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, ntroduction 

Incorporation of a dispersed rubbery phase in a hard, 

thermoplastic matrix is a technique, commonly applied to 

improve the impact strength of brittle materials, such as 

polystyrene, styrene-acrylonitrile copolymer, or polyvinyl

chloride. Examples of important commercial products are 

HIPS (high impact polystyrene) and ABS (acrylonitrile-bu

tadiene-styrene). These products are usually prepared by 

polymerizing styrene, or other monomers, in presence of the 

rubber phase. As an alternative, the rubber may be blended, 

directly, into the thermoplastic material. 

An example of composite systems, produced by the latter 

technique,viz. the system polystyrene (PS)/low density poly

ethylene (PE), will be treated in the present thesis. A pre

vious studyl,2,3 has demonstrated that yield and tensile 

strength of these PS/PE-composites generally are inferior 

to those of the pure homopolymers. This behaviour was attri

buted to the poor adhesion between the two polymer phases. 

The addition of a small amount of a graft copolymer of PS 

and PE considerably increased the adhesion, and led to imp

roved impact and tensile behaviour of the blends. The copo

lymer was shown to act as an emulsifier in the polymer blends. 

Furthermore, scanning electron micrographs of fracture sur

faces provided evidence that the copolymer concentrates at 

the phase interfaces. 

As a sequel to this work, the present thesis aims at 

a study of the effect of the structure of added copolymers. 

With respect to this structure, a distinction can be made 

among block, graft and random copolymers, but also between 

non-crosslinked and crosslinked graft copolymers. 

First of all, a number of such differently structured 

copolymers had to be prepared. Several -methods have been 

reported in literature for the synthesis of PS/PE copoly-
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mers. In general, these methods start with the creation of 

activated sites in PE-molecules by means of e.g. mechanochem

ical treatment 4 , irradiation with y-raysS or U.v. light6 , 

or treatment with radical initiators7 . This is followed by 

polymerization of styrene in presence of the activated PE, 

thus leading to the formation of a graft copolymer. Draw

backs of above methods are, however, high sensitivity to 

impurities, low yield and rather heterogeneous products. 

Therefore, two other methods have been employed in the pre

sent investigation. 

The first method, involves non-destructive hydrogena

tion of butadiene-styrene copolymers to the corresponding 

ethylene-styrene copolymers. It is a simple method for the 

preparation of block or random copolymers. The second me

thod, which is used for the production of graft copolymers, 

is the Lewis-acid catalyzed coupling of PE and PS. The re

action is simple, and a high yield is obtained. The formed 

graft copolymer, on the other hand, is usually rather he

terogeneous in structure, which might be considered as a 

disadvantage. 

Therefore, an application of this type of graft copo

lymer for a study of polymer blends can only be meaningful, 

if the structural heterogeneity of the graft copolymers is 

known and controllable. Since a sufficiently accurate che

mical and physical analysis of the structure or complexity 

of the obtained copolymers would be very tedious, if not 

impossible, the problem will be approached theoretically by 

deriving equations, describing the complexity distribution 

as a function of a few experimentally available parameters. 

This derivation will be presented in the first part of this 

thesis, and will be preceded by a treatise of some chemical 

aspects concerning the grafting reaction and possible side 

reactions. Also a series of grafting reactions, designed to 

test the validity of the theoretical relations, will be pre
sented. 

In the second part of this thesis, a number of graft 

copolymers of different structures, prepared by the Lewis-
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acid catalyzed reaction, will be used as additives in PSI 

PE-blends. Also the effects of several PE/PS-block copoly

mers and of a random ethylene-styrene copolymer will be 

presented. Both mechanical properties and morphology of the 

blends will be discussed in their relationship to the co

polymer structure. 
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PART I 

THE LEWIS-ACID CATALYZED 

REACTION BETWEEN . 

LOW DENSITY POLYETHYLENE 

AND POLYSTYRENE 



CHAPTER 1 

Chemical aspects 

1.1 GENERAL CONSIDERATIONS 

If a cyclohexane solution of low density polyethylene 

(PE) and polystyrene (PS) at 800 c is treated with a strong 

Lewis acid, such as anhydrous aluminiumtrichloride, a graft 

copolymer of PE and PS will be formed. This reaction has 

been described by carrick 1 . Barentsen2 ,3 used a graft copo

lymer prepared by this method in his study on mechanical 

properties of polymer blends. Related are also the Lewis 

acid catalyzed grafting reactions of polymers onto solid 

surfaces described by Papirer et al.
4 

carrick1 proposed a 

mechanism in which, under influence of AlCl
3

, the PE-back

bone is attacked and a carbonium ion is formed. This is 

followed by cleavage and rearrangement of electrons: 

+ 
~CH -'CH"'-CH-CH ......., -- -CH 

222 2 + [ 1-1] 

The next step is the formation of graft copolymer, when an 

olefinic PE-fragment (see equation [l-lJ) undergoes a Frie

del-Crafts reaction with one of the aromatic nuclei of PS, 

catalyzed by AlC1
3

: 

+ AICl
3 -CH -CH=CH + --CH -CH-CH -- ---"':::""I!-

2 2 20 2 /1 
::--.. 

[1-2J 

This would imply, however, that every grafting step, should 
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be preceded by the cleavage of a PE-chain. As was pointed 
5 out by Barentsen , the decrease of molecular weight in com-

mercial low density PE, observed under the reaction condi

tions, but in the absence of PS, is much too small to ac

count for the large degree of grafting, which occurs if PS 

is present. 

8~~====~--~~~ 

(X~:-4) r ' 
4 .• '0-" -00- -- - - -- - - .. - ... __ "0 __ 

2 

0 

trans-

j,:s 
vinylene 

per 1000 

C-atoms 

10 20 30 40 50 60 -
reaction time 

(in min.) 

Figure 1-1 Number average molecular weight (M ) and frac
n 

tion of trans-vinylene groups as functions of reaction time 

for AICl 3-treated polyethylene (M =39300 1 ; M /M =1.18 2 ; 
n v n 

average 2.07 trans-vinylene groups/lOOO C-atoms). 

Conditions: 80
0

C in cyclohexane solution; 0.6 g AICI
3
/liter; 

----- 50 g PE/liter; ----- (70 g PE+37 g toluene)/liter. 

1) Mn determined by membrane osmometry in toluene at 37 0 C 

on the original polybutadiene before hydrogenation. 
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2) M determined by viscometer with [n]=2.17.10-4 M 0.75 
v v 

in toluene at 250 C, also on the original polybutadiene. 
,$' 

Furthermore,Barentsen found that PE, previously treated with 

an AlCl
3 

solution in cyclohexane, could not be grafted onto 

PS anymore. 

Considering these facts, the conclusion must be drawn 

that there exist certain functional groups in PE that act 

as coupling agents to PS under influence of AlCl 3 , and that 

these groups can be deactivated by treatment with AlCl 3 in 

cyclohexane solution. Barentsen suggested that these func

tional groups would be the olefinic groups present in small 

amounts (ca. 0.3 C=C/1000C) in low density PE. 

In Figure 1-1 is shown the effect of AlCl
3
-treatment 

upon the molecular weight and the number of olefinic groups 

of aPE-sample (M =39300; M /M =1.18) with originally an 
n v n 

average of 2.07 trans-vinylene groups per 1000 C. In two 

minutes reaction time the number of olefinic groups decreases 

with 70% (as measured by I.R.-spectroscopy), while the value 

of M almost doubles. The crosslinking, which obviously ta-n 
kes place, can account,however,for only 10 to 20% of the a-

mount of olefinic groups that have disappeared. The main 

reaction is probably a reaction of the olefinic groups with 

cyclohexane, analogous to the alkylation of cyclohexane with 

ethylene in the presence of AlCl
3

, described by IPatieff 6 

If the same experiment is performed in the presence of aro

matic nuclei (e . g. toluene) the disappearance rate of the 

olefinic groups is much larger: after ~ minute reaction ti

me no olefinic groups can be found anymore (see the dashed 

curve). Instead the I.R.-spectrum of the reaction product 

shows the characteristic absorptions of substituted phenyl 

rings, which proves that the suggested Friedel-Crafts re

action of olefinic groups with aromatic nuclei {analogous 

to equation [1-2]) indeed takes place. The difference with 

Carrick's mechanism is, however, that the Friedel-Crafts 

reaction mainly involves the few olefinic groups already 

present in the PE-chains. 
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These data suggest that there are three competitive 

reactions, which account for the disappearance of the ole

finic groups in PE: 

(A) the actual grafting reaction, which e.g. for a vinylene 

group may be depicted as follows: 

(A1C1 3X) 

+ H+(A1C1
3

X) + 
--CH2-CH=CH-CH2~ - --CH2-CH2-CH-CH2~ 

/ 
-CH -CH-CH -.., +--CH 2-CH-CH 2....... [1-3] 

2~1 2/ 01 H+ (A1C1 3X) + Y ~ 

~CH2-CH2-CH-CH2--

(B) an alkylation of the solvent cyclohexane: 

[1-4] 

(C) a crosslinking of polyethylene, by a reaction of olefi

nic groups: 

-CH2-CH=CH-CH 2-

+ 

--CH -C=CH-CH .-...; 
2 I 2 

-CH 2-CH-CH 2- CHr" 

[1-5] 

In addition to these three reactions also an A1C1
3
-cataly

zed degradation of the homopolymers PE and PS, resulting 

in changes of molecular weight and structure, is likely to 

occur. For a meaningful description of the graft copolymer, 

10 



it is important to know to what extent the side reactions 

[1-4J and [l-5J, and the possible degradation reactions can 

play a disturbing part during a grafting experiment. In sec

tion 1.2, an attempt will be made to shed more light upon 

the relative occurrence of the reactions involving the ole

finic groups in PE, i.e. the reactions [1-3J to [1-5). Sub

sequently the degradation of PE and PS will be discussed 

in section 1.3. 

1.2 REACTIONS INVOLVING THE OLEFINIC GROUPS OF PE 

1.2.1 INTRODUCTION 

As pOinted out above, the olefinic groups of PE can be 

involved in three competitive reactions under influence of 

AlCl
3

: 

(A) alkylation of an aromatic nucleus, if present, 

(B) alkylation of the solvent cyclohexane, 

(C) mutual reaction, resulting in crosslinking. 

The problem to be discussed here, is whether or not the 

reactions Band C are negligible as compared to reaction 

A, under the normal grafting conditions. 

Considering the relative occurrence of reaction C first, 

Figure 1-1 will again be referred to. The increase of M due n 
to reaction C in the absence of aromatics is not observed, 

if toluene is present in the reaction mixture. Obviously the 

reaction with an aromatic nucleus (reaction A) is highly pre

ferred over the crosslinking reaction C. Therefore, in the 

presence of aromatics - as will be the case in a grafting 

experiment - side reaction C may be neglected with respect 

to the actual grafting reaction. With respect to the rela

tive rate of reaction B, no definite conclusions can be 

drawn from the data of Figure 1-1. Still, the different ra

tes of disappearance of the olefinic groups in PE in the 

presence, respectively absence of toluene (see Figure 1-1), 

justify the conclusion that the rate of reaction A is much 

higher than that of reaction B. Unfortunately, a direct stu-
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dy of the kinetics of these reactions is impossible because 

of the analytical difficulties, imposed by the very low con

centrations of the reacting groups and the high reaction ra

tes. In order to obtain more information about the kinetics, 

a few experiments have been carried out with model substan

ces replacing the polymer components of the grafting reac

tion, thus allowing gaschromatographic determination of re

actants and reaction products. 

1.2.2 EXPERIMENTS WITH MODEL COMPOUNDS 

For the low molecular weight model substances trans

hexene-2 (replacing PE with tJ::'ans-vinylene groups) and cu

mene (isopropylbenzene, replacing PS) are chosen. The sol

vent is cyclohexane, and the concentration of AIC1
3 

is 3 

to 7 gil. The reaction time is 30 seconds for all experi

ments, and the reaction temperature is 20 or 700 C. As an 

internal standard for the GLC analysis n-octane is added. 

The reaction products are identified by means of a mass 

spectrometer coupled to a gaschromatograph. The following 

reaction, comparable with equation A, is expected for this 

model system: 

-
[1-6] 

Several mono-, di- and trisubstituted cumenes are possible. 

The results for six experiments are given in Table 1-1. It 

could be demonstrated that in the absence of cyclohexane 

(see Experiment M-2) the expected Friedel-Crafts alkylation 

of cumene by hexene, according to equation [1-6], indeed 

takes place. The reaction is very fast. Even at 20°C t he 

alkylation is complp.te after less t han ~ rr.in:.;te. Rc,.::" : 1- <;:' 
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hexene is recovered for 92% as monohexylcumenes, and for 

8% as dihexylcumenes. 

In the absence of cumene (see experiment M-l) the ra

te of disappearance of hexene is much lower: after ~ minu

te only 29% conversion of hexene. Unexpectedly, no hexene

cyclohexane reaction products could be detected in the re

action mixture. The disappearance of hexene must be attri

buted to polymerization of hexene. (The catalytic proper

ties of anhydrous AIC1
3 

in polymerizations of olefins are 

well known
7
). The conclusion seems allowable that for these 

low-molecular weight analogues the mutual reaction C of the 

olefinic groups (resulting here in polymerization instead of 

crosslinking) is favoured over the reaction B with cyclohex

ane. The already discussed reactions for the PE-system (see 

Figure 1-1) show just the reverse effect, which can be ex

plained from the difference in concentration of olefinic 

groups. This concentration is more than 10 times smaller 

for the PE-system than for the model system. Since the bi

molecular reaction C can be expected to be much more sen

sitive to the concentration of olefinic groups than reac

tion B, a lower concentration will preferentially suppress 

reaction C. Another consideration is the sterical effect: 

in the case of a macromolecular reaction, C will be hindered 

much more than B. 

Now, turning to the other experiments in which both 

hexene and cumene are dissolved in cyclohexane, it is no

ticed that two parameters are of particular importance, 

viz. the concentration of olefinic groups and the ratio of 

aromatic nuclei to olefinic groups. It appears from Table 

1-1 that the side reaction, i.e. the polymerization of hex

ene, becomes less important as the hexene-concentration is 

lower, and the excess of cumene is greater. In experiment 

M-6 ([hexene] = 8.2 mmole/l, and [cumene]/[hexene] = 85) 

it is found, that the disappearance of hexene is due only 

to the reaction with cumene: all hexene is recovered as 

mono- and dihexylcumenes within measuring error. The typi

cal conditions for a PE/PS graftir.g reaction will benefit 
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reaction A even more: [olefinic groups] = 0.3 a 1.5 romole/l, 

and [aromatic nuclei]/[olefinic groups] = 350 a 3500. An

other effect of this large excess of aromatic nuclei under 

normal grafting conditions is, expectedly, that subs titution 

of more than one olefinic group to the same aromatic nucleus 

will be suppressed. This effect might, moreover, be ampli

fied by the sterical hindrance exerted by the large polymer 

chains attached to the reacting groups. 

Table 1-1 Reaction conditions and results with the model 

compounds trans-hexene-2 and cumene 

Experiment no. M-l M-2 M-3 M-4 M-5 M-6 

Composition [hexene] 79.5 81.5 80.9 80.9 81.1 8.2 

reaction 
[cumene] solv. 675.5 70.6 697.0 - 675.5 

mixture 

(romole/l) [cycloh .J solv. - solv. solv. solv. solv. 

Molar ratio [cumene] - 86.9 8.35 8.35 0 .87 85.0 
[hexene] 

Reaction temp. (oC) 20 20 20 70 70 70 

A1C1
3
-concn. (g / l) 5.63 4.55 5.55 7.15 4.85 3.20 

Conversion hexene 

after ~ min. (in %) 29 100 100 100 78 100 

Moles hexyl- mono - 0.922 0.588 0.634 0.132 0.945 

cumenes formed 
di - 0.039 0.127 0.088 0.057 0.047 

per mole of 

reacted hexene tri - 0.000 0.020 0.000 0.016 0.000 

% of reacted hexene 

recovered as hexyl- - 100 90 81 29 104 

cumenes 
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1.2.3 CONCLUSION 

The conclusion so far can be, that under the usual con

ditions of the grafting reaction, i.e. for a very low con

centration of olefinic groups (ca. 1 mmole/1) and a large 

excess of aromatic nuclei (>350 x) / the olefinic groups will 

preferentially be engaged in a Friedel-Crafts alkylation of 

the aromatic nuclei. This means that in considering the AlCl
3

-

catalyzed grafting reaction between PE and PS, it is allow

able to neglect for practical purposes (and of course only 

under the conditions given above) the effects of polysubsti

tution, reaction with the solvent cyclohexane, and crosslin

king. 

1.3 DEGRADATION REACTIONS OF PE AND PS 

1.3.1 INTRODUCTION 

Degradation of PE 

For an estimate of the rate of degradation of PE under 

influence of AICl
3 

is referred to Figure 1-1 of section 1.1 

again. In the presence of toluene the number average mole

cular weight of PE remains practically constant throughout 

the first 10 minutes of reaction time, indicating that de

gradation is negligibly small during that period. At longer 

reaction times the molecular weight decreases slowly. Since 

the reaction time of 1 minute, which is employed for the 

PE/PS grafting experiments, lies within this period of ne

gligible degradation, a further study of the PE-degradation 

is considered unnecessary. 

Degradation of PS 

The degradation of PS,on the other hand, deserves more 

attention. An extensive paper on the Lewis acid catalyzed 

degradation of polystyrene has been published by Gaylord
8

, 

who fuund that polystyrene will react with Lewis acids, 
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undergoing considerable branching, crosslinking and chain 

degradation. Also alkylation and halogenation were observed, 

dependent upon the nature of catalyst and solvent. Polysty

rene treated with AIEtBr
2 

or AlEtC1
2 

in hydrocarbon solvents 

did not show any deep changes of structure. Gaylord's experi

ments, however, did not include the specific combination of 

catalyst and solvent that is used in the present investiga

tion. Therefore experiments using AlCl
3 

as catalyst and cy

clohexane as solvent have been carried out, and will be des

cribed hereafter. Besides chain degradation, also the for

mation of a considerable amount of benzene could be esta

blished. Until now,the formation of benzene, accompanied by 

changes in the molecular structure of the PS-chains, has not 

been reported by previous investigators in this field. 

1.3.2 EXPERIMENTAL 

Reagents 

The polystyrene mainly used for the degradation exper

ments was Styron 664, obtained from Dmv Chemical CO. (M = 
n 

109000 by osmometer; M /M = 2.77 by G.P.C.). Also an anio
w n 

nically prepared (initiator: n-butyl lithium; solvent: to-

luene) polystyrene was investigated (M = 103000 by osmome-
- n -4 

ter; Mv = 116000 by viscometer with K =0.93'10 l/g and 

a = 0.773). The anhydrous aluminiumtrichloride (Merck pro 

synthesi) used as catalyst was finely ground in a ball mill 

under a nitrogen blanket, while all handling afterwards took 

place in a (dry) nitrogen atmosphere. The solvent cyclohex

ane (Merck p.a.) was dried over calciumdihydride before use. 

Procedure 

The reactions are carried out in a I-liter double

walled glass flask, fitted with a condensor, vibration stir

rer, and in- and outlet for nitrogen. Heating is provided 

via water circulation through the double wall of the flask. 

Samples are taken through an outlet at the bottom. 
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A second flask - similar to the reaction vessel - is con

nected to it via an extra stopcock-closed inlet tube. In 

this second flask the catalyst is dissolved in 300 ml of 

cyclohexane, while the polystyrene is dissolved in the re

action vessel, also in 300 ml of cyclohexane. The tempera

ture is kept at 80 oC, and a nitrogen blanket maintained 

over both solutions. The reaction is started by transferring 

the catalyst solution to the polymer solution. At periodic 

intervals 50 ml samples of the reaction mixture are removed, 

and quenched in a large excess of isopropylalcohol in order 

to stop the reaction and precipitate the polymer. After re

covery and drying, these polymer samples can be used for mo

lecular weight determinations and infrared analyses. For 

gaschromatographic analysis also smaller samples (ca. 5 ml) 

are taken from the reaction mixture, and poured on ice with 

sodiumbicarbonate, in order to deactivate the catalyst and 

neutralize the formed hydrogen chloride. The upper (organic) 

layer is then removed and dried over calciumhydride. The 

benzene content of each fraction is determined quantitati

vely by means of gas liquid chromatography with n-heptane 

as an internal standard. A Hewlett & Packard 5700 A gas 

chromatograph equipped with a flame ionization detector and 

a Hewlett & Packard 3380 A integrator are used. A (3 m x 

2 mm I.O.) column was used, packed with 20% squalane on 

Chromo sorb P (80-100 mesh), at 850 C with a helium flow rate 

of 25 ml/min. 

The determination of the number average molecular 

weights is performed in toluene at 37 0 C by means of a Hew

lett & Packard 502 High Speed Membrane Osmometer. For one 

degradation series the samples have also been analyzed by 

means of gel permeation chromatography. The determinations 

have been performed in tetrahydrofuran, and the values ob

tained have been corrected for diffusion according to Car

denas and O'oriscol1 9 • 

The infrared spectra have been recorded on a Model 

EPI-G Hitachi Grating Infrared Spectrophotometer, using 

thin films (ca. 0.1 mm) of the polymer samples deposited 
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onto KBr-disks, by casting from a chloroform-solution. 

1.3.3 RESULTS 

Experiments have been carried out for various concen

trations of AIC1
3 

(0.5 to 2.5 gil) and PS (15 to 45 gil). 

The effects of the AIC1
3
-treatment upon molecular weight, 

benzene formation and molecular structure will be presen

ted subsequently. 

Mol e cu l ar we i gh t 

In Figure 1-2 is shown the change in number average 

molecular weight M , as determined by osmometer, for several 
n 

degradation experiments. The quantity (l / Mn ,t - I/Mn,o) is 

plotted as a function of the tiMe on a semi-logarithmic sca

le. If the effect of possible chemical changes in the poly

mer chain may be neglected, this quantity is directly pro

portional to the total number of chain scissions per ori

ginal monomer unit at time t, which equals (l / x t - l/x ) . 
n, n,o 

Here Xn is the number average degree of polymerization, and 

the subscripts 0 and t denote the respective times of de

gradation t=o and t=t. 

Figure 1-2 shows clearly that for a certain concentra

tion of PS an increase of the AIC1
3
-concentration will raise 

the rate of chain scission (compare curves a, b, and c). The 

effect of a different PS-concentration for a fixed concentra

tion of AIC1 3 (compare b and d) is not so evident, especial

ly for small degradation times «10 min.). 

In all cases, however, the rate of scission decreases slow

ly with time, although this effect is not displayed clear

ly in Figure 1-2, due to the logarithmic scale of the time 

axis. The observed decrease might be caused by a slow de

activation of the catalyst at larger reaction times. 

The results of a degradation experiment (concentra

tions: 2.5 g AIC1 3/1; 30 g PS/l) with an anionically pre

pareJ PS (see under Reage n ts) - although the exact data will 
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Figure 1-2 (11M t - 11M ) as a function of degradation n, n ,0 
time for various concentrations of AICl

3 
and PS in cyclo-

hexane solution at BOoC. 

a: (2.5 g AICl
3 

+ 30 g PS)/liter (l\.) 

b .: (1.25 g AICl
3 

+ 30 g PS)/liter (0) 

c: (0.63 g Alel
3 

+ 30 g PS)/liter (0) 

d: (1. 25 g AICl
3 

+ 45 g PS) /liter (X) 

Type of PS: Styron 664 

not be shown here - demonstrated that the rates of chain 

scission for radically and anionically prepared PSIS are 

practically equal. 

Molecular weight distribut i on 

In order to chec: ~ t.he randomness of th~ chdin scission 
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samples of the experiment with 45 g PS and 1.25 g AIC1
3 

per 

liter (curve d in Figure 1-2) have also been investigated 

by means of gel permeation chromatography. In the case of 

random degradation the molecular weight distribution should 

approach a most probable distribution after sufficient de

gradation lO . Table 1-2 shows the molecular weight ratios 

M 1M and M 1M as functions of degradation time. The va-
w n z n 

lues approach to M 1M = 2 and M 1M = 3 respectively, in-w n z n 
dicating that indeed a most probable distribution is reach-

ed, and consequently that the degradation may be considered 

as random. This means that at every instance the probabili

ty of scission for a particular chain link is independent 

of the position in the chain or the length of the chain. 

This probabilit~ however, since it depends upon the active 

catalyst concentration, is not necessarily a constant in 

time. 

-Degrad. M 
time w --(min. ) M n 

0 2.77 

3.5 2.53 

5.5 2.40 

10 2.16 

21 2.32 

41 1. 94 

80 1. 91 

M z --
M n 

5.79 

4.64 

4.52 

3.23 

4.26 

3.39 

3.09 

Table 1-2 

Change of molecular weight dis

tribution measured by GPC as a 

function of degradation time 

(1.25 g AIC13/1; 45 g PS/l) 

As will be discussed in more detail in section 1.3.4, from 

these GPC-data also the extent of a possible, simultaneous

ly occurring crosslinking reaction can be deduced. 

Benz en e fop ma t i on 

The amount of benzene formed during degradation, rela

ted to the initial amount of styrene monomer units present 
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in the PS, is plotted as a function of time on a semi-lo

garithmic scale in Figures 1-3 and 1-4 for a number of 

AIC1
3

- and PS-concentrations. In Fiqure 1-3, and 1-4, is 

illustrated the effect of the concentration of AICI
3

, res

pectively PS. 

10 

t ben~e!,e in-'_ 
or orlgln~l 
5tyrene -
units 

l benz~~e in'_ 
of orlgln~l 

I 
5t~rene

units 

time(min.l_ time(minJ 
O~~~~~ __ ~~==~~L~ __ ~~L-~==~±C~ 

1 10 100 10 100 

Figure 1-3 Relative benze- Figure 1-4 Relative benze-

ne formation as a function 

of time (30 g PSI liter) . 

Concentration of AIC1
3 

in 

gil: 2.37 (e); 1.25 (b); 

0.52 (f). 

Solvent: cyclohexane; 

temp.: BOoC 

ne formation as a function 

of time (1.25 g AIC1
3

/ 1). 

Concentration of PS in gil: 

15 (g) ; 30 (b); 45 (c). 

Solvent: cyclohexanei 

temp.: 800 C 

The relative benzene formation appears to increase for in

creasing AIC1
3
-concentration or decreasing PS-concentration: 

in other words for increasing ratio of the concentrations 

of AICl
3 

and PS. Furthermore, it is interesting to compare 

the rates of benzene formation and chain scission. At the 

start of the reaction, benzene formation exceeds chain 
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scission with a factor 100 to 200. This factor decreases 

rapidly, and after about 10 minutes approaches a value of 

10 to 20. The benzene molecules formed thus largely out

number the chain scissions. 

S tpu c tu paZ analysi s 

In order to study possible chemical changes in the de

graded polystyrene samples both I.R. and 13c NMR spectros

copy were used. A few 1.R.-spectra from samples of experi

ment d (Fig. 1-2) are shown in Figure 1-5. Comparison of the 

spectra after 80 minutes, respectively 23 hours of degrada

tion with the spectrum of the initial, undegraded polysty-

rene shows the following changes: 

(1) 
-1 

a new absorption band appears at 1470 cm between the 
-1 

absorption at 1485 cm (C=C stretch of the aromatic 

ring) and the absorption at 1442 cm- 1 (CH
2 

in-plane de

formation). This new band can only be attributed to 

methylene groups, which are apparently in a different 

molecular environment than the normal methylene groups 

(absorption at 1442 cm- 1 ), present in polystyrene. 

(2) the bands at 755 cm- 1 and 700 cm- 1 in the polystyrene 

spectrum are attributed to C-H out-of-plane deformation 

of a monosubstituted benzene. For the degraded samples 

the band at 755 cm- 1 appears to increase relative to 
-1 

the 700 cm band, which must be due to the formation 

of ortho-disubstituted aromatic nuclei. 

(3) very small bands appear at 815 cm- 1 and 870 cm- 1 , possi

bly indicating the formation of other di- or trisubsti

tuted rings. These quantities, however, appear to be 

negligibly small. 

As will be explained extensively in the DISCUSSION 

(section 1.3.4) there exist strong indications that the ob

served ortho-disubstituted benzene rings must be part of in

dane-like structures in the degraded PS-chains: 
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Figure 1-5 A Infrared spectrum of indane. 

(Serial no. 1147 from Infrared Spectral Data of American 

Petroleum Institute Research Project 44) 

Sample path length: 0.0033 crn. 
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Figure 1-5 B Infrared spectrum of polystyrene (styron 664) 

before AlC1
3
-treatment. 
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Figure 1-5 C Infrared spectrum of polystyrene (Styron 664) 

after 80 minutes of degradation. 
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Figure 1-5 D Infrared spectrum of polystyrene (Styron 664) 

after 1380 minutes vf degradat~on. 
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indane: 

~CH - CH - CH - CH - CH 

2 A 2 ~~/_ CH
2
-

0~ 
-1 

This would also explain the new absorption band at 1470 cm 

which can then be assigned to the methylene group, present 

in the 5-ring of the indane structure. The spectrum of in

dane (spectrum A of Figure 1-5) indeed shows a band in this 

region. 

An estimate of the fraction of indane structures can be 

obtained under the reasonable assumption 12 , that the contri

butions of the monosubstituted and ortho-disubstituted nu

clei to the band at 755 cm- 1 have equal absorptivities. 

Another estimate can be obtained from the band at 1470 cm- 1 

by calculating its absorptivity from spectrum A (Fig. 1-5) 
-1 

for pure indane. The bands at 700 cm ,respectively 1600 
-1 

cm are taken as references. The results, given in Table 

1-3, can be compared with values calculated from the benze

ne formation, assuming that every benzene molecule formed 

yields an indane structure. 

Table 1-3 Fraction of indane structures in degraded poly

styrene (in % of benzene rings present) 

Degradation Calc. from Calc. from Calc. from 

time (min. ) LR. (700 -1 cm ) LR. (1470 -1 cm ) benzene for-
mation 

80 11 13 11 

1380 52 40 30 

The values in this table represent the percentage of indane 

structurp.s relative to the total runot:.nt of aromatic nuclei 
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present in the sample. In view of the semiquantitative cha

racter of I.R., this agreement seems to be fairly good, thus 

establishing that indeed the formation of a benzene molecu

le is in most cases followed or accompanied by an internal 

cyclization yielding an indane structure. 

Further evidence for the structural change of the PE

chain was provided by 13c NMR spectroscopy. Spectra were 

measured under conditions of complete noise decoupling in 

CDC1 3 solutions at 22.6 MHz on a Bruker HX-90R spectrome

ter coupled to a Digilab FTS-NMR 3 Data and Pulsing System. 

Shifts were measured with respect to internal tetramethyl

silane; the solvent provided the 2H-lock. The atactic poly

styrene, Styron 664, was found to give 

a group of three bands in the aromatic 
13 region of the C spectrum centered at 

125.6, 127.9 and 145.5 ppm. These bands 

could successively be attributed to C
4
-, 

.13 14 
C2 ,3- and C1-nuclel ' . In the spec-

trum of a degraded PS-sample (cyclohex

ane solution at 80oC; PS = 15 g i l; AlCl
3 

bands appear at 147.3 and 123.4-122.8 ppm. 

0: 
4 

1. 2 5 gil) sma 11 

These bands can 

indeed be explained by the presence of indane-like structu

res in the polymer chains, as becomes evident upon compari

son with the results of Retcovsky and Friedel 15 for the spe

cific indane structure, given below: 

1268~ VN 
148.7 

In conclusion, the I.R. and 13C NMR data have convincingly 

established that PS in cyclohexane solution under influence 

of AlCl
3 

will undergo changes in chemical structure,resul

ting in the formation of indane-like structures. 
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1.3.4 DISCUSSION 

Following the example of previous investigators of this 

type of reaction1 ,4,8, it is assumed that the first reaction 

step is the formation of an ionic complex by reaction of 

AICl
3 

with fortuitous impurities (such as water, hydrogen 

chloride, etc.): 

AICl
3 

+ HX --- (H) + (AICI
3

X) [ 1-7] 

The ionic complex thus formed can attack the polystyrene 

chain, abstracting a benzene molecule, and leaving a poly

mer carbonium ion: 

- o + 

[1-8] 

The carbonium ions are likely to react with benzene rings. 

This substitution can be either intra- or intermolecular. 

In the intramolecular case, substitution to an adjacent ring 

is more likely than reaction with more distant rings, be

cause the I.R. analysis has shown that almost exclusively 

ortho- and no para-disubstitution does occur. For the same 

reason the occurrence of intermolecular substitutions, re

sulting in crosslinking, is improbable. Corroborative evi

dence for the unlikelihood of crosslinking can be found in 

the G.P.C. data already discussed in section 1.3.3. In Fi

gure 1-6 the polydispersity M tiM t after a degradation 
w, n, 

time t is plotted as a function of (1 - M tiM ) for an n, n,o 
experiment with 45 g of Styron 664 and 1.25 g of AICl

3 
per 

liter. These data can be compared with theoretical curves 
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for several values of p, defined here as the ratio of the 

degree of crosslinking and the degree of chain scission 

(see Appendix A for the derivation of the relations used) . 

It is evident from Figure 1-6, that p is definitely less 

than 0.05 and probably zero. It may be concluded that cross

linking, if occurring at all, will certainly not amount to 

more than 5% of the chain scission. 

3 P = 0.1 
M 

1 
~ 
M n,t 

2 • • 

lL-------~--------~--------~------~ 
o 0.25 0.50 0.75 1.0 --------------... ~ 

(l-M tiM ) n, n,o 

Figure 1-6 Polydispersity M tiM t as a function of 
W, n, 

(l-M tiM ). Conditions: 45 g Styron 664 and 1.25 g n, n,o 
A1C1 3 per liter of cyclohexane (80 0 C). Curves for sever-

al values of p are drawn according to the theory (Appen

dix A). 

In view of above considerations, the fate of most of 

the carbonium ions of equation [1-8] will be the formation 

of an indane-like structure: 
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The observed chain scission might be explained by assuming 

that a fraction of the carbonium ions (only a few percent) 

undergoes cleavage by rearrangement of electrons: 

+ 

+ 
[1-10] 

An alternative mechanism for the chain scission, however, 

is the possible abstraction of a hydrogen atom from a ter

tiary carbon atom in the polystyrene chain, as proposed by 

Gaylord8 . The carbonium ion and olefinic polystyrene frag

ments of equation [1-10], if formed, would most probably 

undergo an intramolecular cyclization too, yielding indane

like structures: 

+ 
~CH-CH -CH (A1C1

3
X) o 20 

~CH -CH-CH -CH=CH 
20 2 2 ~I 
~ 

........ CH -CH-CH 2A,2 o CH-CH 3 

+ H+ (A1C1
3
X)

[1-11] 

[1-12] 
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An intramolecular alkylation analogous to equation [1-11) 

was observ ed as a termination step in the cationic poly-
16 merization of a -methyl styrene 

The mechanism represented by equations [1-8] to [1-10] 

is very similar to the one suggested by Theyssi~ and Smets 11 

for the condensation reaction of polyvinylchloride with ben

zene under influence of A1C1
3

: 

-CH-CH -CH""'- + 
I 2 I 

- + 
A1C1 4 + H + 

Cl Cl 

1.3.5 CONCLUSIONS 

Under the usual grafting conditions and with reaction 

times of less than 10 minutes, the degradation of PE is ne

gligibly small. Treatment of PS with anhydrous A1C1
3

, how

ever, gives rise to changes in molecular weight and molecu

lar structure, also at short reaction times. The first step 

in the degradation mechanism is the abstraction of benzene 

from the polystyrene molecules, thus forming polymer carbo

nium ions. Most of these carbonium ions yield indane struc

tures in the polymer chain by means of an intramolecular cy

clization reaction. A fraction of the carbonium ions, how

ever, might initiate cleavage of the polymer chain, which 

would explain the observed random chain scission. Although 

a crosslinking reaction is possible in principle, it can

not amount to more than 5% of the chain scission. 

From these results an estimate can be obtained of the 

degree of degradation of PS during a typical grafting expe-
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riment. For a PS-concentration of 30 gil, an A1C1
3
-concen

tration of 0.625 gil, and a reaction time of 1 minute, a 

monodisperse PS with an initial molecular weight of 50000 

will decrease in molecular weight to a value of 48000 and 

have obtained about 2.5 indane structures (= 0.5%) per po

lymer chain. This means that under these conditions, for 

most practical purposes, also the degradation of PS may be 

neglected. 
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CHAPTER 2 

statistical approach to the 
copolymer characterization graft 

2.1 INTRODUCTION 

As was shown in the preceding chapter, the Lewis-acid 

catalyzed grafting reaction of polyethylene to polystyrene, 

taking place at 80 0 C in a cyclohexane-solution, involves an 

alkylation of aromatic nuclei of the PS with PE-molecules. 

Alkylating agents in this Friedel-Crafts reaction are the 

olefinic groups, present in very small amounts in PE. Be

sides residual homopolymers and "regular" graft copolymer 

(defined here as those molecular complexes that consist of 

a polymer backbone molecule of one kind onto which one or 

more polymer molecules of the other kind are grafted) also 

highly branched and even crosslinked material may be pre

sent in the reaction product. The parameters, determining 

the relative amounts of these reaction product components, 

are the amount of olefinic groups in the PE, the molecular 

weight distributions of the PE and PS, and the PE/PS-ratio 

in the initial reaction mixture. In the figure below some 

of the possible structures are shown schematically: 

Unreacted 

homopolymers 

/ 
/ 

/ 

, , , 

/ 
/ 

/ 
/ 

" , 
/ 

/ 
/ 

, , , , 
/ 

/ 
/ 

, K / /', " , , , , 
,I , , 

',I " 
I 
I , , , 

"Regular" graft "Complex" graft copolymer 

copolymer (2 types) (possibly crosslinked) 
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In this chapter the way in which the relative amounts 

of these different structures depend upon the experimental

ly available parameters will be considered. The equations 

obtained will be used to predict and control the structure 

of PE/ PS-graft copolymers. 

In the statistical theory, which forms the basis of 

these equations, the reacting pOlymers may be considered 

as polyfunctional units, with aromatic rings in PS and ole

finic groups in PE serving as the functional groups. In the 

presence o f a Lewis acid catalyst the functional groups of 

the different types can react to form links between the two 

types of polymer chains. Therefore, the desired model des

cription can be based on the theory of three-dimensional 

condensation polymers by Stockmayer1 for finite molecules, 
2 and on graph theoretical considerations by Gordon for in-

finite, i.e. gel-molecules. 

The following treatment holds - under certain condi

tions - for any reaction between two polymers, in which mo

nomer units of one polymer can react at random with those 

of the other polymer, or in which certain reactive sites 

distributed randomly over the polymer molecules of one ty

pe can react at random with functions or monomer units in 

the molecules of the other polyme r . 

2.2 RELATIONS FOR FINITE MOLECULAR SPECIES 

Since - as was mentioned above - the relations for fi

nite molecular complexes can be based upon the general theo

ry of non-linear condensation polymers developed by Stock

mayer l , a brief description of this theory will follow first. 

The system, for which Stockmayer has derived a distribution 

formula, consists of a variety of monomers containing func

tional groups of type A, which can react with a variety of 

monomers containing end groups of type B. A reaction takes 

place between an A-group and a B-group (e.g. a condensation 

reaction), thus forming a link between two reactants. 
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In the original mixture the following reactants of type A 

are present: 

Al moles of fl-functional reactants, molecular weight MA,l 

A2 "f 2 " "MA , 2 

A. 
~ 

f. 
~ " MA . 

,~ 

and of type B: 

Bl moles of gl-functional reactants, molecular weight MB,l 

B2 g2 MB,2 

B. " " J 

It is assumed that all functional groups of a given type 

are equally reactive, and that ring formation does not oc

cur in finite molecular species. This last assumption is 

obviously not true, especially near the gel-point. The sy

stem reacts until a fraction PA of the A-groups and a frac

tion PB of the B-groups have reacted. From stoichiometric 

considerations follows: 

PA ~ f.A. 
i ~ ~ 

PB ~ g.B. 
j J J 

[2-1] 

Now the quantity N{m. ,n.} is introduced, representing the 
~ ] 

number of moles of those species that consist of ml , m2 , 

m
i

, .... monomer units of the A-type (with respecti

vely f
l

, f
2

, .•.. f
i

, ...• functional groups) combined 
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with n
i

, n
2

, .... n
j

, •... monomer units of the B-type 

(with respectively gi' g2' .... gj' .... functional groups): 

N{m. ,n. } = 
~ ] 

m. 
K( I: f.m.- l: m.)!( l: g.n.- l: n.)!n x. j{n. ! 

; ~~; ~ . JJ . ] . ~ ~ 

nil n y. In. ! 
J J 

~ ~ ] ] ~ j 

( I: f.m.- I: m.- I: n.+l) ! ( I: g.n . - I: n . -I: m.+i)! 
i ~ ~ i ~ j J j J J j J i ~ 

where: 

x. 
~ 

and: 

K 

f .A. 
~ ~ 

I: f.A . 
i ~ ~ 

g . B. 
] ] 

L g . B. 
j J J 

g.-i 
P (i-p ) J 

A B 

[2-2] 

The molecular weight of the species represented by the 

particular sets of integers {mi,nj }:{(m
i

, m2 , m
3

, .. mi ,··), 

(n
i

, n
2

, .. n
j

, .. ) } is given by: 

M{m. ,n. } = L m. 'M
A 

. + L n. oM
B 

. 
~ J i ~ ,~ j J ,J 

[2-3] 

In the case of a condensation reaction the weight of the 

condensation by-product should of course also be taken in

to account. 

Combination of equations [2-2] and [2-3] yields the 

weight fraction W{m. ,n. } , which represents the weight frac
~ J 

tion of the molecular species, described by the sets {m . ,n.}, 
~ J 

with respect to the weight of the total system: 
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W{m.,n. } 
~ J 

M{m. ,n.} ·N{m. ,n . } 
~ J ~] 



0: m.' MA . +L n . ' MB .) N {m. ,n . } 
i ~ '~j] ,] ~] 

LA. 'M
A 

. + L B. 'M
B 

. 
i ~ '~j] ,] 

(2-4 ] 

The analogy of the above system to the PE/PS-reaction 

seems obvious: the A-groups, respectively B-groups, repre

sent the olefinic groups in PE, respectively the aromatic 

nuclei in PS, and Stockmayer's polyfunctional monomeric 

reactants represent the PE- and PS-polymer molecules carry

ing the various functional groups, The direct application 

of equations (2-1] to (2-4], however, is complicated, be

cause also the polydispersity of the original PE- and PS

molecules should be accounted for, 

The following derivations will be set up for the ge

neralized case of a reaction mixture consisting originally 

of a polymer PI carrying functional groups of type A, and 

a polymer P
2 

carrying functional groups of type B, The to

tal number of moles of PI and P
2 

is taken to be respective

ly Nl and N
2

, The polymers consist of elementary units (e,g. 

monomer units) U
l 

respectively U
2

. These units can carry 

one and only one functional group A, respectively B, It is 

assumed that each unit of a particular type has equal pro

bability of carrying a functional group of the correspon

ding type, or in other words that the functional groups 

are distributed randomly over the polymer units. The frac

tion of the Ul-units and U
2
-units carrying a functional 

group is respectively sl and s 2' The polydispersity of the 

original polymers can be expressed in the mole fraction dis

tribution functions n
l 
(i), respectively n 2 (j), or in the 

weight fraction distribution functions wI (i), respectively 

w
2
(j), where the subscripts 1 or 2 indicate the polymer

type PI or P
2

, and i respectively j represent the lengths 

of the polymer-molecules expressed in the units Ul , res

pectively U
2

, 

Furthermore: 

X 1 and x are the number average lengths of PI and 
n, n,2 

P
2 

expressed in units Ul and U2 , 
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and x are the weight average lengths of PI and Xw,l w,2 
P

2 
expressed in units U

l 
and U

2
• 

A reaction between A- and B-groups takes place until 

respective conversions a and S. Two further assumptions to 

be made are the equal reactivity of all functional groups 

of a given type, and the absence of ring formation. 

Comparing this system with the system of Stockmayer, 

the first question to arise seems to be: how large is the 

number of moles of i-functional PI-molecules, i.e. molecu

les carrying i A-groups? This quantity (A. for f.=i in 
~ ~ 

Stockmayer's system) can be calculated thus: 

A. 
~ 

I k! ~ i (l-~ )k-i nl(k)'N
l i!(k-i)! 1 1 [ 2-5] 

k=i 

A similar relation can be obtained for the quantity B., 
J 

the number of moles of j-functional P
2
-molecules in the 

system. Substitution of these relations in eqn. [2-2] with 

PA = a, and PB = S now yields the number of moles of a gi

ven complexity {m. ,n.}. Unfortunately, however, the corres-
~ J 

ponding weight fraction given by eqn. [2-4], which after 

all is the desired quantity, cannot be determined, because 

for this it is necessary to know the molecular weight MA . 
,~ 

(respectively MB,j) of an i-functional PI-molecule (res-

pectively j-functional P
2
-molecule). These quantities, how

ever, are undetermined, because of the polydispersity of the 

polymer molecules. Within certain restrictions any degree 

of polymerization is possible for a polymer molecule of gi

ven functionality! 

A simple way out of this dilemma is a redefinition of 

our notion of a functional group. Instead of the actual 

reactive A- and B-groups, it is more convenient to consider, 

from now on, the elementary units U
l 

and U
2 

of the polymer 

molecules as the functional groups in the system. 

This means that a polymer molecule of length i, i.e. 

consisting of i elementary units, will heLc~forth be con-
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sidered as an i-functional reactant in the sense of Stock

mayer's system, irrespective of the actual number of reac

tive groups on the polymer molecule. It will be shown that 

for this new definition of functional group Stockmayer's 

formula is still applicable. The only requirement, namely, 

imposed from a statistical point of view upon the functio

nal groups, is that any given functional group of a certain 

type must have an equal probability of having reacted. Em

phasis should here be placed on the word "having", indica

ting that the system is considered after reaction. Above 

requirement should hold for the elementary units U
1 

and u2 ' 

if Stockmayer's relations are to be valid also for the new 

definition of functional group. Let 01 be the probability 

of having reacted for a given U
1
-unit. Than 01 must equal 

the probability that the U
1
-unit carries an A-group, and, 

moreover, that this A-group has reacted. Therefore: 

° = E; 'a 1 1 
[2-6] 

Indeed this probability is equal for all U
1

- g roup s, under 

the assumptions made (random distribution and equireacti

vity of A-groups). Analogously, the probability 02 that any 

given U
2
-group has reacted is: 

[2-7] 

The advantage of this new approach is, that now the mole

cular weight MA . of an i-functional reactant is no longer 
,~ 

undetermined, but equals: 

MA . 
,~ 

i 'M 
1 

where M1 is the molecular weight of a U1-unit. 

Similarly: 

MB . , J 
j 'M 

2 

[2-8 ] 

[2-9 ] 
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where M2 is the molecular weight of a U2-unit. 

It is now made possible to use equation [2-4] for the weight 

fraction of molecular species {m. ,n. } directly, if the pro-
l J 

per substitutions are made. In the equations [2-1] to [2-4] 

01 and 02 should now replace the degrees of conversion PA 

and p , and the number of moles of i-functional reactant of 
B 

the A-type, i.e. PI-molecules of length i U
1
-units, is gi-

ven by: 

A. 
l 

taking f. i. 
l 

Similarly (taking gj 

[2-10] 

j ) : 

[2-11] 

If equation [2-2] is rewritten accordingly, the quantity 

N{m. ,n.} will represent the number of moles of species con-
l J 

sisting of m1 , m2 , ... mi , '" PI-molecules with lengths 

in units U1 of 1,2, ... , i, ... combined with n
1

, n
2

, ... , 

n j , '" P 2 -molecules with lengths in units U
2 

of 1,2, ... , 

j, ."": 

L:n. L:m. -1 L:im. -L:m. -L:n .+1 
J l l l J 

N{m. ,n.} = x l"N"(5 "°
2 

"(1-0 ) 
l J n, 1 1 1 

" (1-(52) 

Ljn.-L:n.-L:m.+l 
J J l 

m. 
l 

(Hm
l
· L:m. L:n.+l)! (L:jn.-L:n. L:m.+l)! 

l J J J l 

(Hm.-L:m.)! (L:jn.-L:n.)! 
l l J J 

n. 
J 

[2-12] 

The corresponding weight fraction distribution function 

w{mi,n j }, representing the weight fraction - relative to 

the tcl:.al weight of polymer in the system - of the molecu

lar species in the reacted system characterized by the sets 
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of integers {(m
1

, m
2

, .•• m
i

, ... ), (n
1

, n
2

, ... n
j

, ... )):: 

{m. ,n.}, follows from equation [2-4] by substitution of 
~ J . 

equations [2-8] to [2-11]: 

W{m. ,n.} 
~ J M·x ·N + M·x ·N 

. N{m. ,n.} 
~ J 

[2-13] 

1 n,l 1 2 n,2 2 

where N{m. ,n.} is given by [2-12]. 
~ ] 

The general distribution functions (eqns. [2-12] and 

[2-13]}can now be used to derive some relations concerning 

the fractions of constituents of the reaction product of 

particular interest, e.g. the "regular" graft copolymer Or 

the unreacted homopolymers. Some of these equations will 

follow now without the tedious derivations (see also Appen

dix B). The weight fraction of unreacted homopolymer PI is 

given by the expression: 

w P 1 ,unr 

00 

L \V{(~=l, mifk=O), (n].=O for all j)} 
k=l 

00 

WI L [wI (i) (1- 0 1)i] 
i=l 

[2-14] 

An analogous expression is obtained for unreacted P2 : 

w 
P 2 ,unr 

00 

w
2 

I [w
2 

(j) (1-°
2

) j] 
j=l 

[2-15] 

Here WI and W
2 

are the weight fractions of polymer PI and 

P
2 

respectively, relative to the total amount of polymer 

in the system: 

[2-16] 

1/1 1 

weight of PI 

weight of PI and P2 M·X ·N + M·x ·N 1 n,l 1 2 n,2 2 
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tjJ = 1 - tjJ 
2 1 

[2-17] 

[2-14] and [2-15] are still relatively simple, and it is 

possible to derive those equations without knowledge of 

the complete distribution functions [2-12] and [2-13]. For 

the derivation of the fraction of "regular" graft copoly

mer, however, the use of the general equations [2-12] and 

[2-13] becomes imperative. With "regular" graft copolymer 

is meant all molecular species consisting of a polymer 

backbone-molecule of one kind onto which one or more poly

mer molecules of the other kind are grafted. Clearly there 

are two types of "regular" graft copolymer, viz. with a Pl

molecule as a backbone, and P
2
-molecules grafted, or vice 

versa. These types will be denoted henceforth as P
1
-g-P

2 
and P2-g-P 1 respectively. The weight fraction of "regular" 

graft copolymer of the type P
1
-g-P

2 
is given by the rela

tion: 

wp _g_P 
1 2 

I 
k=l 

~l I W{(~=l,mifk=O), (n],)}} 
q=l all {n.} 

] 

with Enj=q 

00 00 

tjJl I W1 (i)![l-01+0 1 I W2 (j)(1-0
2
)j-1]i_[1-0

1
]il + 

i=1 j=l 

jw (j) (1-0 )j-l. 
2 2 

[2-18] 

Because of the symmetry in the system the expression 

for the other type of "regular" graft copolymer can be ob

tained directly from [2-18] by interchanging the subscripts 

1 and 2 in this equation. The weight fraction of the mole

cular species consisting of one Pl-molecule linked to only 

ona P2-molecule is given by: 
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00 00 

w I I W{(~=I, mifk=o) , (n =1, n'f =O)} PI-P2 k=1 g=1 g J g 

00 00 

I [iw
1 

(i) (l-a
1
)i-l] '-I 

1/1 1 a
1 I [w

2
(j) (l-a

2
)J ] + 

i=1 j=1 

00 00 

+ w2 a
2 I [jw

2
(j) (l-a

2
)j-l] I i-I 

[2-19] [w 1 (i) (l-a 1) ] 
j=1 i=1 

It is of interest to know the fraction of this "mono

graft"-copolymer, since this component of the graft copoly

mer product is more or less comparable to the well known 

anionically prepared diblock copolymers. Taking into account 

that the weight fraction of "monograft"-copolymer is incor-

porated in both the expression for wp p and wp _g_P , 
l-g - 2 2 1 

the total weight fraction of "regular" graft copolymer can 

be calculated thus: 

Wreg.graft wp _g_P + wp _g_P - wp _p 
1 2 2 1 1 2 

[2-20] 

Other interesting quantities, as e.g. number and weight 

average lengths of the unreacted polymers, or the backbone

and graft-molecules in the "regular" graft copolymer, can 

be derived, if desired, but these relations will not be 

given here. 

2.3 POST-GELATION RELATIONS 

In order to describe the gelation behaviour, we will 

start with Case's definition3 of the propagation expecta

tion F, which is the mean expectation of recurrence of any 

given unit or structure in paths along the chain or bran

ches of the chain which start at such unit or structure. 

The criterion of gelation can then be stated in general as 

follows: F = EF' ~ 1, where F' is the partidl propagation 
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expectation (i.e. for a given path of propagation), and the 

summation is taken over all possible paths. 

Now consider a randomly selected bond between .a unit 

U
1 

(belonging to a PI-polymer molecule) and a unit U2 (of 

a P
2
-molecule). Calculation of the probability of recurren

ce of this -U
1

-U
2

- bond will yield the desired propagation 

expectation F. The probability that the unit U
2 

belongs to 

a P
2
-polymer chain of length j is equal to w

2
(j). For the 

(j-l) u
2
-groups, thus becoming available for reaction, the 

expectation of the number of groups that have reacted with 

a U
1 

belonging to a polymer molecule of length i is: 

w
2
(j)· (j-l) ·a

2
·w

1 
(i). Next, considering the (i-I) available 

u
1
-groups, the expectation of the number of these groups 

that have formed a link with a u
2
-group can be calculated. 

This yields the desired partial propagation expectation 

for this particular path along the chain: 

F' .. 
~,J 

w (j)·(j-l)·a w (i)·(i-l)·a 
2 2 1 1 

The corresponding path is: 

-U 1 -u2 -----,Ir---- U2 -u
1
--'I---- Ul-u2-

(U 2 )j-2 (U 1)i-2 

The overall propagation expectation is obtained by summa

tion over all possible paths: 

F=EEF' .. 
i j ~ , ] 

a1 a2 ~ (i-I) w
1

(i) E (j-l) w
2
(j) 

• j 

Gelation will Occur for F ~ 1, which gives the following 

expression for the criterion of gelation: 

[2-21] 
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Of course this relation can also be obtained directly from 

Stockmayer's relation for the criterion of gelation in the 

case of a general polycondensation1 , if the proper adapta

tion to the parameters of our system P
1
/P

2 
according to 

equations [2-6] to [2-11] is performed. 

In order to show more clearly how this criterion is 

affected by the polydispersity of the two polymers, eqn. 

[2-21] can be rewritten, thereby assuming that xI » 1 w, 
and xw,2 » 1: 

[2-22] 

where nA and nB are the average numbers of reacted groups 

per polymer-molecule PI' respectively P
2

: 

° 2' xn,2 [2-23] 

Equation [2-22] clearly shows, that gelation will already 

occur for smaller average numbers of reacted groups per po

lymer chain, as the molecular weight distributions of the 

original polymers become broader. 

Since Stockmayer's theory, used to derive the equa

tions [2-12] and [2-13] for finite molecular species, is 

oblivious of the presence of a possible gel-fraction, the 

fractions of finite reaction product components may still 

be computed by means of the relations derived in 2.2 - al

so beyond the gel-point. This is completely analogous to 
4 

the procedure used by Flory for simpler non-linear system 

It is possible to derive expressions for the weight 

fractions of sol and gel by applying Gordon's theory of 

branching processes to our system
2

. This theory is an ex-
5 tension of the cascade theory by Good. Another theory, 

which can be followed, is the theory of multifunctional 

interunit junctions of Fukui and Yamabe 6 • Both theories 

l",ad to the same expressions. The rather extensive deriva-
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tion will not be given here (see Appendix C for the deriva

tion according to Gordon's theory2), but only the resulting 

equations. The relation derived for the sol fraction is: 

wsol 
~ ·~(1-0 +0 · v )+~ ·v(I-0 +0 .~) 111 2 2 2 

[2-24] 

The gel-fraction can then be calculated by means of the 

trivial relation: 

1 - w sol 
[2-25] 

Two new parameters, viz. ~ and v , are introduced here, the 

values of which are found by solving the following set of 

critical equations, and assigning the values of the smallest, 

real and positive roots to ~ and v : 

i-I [2-26] ~ L: w (i)· (1-0 +0 · v ) 
i 1 1 1 

'-1 
v = L: w (j). (1-0 +0 .~)J 

j 2 2 2 

For a more extensive study of the mathematical properties 

of critical equations and their solutions see e.g. Fukui 
6 7 and Yamabe , or Good . 

In search for a better understanding of the physical 

significance of the above relations, a simple derivation 

using only ordinary probability laws was developed (see 

Note below). This rather intuitive approach starts by de

fining two probabilities ~ and v , as the probability, that 

a given reacted U
2
-group, respectively reacted u

1
-group is 

the start of a chain of finite length. 

Note: Recently a new derivation of properties of non-linear 

systems was published8 , which is similar to our approach, 

although the present case is not described specifically. 
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Now consider a given reacted u2-group. By definition this 

is linked to a u
1

- group. The probability, that this u
1

-

group is part of a PI-chain of length i, is equal to: w
1

(i). 

The given reacted u
2
-group, from which was started, can on

ly be the beginning of a finite chain, if the remaining 

(i-I) u 1-groups of the attached PI-chain either have not 

reacted ~ith probability = 1-0
1
), or have reacted and are 

the start of a finite chain ~ith probability = a
1
·v). From 

this it follows, that the probability that the given reacted 

u2-group is attached to a PI-chain of length i, and leads 

to a finite chain, is: 

Summation over all i gives the probability that a given re

acted u 2-group forms the start of a finite chain, which is 

the definition of ~: 

~ 

Thus the first equation of the set of critical equations 

[2-26] is obtained. In a completely analogous way the se

cond equation can be derived. These two independent equa

tions with two unknown parameters, enable the calculation 

of the values of the unknown ~ and v. Above derivation ex

plains why only the smallest, real, positive roots of the 

critical equations are valid, since ~ and v are defined as 

probabilities, which means that they must be positive, and 

less or equal to unity. 

Once ~ and v are known, the sol-fraction can be found 

by means of the following consideration: 

Select a U
1
-unit at random from all U

1
-units in the system. 

The probability that this unit belongs to a PI-chain of 

length i is equal to w1 (i). The probability that it is al

so part of the sol-fraction is: 

wI (i) (1-0 1 +0 1 • v) i , 
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because all i ul-units should either have not reacted 

(1-0
1
), or have reacted but lead to a finite chain (Ol·V). 

Summation over all i yields the probability that a given 

Ul-unit, selected at random, is part of the sol-fraction: 

This probability is of course identical with the weight

fraction of PI-molecules (relative to the total weight of 

PI in the system) in the sol-fraction. Analogously the 

weight fraction of P
2
-molecules (relative to the total 

weight of P
2

) in the sol-fraction can be derived: 

Combination of these two fractions finally gives equation 

[2-24], the sol-fraction for the total system. 

2.4 SOME SPECIAL CASES 

If the starting polymers PI and P
2 

have mathematically 

well defined molecular weight distributions, it is usually 

possible to elaborate and simplify the general relations 

obtained in the preceding sections of this chapter. On the 

other hand, if the molecular weight distributions of the 

original polymers are known (e.g. through G.P.C.), but can

not be expressed in a simple mathematical form, numerical 

methods must be applied in order to evaluate the desired 

quantities. Two special cases will be treated next, viz. 

the case that both polymers have a uniform distribution, 

and the case that both polymers have a most probable dis

tribution. 

Unifo rm distributions 

"In this case the distributions take the form: 
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1 for ,i=rk (-x =x ) - n,k w,k 

o for iFrk 

where k=1 or 2. 

[2-27J 

Substitution of above expression into the relations given 

in sections 2.2 and 2.3, under the assumptions, that r
1 

and 

r 2 » 1, 01 and 02 « 1, yields the following equations: 

Finite species: 

w P
1

,unr 1jJl exp (-n ) 
A 

[2-28J 

w P
2

,unr 1jJ2 exp (-n ) 
B 

[2-29J 

w P
1

-P
2 

IjJ ·n 1 A 
exp (-n ) A exp (-n ) B + 

+ 1jJ2 n
B 

exp (-n ) A 
exp (-n ) B [2-31J 

Postgelation: 

[2-32J 

where ~ and v are the lowest, positive real roots of: 

~ exp 

v = exp 

[-n (l-v)J 
A 

[-n
B 
(1-~) J 

Most probabre distributions 

[2-33J 

The weight fraction distribution functions are given 

by (for k=1 or 2): 

w (i) = i·(X )-2 (l-I/x )i-l 
k n,k n,k [2-34J 
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Again under the assumption of low conversions (01 and 02 

« 1), and large molecular weights (x 1 and x 2» 1), n, n, 
the following equations are found for this case: 

Finite species: 

w P
1

,unr 

w P
2

,unr 

Postgelation: 

w = gel 

[2-35] 

[2-36] 

[2-37] 

[2-38] 

[2-39] 

where jJ and v are the lowest, positive real roots of: 

- -2 jJ [l+n
A 

(1-v)] 

- -2 
v = [l+n

B 
( 1-jJ) ] 

[2-40] 

By way of illustration, the theoretical graft copoly

mer yield w ,i.e. the yield of graft copolymer with res-
cop 

pect to the weight of the reacting polymers, is plotted as 

a function of the propagation expectation F (as given by 

[2-21] or [2-22]) in Figures 2-1, 2-3 and 2-5 assuming 

uniform or most probable initial M.W.D. 'so In the case of 

uniform, respectively most probable distributions it follows 

from [2-22] that F = nA·n
B

, respectively F = 4.n
A

·nB. In 

Figures 2-1 and 2-3 also the effect of n
A

, the average num

ber of reacted A-groups per Pi-chain ,_ and ljJ l' the weight 
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Figure 2-1 Graft copolymer yield, relative to the total 

weight of the reacting polymers, as a function of the pro

pagation expectation F, for the case of uniform M.N.D. 'so 

l/i 1 = 0.5; riA = 0.1 ( ), 1 ~--------) and 10 (- ------ ----) 

~1 cop 

.S 

, , 

OL-__ ~~~LL~L-__ ~~~~~L-__ ~~~~~~-~ 

.01 .1 ---_ .. _ 10 
F 

l ~ cop 

Figure 2-2 Fraction of regular species, resp. gel, in the 

graft copolymer as a function of the propagation expectation 

F, for the case of uniform M.W.D.'s. 

l/i 1 = 0.5; riA = 0.1 ), 1 t---------) and 10 t----- ---- --) 
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Figure 2-3 Graft copolymer yield, relative to the total 

weight of the reacting polymers, as a function of the pro

pagation expectation F, for the case of uniform M.W.D. 's. 

nA = 1; t/J
1 

= 0.1 (----), 0.5 f--------) and 0.9 f-.--.-.-.-) 

w 
~ 
w cop 

.5 

.1 

1~ cop 

10 
F 

Figure 2-4 Fraction of regular species, resp. gel, in the 

graft copolymer as a function of the propagation expectation 

F, for the case of uniform M.W.D. 's. 

n
A 

= 1; t/J
l 

=: 0.1 (-·--- -),0.5 (--------) and 0.9 ( ... - .-._ .-.-) 
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F 

Figure 2-5 Graft copolymer yield, relative to the total 

weight of the reacting polymers, as a function of the pro

pagation expectation F, for nA 1 and ~l = 0.5. 

Uniform M.W.D. (---------), most probable M.W.D. (----

w 
~ 
w 

cop 

.5 

, --- , , , , , , , , , , , , , , , , 
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/ 
I 

-

F 

1~ cop 

Figure 2-6 Fraction of regular species, resp. gel, in the 

graft copolymer as a function of the propagation expectation 

F for nA = 1 and ~l = 0.5. 

Uniform M.W.D. (--------), most probable M.W.D. 
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fraction of PI in the reacting polymers, are demonstrated. 

For the same values of these parameters the weight 

fraction of "regular" graft copolymer and gel in the copo

lymer are plotted versus F in the corresponding Figures 

2-2, 2-4 and 2-6. It is found that the composition of the 

copolymer, with respect to the "regular" graft copolymer 

species and the gel component, is mainly a function of F, 

and only slightly dependent upon n
A 

and ~1. This surprising 

result provides us with a quick graphical method of estima

ting the complexity of the formed copolymer from the value 

of F, without having to use the more complicated relations 

[2-30] to [2-32]. The graft copolymer yield, on the other 

hand, is greatly influenced by the choice of n
A 

and ~1 (see 

Figures 2-1 and 2-3). 

An example will show how the theory can be used in 

practice. Suppose a PE and PS with uniform M.W.D. 's (mole

cular weights of e.g. MpE = 35000 and MpS = 50000), and an 

average of 1 olefinic group per PE-chain are at our dispo

sal. Assuming that all olefinic groups take part in the 

grafting reaction, it follows that nA = 1. Then the only 

freedom of choice left is the composition of the reaction 

mixture, represented by parameter ~1. Which value should 

we give ~1' in order to obtain a graft copolymer consisting 

mainly (say for more than 80%) of the "regular" species? 

In that case it is found from Figure 2-2: 

Furthermore, stoichiometry imposes the relation: 

~1 
1-~ , 

1 

""hich can be sUbstituted in the inequality above: 
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lj!1 
1-lj! ~0.16 

1 

With nA = 1, MpS = 50000, and MpE = 35000 the requirement 

for lj!1 will be: lj!1 ~ 0.10. 

Figure 2-3 shows that the graft copolymer yield for n = 1, 
A 

lj!1 = 0.1, and F = 0.16 is about 20%. Therefore, in our ex-

ample, the reaction between 1 g of PE and 9 g of PS will 

yield about 2 g of copolymer, containing about 80% of "re

gular" graft copolymer. 

2.5 OUTLINE FOR A TEST OF THE THEORY'S VALIDITY 

In order to obtain an experimental confirmation of the 

theory, series of grafting experiments should be carried 

out using homopolymers with (mathematically) well-defined 

molecular weight distributions, e.g. uniform distributions. 

Furthermore, the average number of reactive groups per chain, 

i.e. olefinic groups per PE-molecule, should be experimen

tally variable and controllable. The first part of the next 

chapter will treat the synthesis of PE- and PS-'samples sa

tisfying above requirements. 

The formed graft copolymer products can be characteri

zed partially by a method of selective extractions. Thus 

the fractions of unreacted homopolymers and the fraction 

of gel can be determined, and these experimental values can 

be compared with the values following from the theory. If 

reasonable agreement is found, the theory will be acceptable 

(at least in the range of reaction conditions that was tes

ted), and may then also be employed to predict those quan

tities concerning the structure of the graft copolymer-pro

duct, that cannot be determined by direct chemical analy

sis. 
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List of symbols 

(used in Chapter 2) 

MA .; MB . , ~ , J 

N{m.,n.} 
~ J 

M{m.,n.} 
~ J 

W{m.,n.} 
~ J 

n
1

(i); n
2

(j) 

F; F'; 

(),; 8 

\1; \! 
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F' .. 
~, J 

number of moles of f . (g.)-functional reac
~ J 

tants 

molecular weight of f. (g.)-functional reac
~ J 

tants 

conversion of A-groups (B-groups) in Stock

mayer's theory (equations [2-1] and [2-2]) 

number of moles 

molecular weight 

weight fraction 

of the species described 

by {m.,n.} 
~ J 

mole fraction distribution function of PI 

(P 2) 

weight fraction distribution function of PI 

(P 2) 

number average length of PI (P 2 ) expressed 

in units U
1 

(U
2

) 

weight average length of PI (P 2 ) expressed 

in units U
1 

(U
2

) 

molecular weight of an elementary unit U1 
(U 2) 

number of moles of polymer PI (P 2 ) in the 

initial reaction mixture 

average number of reacted A-groups (B-groups) 

per polymer chain of PI (P 2 ) 

total, respectively partial, propagation ex

pectation 

conversion of A-groups (B-groups) 

parameters from critical equation [2-26]: 

probability that a given reacted unit U
2 

(U
1

) 

is the start of a finite chain 

fraction of units U
1 

(U
2

) carrying a functio

nal A-group (B-group) 

fraction of units U
1 

(U
2

) carrying a reacted 

A-group (B-group) 

weight fraction of polymer PI (P2) in the re

action mixture (with respect to the polymer 

componen t s ) 
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CHAPTER 3 

Experimental verification of the theory 

3.1 PREPARATION OF THE HOMOPOLYMERS 

3.1.1 INTRODUCTION 

As pOinted out in the previous section, an experi~en

tal verification of the statistical theory - described in 

chapter 2 - implies that grafting experiments are to be 

performed with polyethylene and polystyrene having well 

known molecular weight distribution (M.W.D.) functions. A 

relatively simple way of obtaining polymers of well defined 

M.W.D. is via anionic polymerization. The instantaneous ge

neration of chain initiators combined with the absence of 

a termination reaction in this type of polymerization are 

the reasons, that the polymers produced will essentially 

be monodisperse under certain conditions 1 . Actually the 

M.W.D. will be given by the Poisson distribution2 , for 

which case it can be shown that by approximation: 

1 + (x )-1 
n 

where x and x are the weight, respectively number average w n 
degree of polymerization. Since usually x » 1, the M.W.D. 

n 
of a pOlymer obtained by anionic polymerization will be ve-

ry narrow with Xw ~ x n ' This indeed has been confirmed for 

many systems l . 

Thus polystyrene with a narrow M.W.D. can readily be 

obtained via a lithium-alkyl initiated anionic polymeriza

tion. On the other hand, a direct polymerization of ethy

lene with narrow M.W.D. seems infeasible at present, so 

that a two-step synthesis has to be employed. First, a po

lybutadiene with narrow M.W.D. is prepared via the usual 
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technique of anionic polymerization. In the second step, 

this polybutadiene is hydrogenated to a high degree of con

version. The resulting polymer can be made to resemble a 

low density polyethylene with regard to the degree of crys

tallinity and properties, provided that the microstructure 

of the initial polybutadiene is controlled adequately. Du

ring the butadiene polymerization the butadiene units can 

be incorporated in three different ways in the growing po

lymer chain, resulting in the formation of three types of 

olefinic groups: 

trans-vinylene 

....... c 
\ 
c=c 

\ 
c-

cis-vinylene 

-c c
\ I 
c=c 

vinyl 

-c-c
I 
c=c 

The relative amounts of these structures, determining the 

microstructure of the polybutadiene, can be controlled via 

the polarity of the reaction medium3 . The distinction be

tween the first two structures vanishes after hydrogenation, 

since both become straight chain elements. The third type 

of structure, the vinyl groups, however will yield ethyl 

side groups. These ethyl groups will strongly influence the 

degree of crystallinity, and thus the properties of the hy

drogenated product4 . Also in ordinary low density polyethy

lene a certain amount of so-called short-chain branching is 
5 

found, mainly consisting of ethyl and butyl groups. In or-

der to match the properties of the hydrogenated PB with tho

se of low density polyethylene, equal amounts of short-chain 

branching are required. Since in low density polyethylene 

an average of 20 to 30 short side chains per 1000 carbon

atoms are common, it is clear that in the polybutadiene 

starting material 8 to 12% of the olefinic groups should be 

of the vinyl type. 

An important parameter in the theory of the grafting 

rear:tton :.s the number of olefinic groups left in the poly-
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mer after hydrogenation. Therefore the techniques used to 

determine this very low degree of un saturation in the hy

drogenated product will be discussed in some detail. Since 

also the kinetics of the hydrogenation, especially with 

respect to the selectivity of the catalyst system towards 

different types of olefinic groups in polybutadiene, plays 

an important part, a section of this chapter will be devo

ted to the mechanism of hydrogenation, and the reaction pa

rameters influencing reactivity and selectivity. 

3.1.2 SYNTHESIS OF POLYBUTADIENE AND POLYSTYRENE 

3 .. 1.2.1 ANIONIC POLYMERIZATION 

The lithium-alkyl initiated anionic polymerization of 

polybutadiene and polystyrene can be represented by the 

following reaction mechanism: 

1. Initiation: 

2. Propagation: 

- + R-CH -CH Li 2 I 

X 

«H 
X 

k. 
~ 

CH 
X 

- - + R-CH -CH Li 2 I 

X 

k 
P .. - + R-CH -CH-CH -CH Li 

2 X 2 * 
When all monomer has been consumed, a "living" polymer will 

remain, bearing at one chain end an electrical charge. This 

charge can be neutralized by adding a suitable terminator, 
e.g. an alcohol. 

3. Termination: 

R- (CH 2 -CH) -CH -CH - Li + + R' OH ___ R- (CH -CH) -H + R I OLi X n-1 2 X 2 X n 

In the ideal case the M.W.D. will be approximately monodis-
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perse, and the degree of polymerization will only be deter

mined by the ratio of monomer and initiator concentrations. 

This ideal case, however, is only reached to a sufficient 

extent, if much care is taken that: 

(a) impurities causing termination are avoided, 

(b) the rate of initiation is high as compared to the rate 

of propagation, 

(c) no chain transfer occurs. 

ad(a) 

In order to avoid premature termination, due to impurities, 

the reaction should be carried out under rigorously oxygen

and moisture-free conditions. 

ad(b) 

The apparent rate of initiation is mainly determined by the 

structure of the initiator and the polarity of the solvent, 

and to a lesser degree by the temperature. The relative re

activity of organolithium compounds at initiation is highest 

for sec-butyl-lithium3 , which has, however, the disadvantage 

of being rather unstable even at 250 C. Therefore, a less re

active but more stable initiator, such as n-butyl-lithium 

(n-BuLi) is preferred. For this initiator the overall po

lymerization rate, which is rather low in an apolar medium, 

can be increased appreciably by adding a small amount of a 

polar compound (ether or amine) to the solvent. Both the 

apparent rates of propagation and initiation are increased, 

but the effect on the latter is much larger6 ,7. For the po

lymerization of styrene usually 1 vol % of tetrahydrofuran 

(T.H.F.) is added. For the polymerization of polybutadiene, 

T.H.F. is generally not suitable, since besides increasing 

the rate of initiation it would also raise the fraction of 

vinyl groups. Addition of 1% of T.H.F. raises the vinyl con

tent from 10% to 65%8. In its place anisole or aniline can 

be used, since these compounds hardly effect the vinyl con

tent8 . 

The temperature has an effect on both the rate of propaga

tion and the rate of initiation, but not to the same extent: 
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with decreasing temperature k is 
p 

lowered more than k .. 

Therefore, k./k will increase with decreasing 
~ p 

~ 9 
temperature 

Thus with respect to requirement (b) a low temperature is 

desirable. In order to maintain a reasonable rate of poly

merization, however, the temperature should not be less than 

30oC. After a few hours of polymerization, the temperature 

usually is raised to 450 C in order to complete the conver

sion. 

ad(c) 

If chain transfer to the solvent occurs during polymeriza

tion, growing chains will be stopped and new chains started, 

resulting in a broader M.W.D. For the butadiene polymeriza

tion this effect is not negligible 10 . The transfer reaction 

depends upon a number of factors, such as temperature, sol

vent-structure and type of counter-ion. 

If the temperature is raised, the rate of the chain trans

fer reaction increases more strongly than the rate of pro

pagation. Gehrke
10 

found for the butadiene polymerization 

in toluene with Na-diphenyl as initiator: 

(k
t 

/k )10 4 
r p 6.7 at 400 C 

1.9 at OOC 

A comparison of the chain transfer to toluene or benzene, 

shows, that at 20
0

C the chain transfer constant in toluene 

is 30 times as high as the one in benzene (also with Na

diphenyl as initiator): 

(k t /k )10 4 
r p 5.9 in toluene 

0.2 in benzene 

With respect to the type of counter-ion the polarity of the 

carbon-metal bond plays an important part in the chain 
10 

transfer. Gehrke compares the chain transfer in toluene 

for Li-, Na-, and K-diphenyl initiators at 200 C, and finds 

an increase of the chain transfer in this order. For the 

Li-lnltiator the chain transfer is a factor 50 lower thaD 

62 



for the Na-initiator. Clearly a Li-initiator is to be pre

ferred, if narrow M.W.D.'s are desired. Benzene seems pre

ferable as the solvent, although toluene is also expected 

to give reasonable results (i.e. M /M < 1.1) for molecular w n 
weights up to 100000. 

3.1.2.2 POLYBUTADIENE 

On the strength of the previous considerations the 

following conditions were chosen for the polymerization of 

polybutadiene: 

Solvent: benzene or toluene 

+ anisole (10 rnrnole/l) for polymerizations PB-l and 

PB-2 or T.H.F. (11 rnrnole/l) for polymerization PB-3 

Initiator: n-BuLi (concentration depending on desired ~.W.) 

Monomerconcentration: approx. 1 mole (=S4g) per liter 

Temperature: 30-4SoC 

The details concerning the chemicals used are listed in 

Table 3-1. The apparatus for the butadiene polymerization 

is sketched in Figure 3-1. 

Table 3-1 Chemicals used for the anionic polymerizations 

Chemicals Obtained from ~emarks 

1,3-butadiene Baker Chern. Co. Instrument Grade 

styrene Fluka purum, vacuum distilled 
over caH

2 

n-BuLi Merck 15 wt % in n-hexane 

toluene " p. a. , dried over CaH 2 
benzene " " " " " 
anisole " " " " " 
tetrahydro- " " " " " 
furan 

The whole system is flushed with extra dry nitrogen or ar

gon. The purging gas is dried in two steps, first by passa-
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ge through molecular sieves, and next through a solution 

of n-BuLi. The solvent is dried over CaH
2 

in solvent vessel 

A, and transferred via the dip-pipe to distillation vessel 

B. After addition of 20 ml 1.6M n-BuLi solution to the sol

vent in vessel B, the solvent is transferred to reaction 

vessel C by distillation. The desired volume of butadiene 

is condensed from a lecture bottle into the calibrated con

densation vessel D, which is cooled to about -2SoC and to 

which S ml 1.6M n-BuLi solution is added. Next the buta-

~ scrubber 

Figure 3-1 Scheme of the butadiene polymerization equipment 

(PA = Pressure Alarmj PI = Pressure Indicationj TC 

Temperature Controlj TI = Temperature Indication) 
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diene is distilled into the reaction vessel C, where it 

dissolves in the solvent. Anisole (or if desired T.H.F.), 

dried over CaH
2

, is added to the reaction mixture. Prior 

to initiation, titration of possible impurities in the re

action vessel with n-BuLi solution is performed. The te~

perature of the reaction mixture is controlled at 30oC, 

and measured to O.Ol oe precisely. At time intervals of 5 

minutes, aliquots of n-BuLi solution, each corresponding 

to 1/5 of the amount desired for initiation, are added to 

the monomer solution. The scavenging action of the added 

n-BuLi is accompanied by a small and temporary increase 

in temperature. This procedure is repeated until a conti

nuous rise of the temperature indicates that all impurities 

have been removed, and that the polymerization has been 

initiated by the small excess of n-BuLi present. Immediate

ly the required amount of initiator is added. The polymeri

zation proceeds at 30 0 e for three hours, followed by two 

hours at 45 0 C. The reaction is stopped by adding the appro

priate amount of isopropylalcohol.Moreover, a small amount 

of the anti-oxidant ionol is added to the reaction mixture. 

The microstructure of the products was determined accor

ding to the method of Simak8 , by means of infrared spectros

copy. The relative amounts of trans-vinylene, cis-vinylene 

and vinyl structures were determined from the absorptions 
-1 

(C-H deformation) at respectively 966, 725 and 908 cm 

The following molar absorptivities, given by Simak, were 

employed: 

-1 trans-vinylene 132 mole -1 -1 
966 cm 1 cm 

908 cm -1 vinyl 182 

725 -1 cis-vinylene 34 cm 

A grating Hitachi IR-spectrophotometer (Model EPI-G) was 

used. The spectra were taken from solutions in eS 2 (0.4 g 

PB/liter) in a 1 mm KBr-cell. The total found of olefinic 

groups was usually around 90%. This low value may be attri

buted to differences in ~pparatus and calibration, as could 
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be demonstrated by measurement of the absorptivity of n-
-1 -1 -1 

hexene-l at 909 cm . The value of 134 1 mole cm ,ob-

tained with our apparatus, amounts to only 90% of Simak's 

value8 of 149 1 mole- 1 cm- 1 . Therefore it is allowable to 

multiply the values, obtained for the PB-microstructure, 

with a correction factor, which brings the total found at 

100%. 

In order to obtain an indication of the M.W.D. of the 

prepared polybutadienes, both viscosity (M ) and number 
v 

average (M ) molecular weights were determined. 
n 

M was 
v 

measured by means of a Hewlett & Packard 5901 B Auto Vis-

cometer at 250 C in toluene. For the constants K and a of 

the Mark-Houwink-Sakurada equation ([nj=K'M a ) the values 
v 

given by Hsieh3 for anionically polymerized PB with approx. 
-4 -10% vinyl were used: K=2.17·10 ; a =0.75. M was determined 

n 
by means of a Hewlett & Packard High Speed Membrane Osmo-

meter in toluene at 37oC. 

For the hydrogenation and grafting experiments three 

batches of polybutadiene were realized, the details of 

which are listed in Table 3-2. 

Batch Solvent - -
M /i.1 I trans M M cis- vinyl 

no. n v v n vinylene 

PB-l benzene 56000 59800 1. 07 32.2 % 56.6% 11. 2% 
+ anisole 

PB-2 toluene 10300 11200 1. 09 33.3% 54.3% 12.4% 
+ anisole 

PB-3 toluene 42000 46000 1.10 20.9% 33.7% 45.4% 
+ T.H.F. 

Table 3.2 Polybutadiene polymerizations 

Per batch approx. 350 gram of product was obtained. Batches 

PB-2 and PB-3 were used for a kinetic study of the hydroge

nation system, and PB-l for preparation of polyethylenes, 

suitable for grafting experiments. Table 3-2 shows that PB-l 

had the desired micros~ructure (ca 10% Vinyl) and a suffi-
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ciently narrow M.W.D. (M 1M < 1.1). v n 
The effect of the different chain transfer constants in 

toluene and benzene upon the narrowness of the M.W.D. is 

not obserVable. 

3.1.2.3 POLYSTYRENE 

The conditions for the anionic polymerization of sty

rene are almost identical to those for butadiene. Only the 

reaction medium is different: toluene + 1 vol% T.H.F. The 

details of the chemicals used have been listed in Table 

3-1. The equipment is similar to that used for the polybu

tadiene synthesis (see Figure 3-1). The butadiene condensa

tion vessel D may of course be omitted, since the predis

tilled styrene can directly be introduced into the reaction 

vessel C. Since n-BuLi gives a very clear orange to red co

lour in the presence of styrene, this colour change can be 

used instead of the temperature indication for the titra

tion of impurities in the reaction mixture, prior to ini

tiation
11

. 

The number, respectively viscosity average molecular 

weights were again determined in toluene at 37°C, respec

tively 25°C. For the calculation of M the equation [nJ= 
-4 - 0 733 12 v 0.93·10 ·M· was used . One batch of polystyrene has 

v 
been prepared with the following characteristics: 

62800 

60300 

0.96 

Since a value of M 1M less than unity is theoretically im
v n 

possible, the value of 0.96 found is probably due to a not 

entirely correct K- or a-value. 
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3.1.3 HYDROGENATION OF POLYBUTADIENE 

3.1.3.1 INTRODUCTION 

The partial hydrogenation of polybutadiene has been 

performed by means of a soluble Ziegler-type catalyst under 
o 

mild conditions of temperature and pressure (75 C and 5 kg/ 

cm2 ) until very low degree of unsaturation. The determina

tion of the exact amount of residual olefinic groups, which 

is an important parameter in the grafting reactions with PS, 

is somewhat problematic. For these very low olefinic con

tents the technique of infrared spectroscopy can only give 

accurate values of the amounts of remaining vinyl and trans

vinylene groups, but not of the cis-vinylene unsaturation 

still present. This is caused by the appearance, after some 

hydrogenation, of a (CH2)n-absorption band in the region of 

the I.R.-spectrum, where the cis-vinylene absorption should 

be measured
13

. Other techniques are usually even less suited 

for the determination of a low degree of cis-vinylene unsa

turation. 

It has nevertheless been attempted to obtain an indica

tion of the amount of cis-vinylene groups remaining in the 

hydrogenated product by employing the results of a kinetic 

investigation on the selectivity of the catalyst system. 

The catalyst systems of the Ziegler-type show a certain se

lectivity towards the type of olefinic group that is hydro

genated. The hydrogenation rate is reported to decrease in 

the order14,15,16:monosubstituted>asymmetrically disubsti

tuted>cyclic>symmetrically disubstituted>trisubstituted. 

In accordance with these findings, it will be shown for our 

system, that the vinyl groups indeed are hydrogenated more 

readily than the vinylene groups, and that for high conver

sions no vinyl groups will remain in the hydrogenated pro

duct. It was observed, furthermore, that the cis-vinylene 

groups are hydrogenated somewhat more rapidly than the trans

vinylene groups. So far, to our knowledge, the latter result 

has not been published in literature yet. If it would be 
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possible to express this selectivity quantitatively, the 

remaining cis-vinylene unsaturation might be estimated from 

kinetical considerations. This is the reason, that a syste

matic investigation on the selectivity of these catalyst 

systems was started, using also other complimentary analy

tical techniques, such as iodine addition number and 13c_NMR . 

First, however, a short survey of the relevant postulated 

and established facts concerning ziegler-type hydrogenation 

catalysts will be presented. 

3.1.3.2 THE CATALYTIC SYSTEM 

It is known since one or two decades that alkenes, al

kynes, etc. can be hydrogenated with soluble catalysts of 

the Ziegler-type. These are formed by reacting an organic 

salt of a transition metal of Group VI, VII or VIII with an 

alkyl-compound of aluminium, lithium or magnesium. Especial

ly the hydrogenation of polymers by means of catalyst sy

stems of this type obtained attention, in open literature 4 , 
16-21 22 23. . , but mainly in patents ' . The ma~n reason for th~s 

popularity is probably, that polymer degradation during hy

drogenation can be avoided, thanks to the mild conditions 
4 

of temperature and pressure for these systems. Furthermore, 

the catalyst is soluble - or at least homogeneously dispersed 

- thus ensuring a uniform hydrogenation of the total polyme

ric material. 

The specific system used for the hydrogenation experi

ments described in this thesis has been patented in 1963
22

, 

and was later described by Duck 4 ,17. It consists of the or

ganic nickel-salt NiDIPS, which stands for Ni-bis-3,5 diiso

propylsalicylate: 
H 0 0 H 
o ~ ~ 0 

{CH",HCO C - O-N; -0-C 0 CH{CH,', 

CH(CH3)2 CH{CH 312 
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and as a second catalyst component Al(i-Bu)3 (triisobutyl

aluminium), or n-BuLi (n-butyllithium). The lithium com

pound is usually preferred over the aluminium-trialkyl, be

cause of its relative ease in handling
24

, but both have 

been used during the present investigation. 

Role o f the alkyleompon ent 

An aspect of the ziegler-type catalysts, which remains 

rather obscure, even after 20 years of investigation, is 

the exact role of the second component, i.e. the alkyl com

pound. What kind of reactions can take place, when the alu

minium- or lithium-alkyl compound is added to the transition 

metal salt in solution? A few of the possible reactions will 

be mentioned. First, the transition metal may be alkylated, 

as is assumed in Sloane's mechanism33 , and which is also a 

generally assumed mechanism for the ziegler-type polymeri-
25 zation catalysts 

The next step may be the formation of a hydrido-complex, 

by means of S-elimination: 

RMX 1-- R( H) + ILT>.1X n- - n-l 

or hydrogenolysis of the metal-carbon bond: 

- RH + KT>.1X
n

_
1 

Also decomposition of the transition-metal alkyl derivati

ve to give a compound of the metal in a lower valence state 

may follow. In that case it seems likely15, that the alky

lation and hydride-formation take place first, and are fol

lowed by complete or partial reduction of the transition 

metal. A reaction with the oxygen-atoms of the organic salt 
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rests o£ the transition metal compound may very likely take 

place as well, as was demonstrated for the systems Cr(ace-
26 27 

tylacetonate) 3/Al (ethyl) 3 ' and Co(stearate)2/n-butyl-

MgBr 28 . Furthermore, a complexation of the alkyl compound 

with the transition metal may occur, which type of complex

ation is often proposed for the formation of polymerization 
25 29 catalysts ' . 

Since all these reactions - and possibly others - may take 

place during the formation of a ziegler-type catalyst, it 

becomes evident that the activity and selectivity of such 

complicated systems will be dependent upon many factors, 

such as nature and ratio of the reactants, nature of the 

solvent, etc. 

Mechanism 

The hydrogenation catalysts of the ziegler-type are 

generally described as "homogeneous" and "soluble", although 

a very fine subcolloidal dispersion usually is not quite ex-
14 30 31 . cluded ' , . The system appears to be compllcated, and 

14 32 
the exact mechanisms are not well understood ' . Neverthe-

less, much research has been carried out during the last 

ten years in the area of homogeneous hydrogenation, the re

sults of which are probably applicable also to these ziegler

catalysts. The multistep nature of the hydrogenation process 

appears to be well established14 . The homogeneous hydrogena

tions proceed via the formation of mono- or dihydrides of 

the transition metal, and precedent or subsequent complex

ation of the unsaturated species by means of a IT-complex 

with the transition metal. These steps are usually slow and 

rate determining. They are followed by rapid formation of 

metal-alkyls, from which in the next step the hydrogenated 

product is obtained. Clearly the stability and lability of 

e.g. intermediate hydrides-, olefins-, hydrido-olefins-, 

and alkylcomplexes are of great importance: the intermedia

tes must be sufficiently stable to be formed, but not so 

stable as to prevent further reactivity. 
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For the Ziegler-type catalyzed hydrogenation a mecha-
33 

nism has been proposed by Sloan and coworkers ,and this 

has often been referred to by later investigators: 

[3-1 ] 

[3-2] 

HMX + olefin 
n-1 

alkyl-MX
n

_
1 

[3-3] 

alkyl-MX
n

_
1 

+ H2 HMX
n

_
1 

+ product [3-4] 

An alternative final hydrogenolysis to product via another 

hydride molecule (equation [3-5]) with subsequent regenera

tion of catalyst via equation [3-6] was also presented: 

alkyl-MX 1 + HMX - product + (MX 1) 2 n- n-1 n-

_2 HMX 
n-1 

[3-5] 

[3-6] 

Sloane also gave an alternative for equation [3-2], the for

mation of a hydride: 

alkyl-MX 1 -- HMX + RCH=CH 2 n- n-1 
[3-7J 

Of course these equations are highly simplified. In some 

situations a reduction of the valence state of the transi

tion metal may occur as well. Also complexation with the Al

species is not to be excluded. The occurrence of other in

termediates between the steps mentioned above is very like

ly. Thus step [3-3] is probably preceded by a complexation 

of the olefin and transition metal. A direct hydrogenation 

of this olefin n-complex is not to be precluded, and might 

be pictured as follows: 
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RMX
n

_ 1 + olefin -----RM (olefin) X
n

- 1 

H2 ---RM (olefin) Xn - 1 RH + HM (olefin) Xn - 1 

H 
alkyl - MXn - 1 

An indication for the occurrence of this type of hydride

complexes is found in the fact, that often isomerization 

(mainly double bond migration) is observed, which type of 

isomerization is thought to take place via hydride inter

mediates 34 • 35 . 

Kinetics 

At this writing, not very much has been published about 

the order of reaction in hydrogen, catalyst or olefin. The 

best approach so far is probably of Kalechits and Shmidt36 , 

who derived - based on Sloane's mechanism - the following 

formula for the rate of hydrogenation: 

kl k2 [catalyst] [olefin] [H 2 ] 

k_l + kl [olefin] + k2 [H21 [3-8] 

Various forms of this rate equation, describing limiting 

conditions, were also presented. At lower olefin and higher 

hydrogen concentration equation [3-3] of Sloane's mechanism, 

i.e. the reaction of transition metal-hydride complex with 

olefin, can be rate determining, and the rate equation takes 

the following form: 

kl [catalyst] [olefin] [3-9] 

Indeed Kalechits finds a first order in olefinic substrate 

and zero order in hydrogen for the hydrogenation of cyclo

hexane and heptene-l over certain concentration ranges (H
2

-
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pressure = 1 to 2 kg/cm2 ; [olefin] = 0.4 to 2.6 gmole/l). 

For the hydrogenation of polymers the situation is 

somewhat more complicated, as was shown by Tikhomirov et 

al. 16 for the hydrogenation of polybutadiene samples of 

different molecular weights. For low polymer concentrations 

they found - in accordance with equation [3-9] - a first or

der in the olefinic substrate. At higher concentrations a 

transition from first to zero order behaviour takes place. 

The critical concentration range, at which this transition 

occurs, appears to be molecular weight dependent. Thus for 

a sample of molecular weight 4000 the reaction is first or

der up to polymer concentrations of 10 wt%, but for a mole

cular weight of 3.106 this critical concentration is only 

0.5 wt%. 

As was already mentioned, in the concentration range 

where the reaction is first order in olefin, the rate de

termining step is the reaction of olefin with hydride-com

plex, which step probably starts with a complexation or 

coordination of the double bond to the transition metal cen

tre. As may be expected, this coordination can be strongly 

affected by sterical effects from pendant groups substitu

ted onto the olefinic species. With this picture in mind it 

is easy to understand the often observed selectivity towards 

different types of olefinic groups14-16 

3.1.3.3 KINETIC EXPERIMENTS 

With respect to their purpose the hydrogenation experi

ments can be divided into two groups: 

(a) Kinetic investigations: 
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Here, the emphasis is placed upon activity and selecti

vity as a function of nature and composition of the ca

talytic system. In order to be able to follow the con

version of olefinic groups to a high degree of hydroge-
13 nation by infrared spectroscopy as well as C-NMR and 

iodine-addition number, the hydrogenated products had 

to remain soluble in solvents suitable for these analy-



ses. Therefore, polybutadienes with low molecular weight 

(PB-2) or high vinyl-content (PB-3) are used (see Table 

3-2) . 

(b) Preparative hydrogenations: 

Polyethylene samples with various contents of remaining 

olefinic groups are prepared from the polybutadiene PB-l, 

to be used in grafting experiments with monodisperse po

lystyrene (see 3.1.3.4). 

Procedure 

A list of the chemicals used is given in Table 3-3. The 

hydrogenations are performed in a 2-litre glass autoclave 

with magnetically driven stirrer. Figure 3-2 gives a schema

tic picture of the equipment. Prior to the hydrogenation the 

Table 3-3 Chemicals used for the hydrogenations. 

Chemicals 

toluene 

benzene 

NiDIPS * 

n-BuLi* 

Al(i-Bu) * 
3 

Obtained from 

Hoekloos Co. 

Hoekloos Co. 

Merck 

Merck 

Merck 

C.W.Bergkammen 

Remarks 

Passed through molecular 
sieves and n-BuLi solution 

Passed through molecular 
sieves 

p.a.i dried over caR 2 

p.a.i dried over c aR 2 

Prepared acc.to ref. 44, 45 

15 wt% in n-hexane 

Purity (specification) 95 % 

*) 0.2M NiDIPS and 0.8M n-BuLi or Al(i-Bu)3 solutions in 

toluene were prepared and kept in 50 ml seal capped serum 

bottles. 
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reactor is rinsed with dry toluene and flushed with nitro

gen. The polymer solution, obtained in the polymerization 

process, is directly brought into the reactor under exclu

sion of air and titrated for traces of moisture and oxygen 

with a n-BuLi/styrene solution until a very slight yellow 

colour appears. For the experiments with PB-2 another me

thod of purification is used, namely evaporation of 2/3 of 

the solvent at 7SoC and reduced pressure, directly from the 

reactor. Next, H2 is passed through the solution. About S 

minutes before the start of the hydrogenation, the appro-

toluene 

I c~talyst 
• solutions 

outlet 
9~S I outlet 

PA ------- -----------------

REACTOR 

, , , , 
-, 

Figure 3-2 Scheme of the hydrogenation equipment 

(PA = Pressure Alarm; PC = Pressure Control; PI = 
Pressure Indication; FI = Flow Indication) 
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priate amounts of both catalyst solutions are added by 

means of syringes to a stirred 200 ml glass reactor, con-
o taining 25 to 50 ml of toluene at 40 C under hydrogen at-

mosphere. In order to start the hydrogenation the catalyst 

solution is transferred to the reactor, and the hydrogen 

pressure is raised to the desired level. The hydrogen con

sumption can be monitored by means of a mass flow meter 

(Model LF-50, Hastings-Raydist Inc.). At intervals during 

the hydrogenation samples of 10 to 25 ml are drawn from the 

reactor for analysis of the remaining degree of unsatura

tion. 

Analytical methods 

I. Infrared spectroscopy: 
-1 

The absorption bands at 966, 908 and 725 cm can be 

used to determine the respective contents of trans-vinylene, 

vinyl, and cis-vinylene groups in polybutadiene samples (see 

also section 3.1.2.2). Partial hydrogenation does not dis-
-1 -1 

turb the bands at 966 and 908 cm , but at 725 cm already 

at low conversions an interfering band will appear from the 

(CH2)n-rocking vibration. According to Binder
l3

, therefore, 

the decrease of the cis-vinylene content is best followed 

at 680 cm- 1 , since at this frequency the influence of hy

drogenation is not noticeable until a degree of hydrogena

tion of 40%. Assuming that the molar absorptivities remain 

constant over the whole range of hydrogenation, the rest 

fraction of a certain type of olefinic group can be calcu

lated by means of Beer's law. The relation used is: 

rest fraction 
c ·b o 0 

A 
o 

[3-10] 

where A absorbance measured (10 log I II) at the appropri-
o -1 

ate wavenumber of 966, 908 and 680 cm respecti-

vely 

b sample path length 

c = concentration of the polymer solution 
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The subscripts t and 0 indicate the products after hydroge

nation times of t = t and t = 0, respectively. The I.R.

spectra were recorded from solutions of the polymer in CS 2 
(0.4 g/100 ml). The sample and reference cell were 1 rom KBr 

liquid cells. The apparatus used was an Hitachi I.R.-spec

trophotometer (EPI-G). 

At very high degrees of hydrogenation (e.g. in the pro

ducts of the preparative hydrogenations) the polymer is no 

longer soluble in CS
2

. In those cases a film (0.1 to 0.4 rom 

thick) was pressed at 190oC, and the remaining number of 

olefinic groups is determined from the I.R.-spectrum accor

ding to the following formula: 

average number of double bonds per 1000 carbon-atoms 

A 
£ ·b 

where A = absorbance 

PpE density of 

b thickness 

low density PE 

of the film (em) 

£ molar absorptivity (l mole 

[3-11] 

( = 0.92 g/cm3 ) 

-1 -1 em ) 

For £ the values from Simak8 , given in 3.1.2.2, were used. 

As mentioned before, these measurements at high degree of 

conversion are only reliable for the determination of the 

content in trans-vinylene and vinyl, but not in cis-vinyle
ne groups. 

II. Iodine-addition number: 

With the technique of the iodine-number the total 

amount of unsaturation of a polymer can be determined. In 

combination with I.R.-spectroscopy it can be used to check 

the content of cis-vinylene in partially hydrogenated poly

butadienes. 'l'his is done simply by subtracting the LR.

determined trans-vinylene and vinyl content from the total 

un saturation , as determined by iodine-addition. The analy

sis is performed in carbontetrachloride, according to the 
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method of Wijs37 

III. 13c-Nuclear Magnetic Resonance: 

Investigation of the structure of polybutadiene by 

means of 13C- NMR was mainly qualitative until now38 - 43 . 

The part of the spectrum relevant to this structural analy

sis can be divided into two parts: 

- an olef~nic part, the signals of which are caused by the 

carbon-atoms of the olefinic groups (chemical shift 129 -

132 ppm) 

- an aliphatic part, the signals of which are caused by the 

methylene-carbon neighbouring an olefinic group (chemical 

shift 28 - 34 ppm) 

For quantitative measurements of cis- and trans-vinylene 

structures the aliphatic region is the most suitable, since 

here the cis- and trans-signals (at 28.1 ppm and 33.4 ppm, 

respectively) are not split up, and do not show any over

lap. During the hydrogenation, however, the signal/noise 

ratio decreases, and, moreover, an interfering signal is 

formed at ca. 31 ppm. Therefore the accuracy of the cis

trans determination decreases during the hydrogenation. 

Nevertheless, the I3C- NMR technique was used, for one ex

periment, to follow the relative decrease of the cis- and 

trans-vinylene content up to about 80% total conversion. 
13 The C-NMR spectra were taken from solutions in CDC1 3 (30 

g/IOO ml). Integration of the signals was performed by pla

nimetry. 

Results and discussi on 

The main conditions for the kinetic hydrogenations 

carried out are listed in Table 3-4. For all experiments 

the temperature was kept at 750 C, and 1 mmole of NiDIPS 

was added per 25 g of polybutadiene. Experiments HI and H2 

were designed to check a possible effect of different sol

vent type, and also to make a comparison between the results 

of different analytical techniques. In experiments H3to 
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H13 the solvent chosen was toluene, while the analysis was 

made with l.R.-spectroscopy. With these experiments the 

effect of nature and composition of the catalytic system 

was studied. 

Table 3-4 Conditions for hydrogenation experiments 

Exp. Type PB- H
2
-press. Solvent Cat .concn.mmole 

no. of PB concn. 2 type per 25 g PB 
(gil) (kg/em ) 

Ni Al Li 

Hl PB-2 33.3 6 toluene 1 - 4 

H2 PB-2 33.3 6 benz/tol 1 - 4 
(90/10) 

H3-H6 PB-3 25 2 toluene 1 3-8 -
H7-H12 PB-3 25 2 toluene I - 2-6 

H13 PB-3 25 5 toluene 1 4 -

Apart from these experiments the non-destructive character 

of the NiDlPS-catalyzed hydrogenations was checked in an in

troductory experiment, which showed that almost complete hy

drogenation of a monodisperse polybutadiene with M of 38400 
n 

yielded a polyethylene with M of 39300 (determined by osmo
n 

meter) . 

The results of experiments HI and H2 are given in Ta

bles 3-5 and 3-6. For these experiments n-BuLi was used as 

second catalyst component. Comparison of the results of the 

cis-vinylene determination with the different analytical me

thods shows that the l.R.-analysis tends to give too high a 

value as compared with the iodine-number determination, es

pecially for lower degrees of unsaturation. The 13C- NMR va

lues, which are probably not very reliable, still show a 

reasonable agreement with the values obtained by l.R. and 

iodine-number. Because of the relative ease of the l.R.

determination as compared to the other techniques, it was 

decided to use only the I.R.-analysis for the experiments 

H3 to H13, thereby bearing in mind that the cis-vinylene 
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Table 3-5 Results of experiment HI; percentage of remaining 

olefinic groups as a function of hydrogenation time. 

Time trans-vinylene cis-vinylene vinyl total 
(min) 

IR 13C- NMR IR I. N. * 13C- NMR IR IR I.N. 

0 100 100 100 100 100 100 100 100 

10 98.9 99 88.4 89.4 87 65.0 91.2 91.5 

20 90.5 70.4 76.2 39.3 77.5 72 .4 

35 84.6 57.5 57.9 20.7 67.7 67.8 

61 72.7 43.3 49.5 11.5 55.3 57.4 

97 65.2 61 38.0 34.8 45 8.1 49.1 48.0 

167 57.1 42.0 23.2 3.9 45.5 39.2 

257 53.2 48 34.5 18.8 29 2. 9 40.7 35.5 

* ) Values obtained by combination of iodine-number (I.N . ) and 

IR (see under Anal y tica l ~e t hods). 

Table 3-6 Results of experiment H2; percentage of remaining 

olefinic groups as a function of hydrogenation time. 

Time trans-vinylene cis-vinylene vinyl total 
(min) 

IR IR I.N. * IR IR I.N. 

0 100 100 100 100 100 100 

21 95.8 86.0 82.7 68.1 89 . 1 88.0 

43 91.7 75.4 66.9 44.5 80.4 77 .6 

51 77.8 67.8 46.1 15.4 66.7 59.5 

66 69.3 55.8 29.7 4 . 8 56.8 48.1 

92 56.5 44.2 22.8 2.7 45.7 38.6 

131 45.9 35.7 18.5 0.0 36.8 31.1 

*) See note at Table 3-5. 
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value will be unreliable (viz. too high) for conversions 

greater than say 40%. 

Comparing the rates of disappearance of the different 

types of olefinic groups in experiments Hl and H2 it beco

mes evident that - whatever the analytical method consider

ed - the rate of hydrogenation decreases in the following 

order: 

vinyl>cis-vinylene>trans-vinylene 

As was pointed out in 3.1.3.2 this selectivity is probably 

due to a sterical effect during the coordination step of 

the olefinic group to the metal centre (equation [3-3]). 

For the effect to show so clearly, it must be assumed that 

this step is significantly rate determining. For the con

ditions of the present experiments (viz. rather low poly

mer concentrations and molecular weights) the limiting 

form of the rate equation [3-9], should be obeyed, and the 

behaviour should be zero order in hydrogen and first order 

in olefin. The rates of disappearance of the three types 

of olefinic groups may then be represented by the following 

equations: 

vinyl: -~ k [catalyst] [V] [3-12] dt v 

cis-vinylene: -~ k [catalyst] [C] [ 3-13] dt c 

trans-vinylene: - tin k t [catalyst] [T] [3-14] dt 

where [V], [CJ and [T] are the concentrations of vinyl, cis

vinylene and trans-vinylene groups at a certain hydrogena

tion time t, present in the polymer. 

Dividing [3-12J and [3-13] by [3-14] the following equations 

are obtained: 
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d[T] or iill 

[V] 

k 
v ~ 

k
t 

[T] [3-15] 



d[C] 
d[T] 

or ~ 
[C] [3-16] 

After integration over the respective concentration ranges, 

[3-17] and [3-18] are obtained: 

ln ([V]/[V]o) 

ln ([ C] I [C] o) 

(kv/kt) ln ([T]/[T]o) 

(kc/k t ) ln ([T]/[T]o} 

[3-17] 

[3-18] 

where the subscript zero indicates the concentration at the 

beginning of the hydrogenation. It is assumed that the ra

tios kv/kt and kc/kt are constant over the hydrogenation 

range. Plotting the relative rest fractions of vinyl, res

pectively cis-vinylene groups versus the trans-vinylene 

groups on a double logarithmic scale, should result in 

straight lines, provided [3-17] and [3-18] are obeyed. The 

respective slopes will then yield the ratios kv/kt and kc/kt. 

Thus, it has become possible to express the selectivity, un

til now observed only qualitatively, in a more quantitative 

manner. 

Application of this method to experiments HI and H2 

shows that plotting the relative vinyl fraction versus the 

relative trans-vinylene fraction on a double logarithmic 

scale indeed yields straight lines, from the slopes of which 

the values of 7.0 (exp. HI) and 7.4 (exp. H2) are found for 

kv/kt. Plotting cis-vinylene versus trans-vinylene in this 

manner gives straight lines only at the beginning of the cur

ves, but shows deviations at higher conversions, as could 

be expected from the decreasing accuracy of the cis-vinylene 

determination as hydrogenation proceeds. Averaging the slo

pes for the different analytical techniques gives for the 

ratio kc/kt the values of 2.2 (exp. HI) and 2.3 (exp. H2). 

Apparently, the selectivity is hardly dependent upon the 

type of solvent, benzene or toluene. 

In experiments H3 to H13 the differences between the 

systems NiDIPS/Al(i-BU}3 and NiDIPS/n-BuLi for various ratios 
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of Al/Ni and Li/Ni were investigated. The results of these 

experiments are presented in Table 3-7. The selectivity va

lues kc/kt and kv/kt were obtained in the manner described 

above. Some examples are given in Figure 3-3, which shows 

that indeed reasonably straight lines are obtained. The re

activity of the system is represented in Table 3-7 by three 

values, viz. the times of hydrogenation needed till 25%, 

50% and 75% conversion is reached. 

Table 3-7 Results of experiments H3 to H13; activity and 

selectivity for various Al/Ni and Li/Ni ratios. 

EXp. Molar ratio Time (min. ) till conv. of: kc/kt kv/kt 
no. Al/Ni Li/Ni 25% 50% 75% 

H3 3 - 32 105 490 2.8 4.9 

H4 4 - 1.5 4.0 10 2.6 5.9 

H5 6 - 4.0 7.5 15 2.3 4.9 

H6 8 - 3.0 9.0 35 1.5 4.2 

H7 - 2 B.O 24 110 3.4 6.1 

HB - 4 3.0 B.O 50 2.4 4.B 
H9 - 5 135 167 220 3.7 5.3 

HI0 - 5 66 92 IBO 3.2 4.7 

H11 - 6 no reaction - -
H12 - 6 no reaction - -
H13 4 2.0 I 10 1.3 4.9 

These selectivity and activity data are furthermore repre

sented graphically in Figures 3-4 and 3-5. A somewhat devia

ting behaviour is found for the duplicate experiments H9 and 

HI0 for a Li/Ni ratio of 5. Here the reaction was very slow 

for the first one or two hours, but then it accelerated to 

the normal rate. No explanation can be offered at the moment. 

For slightly higher ratios of Li/Ni (viz. 6) no hydrogena

tion at all could be observed. (experiments Hll and H12) . 
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Figure 3-3 Double logarithmic plot of relative rest frac

tion of vinyl, respectively cis-vinylene groups versus rela

tive rest fraction of trans-vinylene groups for three arbi

trary hydrogenation experiments 
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" ... 

Cona~ usions 

It has been shown that the hydrogenation of polybuta

dienes to low density-type polyethylene with a low rest un

saturation can be catalyzed by the ziegler-type catalysts 

NiDIPS/Al(i-BU)3 and NiDIPS/n-BuLi under mild conditions 
o 2 

of temperature (75 C) and pressure (2 to 6 kg/cm ). The 

non-destructive character of the hydrogenation has been 

demonstrated. 

The optimal activity was reached at molar ratios Al/Ni 

or Li/Ni of 4. This is in agreement with the findings of 

other investigators 22 At other ratios, however, the beha

viour for both systems is different: while a slight excess 

of lithium-alkyl beyond the optimum ratio lowers the cata

lytic activity drastically, the effect is just the reverse 

for the AI-system, where greatly diminished activity is ob

served for a slight underdose of aluminium-alkyl with res

pect to the optimum ratio of 4:1. At this optimum the Ni/Al

system appears to be somewhat more active than the Ni/Li

system. 

o 6 

o o 
o 

+ 

2 2 

4 6 8 6 8 

All Ni - li I Ni -
Figure 3-4 Relative selectivities kv/kt and kc/kt versus the 

ratio Al/Ni and Li/Ni 
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Under our experimental conditions the hydrogenations 

are selective with respect to the type of olefinic group in 

the following order: vinyl>cis-vinylene>trans-vinylene. 

This is most probably caused by a sterical effect during 

the coordination step of the olefinic species to the Ni

atom. This step appears essentially rate determining, in 

which case a first order behaviour in olefinic substrate 

and a zero order behaviour in hydrogen must be expected36 

For low polymer concentrations and/or low molecular weights 
16 this may also be expected for polymers Indicative evi-

dence, that under the conditions of our experiments the ki

netic behaviour is indeed first order in olefinic groups, 
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Figure 3-5 Activity, expressed as time needed till a conver-

sion of 25%, 50% or 75% versus the ratio Al/Ni and Li/Ni 
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is found in the agreement of the experimental data with the 

equations [3-17] and [3-18], which were derived under the 

assumption of a first order kinetics. Furthermore, support 

to the assumption of zero order behaviour in hydrogen is 

supplied by comparison of the reactivity data of experi

ments H4 and H13, which have identical Al/Ni ratios of 4, 

but different hydrogen pressures: the over-all rate of hy

drogenation appears to be pressure independent. 

Under these conditions, it is possible to describe the 

selectivity quantitatively by introducing the ratios kv/kt 

and kc/k t , which represent the relative selectivity for vi

nyl over trans-vinylene, respectively cis-vinylene over 

trans-vinylene. Although the values of these quantities 

appear to be somewhat dependent upon the nature and compo

sition of the catalyst system, the differences are relati

vely small. It was found that: 

Of more importance - with respect to the selectivity - is 

probably the effect of the polymer concentration and mole

cular weight. However, an investigation of this effect 

would be beyond the scope of this thesis. 

3.1.3.4 PREPARATIVE EXPERIMENTS 

Finally, the results with respect to the preparative 

hydrogenations H14, HIS and H16 are to be presented. The 

purpose of these experiments was the preparation of PE

batches, suited to the verification experiments of the 

grafting theory (see next section 3.2). 

The reaction conditions are: 

Catalyst 

Solvent 

Polymer-type 

Polymer-concn.: 

Temperature 

Pressure 
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NiDIPS/n-BuLi; molar ratio 1/4 

benzene 

PB-l (see section 3.1.2.2) 

SO g/liter 

7S oC 

6 kg/cm2 



About 50 g of hydrogenated product was obtained per batch. 

The product was analyzed by means of I.R.-spectroscopy from 

films. No absorption of vinyl groups could be detected in 

the I.R.-spectra at 908 cm- l , indicating that al~ vinyl 

groups were hydrogenated. The amount of trans-vinylene re

maining was determined at 966 cm- l using relation [3-11]. 

From this value the average number of trans-vinylene groups 

per polymer chain was calculated to be 0.9 (exp. H14), 1.9 

(exp. H15) and 5.2 (exp. H16). For reasons already explain

ed in detail, the determination of the cis-vinylene content 

was not possible, by direct measurement. 

Using the results of above kinetic considerations, it 

is feasible, however, to make a reasonable estimate of the 

rest fraction of cis-vinylene groups in the hydrogenated 

products of the preparative experiments H14 to H16. Since 

the solvent used for these hydrogenations was benzene, whi

le most kinetic measurements were performed in toluene, it 

is necessary to recall experiments Hl and H2, which have 

demonstrated that there exists no significant difference 

in selectivity, when uSing benzene or toluene as reaction 

media. For the following calculation the most unfavourable 

value found for kc/kt has been used (viz. 1.5). Assuming 

furthermore that the conditions of experiments H14, H15 

and H16 are such, that their kinetic behaviour was first 

order in olefinic groups and zero order in hydrogen, and 

that the k /kt-value is constant throughout the hydrogena-c . 
tion, the following quantities of vinylene groups per po-

lymer chain can be calculated: 

Table 3-8 Vinylene-contents in the products of the prepara

tive hydrogenations. 

Exp. trans-vinylene groups cis-vinylene groups 
no. per 1000 C per chain per 1000 C per chain 

H14 0.22 0.9 0.005 0.02 

H15 0.46 1.9 0.015 0.06 

H16 1.25 5.2 0.067 0.28 
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The first two columns give the values found by I.R .. The 

values in the second two columns have been calculated from 

the rest fraction of trans-vinylene, using equation [3-18] 

with a kc/kt-value of 1.5. It appears from Table 3-8 that, 

provided the necessary conditions are fulfilled, the rest 

fraction of cis-vinylene groups in the polymers to be used 

for the grafting experiments is practically negligible. 

3.2 GRAFTING EXPERIMENTS 

3.2.1 INTRODUCTION 

Polystyrene and polyethylene with narrow M.W.D., the 

preparation of which has been described in section 3.1, are 

used for several series of grafting experiments. Varied are 

the number of olefinic groups present per polyethylene-chain, 

and the initial composition of the reaction mixture. The 

weight fractions of unreacted PS, unreacted PE and gel in 

the obtained graft copolymer products are determined by 

means of selective extractions, and can be compared with 

the theoretically expected values according to equations 

[2-28], [2-29] and [2-32] for uniform molecular weight dis

tributions. 

Possible side and degradation reactions may be neglec

ted according to the conclusions in chapter 1. However, 

evaluating the results, two factors hitherto undiscussed, 

should be taken into account, viz. a possible effect of 

incomplete chain interpenetration of the polymer coils, and 

more extremely, the effect of a possible phase separation. 

3.2.2 EXPERIMENTAL 

Procedure 

The grafting reactions are performed in an experimen

tal set-up, similar to the one described in section 1.3.2 

for the PS degradation experiments. As illustrated in Fi-
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gure 3-7 it consists of two double-walled glass flasks, 

both fitted with vibration stirrers and condensors. 

Heating is provided by water circulation through the double 

wall of the flasks. Prior to an experiment the system is 

dried by flushing with dry nitrogen for at least 1 hour. 

The polymers, in the desired amounts, are dissolved under 

reflux in flask A in 100 ml of 

dried cyclohexane, while the re

quired amount of anhydrous 

AIC1
3 

(weighed out and trans

ferred under dry N
2

) is dissol

ved in flask B, also in 100 ml 

of cyclohexane. The reaction is 

started by opening stopcock 1, 

thus bringing the catalyst in 

contact with the polymer solu

tion. The reaction is stopped 

after 1 minute by precipitating 

the reaction mixture (via stop

cock 2) into an excess of iso

propylalcohol. The reaction 

product is filtrated, washed 

with IPA and dried under vacuum 
o (0.1 rom Hg) at 60 C for 12 hours. 

Figure 3-7 Equipment used for 

the grafting experiments 

91 



Reaction conditions 

The reactions are carried out in 200 ml of cyclohexane 

under reflux (80oC) with an AlC1 3-concentration of 0.6 gjli

ter and a polymer (PE+PS)-concentration of 50 gjliter. The 

reaction time is 1 minute. Only one type of polystyrene has 

been used, the characteristics of which have been described 

in section 3.1.2.3. Three types of polyethylene (see 3.1.2.2 

and 3.1.3.4) with different contents of olefinic groups ha

ve been used, so that three series of grafting experiments 

can be distinguished: series A, Band C with respectively 

0.9, 1.9 and 5.2 trans-vinylene groups averaged per initial 

PE-chain. The amounts and types of the polymers for the va

rious experiments are listed in Table 3-8: 

Table 3-8 Initial composition of the reaction mixtures for 

the three series of grafting experiments. 

Exp. PE (Mn = 56000) PS (M = 62800) t/J l 
= fraction 

n no. 
of trans amount amount by weight of PE av.no. 

per PE-chain ( g) (g) 

A-I 0.9 6.3942 3.5331 0.644 

A-2 0.9 5.3036 4.6587 0.532 

A-3 0.9 4.4161 5.5312 0.444 

A-4 0.9 3.1231 6.7984 0.315 

B-1 1.9 3.3562 6.7830 0.331 

B-2 1.9 2.5348 7.4684 0.253 

B-3 1.9 1. 4527 8.5864 0.145 

B-4 1.9 1.0975 8.8914 0.110 

C-l 5.2 0.9018 9.0741 0.090 

C-2 5.2 0.6141 9.3559 0.062 

C-3 5.2 0.4489 9.5331 0.045 

C-4 5.2 0.3159 9.7215 0.031 
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SeZeotive extraotions 

In order to determine the weight fractions of unreac

ted PS, unreacted PE and gel in the reaction products a me

thod of selective extractions has been developed. It was 
o 0 found that ethyl acetate at 25 C, and n-hexane at 68 C se-

lectively extract the unreacted PS, successively PE, while 

extraction with cyclohexane at 810 C will remove all soluble 

(i.e. non-gel) components from the reaction product. 

The extractions are carried out by means of a Soxhlett

extraction apparatus in glass filter crucibles (G-2). The 

drying and weighing procedures have been standardized. All 

extractions are carried on for 6 hours, which time appears 

to be sufficient for complete extraction of the respective 

components from the product. After extraction the residue 

is dried in the crucible for 5 hours under vacuum (0.1 mm 
o 

Hg) and 60 C, allowed to cool for 15 minutes in a dessica-

tor, and weighed 1 min. after removing from the dessicator. 

This procedure is repeated until the weight remains constant. 

For the determination of the fractions of the unreacted 

homopolymers about 1 gram of the product is first subjected 

to a 6 hours ethylacetate extraction at 25 0 C. The fraction 

of unreacted PS can then be calculated from the weight loss 

after drying. Next the residue is extracted for 6 nours with 

n-hexane at 620 C, the weight loss after drying representing 

the amount of unreacted PE in the saMple. 

For the gel fraction determination a separate extrac

tion of a smaller amount of product (ca. 0.2 gram) is per

formed with cyclohexane at 81 0 C for 6 hours. This smaller 

amount per crucible is necessary because of the large de

gree of swelling usually occurring during the cyclohexane 

extraction. From the weight of the residue after cyclohex

ane extraction the fraction of insoluble components, i.e. 

gel, in the product can be calculated. 

3.2.3 RESULTS 

In table 3-9 the results of the grafting experiments 
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<0 
~ 

Table 3-9 Results of the polyethylene/polystyrene - grafting experiments: 

EXp. Gelation? Unreacted Unreacted Sol Gel 
no. PS PE fraction fraction 

Pred. EXp. Pred. Exp. Pred. Exp. Pred. EXp. Pred. EXp. 

A-I + + 6.1 11. 7 25.6 14.3 30.4 33.6 3S.0 40.4 

A-2 + + 15.2 29.6 21.2 19.7 60.7 49.S 2.9 0.9 

A-3 - + 25.1 29.9 17.S 17.0 57.1 33.5 0.0 .19.6 

A-4 - - 43.4 43.9 12.6 13.0 44.0 43.1 0.0 0.0 

B-1 + + 22.0 lS.7 5.2 2.9 21.1 23.2 51.7 55.2 

B-2 + + 37.8 36.1 3.7 1.5 37.4 25.0 21.2 37.4 

B-3 . - - 60.5 61.9 2.2 3.2 37.2 32.8 0.0 2.1 

B-4 - - 6S.7 66.5 1.7 1.1 29.6 31.3 0.0 1.1 

C-l + + 52.4 56.1 0.0 0.5 5.4 S.3 42.0 35.1 

C-2 + + 65.0 67.0 0.0 0.5 10.0 9.3 25.0 23.2 

C-3 + + 73.5 72.4 0.0 0.4 14.9 lS.l 11.6 9.1 

C-4 - - SO.9 81.0 0.0 0.2 19.1 lS.S 0.0 0.0 
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(listed in Table 3-8) are presented. Besides the composi

tion of the reaction products (as determined by the selec

tive extraction procedure), also the observed occurrence or 

non-occurrence of gelation is mentioned. In the same table 

also the theoretical values, calculated from equations [2-28] 

to [2-33], are included. In behalf of the calculation, n
A

, 

the average number of reacted olefinic groups per PE-chain, 

is as a first approximation assumed to be equal to the aver

age number of trans-vinylene groups per PE-chain, as deter

mined by infrared spectroscopy (see Table 3-8). 

Comparison of the experimental and theoretical values 

shows first of all a good agreement of predicted and obser

ved occurrence of gelation (except for experiment A-3). Al

so for the various fractions of the reaction product the 

agreement between theory and experiment seems satisfactory, 

except for the experiments A-1, A-2 and A-3. A possible ex

planation for this deviation will be discussed in section 

3.2.4. The data of Table 3-9 are represented in a graphical 

form in Figures 3-8 to 3-11, where the drawn curves repre

sent the theoretical relationship. 

3.2.4 DISCUSSION AND CONCLUSIONS 

The major assumptions in the theory, developed in Chap

ter 2, are the absence of ringclosing reactions, and the 

equireactivity of the different functional groups. For an 

understanding of the effect of the experimental conditions 

during the grafting reaction upon the validity of these as

sumptions, it is necessary to know how polymer coils behave 

in a concentrated solution. 

Let us first consider the system of only one type of 

polymer component in solution. In dilute solutions the po

lymer molecules are present as individual coils with dimen

sions depending on polymer and solvent characteristics. If 

the concentration is raised the coils will approach each 

other, until at a certain critical concentration, C "t' 
cr~ 

the total available volume is filled with polymer coils. 
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At concentrations over C 't two situations are possible: crl 
(a) the dimensions of the individual coils remain unchanged, 

forcing the coils to penetrate one another 46 - 48 

(b) the coils contract within themselves, in order to avoid 

interpenetration49 ,50 

Theoretical as well as experimental evidence exists both for 

the concept of coil interpenetration51 ,52 and for the con

cept of coil contraction49 ,50,53. Recently, however, strong 

direct evidence in favour of case (a) was provided by neu

tron scattering experiments, showing that even in the bulk 
54 55 the chains of amorphous polymers, as PMMA , PS and molten 

PE
56

, occur in random configurations, corresponding quantita

tively with those of the unperturbed state. 

Even if the evidence for the concept of coil interpene

tration in concentrated polymer-solvent systems is accepted, 

it is hardly to be expected, that interpenetration will also 

occur for a two-polymer system, such as e.g. the PEjPSjcyclo

hexane system, used for our grafting reactions. The interac

tions between two chemically very different polymers will 

oppose a homogeneous mixing and interpenetrating on a mole

cular scale. For more concentrated solutions a macroscopic 

phase separation will occur, as predicted by thermodynamics 

57,58. A typical phase-diagram for these three-component sy

stems is given below. For lower molecular weight or lower 

polymer-polymer interaction coefficients the equilibrium 

curves tend to shift downwards. 

s Now let us consider the PEjPS

grafting experiments. The to

tal polymer concentration was 

the same for all experiments, 

so that the composition of 

the reaction mixtures may be 

represented by pOints lying 

on a horizontal line AD in 

the ternary phase diagrams. 

compositions falling within 

BC will consist of two pha-
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ses, and therefore severe deviations of the theoretical 

grafting model should be expected in this range. 

For experiments A-I, A-2 and A-3 a certain turbidity 

of the reaction mixture was observed, indicating the occur

rence of phase separation. This explains the significant 

discrepancy between theory and experiment for these grafting 

reactions. The other experiments had compositions situated 

outside the region of phase separation, and here the theore

tical model appears to fit the experimental values very well. 

The experimental values for the gel-fraction tend to be too 

low for these experiments, but this may be explained by the 

occurrence of intramolecular, ringclosing reactions, which, 

as was discussed before, could not be accounted for in the 

theoretical relations. 

If due to the selectivity during hydrogenation the frac

tion of cis-vinylene unsaturation in the PE's may indeed be 

neglected, the comparison of experimental and theoretical va

lues for the grafting reactions of series Band C (and A-4) 

implies that all olefinic groups have reacted with phenyl

groups of PS in a random way. This 100% conversion might be 

interpreted as the result of complete chain interpenetration, 

but as discussed above it is hardly to be expected, that the 

coils of two chemically so different polymers as PE and PS 

can interpenetrate to a large extent. Still all olefinic 

groups of PE appear to be able to reach a phenyl group of 

PS. The explanation lies most probably in the large segmen

tal mobility within a polymer coil. The chain segments are 

in a constant movement, thus enabling a segment bearing an 

olefinic group to reach the outer shell of the coil. The 

so-called macroconstellation time (MAKROKONSTELLATIONSZEIT) 

as defined by Kuhn and Kuhn 59 , which represents the time in 

which the chain ends of a coil can double their average dis

tance, is of the same order of magnitude as the time in which 

a chain segment can diffuse through the thermal movement of 

the molecules from the centre of a coil to its shell. A ty

pical value for this time interval, calculated from flow bi

refringence measurements, is 1.6 10-4 seconds for PS in cy-
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clohexanon59 . For a low fraction of olefinic groups, there

fore, it can be expected that all olefinic groups are fre

quently present in the less dense outer shell of the PE

coil during the reaction time of 1 minute. In this shell 

interpenetration of PS-molecules is possible, and the reac

tion between an olefinic group and a phenyl group can take 

place. 

Too many olefinic groups per chain will no doubt lead 

to deviations from the assumption of random reaction, be

cause after a certain extent of reaction the remaining ole

finic groups will become more or less immobilized and exclu

ded from reaction. Also the fraction of ringclosing reac

tions will probably be increased, due to coordinative ef

fects. Experimental series C seems to demonstrate, however, 

that a fraction of 5 olefinic groups per PE-chain is still 

acceptable in the light of the statistical theory. 

ConcZus i on 

The theoretical model for a polymer-polymer reaction 

(presented in Chapter 2) gives a good description for the 

AlCl 3-catalyzed grafting reaction between PE and PS, if the 

following conditions are obeyed: 

(1) the composition of the reaction mixture should be in 

the region of homogeneous solutions, i.e. phase separa

tion is not allowable, 

(2) the fraction of olefinic groups should be limited (5 

per chain is still acceptable). 
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PART II 

ETHYLENE STYRENE 

COPOLYMERS 

OF DIFFERENT STRUCTURES 

APPLIED IN 

HOMOPOLYMER BLENDS 



CHAPTER 4 

I ntroduction to polyblends 

4.1 RUBBER-MODIFIED THERMOPLASTICS 

Since many years it has been known that the introduc

tion of rubber in a brittle thermoplastic, such as polysty

rene, could increase the impact strength of the material. 

Many varieties of rubber-modified plastics are available 

today. Examples are HIPS (high impact polystyrene), ABS, 

and rubber-modified PVC and PMMA. Elucidation of the mecha

nism of rubber-toughening has engaged many investigators du

ring the last twenty years, but still not all problems have 

been solved in detail. 

The major problem to explain was, how a small volume 

fraction of rubber (only 5% in HIPS) could induce yielding 

in the brittle matrix materials up to elongations of 50%. 

A major step towards the answer was the discovery of so

called crazes, occurring during the deformation of glassy 

polymers 1 ,2. Crazes are localized, usually disc-shaped re

gions, in which the polymer material is highly strained and 

less dense. In other words, a craze can be considered as a 

microcrack filled with a sponge-like structure, consisting 

of fibrillar, highly oriented material interspaced by voids. 

In contrast to a crack, a craze is able to bear a certain 

load. In large crazes, under sufficient load, the fibrillar 

craze material may break, thus causing a crack to be formed. 

In a successful rubber-modified thermoplastic, however, a 

large amount of "harmless" small crazes is formed, which 

cause the observed macroscopic yield of the material. The 

high impact strength, i.e. large fracture energy, is due to 

the high energy of formation of these crazes. The rubber 

particles have a double function. In the first place the 

high stress concentration in the equatorial area around a 
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rubber particle causes the initiation of many crazes, star

ting at the surface of the particle3 ,4. Secondly the crazes 

tend to be stopped at neighbouring rubber particles, which 

keeps the crazes small and "harmless,,5. Also microcracks, 

when formed from larger crazes, may be stopped in this way. 

Many factors influence the craze-initiating and craze stop

ping processes. A low glass transition temperature of the 

rubber improves the impact~modifying effect: apparently the 

rubber particles should be able to relax within a time in

terval shorter than the stress rise time during the test 6 . 

This factor also explains the temperature dependence of the 

impact strength7 . Another factor is the degree of grafting 

and crosslinking of the rubber particles8 . If the grafting 

is insufficient the particles will behave as holes, and the 

craze- or crack-stopping function of the rubber particles 

becomes impossible. Another phenomenon, causing grafting 

and crosslinking to be imperative, is the occurrence of di

latation stresses in the matrix, if the adhesion between 

the two phases is sufficient (due to the difference in ther

mal expansion coefficients of rubber and matrix). This state 

of dilatation appears to promote craze-initiation9 . The pos

sible formation of so-called shear bands, i.e. localized re

gions of shear yielding, is another important factor. Besi

des contributing to the fracture energy, shear bands are able 

to stop growing crazes 6 . The size of the dispersed particles 

also influences the mechanical properties of the polyblends. 

A certain particle size, dependent on the nature of the ma-
8 terial, appears to be optimum for the impact strength If 

the particles are too small, the crazes and the craze volu

me remain small, and the energy absorption is not optimum. 

On the other hand, too large particles, considering a gi

ven total rubber content, will also be accompanied by too 

large interparticle distances: the crazes are allowed to 

grow till a considerable length, thus increasing the danger 

of fatal crack formation lO • 
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4.2 COPOLYMERS IN POLYBLENDS 

In general it is very difficult to investigate the ef

fects of grafting, crosslinking and particle size separate

ly, because all these factors are interdependent under the 

usual conditions of polymerization of rubber-modified po

lymers (ABS, HIPS). Polymerization, grafting and crosslinking 

occur simultaneously during these processes. The problem may 

partly be solved, when the polyblend is prepared by adding 

copolymer to a blend of the homopolymers. In that case the 

degree of grafting is controllable, simply by variation of 

the fraction of added copolymer. Unfortunately, the particle 

size usually is also dependent on the copolymer fraction be

cause of the emulsifying effect of the copolymer. This may 

hamper the interpretation of the results. A number of inves

tigations on the effect of copolymers in polyblends have been 
11-19 reported recently The emulsifying and impact-improving 

effects of diblock and graft copolymers were extensively in

vestigated by Riess et al. l9 for several rubber-modified sy

stems. Systems consisting of PS and PE were used in the in

vestigations of Barentsen and Heikens l4 ,l5 and Paul and 

Locke l3 . Extending the results of these investigations, a 

study, in which the effect of the copolymer structure upon 

morphology and mechanical properties of copolymer-homopoly

mer blends would be established by means of mechanical tests 

and (electron) microscopic techniques, is expected to fill 

up a number of the gaps, which still remain in the knowledge 

of polyblend systems. 

4.3 OUTLINE OF THE PRESENT INVESTIGATION 

The investigation that will be presented in this second 

part of the thesis, is an extension of Barentsen's work on 

PS/PE-blends. It will be restricted to blends with a compo

sition of less than 25% polyethylene by weight, which is the 

Gomposi tion range usually encf)'.l"tered in rubber-modifi8d 
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thermoplastics. 

Besides variation of the fractions of polyethylene and 

copolymer, also a variation of the structure of the copoly

mer will be realized. For this purpose a number of different

ly structured graft copolymers will be prepared by means of 

the AIC1
3
-catalyzed reaction between PE and PS, which has 

been discussed in detail in Part I. Also a number of hydro

genated polybutadiene/polystyrene block copolymers will be 

prepared and used as additives in PS/PE-blends. For compa

rison, moreover, a random styrene-ethylene copolymer, obtain

ed by hydrogenation of the corresponding random styrene-bu

tadiene copolymer, will be tested as an additive. Both the 

morphology (phase contrast and scanning electron microscopy) 

and the mechanical properties (tensile and impact behaviour) 

of the blends will be investigated. 
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CHAPTER 5 

The copolymers used 

5.1 GRAFT COPOLYMERS 

Several PE/PS-graft copolymers of differing complexi

ties, ranging from mainly "regular" graft copolymer to a 

largely crosslinked product, were prepared by means of the 

Lewis acid catalyzed reaction, extensively described in 

Part I of this thesis. 

The polymers PE and PS used for the grafting reactions 

had narrow molecular weight distributions, and were prepared 

according to the methods described in 3.1 under essentially 

the same conditions. First ca 350 g of polybutadiene was pre

pared by means of a sec-BuLi initiated polymerization in to

luene at 30 to 40°C. The microstructure, as determined by 

means of I.R.-spectroscopy, was: 

trans-vinylene 

cis -vinylene 

vinyl 

54.6 mole % 

33.8 mole % 

11.6 mole % 

For the number and viscosity average molecular weights were 

found: M = 43700, and M 49500. Four batches (ca 65 g n v 
each) of this polybutadiene were hydrogenated with the ca-

talyst system NiDIPS/Al(iBu)3 (molar ratio 1:4). The number 

average molecular weight of the products is taken as: 

;~ x 43700 = 45300. The rest fraction of trans-vinylene 

groups in the hydrogenated products was determined by means 

of I.R.-spectroscopy. The values found were 0.83, 2.64, 2.74 

and 4.00 trans-vinylene/PE-chain respectively. The possible 

presence of cis-vinylene groups cannot be detected by I.R., 

as was discussed extensively in section 3.1.3.1. 

Furthermore, polystyrenes were prepared by means of anionic 

polymerization (see 3.1.2.3). The products had the following 

characteristics: 
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PS-l M 
n 

45700; M /M 1.16; yield 550 g 
v n 

PS-2 M 45000; M /M 1.18; 720 g 
n v n 

PS-3 M 10700; 
n M /M v n 1.27; 590 g 

Grafting experiments on a small scale (5 g of PE + PS in 

100 ml of cyclohexane) and subsequent analysis of the reac-

tion products (according to the procedure outlined in sec

tion 3.2) were performed for the four PE-samples obtained. 

The experimental values for wpE ' wPS and w l' ,unr. ,unr. ge 
however, were not in agreement with the values according 

to the theoretical relations, if it was assumed that nA (i.e. 

the average number of reacted olefinic groups per PE-chain) 

equals the average number of trans-vinylene groups per chain. 

Agreement between experiment and theory could only be obtain

ed by choosing another value for n
A

. Consider e.g. two graf

ting experiments of PS-l with the PE containing on the aver

age 2.64 trans-vinylene groups/chain. Taking n
A 

= 2.64 for 

the calculation of the desired weight fractions, large dif

ferences are found between theoretical and experimental va

lues, as becomes apparent from Table 5-1. If, however, the 

value nA = 3.45 (found by trial and error) is used, the 

agreement between theory and experiment is much improved 

(see again Table 5-1). Apparently 3.45 instead of 2.64 ole

finic groups do react on the average per chain for this ty

pe of PE. In all cases the new values for n
A 

were found to 

be higher than the I.R.-determined trans-vinylene fractions. 

The obvious explanation is that a certain amount of cis-vi

nylene groups is still remaining in the hydrogenated pro

ducts. The selectivity, observed (see 3.1.3.3) during the 

kinetic hydrogenation experiments, seems to be lacking for 

the hydrogenations described here. The reason for this is 

not quite clear yet, although it seems likely that one or 

more of the conditions necessary for a high selectivity, 

viz. low polymer concentration or low molecular weight, 

were violated. 

Because, as demonstrated above, the results of small 

scale grafting experiments provide a means to determine the 

actual content of olefinic groups, the four PE-batches could, 
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Table 5-1: Results of two grafting experiments 

IjJl = 0.160* IjJl = 0.250* 

weight Theoretical Theoretical 

fraction 

of: Exp. n
A

=2.64 n
A

=3.45 EXp. 
n

A
=2.64 nA=3.45 

unreact. 0.422 0.506 0.433 0.235 0.309 0.235 

PS 

unreact. 0.008 0.011 0.005 0.010 0.018 0.007 

PE 

gel 0.43 0.19 0.44 0.64 0.47 0.70 

*) IjJ l = (weight of PE)/(weight of PE+PS) in the reaction 

mixture. 

all the same, be used for the intended purpose, viz. the 

preparation of several PE/PS-graft copolymers of different 

structure. 

Four different products, henceforth denoted as GCl to 

GC4, were realized. The composition of the reaction mixtu

res and the experimentally and theoretically determined pro

duct characteristics are presented in Table 5-2. A schema

tic representation of the equipment used is given in Figu

re 5-1. 

The main reaction conditions, such as reaction time, tempe

rature, and polymer and catalyst concentrations, were iden

tical to those of the small scale experiments. A rapid trans

fer of the solutions from one vessel to another was realized 

by means of pressure differences up to 5 kg/cm2 . After reac

tion the mixture was precipitated in an excess (5:1 parts by 

volume) of isopropylalcohol. The product was filtered off, 

and dried at 45
0

C in air. The fractions of unreacted PE, un

reacted PS, and gel were determined on sma~l samples (approx. 
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'" 
Graft copolymer GCl GC2 GC3 

copolymer 102 100 171 
yield (g) 

MpS x 10 
-3 10.7 45.0 45.7 

MpE x 10 
-3 45.0 45.0 45.0 

trans/chain 2.74 4.00 0.83 

n * A 4.25 5.25 3.18 

1/11 0.084 0.032 0.148 

F = n ·n A B 0.39 0.92 1. 79 , 
I !:;:~2!:!Q!LQf : theor. expo theor. expo theor. expo 

unr. PE 0.001 - 0.000 0.010 0.006 0.001 

unr. PS 0.835 0.817 0.812 0.803 0.486 0.494 

gel 0 - 0 - 0.329 0.300 

After extr. of 
gni:~=g~=~n§=g§: 
wt % PS 49 53 84 80 72 71 
in copol. 

wt % gel 0 0 0 0 65 59 
in copol. 

-4 - 11.1 11.3 47.9 45.0 20.2 10 'Mn , sol -

10-4 'M 15.9 - 407.4 - 41.9 _ w,sol 
- '------

*) Values obtained from small scale grafting experiments. 
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Figure 5-1 Scheme of the equipment for large-scale graf

ting experiments 

1 g) of the reaction product by means of the usual procedu

re of extractions. Next, the unreacted homopolymers were 

removed from the product by Soxhlet extractions on a lar

ger scale (approx. 50 g per batch). The PS-content of the 

final copolymer products was determined by I.R. from films 

according to Barentsen20 • 

Another type of reactor, viz. with an adapted stirrer 

blade, was used for the preparation of GC4, because of the 

expected strong gelation. In spite of this precaution the 

conversion was incomplete, which must be attributed to in

sufficient homogenization (see Table 5-2). 

5.2 OTHER COPOLYMERS 

Other copolymers that were used in blending experiments, 

were some PE/PS-copolymers (denoted henceforth as BCl to BC3) 

of the diblock-type, and a random styrene-ethylene copolymer 

(denoted: RC). 
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DibZockcopoZymep (BC1) 

A PEjPS-diblock copolymer was obtained by hydrogenation 

of a PB/PS-diblock copolymer, which was prepared via succes

ive anionic polymerization (n-BuLi) of butadiene and styre

ne. The polybutadiene block contained 13 mole % of vinyl 

groups, so that the short chain branching of the hydrogena

ted block (with 32.5 ethylbranchesj1000 C-atoms) is compara

ble with normal low density PE. Extraction with acetone show

ed the presence of ca 3.5 wt % of free PS. Therefore, large 

scale extractions with acetone were carried out to obtain the 

pure copolymer (yield: ca 105 g). The number average molecu

lar weight of the extracted product, as determined by membra

ne osmometry was M 113000, and the PS-content as determin-
n 

ed from films by l.R. was 58 wt % PS. l.R. also showed that 

more than 95% of the PB-block was hydrogenated. 

PaptiaZ dibZock copolymeps (BC2 and BC3) 

PB/PS-diblock copolymers Solprene 1205 and Solprene 

410 from Phillips Petroleum Co. were hydrogenated to the 

corresponding PE/PS-copolymers. The diblock character of 

these copolymers is only partial, which means that the 

transition between the PS-block and the PB-block (PE-block 

after hydrogenation) is formed by a block of more or less 

random character. This specific structure is caused by a 

different polymerization technique 21 

According to the specifications Solprene 1205 and 410 

contain 25 wt %, succesively 48 wt % PS. The weight percen

tage PS in the pure block is given as 18 and 32%, respecti

vely. 

By membrane osmometry the number average molecular 

weights were determined for both PB/PS-copolymers: 

Solprene 1205 M 76000 
n 

11 410 M 68000 
n 

From this the molecular weights of the hydrogenated products 

may be estimated: 
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BC2 M 78000 n 
BC3 M 69000 n 

Assuming that the transition zone contains equal parts of 

PE and PS, the composition of the copolymers may be depic

ted by the following sequences of partial molecular weights: 

BC2 : [PS - (PS/PE) random - PE] = [13700 - 10600 - 53700] 

BC3 : [PS - (PS/PE) - PE] = [21800 - 21800 - 25400] random 
The degree of hydrogenation of the PE-component was checked 

for both copolymers by I.R. from films, and the following 

values were obtained: 98.8 % (BC2) and 96.0% (BC3). Since 

the PB-component was found to contain 11 to 12 mole % of 

viny l groups (I.R.; CS
2
-solution) for both Solprenes, the 

PE-blocks of the hydrogenated copolymers are again compara

ble to low density PE with respect to the degree of short 

chain branching (see 3.1.1). 

Random aopol yme r (RC) 

Hydrogenation of the random butadiene-styrene copoly

mer Solprene 1206 from Phillips Petroleum Co. gave a random 

ethylene-styrene copolymer. The PB-component was hydrogena

ted for 98.8% (I.R.; film). According to the specifications 

Solprene 1206 contains 25 wt % PS. 

By osmometry the number average molecular weight of the 

copolymer was found: M 277000. From this a value of M 
n n 

285000 may be deduced for the hydrogenated product. 

5.3 SHORT REVIEW OF THE COPOLYMERS 

A short description of the structure, and the main cha

racteristics of the different copolymers to be used for the 

blending experiments will follow here: 

GC1: Regular graft copolymer 

53 wt % PSi M ~ 110GOO; M /M = 1.4 ; n w n 
consists for 2/3 of a regular type of graft copolymer, 

i.e. a PE-type backbone ,45000) with on the average 

4 PS-type branches (10000) attached to it. 
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GC2: Complex graft copolymer 

80 wt % PSi g = 450000; g /g = 8.5; n w n 
consists mainly of large, complex molecules; 

no infinite netwerk, however. 

GC3: Partly crosslinked graft copolymer 

71 wt % PSi 59 wt % gel; 

mixture of infinite network (gel) and smaller molecu

les (sol). 

GC4: Crosslinked graft copolymer 

60 wt % PSi 100% gel 

a crosslinked, insoluble copolymer. 

Bel: Diblock copolymer 

58 wt % PSi 

consists of 

lar weights 

[PS - PEl = 

g = 113000· 
n ' 

the following 
-3 (xl0 ): 

[65 - 48] 

sequences of partial molecu-

BC2: Partial diblock copolymer (low PS-content) 

25 wt % PSi g = 78000-
n ' 

consists of the following sequences of partial molecu
-3 lar weights (xlO ): 

[PS - (PS/PE)random - PEl = [14 - 10 - 54] 

BC3: Partial diblock copolymer (high PS-content) 

48 wt % PSi g = 69000; 
n 

consists of the following sequences of partial molecu
-3 lar weights (xlO ): 

[PS - (PS/PE)random - PEl = [22 - 22 - 25] 

RC Random copolymer 
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CHAPTER 6 

Results 

6.1 BLENDING AND SPECIMEN PREPARATION 

6.1.1 BLENDING 

~~~~~~f!f~~~ 

Composite materials consisting of PS, low density PE 

and copolymer were prepared by blending in the melt. All 

blends contained at least 75% PS, so that PS constituted 

the matrix in all cases. The PS used was Styron 664, ob

tained from Dow Chemical Co. The number average molecular 

weight, M , of this PS is approximately 100000, with a po-
n 

lydispersity, M /M ~ 2.5. w n 
The low density PE, used as dispersed phase was Sta-

mylan 1500 from DSM, Holland with an estimated M of 30000 
n 

to 40000, and a very broad M.W.D. (M /M ~ 30). 
w n 

For each copolymer a series of blends was prepared, in 

which the weight percentage of PE (i.e. total PE = free PE + 

PE bound to copolymer) and the percentage of bound PE(i.e. 

100 x bound PE/total PE) were varied. The first parameter, 

the weight percentage of PE, was varied from 0 to 25%, whi

le the percentage of bound PE ranged from 0 to 100%. 

In order to avoid possible confusion, an example to 

illustrate this way of calculating the blend composition is 

presented here. For example, take a blend from the series 

with copolymer GC1 (53 wt % PS) containing in total 25% PE 

from which 30% is bound PE. This composite then consists of: 

0.7 x 25 = 17.5 wt % free PE (Stamylan) + (0.3 x 25 x 100/47)= 

16.0 wt % GC1 + (75 - 0.3 x 25 x 53/47) 66.5 wt % free 

PS (Styron). 
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BZending conditions 

Blending took place on a Schwabenthan Laboratory Mill 

at 1900 C with a circumferential speed of the calender rolls 

of 6 and 18 cm/sec. The roll separation was ca 1 rom. The 

total mixing time was 8 min. During the first 3 minutes the 

polymer components were added to the mill, and allowed to 

melt. After that period the polymer sheet was taken out of 

the calender, turned 90 0 in the plane of the sheet and re

placed on the rolls. This procedure, intended to improve 

bulk mixing, was then repeated every minute during the re

maining mixing time. Batch size was ca 85 g. For some series 

viz. GC2, GC4, and BCl), where the available amount of copo

lymer was very limited, the batch size was reduced to 55 g. 

6.1.2 SPECIMEN PREPARATION 

The blends were compression moulded at 2000 C to 160 x 

160 x 3 rom sheets (85 g batch) or 100 x 160 x 3 rom sheets 

(55 g batch) in a Fontijne hydraulic press. The mould con

sisted of a 220 x 220 x 3 rom (resp. 160 x 220 x 3 rom) stain

less steel sheet with a rectangular opening of 160 x 160 rom 

(resp. 100 x 160 rom) in the centre. The mould was placed 

between two aluminium-foil covered stainless steel plates 

of 320 x 320 x 3 rom. 

After the mould was filled with the broken pieces (ca 

25 x 25 rom) of a calendered polymer sheet, it was introdu

ced into the hot press, and the polymer material was allowed 

to soften (2 to 10 minutes). Then the press is closed with 

a force of 20000 kg. After 10 minutes at 2000 C under pressu

re, the press is cooled off with water to room temperature 

in about 20 minutes, while maintaining the pressure. 

From these sheets tensile specimens with dimensions 

according to ASTM D638 type III, and unnotched Dynstat im

pact specimens according to DIN 53453 were machined. All 

specimens were conditioned at 210 C and 65% R.H. prior to 

testing. 
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6.2 TENSILE BEHAVIOUR 

6.2.1 EXPERIMENTAL 

Stress-strain measurements were performed by means of 

an Instron tensile tester at 21 0 C with a cross-head speed 

of 2 cm per minute. From the stress-strain diagrams the 

elasticity modulus, yield strength, ultimate strength, and 

elongation at yield and break were calculated. From each 

blend 4-10 tests were run. The relative elongations were 

taken to be the recorded cross-head displacements, expres

sed as a percentage of the length of the flat section 

(= 7 cm) of the tensile specimen. 

This procedure may have introduced a small, systema

tic error in the values obtained for E-modulus and strain, 

but since the total strain for the tested blends is small 

(in general <15%), the possible systematic error will af

fect all data to the same relative extent. Comparison be

tween the data of different blends is therefore acceptable. 

For several series also tensile tests were performed, 

during which the strain of the flat section was followed 

by means of electro-optical displacement transducers (type 

Emmeg 100, Zimmer OHG). The values obtained with and with

out extensometer agreed within the experimental scattering, 

indicating that the systematic deviations are small indeed. 

The scatter in modulus, strength and yield strain va

lues was about 5%, in ultimate strain 25% (standard devia

tions) . 

6.2.2 MODULUS OF ELASTICITY 

Upon addition of PE to PS the E-modulus decreases, as 

was already demonstrated by Barentsen14 • Up to 25% by weight 

of PE, the modulus of the composites can well be described 

by means of a simple mechanical model (see Figure 6-1), e.g. 

the so-called Model B derived by Barentsen20 : 
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E c 
E 

m 

where: 

[6-1] 

Ec' Em and Ed are the moduli of composite, matrix, and 

dispersed phase respectively, 

¢d is the volume fraction of dispersed phase. 

For Ed « Em equation [6-1] may be written as: 

E 
c 

Em 
1 _ ¢ 2/3 

d 
[6-2] 

which is the equation used to calculate the curve drawn in 

Figure 6-1. A satisfactory fit to the experimental data is 

obtained. 

Figure 6-1 Modulus of elasticity of 

PS/PE-blends without copolymer as 

a function of weight percentage PE 

according to equation [6-2] 

x experimental data 

(with standard deviations) 

30 

ft'i I I 

'" , 
10

0
"----'----'10--1-'-5 - --'-20- --'2<; 

wtQ/o PE 

In Figure 6-2 the E-modulus is plotted as a function 

of the weight percentage of PE for different series of 

blends. In these figures the weight percentage of PE com

prises both the free PE-content and the content of the PE

component of the added copolymer. It is clear from Figure 

6-2 that, with respect to the effect of copolymer addition 

on the modulus - % PE relation, two groups of copolymer 

should be distinguished. In the first group the modulus is 

only ~ependent on the percentage of total PE, and indepen

dent of the percentage of PE bound to copolymer. To this 
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group belong the graft copolymers GCl, GC3, and possibly 

GC2. In the latter case definite conclusions are hindered 

by the large scattering of the modulus data. The other co

polymers tested belonged to the second group, where the E

modulus decreases more rapidly with total PE-content, as 

the fraction of bound PE increases. An explanation for this 

behaviour will be given in the discussion in Chapter 7. 

6.2.3 STRESS-STRAIN CURVES 

In Figures 6-3 to 6-10 the stress-strain curves for 

all series are shown. Each curve is constructed by averaging 

a number of experimental curves. 

As was found by Barentsen20 , and confirmed by the pre

sent investigation,the addition of PE to PS will lower yield 

strength and ultimate strength. The yield strain shows a 

minimum around 15 wt % of PE, while the strain to break 

shows a local maximum at 10-15 wt % PE. 

The addition of a small amount of copolymer (up to 5% 

of the PE bound in copolymer) causes an increase of the yield 

and ultimate strength, except for the random copolymer (RC). 

Also the yield strain increases. The ultimate strain, on the 

other hand, tends to decrease, except for the random copoly

mer and some blends of high PE-content. These findings are 

analogous to those of Barentsen20 , who used a PE/PS-graft 

copolymer of a crosslinked type. Apparently,on these low le

vels of copolymer addition the type of copolymer does not 

influence the tendency of the tensile behaviour change, al

though the absolute changes may differ for various copoly

mer types. The exception here is formed by the random copo

lymer, which indicates that apparently a certain minimum 

block length is required in the copolymer used. 

The effect of larger fractions of added copolymer (> 30% 

of the PE bound in copolymer) is less unambiguous. The graft 

copolymers GCl, GC2 and GC3 and the diblock copolymer BCl 

produce brittle m~terials. The other copolymers however in

duce better yielding, although addition of pure GC4 or RC, 
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Figure 6-3 Stress-strain diagrams for blends with GCl 
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Figure 6-4 Stress-strain diagrams for blends with GC2 
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Figure 6-6 Stress-strain diagrams for blends with GC4 
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Figure 6-7 Stress-strain diagrams for blends with Bel 
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Figure 6-8 Stress-strain diagrams for blends with Be2 

125 



BC 3 
400 

(12"10) 

(13%) 

7.5 % PE 15% PE 

Y: 1 80 kg/cm2 

14% 
8:175 kg/cm 2 

18% 

60 

O~~~~~-L-L~-L~~~~~L-L-~~-J~~~~-L~~ 

o 2 3 4 5 6 780 1 2 3 4 5 6 780 1 2 3 4 5 6 7 8 
STRAINC%) STRAINC'.)- STRAINC%)-

Figure 6-9 Stress-strain diagrams for blends with BC3 

RC 
400 

7.5 % PE 15 % PE 25 % PE 
O~~~~~~-L-L-L~~~~~~~~~~-J~~~~-L~ 

o 2 3 4 5 6 7 8.0 1 2 3 4 5 6 7 8.9 ' 2 3 " 5 6 7 B 
STRAIN('.) STRAINC%) STRAINC'l.r 

Figure 6-10 Stress-strain diagrams for blends with RC 

126 



i.e. without free PE, produce brittle composites again. 

Tentative explanations for these observations will be pre

sented in Chapter 7. 

6.3 IMPACT BEHAVIOUR 

6.3.1 EXPERIMENTAL 

Dynstat impact measurements according to DIN 51230 and 

DIN 53453 were carried out at 21 0 C with unnotched specimens. 

The Dynstat method was chosen mainly because of the small 

specimen size (10x15x3mm), which is advantageous considering 

the limited quantities of copolymer available. For each blend 

at least 8 specimens were tested. The scatter in the results 

is not constant for all blends, and may be interpreted as a 

measure of the heterogeneity of the sample. 

6.3.2 IMPACT STRENGTH 

The averages and standard deviations of the impact va

lues are presented in Figures 6-11 and 6-12. The effect of 

addition of small amounts of copolymer to PS/PE-blends is 

shown in Figure 6-11. Below 10% PE the addition of a small 

amount of copolymer has no significant effect. At higher 

PE-content a gradual increase of the impact strength with 

PE-content is observed. This effect is most prominent for 

the partial diblocks BC2 and BC3. For the graft copolymers 

GC1, GC2 and GC3, and the diblock copolymer BCl, 5% of the 

PE bound in copolymer seems optimum. For the other copolymer 

types the optimum in impact strength is obtained at higher 

copolymer contents. 

In Figure 6-12 the values for blends with 60 and 100% 

of bound PE are presented. The best impact values are ob

tained in blends with the partial block copolymers BC2 or 

BC3 as additives, but it should be realized of course, that 

this is accompanied with a large drop in the E-modulus. A 

more detailed discussion will follow in Chapter 7 
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6.4 MORPHOLOGY 

6.4.1 EXPERIMENTAL 

The structure of the blends was studied by phase con

trast microscopy. Thin polymer sections (thickness ca 3 ~m) 

were cut by means of a Reichert Ultramicrotome at 20oC. The 
22 

method of immersion according to Traylor was followed. 

Fracture surfaces of broken impact specimens were in

vestigated by a scanning electron microscope (Stereoscan 

Mark 2A, Cambridge Scientific Instruments Ltd.). 

The degree of crystallinity of the PE-phase in some of 

the blends was determined from the fusion endotherm measured 

by means of a Du Pont 900 Differential Thermal Analyzer equip

ped with a DSC Cell. 

In the calculations the literature value of 69.2 calo-
23 ries per gram was used for the enthalpy of fusion for 100% 

crystalline PE. Most samples did not undergo any special heat 

treatment, but were directly taken from the moulded specimens. 

The DSC curves were recorded in the temperature range of 20-

1600 C at a heating rate of 150 C per minute. 

6.4.2 EMULSIFYING EFFECT 

In Figures 6-13 and 6-14 phase contrast micrographs are 

shown of blends containing 25 or 20% of total PE without co

polymer and with copolymer (5% of the PE bound). The general 

Figure 6-13 Phase contrast micrographs of blends of PS with 

25 wt % PE 

(A) without copolymer 

(B) 5% of the PE is bound to RC 

(C) " " " " BC2 

(D) " " GCl 

1
15 (E) " " " BC3 11m 

(F) " " " " " " GC3 
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Figure 6-14 Phase contrast micrographs of blends of PS with: 

(A) 19 wt % PE without copolymer 

(B) 20 wt % PE with 5% of the PE bound to GC4 

(C) 19 wt % PE with 5% of the PE bound to BCl 115 ).lm 

(D) 20 wt % PE with 5% of the PE bound to GC2 
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tendency is a decrease in particle size upon addition of a 

copolymer. Only the random copolymer RC does not show any 

emulsifying effect. The crosslinked copolymer GC4 (Figure 

6-l4B), the regular graft copolymer GCl (Figure 6-l3D), and 

the partial block copolymer BC2 (Figure 6-l3C) appear to be 

less efficient as emulsifiers, than the other four copoly

mers (GC2, GC3, BCl, and BC3). This general tendency, which 

will be discussed in Chapter 7, is also observed at lower 

percentages of PE. 

The average particle size is dependent on the PE-con

tent: due to coalescence it tends to increase as the per

centage of PE increases. This observation is in agreement 

with Barentsen's results 20 • Another observation, which should 

be mentioned here, is that the dispersions of the PS/copoly

mer blends without additional free PE usually are rather fi

ne (except for RC and GC4). 

For all copolymers (except of course RC), the largest 

emulsifying effect, i.e. change in average particle dimen

sions, can be observed upon addition of only a small frac

tion of copolymer (e.g. from 0% to 5% of the PE bound in 

copolymer). The effect of further copolymer addition is 

less. This behaviour clearly indicates that the copolymers 

investigated (except RC) are active at the phase boundaries, 

where they are lowering the surface tension. If, namely, the 

copolymers would be homogeneously dispersed throughout the 

matrix as a separate third phase with small particle dimen

sions, the average particle size in the blends would be ex

pected to decrease more gradually with copolymer content. 

6.4.3 FRACTURE SURFACES 

The fracture surfaces, as studied by scanning electron 

microscope, of PS/PE-blends without copolymer show a struc

ture of spheres and holes, the spheres being loose from the 

matrix (Figure 6-l5A). The surface of spheres and holes is 

smooth. Apparently, the PE-spheres have been partially de

tac~ed from the PS-matrix during the deformation of the ma-
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terial. The diversity of particle dimensions is considerable. 

The blends with 25% PE show even more heterogeneity: here 

large, irregularly shaped conglomerates of particles are ob

served (Figure 6-15B). 

A short description of the effect of copolymer addition 

is presented now for each type of copolymer: 

GC1: After addition of GCl in such a quantity that 5% of the 

PE is bound, only a few spheres and holes remain visi

ble, while the particles are already strongly deformed. 

When more copolymer is added, only craze remains (Fi

gure 6-15C) or a finely granular structure can be ob

served (Figure 6-15D). 

GC2: The sphere-hole structure already disappears at addi

tions, where 5% of the PE is bound. The surface shows 

craze remains. Addition of pure copolymer (without 

free PEl produces more irregular, less smooth fracture 

surfaces. 

GC3: The holes disappear first, at increasing copolymer con

tent; some deformed spheres remain visible at high PE

content. For blends, in which more than 30% of the PE 

is bound, also these spheres disappear, and only craze 

remains are left. 

GC4: Spheres and holes remain visible at a low copolymer 

content, but are covered with hemispherical bumps (Fi

gure 6-15E). Barentsen also observed these surface ir

regularities, and concluded that they consist of copo

lymer. 

The pattern changes if more copolymer is added: only 

granular craze remains are visible. 

BC1: At low copolymer content the holes disappear, while 

partially covered particles remain visible. A network 

of craze remains is found, when more copolymer is ad

ded (Figure 6-15F). 

BC2: Spheres and holes do not disappear completely, although 

the particles become more and more covered up and de

formed upon copolymer addition (Figure 6-1SG). The frac

ture surfaces become less smooth. 

134 



] 25 ].lm 

Figure 6-15A Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 19 wt % PE 

M 

"' 

] 25 ].lm 

Figure 6-15B Scanning electron micrograph of a fracture 

surface. Blend composition: 
PS + 25 wt % PE 
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Figure 6-15C Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 10 wt % PE with 30% of the PE bound to GCl 

] 2 \.lm 

Figure 6-15D Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 25 wt % PE with 30% of the PE bound to GCl 
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I 1 y m 

Figure 6-15E Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 20 wt % PE with 5% of the PE bound to GC4 

110 11m 

Figure 6-15F Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 6 wt % PE with 60% of the PE bound to BCl 
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1 2 ~m 

Figure 6-15G Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 25 wt % PE with 30% of the PE bound to BC2 

1 5 ~m 

Figure 6-15H Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 25 wt % PE with 60% of the PE bound to BC3 
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1 2 11m 

Figure 6-15I Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 25 wt % PE with 30% of the PE bound to RC 

Figure 6-15J Scanning electron micrograph of a fracture 

surface. Blend composition: 

PS + 25 wt % PE with 5% of the PE bound to RC 
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BC3: Elongated, partially anchored particles without holes 

are observed in blends in which 5% of the PE is bound. 

More copolymer gives a reticular or granular structure 

of craze remains. In the blend with 25 wt % total PE, 

of which 60% is bound, the fracture surface seems to 

indicate the occurrence of bulk yielding (Figure 6-

I5H) • 

RC Spheres and holes remain visible up to copolymer con

tents of 60% of the PE bound. The particles, however, 

appear to be more and more covered by a rubbery layer 

(Figure 6-15I). The surface of the phase boundaries 

is not smooth, but slightly irregular (Figure 6-15J). 

In summary: upon addition of a copolymer the spheres and 

holes, visible at the fracture surfaces of PS/PE-blends, 

tend to disappear. Holes disappear more readily, while sphe

res may remain visible, be it in a highly covered and de

formed state. Blends of higher copolymer content often 

show surfaces with the remains of crazes, which can be in

terpreted as the broken remains of the fibrillar craze ma

terial. Direct observation of copolymer at the phase boun

daries is only possible in the case of the crosslinked GC4, 

which consists of fairly large microgel particles, and in 

the case of the random copolymer RC. 

6.4.4 DEGREE OF CRYSTALLINITY 

In Table 6.1 the degree of crystallinity of the PE

phase, determined by DSC, is given for some PS/PE/copolymer 

blends. Also the values for a sample of Stamylan 1500 and 

a sample of a narrow M.W.D. polyethylene (M = 45000; M 
n v 

49500), denoted as PE-45000, are mentioned. 

First of all the table shows that the degree of crys

tallinity of the especially synthesized PE with narrow M.W.D. 

exactly equals that of the commercial low density FE, Stamy

Ian 1500. This type of PE with narrow M.W.D. has been used 

for the preparation of the graft copolymers GCl to GC4 (see 

5.1) • 
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Table 6-1 Degree of crystallinity of the PE-phase in some 

samples 

Composition wt % wt % % crystal- % crystallinity 
total PE linity** (relative) 
PE bound (absolute) 

Stam. 1500* 100 - 39 -
PE-45000* 100 - 39 -
PS/Stam. 1500 25 0 59 100 

PS/GCl 25 100 16 27 

PS!GC2/Stam. 20 60 17 29 

PS/GC3 25 100 33 57 

PS/GC4 20 100 47 80 

PS/BCl 19 100 33 56 

PS/BC2 25 100 25 43 

PS/BC3/Stam. 25 60 30 51 

PS/RC 25 100 0 0 

*) These samples both obtained the same heat treatment be

fore measuring: heating from 20 to 1600 C at 15
0
C/min., 

followed by cooling at 1.50 c/min. to 250 C. The other, 

samples in this table were taken from moulded specimens, 

and therefore have another thermal history. 

**) This percentage is calculated with respect to the total 

amount of PE present. 

The Stamylan 1500 phase dispersed in a PS-matrix is 

found to have 59% crystallinity. For all copolymers the de

gree of crystallinity is less. The presence of PS-chains 

linked to the PE-component of a copolymer apparently reduces 

the ability for crystallization of the PE-chains. The random 

copolymer RC does not exhibit any crystallinity, as is to be 

expected in view of the very short blocklengths. No attempt 

will be made to explain the relative differences between the 

values found for the other copolymers. In interpreting the 

mechanical properties of the different blends it should be 

remembered, however, that the degree of crystallinity of the 

PE-phase will be reduced upon addition of a copolymer. 
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CHAPTER 7 

Discussion and conclusions 

7.1 DISCUSSION 

Morphology 

As expected the block and graft copolymers used in this 

investigation showed an emulsifying effect in PS/PE-blends. 

Similar results, but for other systems, were obtained by 

Riess et al. 24 . Their conclusion, that block copolymers are 

more efficient emulsifiers than graft copolymers, could not 

be confirmed, though. Differences among the systems investi

gated, the blending techniques, etc., hamper a direct compa

rison. No emulsifying effect could be observed on addition 

of the random copolymer RC. The reason is self-evident: the 

PE- and PS-blocks are much too short. 

The crosslinked graft copolymer, GC4, had a smaller 

emulSifying effect than the other polymers. Apparently, the 

large microgel particles are unable to cover the interface 

as efficiently as the uncrosslinked graft or block copoly

mers. Therefore, the optimum in mechanical properties is 

only reached at 30% of the PE bound. 

The partly crosslinked copolymer, GC3, consisted of 

smaller microgel particles, and, moreover, of uncrosslinked 

material, which is the reason that it behaved similar to the 

other graft and block copolymers. This is confirmed by the 

Stereoscan pictures of fracture surfaces: the copolymer GC4 

is clearly visible at the interfaces, in contrast to the co

polymer GC3. 

The emulsifying abilities of the "regular" graft copo

lymer GCl and the partial block copolymer BC2 appeared to be 

somewhat less than those of the other graft or block copoly

mers. The explanation might be that the branch or block 

lengths of the PS-parts in these copolymers are rather short, 
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viz. 10000 and 14000 in the case of GCl and BC2, respecti

vely. All other block or graft copolymers contain longer 

PS-blocks or PS-branches. 

In general, the appearance of the fracture surfaces 

confirms the emulsifying effect of the copolymers: the si

ze of the dispersed particles, if visible at all, decreases. 

Furthermore, the observed "anchoring" of the particles in 

the matrix, and the strong deformation of the particles 

provide an indication of improved adhesion at the interfa

ces. 

Generally, the holes and the spherical or deformed 

particles disappear at larger copolymer fractions. The cor

responding materials usually are more brittle, which shows 

that even when the adhesion is good, a minimum particle si

ze is required for good impact properties. This is in agree

ment with the results of other investigators8 . The observed 

craze remains show that crazing does occur, but apparently 

the particles are unable to stop a growing craze, before 

it becomes fatal. 

Moduli 

As mentioned in 6.2.2 two classes of blends should be 

distinguished with respect to the behaviour of the elastici

ty modulus. In the blends of the first class (copolymers 

GC1, GC3, and probably GC2) the E-modulus decreased gradu

ally with the total fraction of PE, irrespective of the 

fraction of copolymer present. Apparently, the PE-part of 

the copolymer and the free PE are equivalent with respect 

to their effect on the E-modulus. Both occupy the same pha

se in the blend. The same applies to the PS-part of the co

polymer with respect to the matrix PS. The blends, there

fore, behave as two-phase systems. 

The blends of the second class (GC4, BC1, BC2, BC3, 

and RC) show a decrease in E-modulus as the fraction of co

polymer increases at a constant total PE-content. The modu

lus data of these blellds, Lheref0re, have been replutted in 
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a different way in Figure 7-1. Here the E-modulus is shown 

as a function of the sum of the weight fractions of PE and 

copolymer. Except for the blends with GC4, one curve is ob

tained for each series. This establishes that the copolymers 

of this group behave as a separate third phase. This is al

so true for the GC4-series, although here the E-modulus of 

the crosslinked copolymer is probably much higher than that 

of free PE. Barentsen 14 ,20 reports that the moduli of pure 

copolymers of a type similar to GC4, are much higher than 

those of the corresponding PSjPE-blends. This explains why 

for GC4 higher moduli are found, as the concentration of 

bound PE increases. 

For the partial block copolymers BC2 and BC3, and the 

random copolymer RC a rapid decrease in modulus at percen

tages dispersed phase of more than 20-30% is observed. This 

is completely analogous to the behaviour of PsjPE-blends, 

where a similar rapid drop in E-modulus occurs for composi

tions of more than 20% PE14 ,20. This phenomenon forms an 

indication of the beginning of phase reversal, which should 

occur at intermediate compositions. This phase reversal may 

be conceived as the formation of a continuous, low modulus 

copolymer phase, possibly diluted with PS from the matrix. 

Figure 7-2, representing a phase contrast micrograph of a 

blend of PS and BC2 with in total 25 wt % of PE-component 

clearly demonstrates the occurrence of two coexisting, con

tinuous phases. Since the moduli of blends with block co

polymer BCl do not exhibit such a steep fall within the re

levant concentration range, it must be concluded that, per

sistently, a disperse system is formed, also at higher con

centrations. Apparently, BCl forms stable, coherent, and 

well-ordered copolymer microphases. This can be explained 

by the structure of BCl molecules, in which the PS and PE 

block length distributions are very narrow. In contrast to 

this, the BC2 and BC3 molecules contain random styrene

ethylene copolymer transition blocks, which may disturb the 

copolymer's tendency to form highly ordered, well-separated 

p '.1,ases. Moreover, -(.he PS dOlT,air.s of the copolym2rs can ab--
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sorb matrix PS. If this is the case, the PS fraction contri

buting to the stiffness of the material, i.e. the matrix 

PS, is decreased, resulting in a lower modulus. 

Also in the modulus curves of the blends with the cross

linked GC4, no indication is found of phase reversal. This 

is self-evident, because of the microgel character of the 

copolymer. 

Stress -st rain behaviour 

The addition of a small amount of copolymer generally 

raises the yield stress. This is demonstrated in Figure 7-3, 

where the yield stress is plotted versus the weight percen

tage of PE for all blends with 5 % of the PE bound to copoly

mer. When break occurs before the yield stress is reached, 

this is indicated by a cross (x ) in Figure 7-3. According 
20 

to Barentsen the contact between matrix and dispersed 

phase is broken at the yield pOint, and a void is formed 

in the matrix. The correspondingly higher stress concentra

tions subsequently induce crazing. Copolymer addition im

proves the adhesion between the two phases, and the yield 

stress is raised. The crazes start growing at a higher stress 

l.(]0 
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level, with a correspondingly higher rate of craze growth 6 . 

This implies that less crazes can grow till the moment of 

break. Therefore, the ultimate strain is decreased by the 

addition of copolymer. Figure 7-3 suggests that the graft 

copolymers are more effective in improving the adhesion 

than the block copolymers. Of course this inference has not 

sufficiently been established to be generalized. No impro

vement was observed for the random copolymer RC. The block 

lengths in RC are apparently too short. According to Gay

lord 25 , the minimum block length for compatibilizers is 10 

to 15 monomer units, whereas the block lengths in a statis

tical copolymer usually vary between 1 and 3 units. 

Although the addition of RC in small amounts does not 

change yield stress or strain, it causes a significant in

crease of the ultimate strain. Since RC does not exhibit any 

emulsifying effect (as mentioned in 6.4.2), this behaviour 

cannot simply be attributed to possible differences in the 

degree of dispersion. The explanation may be provided by 

scanning electron micrographs (Figures 6-151 and J), which 

suggest the presence of the random copolymer at the PE/PS

phase boundaries. The fraction of RC in the blend, as de

picted in Figure 6-15J, is only very small (2.5 wt %), but 

causes very distinct surface irregularities. The conclusion 

seems justified that most of the copolymer is indeed present 

at the interface. The adhesion is not improved by this thin 

rubbery layer covering the PE-inclusions in the PS-matrix. 

At the yield point, which occurs at the same yield stress 

as for PS/PE-blends without copolymer, a void is formed 

around each spherical inclusion, and crazes will start to 

grow. The rubbery layer covering the inner surface of a 

void will prevent, or at least hamper, the initiation of 

cracks. These cracks are otherwise formed by the break of 

craze material in crazes, present in the equatorial region 

of a void. Since the formation of these cracks, which leads 

to fatal fracture of the specimen, is delayed by the pre

sence of the rubbery copolymer layer, the ultimate strain 

will be considerably increased. 
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In general the addition of larger amounts of copolymer 

(> 5% of the PE bound) appears to yield more brittle blends. 

Addition of too much RC also embrittles the material, pro

bably since a rather heterogeneous system (no emulsifying 

effect!) is obtained, without adhesion between the two pha-

ses. 

Some copolymers, however, belonging to the second class, 

i.e. with a tendency to form a separate phase, will produce 

more or less ductile materials, when added up to larger con

centrations. The random copolymer RC belongs to the latter 

copolymers, at least, at intermediate copolymer contents. 

Even more ductile stress-strain behaviour, however, is ex

hibited in blends with high contents of the partial block 

copolymer BC2 and BC3. The occurrence of continuous, low

modulus phases is probably responsible for this ductility. 

The regular block copolymer BC1, which does not show a ten

dency to form a continuous phase, produces materials with 

brittle tensile behaviour. 

Impact behaviour 

First the effect of simultaneous addition of PE and 

copolymer will be discussed. The impact strength of blends 

with a small copolymer content (see Figure 6-11) is not or 

only slightly improved with respect to the blends without 

copolymer, when less than 10% PE is present. This agrees 

with the results of Michler and Gruber 26 . At higher PE-con

tents the impact strength increases gradually for all types 

of copolymer. 

The mechanism is similar to the one used to interpret 

the tensile results: the improved adhesion raises the yield 

stress, so that more energy is needed to break the specimen. 

A different mechanism is required to explain the improved 

impact strength of the blends with RC. The probable expla

nation is the already suggested delayed crack formation, as 

a favourable result of the presence of the thin rubbery 

layer, covering inclusions and voids. 
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In the region of low copolymer content (Figure 6-11) 

the effects of the four graft copolymers on the impact 

strength are not significantly different. At higher copo

lymer contents, viz. 30% of the PE bound, lower impact 

strength values are found for blends with GC1, GC2 and GC3. 

The explanation must be the very small particle dimensions, 

produced by the emulsifying effect of these copolymers, Too 

small particles, namely, cannot stop growing crazes, as is 

well known (see 4.1). Graft copolymer GC4, which is com

pletely crosslinked, does not diMinish the particle size 

to the same extent as the other graft copolymers. It will 

also produce separate microgel phases, and will act as a 

good craze stopper. This copolymer is found to have a good 

impact strength at 30% of the PE bound and at a total PE

content of 20 to 25 wt %. 

At higher contents the copolymers of the second class, 

BC2 and BC3 show a behaviour similar to GC4: going from 5 % 

to 30% of bound PE, the impact strength increases. As the 

modulus behaviour has demonstrated, these copolymers (BC2 

and BC3) have a tendency to form a third (copolymer) phase, 

possibly diluted with matrix PS, which becomes continuous 

at higher PE-contents. This effect of BC2 and BC3 on the 

morphology, also explains the observed ductility and higher 

impact strength, combined with a modulus, which is somewhat 

lower than for the graft copolymer-modified PS/PE-blends. 

The lower impact values, observed for the BC1-blends at 

higher copolymer concentrations (see Figure 6-11), is to 

be explained by the finely dispersed, stable microphase 

formation of this copolymer, which will lead to relatively 

high moduli and low impact strength values. 

Secondly, the blends, in which only copolymer is added 

to PS, will be discussed (see Figure 6-12). Addition of the 

copolymers Gel to GC4 will produce two-phase systems. GCl 

and GC2 will form particles with dimensions depending on 

the molecular dimensions of the PE-parts of the copolymers. 

This may also be the cause of the low c rystallinity (see 
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Table 6-1) exhibited by these copolymers. The particles will 

be too small for a good impact strength. The larger, more 

irregular GC3 and GC4, on the other hand, will produce par

ticles with larger PE-regions, as is also indicated by the 

larger degrees of crystallinity observed for these copoly

mers. When added to PS they will produce materials, combi

ning reasonable modulus with reasonable impact strength. It 

should be mentioned, however, that for the GC4-blends the 

optimum in impact strength is found at 30% of the PE bound 

(see Figure 6-11). 

Also the second group of copolymers (BC1, BC2, BC3, 

and RC) is presented in Figure 6-12. The block copolymer 

BC1, which has a tendency to form a separate, dispersed 

phase in PS (as the modulus behaviour has shown), produces 

materials with a low impact strength and a brittle stress

strain behaviour. Also the modulus is rather low, because 

the entire copolymer behaves as a low-modulus phase in the 

matrix PS. This brittle behaviour must be attributed to 

the small particle dimensions in these blends (observed in 

phase contrast micrographs) . 

In contrast to the PS/BC1-blends discussed above, the 

blends of PS with BC2 or BC3 show a rather ductile behaviour, 

combined with a tendency to form a continuous copolymer phase. 

The more brittle PS/BC1-blends have a tendency to maintain 

a dispersed copolymer phase. The ductile behaviour (see Fi

gures 6-8 and 6-9), and high impact strength (see Figure 

6-12) exhibited by the blends with these partial block co

polymers, can be explained by assuming that, besides cra

zing, also bulk shearing processes contribute strongly to 

the deformation and fracture energy. The appearance of some 

fracture surfaces of these blends (see Figure 6-15 H) seems 

to confirm this view. Despite the high values of impact 

strength, the practical importance of these blends is strong

ly reduced by the very low moduli of elasticity. The results 

of the blends of PS with the random copolymer RC may be ex

plained similarly: good impact strength is accompanied with 

low mOduli. 
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7.2 CONCLUSIONS 

Impact modification of PS by means of PE-inclusions is 

only possible, if a copolymer of PE and PS is added as a third 

component. In general, a copolymer (provided its blocks ha

ve sufficient lengths) will have an emulsifying effect in 

the blend, improve the adhesion at the phase interfaces, 

and improve mechanical properties, such as yield strength 

and impact strength. These general facts, which were pre

viously demonstrated by Barentsen 14 ,15,20 for only one type 

of copolymer, have been confirmed for a number of different

ly structured copolymers. In the present investigation, mo

reover, it has been established that the morphology and me

chanical properties of the materials obtained, will be 

strongly dependent on the composition and structure of the 

added copolymer. 

Study of the modulus of elasticity, as a function of 

PE-content and copolymer concentration, indicated that the 

copolymers tested should be divided into two classes. In 

the blends with copolymers of the first class, comprising 

the graft copolymers GCl, GC3 and maybe GC2, the respective 

blocks of the copolymers will be distributed, according to 

their preference, over the corresponding homopolymer phases. 

Consequently, these systems will maintain a two-phase cha

racter. 

The copolymers in the second class, on the other hand, 

will form a separate third phase, when added to PSjPE-blends. 

This tendency of the copolymer to form its own phase may be 

the result of either short block lengths (as in RC), or 

crosslinking (as in GC4), or domain formation (as in BCl, 

BC2, or BC3). 

Three distinct ranges should be distinguished with res

pect to the copolymer concentration in the blends: 

(1) very low copolymer concentration (5% of the PE bound) , 

(2) intermediate concentrations (30,60% of the PE bound), 

( 3 ) pure copolymer, wit~lCut free PE (100% of the PE bound). 

Si "':; '" tne copolymer cOJ:c l~rlt: G:: i_on appea :c: s to determ: ... ne the 
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morphology and deformation mechanisms of the blends, the 

effects observed for different copolymer structures should 

be discussed with regard to each separate copolymer concen

tration range. 

In the first range, the materials contain a dispersed 

PE-phase with a small amount of copolymer distributed over 

the PE/PS-interfaces. The copolymer fraction is too small 

to allow a discrimination between copolymers belonging to 

the first class or the second class (see above). All copo

lymers, except the random copolymer RC, are found to exhi

bit an emulsifying effect, although the emulsifying effi

ciency is not the same for all copolymers. In general, in 

this concentration range, the yield strength andlor strain 

are improved. Also the impact strength is raised, provided 

the percentage of PE is more than 10 wt %. This improvement 

of mechanical properties is attributed to the increased ad

hesion between the two polymer phases. The modulus retains 

a reasonable value. 

The mechanism, responsible for the impact modification, 

is most probably an increased craze formation in the vici

nity of the PE-inclusions, combined with a delay of fatal 

craze of crack formation due to the improved adhesion. This 

mechanism, however, is not applicable to the systems with 

random copolymer (RC). This copolymer does not exhibit any 

emulsifying effect, nor does it improve the yield strength. 

Ultimate strain and impact strength, however, are increased. 

In order to explain this behaviour, a mechanism is suggested, 

which implies that also the random copolymer will be large

ly present at the phase interfaces. Indications for this 

assumption are indeed found in scanning electron micrographs. 

The rubbery layer, thus present around the inclusions and 

in the voids, will delay the formation of fatal cracks, which 

usually preceed fracture of the specimen. A combination of 

both mechanisms, presented above, might occur in the blends 

with the partial block copolymers BC2 and BC3, which were 

relatively the best impact modifiers in this range of low 

copolymer concentrations. 
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In the second concentration range (intermediate copoly

mer concentrations), the blends will consist of a PS-matrix, 

in which, apart from PE-particles covered with some copoly

mer, also a separate copolymer phase will be dispersed. Mor

phology, and also mechanical properties, are found to lie 

between those of concentration ranges 1 and 3. 

The blends consisting of PS with pure copolymer (range 

3) exhibit the most prominent dependence of morphology and 

mechanical properties on the type of copolymer. The blends 

should be considered either as consisting of a PS- and a 

PE-phase (for the copolymers of the first class), or as con

sisting of a PS- and a copolymer-phase (for the copolymers 

of the second class). It is found that the following condi

tions are required for a good impact modifying effect, when 

crazing is the dominant fracture mechanism: 

(a) the copolymer should form its own, separate phase, 

(b) average particle dimensions should not be too small, 

(c) the copolymer phase should exhibit a certain ductility, 

(d) the copolymer phase should adhere to the surrounding 

matrix. 

This explains, why the graft copolymers GCl to 3 fail as 

impact modifiers: they do not satisfy conditions (a) and 

(b). The crosslinked copolymer GC4, on the other hand, 

which forms a separate phase with rather large particle 

dimensions, is a reasonable impact modifier. Block copoly

mer BCl does form its own phase, but the particles are too 

small, and the copolymer phase is probably not sufficiently 

ductile to obtain a good impact strength. The random copo

lymer, RC, has a relatively large effect: it satisfies all 

conditions except (d). The behaviour of blends, containing 

PS and the partial block copolymers, BC2 and BC3, appears 

to be different: besides crazing, also shearing processes 

seem to contribute to the deformation energy. Related to 

this, it may be of importance that these copolymers tend 

to form a continuous (copolymer) phase. High values of im

pac t strength are found, but, un£or tnnately, are accompanied 

with intoler a b l y low modu l i . 
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Finally, from a practical point of view, the partial 

block copolymers appear to give the most interesting results, 

particularly when added in small concentrations to PS/PE

blends. For instance, a blend with 25 wt % PE, from which 

5% is bound in copolymer (BC2 or BC3) is found to combine 

reasonable modulus of elasticity with an eight-fold in

crease of impact strength. 
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Appendix A 

RANDOM CROSSLINKING AND DEGRADATION 

If random crosslinking and degradation occur simulta

neously, it is possible to predict by means of statistical 

considerations, how a given initial molecular weight dis

tribution will be affected. Essential however is the assump

tion, that crosslinking and degradation occur indepently, 

which is usually allowable for low degrees of crosslinking 

and chain scission. In that case namely the statistical re

sult is independent of the sequence in which degradation 

and crosslinking take place, and the simultaneous cross

linking and degradation may be treated as the much simpler 

case of subsequent degradation and crosslinking l . Equations 

describing the change of number and weight average degrees 

of polymerization (D.P.) during random degradation are gi

ven by scott2 : 

l/(l+x) [A-I] 

= 
(2/xH) {l-l/X(l- f~)~: exp(-xy/ul'dyP [A-2] 

o 

where: 

w(y) is the weight fraction distribution function of the 

polymer before degradation; 

(u l ' u 2 ) and (u
1
', u

2
') are the number and weight average 

D.P. before, respectively after degradation; 

x is the average number of scissions per original poly

mer chain; 

H is the polydispersity be-fore degradation (=u
2
/u

l
). 

For the case of random crosslinking the equations of Saito l 
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will be used: 

l/(l-z) [A-3] 

1/(1-2Hz) [A-4] 

where: 

(u
1

' u 2 ) and (u1 ', u
2

') are the number and weight average 

D.P. before, respectively after crosslinking; 

z is the average number of crosslinks per original poly

mer chain. 

As was pOinted out, the case of simultaneous degradation 

and crosslinking can be described by first applying equa

tions [A-1] and [A-2] to find the effect of the degradation 

upon the average D.P. 's, and next applying equations [A-3] 

and [A-4] to the result in order to introduce the effect of 

the crosslinking. 

The resulting equations are: 

l/(l+(l-p)X) [A-5] 

= 
(2/xH) jU-l/X(l- f ~)~~ eXP(-XY/U 1 )dyP-1_4P)-1 

o 
[A-6] 

where: P z/X number of crosslinks/number of scissions. 

These equations were used to calculate the curves of H' 

u 2 '/u 1 ' as a function of (1-u1'/u
1

) in Figure 1-6. The 

M.W.D. of Styron was assumed to be of the Schulz-Zimm type 

with H = 2.77, which value was obtained by G.P.C. 

The equation for w(y) is in that case: 

b+1 b w(y)=v y exp(-vy)/f(b+1) 

where: v = b/u
1 

= (b+1)/U
2 

and f(b+1) 

(b+1) . 

[A-7] 

gamma function for 
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It follows that H = u 2/u l = (b+l)/b or b = l/(H-l). 

Substitution of [A-7] in [A-6] yields for a Schulz-Zimm 

distribution: 

(
. -b) -1 -1 

u
2 ' /U

2 
= (2/xH){{1+1/x (l+x/b) -1} -4p} [A-8 ] 

Combination of [A-8] and [A-5] shows the effect of x upon H: 

H' U '/u I 
2 1 

-b )-1 2(1/x+l-P)/{ {1+1/X(1+x/b) -1} -4 p} 

[A-9] 

For large degrees of degradation, it can be shown that H 

approaches 2(1-p)/(1-4p), which result is independent of 

the choice of w(y). As was already mentioned by Saito 1 , gel

ation will occur (i.e. H will approach infinity) for p > 0.25. 
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Appendix B 

SOME RELATIONS FROM MULTINOMIAL THEORY 

In the derivation of equations [2-18] and [2-19] the 

following relations were employed in order to perform the 

required summation: 

~ l~ 
b. nj I (Zb.)q 

+r j J 
[B-1 ] --q-!-

all {n. } J . 
J 

with Zn.=q 
J 

n. } (Zjb.) (Zb.)q-l 

~ 1 (~jnj) n b. J 

--b-
j J j J 

J J (q-l) ! 
all {n. } J 

J [B-2] 
with Zn.=q 

J 

For the proof of [B-1] see e.g. N. Bourbaki, "Elements 

of Mathematics, Algebra I", Ed. Herman, Paris, 1974, p. 98. 

Equation [B-2] can subsequently be obtained from [B-1] in 

a straightforward but tedious derivation, which will there

fore not be given here. 
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Appendix C 

THEORY OF BRANCHING PROCESSES APPLIED TO THE SYSTEM P l /P 2 

1 Good's theory of the jOint distribution for the sizes 

of the generations in a cascade process was applied by Gor

don 2 to molecular weight distributions of polymers. 

The minimum number of different units, the molecular 

species can be thought to be composed of, is s=2 in the 

system P l /P2 , since there are two types of these units, 

viz.Pl-molecules (type 1) and P
2
-molecules (type 2). First, 

vectorial probability generating functions F (u) and ~l(~) 
--0 -

are introduced. For the case of s=2, the generating func-

tion for the zero generation, F (u), is defined as: 
-0 -

F (u) 
-0 -

x x
2 [p' (x)u 1 u

2 
) 

x 02 - 1 
[C-lj 

Here ~=(ul,u2) is a vectorial dummy variable, and the quan

tity p'o' (x) is the weight fraction of units of type i (i=l 
1. -

or 2)in the zero generation, giving rise to Xl offsprings 

of type 1 and x
2 

offsprings of type 2 in the first genera

tion. The summation takes place over all values of x = 

(x l ,x2 ). In a similar way the generating function for the 

first (and subsequent) generations, ~1 (~) is given by: 

(F 11 (~), F 12 (~) ) 

[C-2j 
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By means of si.mple probability theory it is found for the 

system P /P 2 : 

00 00 

E:.O(~) = (,2:: w I (i) O-U1+ U
1

U
2

)i., ,2:: w2 (j) (1-U2+ U2U
1
)j) [C-3] 

1=1 J=l 

Next the following vectorial generating function is intro

duced: 

[C-5] 

where p . (x) is defined as the weight fraction of units of 
1 -

type i, that are part of an ~-mer, i.e. a molecular species 

composed of xl units of type 1 and x
2 

units of type 2. 

Furthermore ~ is another dummy variable. 

The scalar weight fraction generating function W(~ ) is 

found from ~(~) by scalar multiplication with m = (WI' W2 ), 

where WI and W
2 

are given by equations [2-16] and [2-17] 

of Section 2.2: 

W(~) LW 
x x -

[ C-6] 

where w is the weight fraction of x-mer in the system. The 
x 

usefullness of the scalar weight fraction generating func-

tion W(~) becomes clear upon substitution of e = (1,1) in 

[C-6] : 

total weight of all finite species 

sol fraction w
sol 

which shows that the sol fraction w 1 can easily be calcu
so 
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lated once ~(~) is known: 

[-C-7] 

The as yet unknown ~(~) ' is related to the known functions 

~O(~) and ~l{~) as follows: 

~(~) ~A~O(~A~l (~A~l (~A~l ( ....... ») [C-S] 

or: 
W(~) ~A~O (~) [C-g} 

~ ~A~l (~) [C-IO} 

where a Ab indicates Good's notation for the direct product 

(a
l

b
1

, a
2

b 2 , ..•.•.. , asb
s
). Substitution of [C-3} in [C-9] 

and [C-4] in [C-IO] yields for the system Pl/P2: 

~(~) (N
l 
(~), W

2 
(~) ) 

(e 1. I "'1 (i) (1-0 1 +0 1 u 2 ) i, e 2 . I w 2 (j) (I-a 2 +0 2 u 1) j ) 
~=l J=l 

[C-ll] 

[C-12] 

From [C-12] it is possible, in principle, to determine u
l 
(~) 

and u2(~) as functions of ~. Combining [C-ll] and [C-12], 

equation [C-ll} can be rewritten: 

~(~) (Wl(~)' W2(~» = (ul(~)(1-(Jl+olu2(~)' 

u2(~) (1-02+(J2ul(~»)) 

Substituting ~ = (1,1) in [C-13] gives: 
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where ).J=u 1 (..!:.) and v=u 2 (..!:.) are found by solving [C-12] for 

8=1: 

00 i-I I w I (i) (l-a 1 +a 1 v ) 
i=1 

[C-IS] 

Substitution of [C-14] in [C-7] now gives the sol fraction 

for the system Pl/P2: 

w = 
sol [C-16] 

The set of critical equations [C-IS] has the trivial solu

tion ).J=v=l. It can be shown that the non-trivial roots for 

).J and v are greater than unity below the gel-point, equal 

to unity at the gelpoint, and less than unity beyond the 

gel-point. Under the condition w 1 ~1 only values of ).J so --
and v less or equal unity can be allowed. Therefore in or-

der to calculate the sol fraction only the lowest real po

sitive roots for ).J and v from [C-IS] should be used. 

For the weight average molecular weight in the absence 

of gel Gordon 2 derived the following equation: 

M 
w 

[C-17] 

M.W. of units of type i; 

~ weight fraction of units of type k in the sy

stem. 

The weight average molecular weight in de sol fraction, can 

be obtained by extending Good's3 argument for s=1 to the 

general case of s>l: 
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M w,sol 

s . s 
I Ml. I wi 

i=1 k=1~ k,sol 

where: wi 
k,sol 

[C-18] 

For the system P1!P2' considered here, [C-18] leads to: 

-1 (1-5 8) • 
1 2 

[C-19] 

where: 

8
1 

~(i-1)W1 (i)01 (1-01+01V)i-2 

52 ~(j-1)W2(j)02(1-02+02~)j-2 
53 H W

1 
(i) (1-0 1+01V)i-1 

54 ~jw2(j) (l-02+02~)j-1 

M1i M2 = M.W. of a unit u1 ' respectively u
2

. 

Equation [C-19] can also be used in the absence of gel by 

substituting ~=V=1. Mw is seen to diverge for (1-5 15 2 )=0, 

or: 

which yields another proof of the criterion of gelation 

(eqn. [2-21]). 

The number average molecular weight In the sol frac

tion can be derived from stoichiometric considerations, 

with the following result: 

[C-20] 
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where: 

S5 Lr w1 (i ) /i] (l-Ol+Ol V)i 

S6 E[ w2 (j)/j] (1-02+ 02).l )j 

In the average M.W.'s of [C-19] and [C-20] the fractions 

of unreacted PI and P2 are included. Considering only the 

soluble copolymer fraction without the unreacted homopoly

mers, the average M. W. 's are given by: 

M' . 
w,sol 

MW,SOl Wsol- lJ! lMlEiwl (i) (1-Ol)i_ 1J! 2M2Ej W2(j) (1- 02)j 

M' . n, sol 

w - w - w sol P1,unr P2 ,unr 

{ (IJ! /M
1

) (S5-).l V0
1

- E[W
l 
(i)/i] (l-Ol)i) + 

+ ( 1J! 2/M2) (S6- Lr w2(j)/j) (1-0 2)j) }-l 
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Summary 

In this study copolymers of ethylene and styrene are 

applied in blends of polystyrene and low density polyethy

lene. The copolymer serves to enhance the adhesion between 

both polymer phases. Preparation and characterization of 

several copolymers constitutes an important part of the 

work, presented here. 

In the first part of this thesis the Lewis-acid cata

lyzed reaction between polyethylene and polystyrene is stu

died. This reaction, which yields graft copolymers of poly

ethylene and polystyrene, involves alkylation of aromatic 

nuclei of the polystyrene by polyethylene molecules. The 

olefinic groups, present in polyethylene in very small 

amounts, are active as alkylating agents in this Friedel

Crafts reaction, which takes place in cyclohexane solution . 

at BOoC. 

In order to realize a good description and control of 

the rather large heterogeneity of the graft copolymers thus 

prepared, a theory is developed, based on simple statisti

cal presumptions. This theory admits of predicting quanti

tatively how composition and complexity distribution of the 

formed graft copolymer depend on a few, experimentally con

trollable parameters. The pre-gel relations are based on a 

general distribution formula of Stockmayer, while the rela

tions beyond the gelpoint have been obtained by application 

of Gordon's cascade theory. 

The occurrence of side reactions, such . as polymer de

gradation or reaction with the solvent cyclohexane, are 

studied extensively. Under the usual reaction conditions, 

however, these side reactions appear to play only a minor 

part. Therefore, they may be neglected in applying the theo

ry. 
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The validity of the theoretical relations is verified 

by carrying out a number of reactions with especially syn

thesized polystyrenes and polyethylenes. In applying the 

theory, these polymers with narrow molecular weight distri

butions may be considered as monodisperse. It is found that 

the statistical relations may be used succesfully, provided 

the solution of reacting polymers is homogeneous, i.e. no 

phase separation occurs. 

The application of a number of copolymers in polysty

rene/polyethylene blends is described in the second part 

of this thesis. Several graft copolymers of polystyrene and 

polyethylene with different structures are prepared on a 

larger scale, and are characterized by means of the theory 

developed. Moreover, some polyethylene/polystyrene block 

copolymers and a random ethylene/styrene copolymer are syn

thesized by means of non-destructive hydrogenation of the 

corresponding butadiene/styrene copolymers. 

Composite materials, consisting of polystyrene, with 

up to 25% by weight of low density polyethylene, and modi

fied with the different types of copolymer, are prepared 

by means of melt blending. Mechanical properties are deter

mined by means of tensile and impact testing. Microstructu

re is studied by phase contrast microscopy. Furthermore, 

fracture surfaces are examined by means of scanning elec

tron microscopy. The behaviour of the elasticity modulus 

as a function of the percentage of dispersed phase appears 

to be indicative of morphological differences among the 

blends. It could be shown that both microstructure and me

chanical properties are highly dependent upon the concen

tration and structure of the copolymer additive. 
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Samenvatting 

In deze studie worden copolymeren van etheen en sty

reen toegepast in mengsels van polystyreen en lage dicht

heid polytheen. Het copolymeer dient ter verhoging van de 

adhesie tussen beide polymeerfasen. Bereiding en karakte

rizering van verschillende copolymeren is een belangrijk 

onderdeel van dit werk. 

In het eerste deel van dit proefschrift wordt de met 

Lewis zuur gekatalyzeerde reactie tussen polytheen en po

lystyreen bestudeerd. Bij deze reactie, welke entcopolyme

ren van polytheen en polystyreen oplevert, worden aromaat

kernen van het polystyreen gealkyleerd met polytheenmolecu

len. De olefinische groepen, die in zeer kleine hoeveelhe

den aanwezig zijn in polytheen, zijn werkzaam als alkyle

rende groepen in deze Friedel-Crafts reactie, welke plaats

vindt in cyclohexaan-oplossing bij 80oC. 

Om de vrij grote heterogeniteit van de zo bereide ent

copolymeren toch goed te kunnen beschrijven en beheersen, 

is een theorie ontwikkeld op basis van eenvoudige statis

tische veronderstellingen. Deze theorie maakt het mogelijk 

om kwantitatief te voorspellen, hoe samenstelling en com

plexiteitsdistributie van het gevormde entcopolymeer af

hangen van enkele, experimenteel te beheersen parameters. 

De pre-gel relaties zijn gebaseerd op een algemene distri

butie formule van Stockmayer, terwijl de relaties na het 

gelpunt zijn verkregen door toepassing van de cascade-theo

rie van Gordon. 

Het optreden van nevenreacties, zoals degradatie van 

de polymeren of reactie met het oplosmiddel cyclohexaan, 

is uitgebreid bestudeerd. Onder de gebruikelijke reactie

condities echter, blijken deze nevenreacties een onderge

schikte rol te spelen, zodat ze mogen worden verwaarloosd 

bij het toepassen van de theorie. 
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De geldigheid van de theoretische relaties is geveri

fieerd door een aantal reacties uit te voeren met speciaal 

gesynthetiseerde polystyrenen en polythenen. Deze polyme

ren met smalle molecuulgewichtsverdelingen worden voor de 

theorie beschouwd als monodispers. De statistische rela

ties blijken met succes te mogen worden toegepast, mits de 

oplossing van reagerende polymeren homogeen is, d.w.z. geen 

fasenscheiding vertoont. 

De toepassing van een aantal copolymeren in mengsels 

van polystyreen en polytheen wordt beschreven in het twee

de dee 1 van dit proefschrift. Een aantal entcopolymeren van 

polystyreen en polytheen met verschillende structuren is 

op grotere schaal bereid en is gekarakterizeerd door middel 

van de ontwikkelde theorie. Ook enkele polytheen/polystyreen 

blokcopolymeren en een random etheen-styreen copolymeer zijn 

gesynthetizeerd door non-destructieve hydrogenering van de 

overeenkomstige butadieen-styreen copolymeren. 

Door middel van menging in de smelt zijn composiet

materialen bereid, bestaande uit polystyreen met maximaal 

25 gewichts-% lage dichtheid polytheen, en gemodificeerd 

met de verschillende typen copolymeer. Mechanische eigen

schappen zijn bepaald door trek- en slagproeven. De micro

structuur is bestudeerd met behulp van fasencontrast micros

copie. Verder zijn de breukvlakken onderzocht door middel 

van raster elektronen microscopie. Het gedrag van de elasti

citeitsmodulus als functie van het percentage gedispergeerde 

fase blijkt een goede indicator te zijn voor sommige morfo

logische verschillen tussen de mengsels. Er is aangetoond, 

dat zowel de morfologie als de mechanische eigenschappen 

van de composieten sterk afhangen van de concentratie en 

de structuur van het toegevoegde copolymeer. 
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de subgroep Kunststoftechnologie van de vakgroep Chemische 

Technologie. Per 1 februari 1977 zal hij in dienst treden 

bij DSM Limburg BV in de afdeling Ontwikkeling Kunststoffen. 
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STELLINGEN 

1 De analyse resultaten van zowel Chiu als Terteryan et aZ . 

voor etheen-vinylacetaat copolymeren zijn weinig betrouw

baar, aangezien geen rekening werd gehouden met een waar

schijnlijk onvolledige azijnzuur-afsplitsing. 

J. Chiu, Appl. Polym. Symp., ~, 25 (1966) 

R.A. Terteryan en L.N. Shapkina, Vysokomol. Soedin. 

Ser. A, 12., 1612 (1971) 

2 Bij structuur-onderzoek met behulp van pyrolyse-G.L.C. kan 

het toepassen van piekverhoudingen (1), in plaats van piek

oppervlakken relatief ten opzichte van de hoeveelheid uit

gangsmateriaal ( 2 ), een vertekend beeld geven van de op

tredende degradatie-processen. 

(1) S.G. Perry, J. Gas Chromatog., ~, 77 (1967) 

(2) J.G. Beckers, Graduate Report, Eindhoven Univer

sity of Technology, Eindhoven, 1974 

3 Bij de berekening van de post-geleigenschappen van ver

nette polymeerke tens leidt de door Miller en Macosko ge

bruikte, overbodige aanname, dat crosslinking van poly

meerketens met tetrafunctionele eenheden identiek zou zijn 

aan een stapreactie van difunctionele en een kleine hoe

veelheid tetrafunctionele monomeren, tot een beperking van 

de geldigheid der afgeleide relaties. 

D.R. Miller en C.W. Macosko, Macromolecules, 2 .. 206 

(1976) 

4 Vollmert en Stutz ontlenen aan hun experimenten ten on

rechte argumenten ten gunste v an het zogenaamde Isolc ted 

Coil Structure Model. 

B. Vollmert en H. Stutz, lmgew. l\1akromol. Chern., l.9., 
71 (1971) 



5 De gronden, waarop Kryszewski et al . tot diffusie aan de 

fasengrens van polypropeen/polytheen mengsels besluiten, 

zijn zeer aanvechtbaar. 

M. Kryszewski, A. Galeski, T. Pakula, en J. Grebowicz, 

J. Colloid Interface Sci., ii, 85 (1973) 

6 Het door Rohmer en Ourisson voorgestelde rnechanisrne voor 

de biogenetische ornzetting van squaleen naar 3- S-rnethyl

hopaan is in tegenspraak met de geringe specificiteit van 

het squaleen-cyclase van Acetobacter rancens. 

M. Rohmer en G. Ourisson, Tetrahedron Lett., 3641 

(1976) 

C. Anding, M. Rohmer, en G. Ourisson, J. Amer. Chern. 

Soc., ~, 1274 (1976) 

7 Alvorens men met onderzoek naar de verwerking van plastic 

afval begint, is het aan te bevelen geschikte toepassingen 

voor de te verwerven materialen aan te geven. 

8 De opvatting van Whalley, dat het activeringsvolume 

slechts bepaald wordt door de starre atoom-posities en 

niet door de atoom-bewegingen, is aanvechtbaar. 

E. Whalley, Ber. Bunsenges. Phys. Chern., LQ, 958 

(1966) 

9 In het licht van de agitatie rond de eventuele gevaren 

van drinkwaterfluoridering is de algemene acceptatie 

van de aantoonbaar schadelijke hoeveelheden keukenzout, 

welke min of meer verplicht via het voedselpakket worden 

geconsumeerd, enigszins verwonderlijk. 

K. Meng en D. Loew, "Diuretika", Georg Thieme 

Verlag, Stuttgart, 1974, p.160 

Y.J. van der Meulen, "Fluor-ionen, drinkwater en 

gezondheid", Wolters-Noordhoff, Groningen, 1971 



10 Een goed bruikbare wereldtaal als het Esperanto heeft 

te lijden onder de paradoxale situatie, dat juist die

genen van wie de grootste stimulans zou moeten uitgaan, 

namelijk taalleraren en tolken, hun middel van bestaan 

beveiligd weten in handhaving van de bestaande spraak

verwarring. 

11 De bewering van Velikovski, dat de aardolie-voorraad in 

het Midden-Oosten grotendeels afkomstig is van een bijna

botsing met de planeet Venus, zou eventueel een partici

patie van de N.A.M. in toekomstige Venus-exploraties kun

nen rechtvaardigen. 

I. Velikovski, "Werelden in botsing", Kluwer N.V., 

Deventer, 1971 

Eindhoven, 28 januari 1977 N.G.M. Hoen 
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