) MlOS ; (0) PS-1 ; (c) PS-2 ; (A) PS-4.
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PMMA block copolymers.rene graft copolymers 
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where PVAC is precipitated at a higher 

result is shown in Fig. 9-5.
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As is clearly seen, the plot gives the same trend as in Fig.  9-4, 

the Tccvalues being 136.5  ± 1.5 °C. 

    These results demonstrate that one sequence, i.e., either 

backbone or branch of the graft copolymer undergoes phase separa-

tion under the condition identical to that for the corresponding 

homopolymer, resulting in formation of the core of the micelle. 

Thus it may be concluded that the phase separation of the insolu-

ble sequence in highly dilute solution is not influenced by the 

soluble sequence present in the same molecule, as far as the 

graft copolymer has a balanced structure. Besides, it will be 

noted that these graft copolymers with one branch do not form any 

monomolecular micelle even in very dilute solution as far as the 

solution temperature is below Tc of the insoluble chain. This is 

apparently in conflict with the statement of Sadron(25) that at 

very low concentration (less than 0.1 % in general) block copoly-

mers are monomolecularly dispersed in selective solvents. The 

number of polymer chains constructing one micelle may be estimated 

by referring to the theories on the size of spherical domain in 

A-B block copolymers(26,27). 

    On the other hand, the values of Tc of PVAC-MMA graft copoly-

mers with several branches shifted to lower temperatures as the 

number of branches increased (see Fig. 9-7). This may be explain-

ed by prevention of the branches for the aggregation of the back-

bone sequences. Gallot et al.(28) found that the graft copolymer 

with many branches was monomolecularly dispersed in a selective 

solvent(bad for backbone polymer). 

3) Flocculation points of graft copolymer micelles 

   As is often pointed out, it is not easy to coagulate the 

graft copolymer micelle, once it is dispersed into a medium. For 

example, in the case shown in Fig. 9-1, no macroscopic phase sep-

aration took place even when a more concentrated solution was 

cooled to the freezing point of the solvent(- 45 °C). This find-

ing seems to be characteristic for the graft copolymer behaving 

as an amphiphile. However, the micelle was found to become ab-

ruptly unstable as the solvency of the dispersion medium for the 

soluble chain was gradually decreased. Fig. 9-6 shows the optical 
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Fig. 9-6. Optical density - temperature curves of various 

         polymers in DIBK (cpVAC b 5 mg/dl).

density - temperature curves of PVAC-styrene graft copolymers with 

one branch, a PVAC homopolymer and a PS homopolymer in DIBK, which 

is able to act as a 9-solvent for both homopolymers. The concen-

tration of PVAC component was equal to that of the PVAC homopoly-

mer. When the solutions of the graft copolymers were cooled below 

their Tc, the turbidities suddenly increased in every case at 

certain temperatures. These characteristic temperatures were much 

higher than the Tc of PS homopolymer, though its molecular weight 

was considerably higher than those of the branch PS. Clearly this 

abrupt, second increase of the turbidity should be attributed to 

the beginning of the flocculation of the graft copolymer micelle. 

Similar behavior was also observed in tetralin for PVAC-MMA graft 

copolymers with one or several branches, as shown in Fig. 9-7. 

In this solvent PVAC was precipitated at a higher temperature 

than PMMA. 

   Similarly to the study on Tc, the reciprocal of the incipient 

flocculation point(Tf) of the graft copolymer micelles was plot-

ted against the logarithm of the concentration of the soluble
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 (0) DG-2 ; (M) DG-4 ; (A) DG-5 ; ( ) PMMA-1 ; 

(p) T® of PMMA determined by osmometry.

polymer chain constructing the outer shell of micelle. The re-

sults of PVAC-styrene graft copolymers in DIBK and PVAC-MMA graft 

copolymers in tetralin are given, respectively, in Fig. 9-8 and 

9-9, where the results of PS and PMMA homopolymers are also shown. 

As is seen, linear relationships hold in each case between 1/Tf 

and log c. Although there is no unambiguous theoretical reason-

ing for application of the Cornet's plot to the micelle floccula-

tion, it is likely, at least, that the flocculation would be 

brought about at a higher temperature than that where the homo-

polymer corresponding to the outer shell initiates the phase 

separation. To eliminate the concentration effect we will use 

the extrapolated temperature, which is here defined as critical 

flocculation point(Tf 
c) and summarized in Tables 9-3 and 9-4.
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Table  9-3  . Critical flocculation temperatures of 

graft copolymers in DIBK.

PVAC-styrene

M3S M8S M9S MlCS

103/T

Tf
,c

f,c (°K-1) 

(°C)

2.607

111

2.804

84

2.635

107

2.617

109

c,c 
T® of

of 

PS

PS-2 is 84 °C. 

is 84°C.

Table 9-4. Critical flocculation temperatures of 

graft copolymers in tetralin.

PVAC-MMA

M3M M7M DG-2 DG-4 DG-5

103/Tf
,c 

T f
,c

(°K-1)

(°c)

2.910

71

2.895

73

2.865

76

2.830

80

2.880

74

c,c 
T8 of

of PMMA-1 

PMMA is

is 74 °C. 

73 °C.

As is clear from the tables, Tccof the homopolymer agrees quite 

                                                9 well in both cases with T® determined osmometrically. On the 

other hand, the Tf c values of the graft copolymers are approxi-

mately equal to or higher than T® of the homopolymer. For in-

stance, MlOS gives Tf
9c higher than T® of PS by 25 °C. This sug- 

gests it to be possible that the graft copolymer micelles begin 

to be flocculated even in the dispersion medium of somewhat better 

solvency than the 6-solvent for the polymer forming the outer 

shell.
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        It is obvious that the motive force hindering the floccula-

   tion of micelles is not an electrostatic force. As many workers 

   have pointed  out(29-35), such nonionic polymeric dispersants are 

   stabilized by the positive free energy change(chiefly negative 

   entropy change) resulting from overlapping of the polymer chains 

   in the outer shells. On the contrary, the attractive energy 

   between the cores due to van der Waals force is much less than 

   the energy of thermal motion unless the cores approach very 

   closely to each other. Therefore this attractive force hardly 

   affects the stability of the graft copolymer micelles. 

        On the other hand, it is reasonable to regard the micelle 

   as the homopolymer with high molecular weight which is connected 

   by the core. So the Tf, which are considered Tc of the high-

   molecular-weight "homopolymer", would be higher than Tc of the 

   component homopolymer dissolving monomolecularly, but the Tfc 

   would be close to the Tcc(that is, To). The trends shown in 
   Figs. 9-8 and 9-9 can beyunderstood by this model. It may be 

   suggested that the deviation of Tf
,c from To is due to the influ- 

   ence of the polymer forming the core on the solubility of the 

   one forming the shell. 

        It can be said from the above result that the micelle 

   emulsifying a large amount of the homopolymer shown in Chapter 

   7 and P00 emulsion in Chapter 8 are also stabilized by the entro-

   pic repulsion resulting from overlapping of the polymer chains 
   in the outer shells. With respect to the method to separate the 

   pure graft copolymer from the corresponding homopolymers as 
   mentioned in Chapter 6, the modified precipitation method is 

   again confirmed to be very effective, since the graft copolymers 

   are completely coagulated even in solvents of somewhat better 

   solvency than 9-condition, whereas the corresponding homopoly-
   mere are of course still dissolved.
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                          SUMMARY 

  Chapter 1. Introduction 

  Chapter 2. Comparison of True and Apparent Graft 

      When a grafting reaction of a monomer Y is carried  Out onto 

  a polymer X, and the product is thoroughly extracted with a sol- 

  vent for the polymer Y, the residue is conventionally called a 

  graft; the weight increase in percent of the polymer X due to the 
  unextractable polymer Y is regarded to be percent graft. 

  However, it is possible that a part of polymer Y which is formed 

  in the matrix of polymer X is unextractable due to occlusion by 

  polymer X. When We determine the amount of polymer Y which is 
  unextracted by the occlusion, we know the true value of the per-

  cent graft. 

      The grafting of methyl methacrylate(MMA) was carried out 

  onto dry Or water-swollen films of polyvinyl alcohol) (PVA) in 

  the presence of methanol mainly by a mutual irradiation technique 

  and the true and an apparent percent graft were compared. 

      It was found that difference between the apparent psreant 

  graft (A) and the true one (B) was considerably large,_the frac-
  tion of true graft (B/A) ranging from 0.02 to 0.57. The true 

  percent graft and the branch length were also discussed in depend-
  ence on the methanol content of the monomer mixture and the degree 

  of water-swelling of the films. 

  Chapter 3. Solvent Effects on Radiation Graft Copolymerization 

      The radiation graft copolymerization of styrene Or MMA onto 

  PVA films was carried out in the presence Of swelling agents such 

  as methanol and water. Basing on the Variation of total conver-

  sion, weight increase and molecular weight of the polymer formed, 

  effects of the swelling agents on the grafting were discussed. 

  In addition, the investigation was extended to the grafting sys-

  tems containing a small amount of chain transfer agents. It was 

  found that methanol has several effects on the heterogeneous 

  grafting other than to accelerate the diffusion of monomer into 
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   the substrate matrix. In the grafting of styrene methanol  caused 

   an appreciable gel effect, while it behaved as a simple diluent 

   in the grafting of MMA. The chain transfer agents reduced the 

   yield as well as the length of the polymer formed in the film, 

   the chain transfer constant being in agreement with that formed 

   in the conventional catalytic homopolymerization. The number Of 

   grafted branches was not affected by the presence of the chain 

   transfer agent.

Chapter 4. Chemical Structure of Poly(Vinyl Alcohol)-Methyl 

           Methacrylate Graft Copolymers Prepared by Various 

          Methods 

PVA-MMA graft copolymers were prepared by a mutual irradi-

ation, pre-irradiation, and catalytic method with potassium per-

sulfate(1PS); a technique to prepare graft copolymer using no 

initiator was also adopted. After pure graft copolymers were 

isolated from the grafted products by the vigorous alternate ex-

traction of unreacted PVA and homoPMMA, hydroxyl groups in the 

copolymers Were completely acetylated to carry out osmotic pres-

sure measurements and determine the chemical composition by 

hydrolysis. Grafted branches were separated by cleaving C-C 

bonds of 1,2-glycol structure in backbone PVA with periodic acid. 

The chemical structure of the graft copolymers was made clear on 

the basis of the measured number-average molecular weights of the 

pure graft copolymer, separated branch and mother PVA molecule, 
and the chemical composition of the graft copolymer. It was 

found that the graft copolymer has only one branch and one moth-

er PVA molecule, irrespective of the grafting methods employed. 

Chapter 5. Comparison of Theoretical and Experimental Results 

           on Yield and Chemical Structure of Graft Copolymers 

          in Radiation Grafting 

    Fundamental quantities in the grafting such as the fraction 

of the mother polymer participating in the grafting and the num-

ber of branches formed were calculated as a function of the
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 probability of branch formation from the monomer residue of the 
 mother polymer. The theoretical results indicated that the yield 

 and the chemical structure of graft copolymers can be evaluated by 

 the  Gb-value of the branch formation, defined as the number of 

 branches formed per 100 eV radiation energy. On the other hand, 

 the experimental results showed that the Gb-value was almost 

 equivalent to the GR-value of radical formation on mother polymer. 

 Therefore it seems possible to roughly predict the above fuhdamen-

 tal quantities on the basis of the GR-value. The graft copolymer 

 with two branches on the average can be produced if the weight 

fraction of mother polymer grafted becomes higher than 0.75, Which 

 is, however, hardly attainable at the usual radiation grafting. 

 Some attempts to increase the number of the branches were also 

 described.

Chapter 6. Isolation of Graft Copolymer from the Reaction 

            Product 

    Some problems on the isolation of graft copolymers from their 

reaction products by selective precipitation, extraction, and col-

umn chromatography methods were discussed and the result on esti-

mation of the purity of graft copolymers by thin-layer chromato-

graphy was given. It was found that the graft copolymer produced 
can emulsify the coexisting homopolymers, resulting in disturbance 

of the removal of the homopolymers. However, pure graft copoly-

mers can be isolated relatively easily, if one tries to remove the 

homopolymers not in the emulsified nor collapsed state, regardless 

of the isolation methods employed. Column adsorption chromato-

graphy seems to be the most rapid and simple method of the three. 

It was also clarified that the thin-layer chromatography can de-

tect the homopolymers contaminating to the extent as low as 0.5-1.0%.

Chapter 7. Emulsifying Effect of Graft Copolymer for the 

            Homopolymer 

    Precipitation of homoPMMA from dimethyl sulfoxide solution 

by addition of water as a precipitant was studied in the presence 

of a well-characterized graft copolymer of PVA. The graft copoly-
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mer which had been prepared by a radiation method and freed from 

homoPMMA  and homoPVA had one PMMA branch whose length was nearly 

equal to that of the PVA backbone. Even when such an amount Of 

water was added to PMMA solution as to cause all the PMMA to pre-

cipitate from the solution, the precipitation was prevented by 

the presence of relatively small amounts of the graft copolymer. 

With decreasing molecular weight of PMMA, the effect of protec-

tion became more pronounced. When the precipitation was prevent-

ed, the solution was transformed into a stable emulsion. The 

mechanism of protection against precipitation was discussed on 

the basis of the results obtained and electron microscopic photo-

graphs of the emulsion particles. It was concluded that the par-

ticles of the precipitated homopolymer were covered by a monolay-

er of the graft copolymer, resulting in prevention of coagulation.

Chapter 8. Effect of Graft Copolymer on Demixing of Immiscible 

           Polymers in Solution 

    The effect of graft copolymer on the demixing of solutions 

of two immiscible homopolymers and critical conditions for emul-

sion formation were studied. The graft copolymer used in the 

present work consists of one backbone PVAC and one branch PS. 

PVAC and PS of various degrees of polymerization were used as im-

miscible homopolymers. The common Solvent was benzene. When the 

concentration of homopolymer blend was not sufficiently higher 

that the critical concentration for demixing of the blend solu-

tion, no stable emulsion was formed, even when a considerable 

amount of graft copolymer was present, and the added graft copoly-

mer merely reduced the demixing rate. However, as the blend con-

centration was increased, a stable emulsion could readily be ob-

tained by addition of rather small amounts of graft copolymer. 

The radius of emulsion droplets was inversely proportional to the 

weight ratio of the graft copolymer to the dispersed component 

polymer, in accordance with a theoretical prediction. It was con-

cluded that the emulsions were stabilized against coagulation by 

graft copolymer molecules fixed strongly as a monolayer on the 

interface of emulsion.
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 Chapter 9. The Formation and Flocculation of Graft Copolymer 

             Micelles 

     In order to clarify the aggregation process of graft  copoly-

 mers as amphiphilic compounds, the conditions of the formation 

 and flocculation of micelles in single selective solvents from 

 pure graft copolymers were investigated by turbidimetry. Two 

 series of graft copolymers from PVAC were used; PVAC-styrene graft 

., copolymers with one branch and PVAC-MMA graft copolymers with one 

 or several branches. These graft copolymers could be completely 

 coagulated through the two processes in the selective solvents 

 which were 0-solvents common to both sequences but had widely dif-

  ferent 0-temperatures. The first process is the formation of 

 micelle. One sequence of the graft copolymers became desolvated 

 under the same condition as the corresponding homopolymers, re-

 sulting in formation of the core of the micelle. Another, still 

  soluble sequence may extend from the surface of the core into a 

  solvent phase, covering the outer shell of the micelle. Therefore 

 no macroscopic phase separation occurred and a stable dispersion 

  was formed. The second process is that the micelle became too un-

  stable to exist as dispersed, as the solvency of the medium for 

  the soluble sequence was decreased. As a result the coagulation 

 of the micelle took place finally.
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