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ABSTRACT 

The free radical and ionic bulk polymerisations 

of some alkyl vinyl ethers have been studied at 

pressures up to 10000 atm. using benoyl peroxide, 

azo-bis-isobutyronitrile and iodine as initiators. The 

o-erall rate of polymerition and the molecular weight 

of products have been measured. The apparatus and 

procedures involved in the experimental work are 

described. 

Iso-outyl vinyl ether was the monomer studied in 

greatest detail. In both types of polymerisation the 

overall rate of reaction was found to increase with 

pressure, reacn a maximum and then slowly decrease 

with pressure. The main possible explanation for this 

retardation in the rate above a certain pressure is 

that iso-butyl vinyl ether has been found to pass 

through a second order transition, probably to an 

amorphous or glassy state, in the region of the pressure 

at which the maximum in rate is occurring. 

The investigation into the dependence of the rate 

of polymerisaion on the order with respect to iodine 

concentration was carried out at several pressures and 

temperatures. The change in order has been explained 

in terms of changes in the mechanism of initiation 

and termination. 



The effect of pressure and temperature on the 

molecular weight of poly-iso-butyl vinyl ether was 

investigates. In the benzoyl peroxide-initiated poly-

merdsation, the molecular weight was found to increase 

with pressure and temperature while in the iodine-

initi.ated polymerisation, the molecular weight is almcst 

independent of pressure and decreases with increase in 

temperature. An explanation is put forward in terms of 

the different effects of pressure and temperature on 

the individual reactions in the polymerisation with the 

two types of initiators. Only fairly low molecular 

weights were obtained, and very low values resulted at 

high concentrations of benzoyl peroxide, when the 

reaction yielded addition products as well as low 

polymers. 

In the course of this study a patent was published 

on the use of hydrated ferric sulfate to initiate the 

polymerisation of alkyl vinyl ethers, yielding high 

molecular weight products at normal temperature and 

pressure. This was repeated successfully and the high 

molecular weight obtained is explained in terms of 

the elimination of the molecular chain termination by 

transfer. 

The results of this work are compared with the 

results of previously published work where possible. 



A C.7...N 0 -EDGEMENT S 

The author wishes to express his sincere thanks 

to Dr. K.E. Weale for his advice and help throughout 

the course of this research, and to Mr. A.M. Alger and 

the Departmental Workshop Staff for their help in 

maintaining the high pressure equipment. 

The author also thanks the Scholarship Fund Committee, 

B'nai B'rith Leo Baeck Lodge (London) for the award of a 

Post-graduate Scholarship held during the course of this 

work. 

Thanks are due to Miss Rawbone for her help in 

the preparation of this thesis. 



NIENTS 

nCTION I 	 Page 

1.1: 	Introduction 	 1 

1.2: 	Reactions in Free Radical Polymerisation 	3 

13 	Ionic Vinyl Polymerisations 	8 

(i) The Carboniam ion Theory 	11 

(ii) The Carbanium ion Theory 	16 

(iii) Summary on Ionic Polymerisation 	18 

I.4 0 	The Effect of Pressure on Liquid-Phase 
Polymerisations 	 18 

(i) The Effect of Pressure on Liquid- 
Phase Reactions 	 18 

1.5: 

1.6: 

(ii) The Overall Effect of Pressure on 
?Polymerisation 

Previous Work on the Polymerisation of 
Vinyl Ethers 

Scope of the York 

23 

26 

34 

SECTION II  

II.1: 	Apparatus 	 37 

(i) High Pressure Equipment 	37 

(ii) Atmospheric Pressure Equipment 	44 

11.2: 	Materials 	 45 

11.3: 	Procedure 	 46 

(i) Preparation of Reaction Mixtures 	46 

(ii) Polymerisation Procedure 	47 

(iii) Separation of Polymer 	48 



Page  

11.5 	(iv) Moleciaar Vife:J_Eht Determination 	50 

(v)  , 	Determination of the Compression 
Cuve for Iso-Butyl Vinyl Ether at 
75u0 	 52 

(vi) Experiments with the Hydrated 
Ferric Sulfate Initiator 
	

53 

SECTION III gAperimental Results and Calculations 

Polymerisation with Free Radical 
Initiation 	 54 

(i) The :,affect of Initiator Concentrations54 

(ii) The Effect of Temperature 	59 

(iii) The iffect of Pressure 	60 

111.2: 	Polymerisation with Ionic Initiation 	62 

(i) The Effect of Iodine Concentration 
on the hate of Polymerisation 	68 

(ii) The Effect of Pressure on the Rate 
of Polymerisation 	72 

(iii) The Effect of Temperature on the 
Rate of Polymerisation 	74 

111.3: Supplementary 	 75 

(i) Freezing Pressure of Iso-Butyl 
Vinyl Ether 	 75 

(ii) The Spectrum of Iodine Solution 	76 

(iii) The Use of Hydrated Ferric Sulfate 
as Initiator 	 78 



SECTION IV: Discusdion 

IVol: 	Polymerisation with Free Radical 	80 
Initiators 

(i) The Effect of Initiator 
Concentration 	 80 

(ii) The Effect of Temperature 	84 

(iii) The Effect of Pressure 	86 

IV.2: 	Polymerisation with Iodine Initiation 	92 

(i) The Effect of Iodine Concentration 
on the Rate of Polymerisation 	92 

(ii) The Effect of "Pressure on the Rate 
of Polymerisation 	102 

(iii) The Effect of Temperature on the 
Rate of Polymerisation 	107 

( • ) Molecular Weight of the Product 
in Ionic Polymerisation 	110 

Conclusion 
	 117 

Bibliography 	 119 



S,.0:2ION I 	1. 

I.1: INTILODUCTION 

The theory that vinyl polymerisation is a chain 

reaction involving the rapture of the ethylenic linkage 

gained Lcceptance in the nineteen thirties. since then 

a large amount of work has been devoted to investigate 

and develop the theory of polymerisation, as a result of 

Lich it is now generally accepted that vinyl polymer-

isation, (a term loosely used to describe the polymer-

isation of substituted ethylenes), is a chain reaction 

which takes place in three distinct basic stages; 

a. Initiation, in which an activated monomer molecule 

is produced, 

b. Propagation, usually a rapid reaction in which the 

activated molecule grows by a chain mechanism 

involving the incorporation of more monomer 

molecules. 

c. Termina+ion, a process in which the growth of the 

chain comes to an end. 

Vinyl polymerisation can be initiated by thermal, 

chemical or photo-chemical means, and it is susceptible 

to retardation and inhibition by relatively small amount 

of certain substances. 



Thermal initiation is not a universal property of 

vinyl monomers. Ti is most significant with styrene and 

methyl methacrylate, and even here its significance, 

compared with the e±fect of chemical initiators (even 

at very low concentrations) is negligible. A variety 

of mechanisms has been postulated for thermal initiation 

including a hi-molecular process producing diradicals(1) 

2CH2=CHR 	CHR-CH2-CH2- CHR 

a ter-molecular process producing two resonance-stabi- 

lised mono radicals (2) 

3CH2=CHR  	CH3- CH + CH3-CR=CH- CHR 

and a disproportionation between two monomer molecules 

which also gives a pair of resonance stabilised mono 

radicals (3) 

2CH2=CHR 	CH3- CHR + CH2= CR 

Vinyl polymerisation initiated by chemical means 

may take place through free radical or ionic mechanisms, 

depending on the nature of the initiation process. In 

this work both free radical and ionic initiators were 

used. 

2. 



3. 

1.2 : REACTIONS IN FRE7,i RADICAL POLYMRISATI(JN 

evidence that vinyl polymerisation :clay take place 

by free radical mechanisms includes the direct intro- 

duction of radicals to promote polymerisation (triphenyl 

methyl radicals =,ith styren.?), the uole of substances 

which are known to decompose to free radicals, as 

effective vinyl polymeyistion initiators; and, conversel, 

the introduction of inhibitors which destroy free radicals 

in order to ret rd polymerisation. 

Tiany allthors (3-7) have described in detail the 

reactions through vhich free radical vinyl polymerisation 

proceeds. The simplest reaction scheme is outlined 

below: 

Initiation in the presence of initiator I may be 

considered in two steps. First,the decomposition of 

the initiator into free radicals, R 

I kd, 2 R 

and second, the addition of 	monomer unit to form a 

chain :radical,Li  g_ 

R 	M 
k
a 

This is followed by the successive steps of propagation, 
k * 	* 

M1  M -4 m2 
k * 

1-12  -1.- M -2* M3 
* 	k 	* 

or, in general, Mn-1 + M -12  Mn 



4. 

which are all assumed to have the same ra-6e constant kp, 

nceradical reactivity is presumed to be independent of 

chain length. 

The termination step involves the mutual annihilation 

of the activity of two radicals. This can take place in 

two ways. The two chains may terminate by combination. 
* * 

M 
kto Mx + 

	, .„3,„ ivix+y 

Alternatively, they may undergo disproportionation, with 

the transfer of a hydrogen atom and the forma ion of an 

unsaturated end group, 

_ * ktd 1\1x + 	Mx + M 

for example, 

-CH2- CHR + RHO -CH2- -- -CH2-CH2R + RHC=CH- 

The rate of the three steps may be written in terms 

of the concentrations (shown in parenthesis) of the 

species involved and the rate constants. The rate of 

initiation is 

Vi 
 

dates) 
 2fkd(I) 	 (1) 

where the factor f represents the fraction of the radicals 

formed by the decomposition of the initiator which are 

successful in initiating chains (most of the usual 

initiators have efficiencies between 0.6 and 1.0 for 

common monomer syotems). The rate of termination is 

Old 1 vt 	- d 	= 2kt(M*)2 	 (2) 



*, 
(M ) 

In all cases of interest, the concentration of free 

radicals becomes constant very early in the reaction, as 

radicals are formed and destroyed at identical rates. In 

this steady state corditionvi 	vt and Eels. (1) and (2) 

may be equated 'Jo solve for (IV: ) 

(fkd  (I))2  

( t 

The rate of propagation is essentially the same as the 

overall rate of disappearance ol monomer, since the 

number of monomer molecules used in the initiation step 

to produce the chain radical Ml  is small compared to chat 

used in the propagation of the polymer chains. Therefore 

7d(M), 
dt  

k
P  (m)(1\11') 	 (4) 

or, substituting in q. (3) 

(rd)  	(5) 
U P 	p (--k 	) 

This proportionality of the overall rate to the square 

root of the initiator concentration has been confirmed 

for a variety of monomers and initiators, e.g. styrene 

with benzoyl peroxide (8) 

Degree of Polymerisation and Chain Transfer 

The kinetic chain length L is defined as the number 

of monomer units consumed per active centre. It is 

(3) 

k ( 
fk

d 
 (I)
) 
 i 

= 	



o. 

therefore given by 7,
P 
 /V4 = p/vt 

	

- (2)L       (6) 2kt  

or eliminating the radical concentration by means of 

(3) 

I = 
2fkdkt 	(I)  

 (7) 

If no rea's1;lions take place other than those already 

discussed, the kinetic chain length sho-Ild be related 

to P, the degree of polymerisation: 

for termination by combination Pc  = 2L 

for termination by disproportionation pa  = I 

This is found to be true for some cases, but for other 

systems wide variations are observed. The direction of 

the deviation is such that a greater number of polymer 

molecules is formed than that predicted from the kinetic 

chain length. 

The mechanism which explains the production of 

additional molecules is that of the transfer of the 

activity of a growing chain to another molecule called the 

transfer agent. The latter becomes a free radical capable 

of adding monomer units. 

A prominent mechanism of chain transfer is the 

removal by a chain radical of a hydrogen (or other) atom 

from another molecule. This may be a solvent molecule, 



7. 

a monomer, an initiator or a polymer molecule. 

The de;ree of polymelis-ltion may now be expressed: 

"\Rate of growth P = 	L.  1- ateS of termination by all processes 

p ( /(fkd  (I) + ktrgi 	 + ktr,S (s)(M ) + 

ktr,I (1)(15
* 

where ktr,L, ktr,S, ktr,I, are the rate constants for 

the different possible equations. If transfer constants 

are defined by:- 

0/:f ./k CS trIE p ktrI  S p 	CI = ur, /k = 	- 	p 

then, assuming termination by combination, 

k 	V 	 k - 	V2 1 	t 	+ Cs 	 + 	t,  
- 	--""f 	 2 	---- (9) 

k . 
P

(T.. ) 	 fk
P
k
d

3 

The above analysis assumes that the radical formed in 

the transfer process is approximately as reactive as 

the original chaill radical. 

Two other termination reactions involving primary 

initiator radicals may also take place. 

	

+ R* 	 P 
* 	* 

R R + R 	 R1  

These processes exert an effect on the reaction kinetics 

only when the monomer concentration is low and the 

initiator concentration is high. 

(8) 



Other possible reactions which are not included 

in the simple kinetic scheme include: 

Degradation; consisting of chain fracture and the 

production of two smaller units, one of which is 

unsaturated. 

Depolymel'isati)nI the reverse of the propagation reaction. 

Re-initiation; the attacking of a dead polymer chain by 

a primary radical which extracts a small radical group 

and leaves a centre on the polymer molecule which is 

capable of propagation, leading to branching and cross- 

linking. 

1.3. Ionic Vinyl 	ymerisations 

The basic difference between the ionic and the free 

radical mechanisms is best shown by une of the most 

familiar of ionic polymerisations - that of isobutene 

induced by boron trifluoride. This mononer is quite 

unaffected by the presence of free radicals, while the 

rate of polymerisation by the metal halides is very rapid, 

even at temperature as low as -120°C. The reaction has 

a negative temperature coefficient. A free radical 

mechanism is therefore ruled out on energetic grounds 

and the generally accepted theory is that the reactions 

proceed by an ionic mechanism. Pepper (9) has provided 

evidence of the ionic nature of the reactions by showing 

8. 



that the initial rat9 of polymerisation and the molecular 

weight of the product in the polymerisation of 

4t-methyl styrene initiated by stannic chloride are both 

dependent on the dielectric constant of the medium. 

The characeri tics of ionic or poler-type 

polymerisations have received little attention in com-

parison with the free radical induced polymerisations 

of vinyl monomers. The detailed investigations of ionic 

reEctions has been hampered by rery unusual experimental 

difficulties which make the accurate reproduction of 

results, and hence the measurement of polymerisation 

rates and the formulation of kinetic mechanism, almost 

impossible. This is due in some cases to the develop-

ment of heterogenous systems involving inorganic 

initiators and organic monomers, and in other cases to 

the abnormally large effects produced by a third com-

ponent (the co-catalyst) when present even in very small 

concentration. The presence of a co-catalyst is often 

necessary for initiating the reaction (10-14). Polanyi 

et al showed that a trace of some substance other than 

the initiator (usually water), is necessary for the 

dimerisation of di-isobutene (10). The polymerisation 

of isobutene in hexane solution with titanic chloride 

as initiator will net proceed at -80°C in the absence 

9, 



of moisture, while passage of a stream of moist air 

through the soluticn is sufficient to initiate a rapid 

reaction (10) (11). On the other hand cases are known 

(15) (16, where co—catalysts are not necessary and their 

presence have no accelerating effect. The use of 

iodine as initiator, by Chalmers (15) and later by Eley 

and Richards (17) in the polymerisation of octyl vinyl 

ether, partly remo/ed the difficulties associated with 

a third component, but beca'ise of the complexes formed 

by iodine with different organic solvents (18) (19) (20), 

new problems were introduced. 

Vinyl polymerisation through ionic mechanism can 

be classified into TWO groups:— Those in which initiation 

is produced through a carbonium ion (cationic) by strong 

acids and Friedel Crafts (Lewis acid) type initiators 

such as BF
3' A1013' T- C14' SAC14' 

H2SO4' I2' 
(monomer 

responding best to cationic mechanism are those which 

contain groups promoting the release of electrons at the 

double bond, such as vinyl ethers), and those in which 

initiation is produced through a carbonium ion (anion) 

by strong (Lewis) basis such as butylmagnesium bromide, 

triphenilmothylsodium or sodium with liquid ammonia (21). 

Methacrylonitrile is a suitable monomer for anionic 

polymerisation since it contains the highly negative 

10. 
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cyano group to facilitate nucleophilic attack. The 

major portion of the work reported in the literature 

about ionic polymerisation is concerned with the car-

borium ion mechanism. 

1.3.i. The Carbonium - ion Theory 

Although the carbonium - ion theory had been applied 

to Friedel-Crafts polymerisation before the discovery of 

co-catalysis, the mechanism of the initiation step of 

the reaction was always uncertain (22) (23). In all 

cases it was assumed that the halide alone associated 

with the double bond and polarizes it sufficiently to 

start the ionic chain reaction. Houtman (24) was of the 

opinion that only in the case of the less active 

initiators would the intervention of a co-catalyst be 

essential. 

Polanyi et al (11) (l2)based their theory of the 

carbonium-ion reaction on the experimental data derived 

from the study of the polymerisation of isobutene both in 

solution and in the gas phase. According to this theory 

the first step is the formation of an acid complex 

between catalyst and co-catalyst. 

TiCl
4 
+ RH 	 TiC1 4 	' 

where RH is the co-catalyst. This acid complex then 



donates a proton to the monomer (isobutene) to form 

a carbonium ion: 

TiC14RH +(CE,)2  C=CH • 	 (CH) 	+ TiU1
4
11- 

-r 	5 	2 

Tills ion then reacts with further monomer molecules, 

each addition bringing about a shift in the position of 

the positive charge. It has been clearly shown (12) 

that a head-to-tail addition of monomer to the ion is 

the only one possible for energetic reasons. Since the 

reaction is in general carried out in a hydrocarbon 

medium of low dielectric constant, the anion, TiC1
4
R 

cannot be very much separated from the growing cationic 

end, and it has been suggested that they form an ion 

pair. Thus, the specific initiator employed retains a 

marked effect on chain growth and termination, unlike a 

free radical which loses its identity and function as 

soon as it adds to a dnJuble bond. 

Several different termination processes (25-28) 

have been suggested among which two are prominent. The 

ion pair could rearrange to yield a polymer molecule 

with unsaturated terminal, plus the original complex 

	 +C(CH3)2  + RTiC1-4,4____00H2   + HRTiC14 CH
3 

Alternatively the ion pair may decompose in such a way 

that R combines with the carbonium ion with the 

12. 
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--CH3 	
4 

 

Infrared evidence (29) favours the former mechanism; 

the initiator does not appear to combine with the 

polymer. 

As in the radical polymerisation, there is also 

the probability of a transfer reaction. Many polymer 

chains are formed for each initiator molecule present 

(14) (30), and it has recently been shown (31) that chain 

transfer to polymer can lead to branched polymers. 

Present information on carbonium ion polymerisations 

does not permit the assumption of a steady state with 

any degree of certainty (6), but it may be predicted that 

the overall rate of polymerisation will, to a first 

approximation, be a function of ki  k p /kt' and that the 

molecular weight will be proportional to kp/kt' where 

k., kp  and kt  are the reaction rate constants for 

initiation, propagation and termination. A very 

troublesome feature of the results of rate measurements 

has been the report of high orders of reactions with 

respect to monomer. :'he overall order of reaction is 

apparently dependent on the monomer concentration and, 

in some cases, on the co-catalyst concentration, Dainton 

(32) has found that for the polymerisation with stannic 

liberatfon of the iritiator, 

	 C-1-(OH) + RTiC1-4  

CH
3 

C , -R 	+ TiC1 



chloride, the following equation describes the reaction 

3 
- liq/ k(snci4

)7 (m)Y 	 dt 	 (10) 

when y increases from unity at low concentrations to 

higher values at higher concentrations, in the case of 

the polymerisation of alpha methylstyrene. Eley and 

Richards (16), using stannic chloride, silver per-

chLorate or triphenylmethyl chloride to initiate the 

polymerisation of 2- ethyl hexyl vinyl ether, found that 

the results of their work fit into a simple kinetic 

scheme, developed 

Pep-per 	(33) • 

Initiation 	C 

from that originally 

TA 	CM 

given by Eley and 

N 	k2 

Propagation M M 	N2 	) > 
k3 ) 

Mr M 	Mn + 	---> 

Termination Mn 	C k4  Mn. 

or Mn + Mn 	M* 
+ k5  

They assumed that the stationary state conditions can 

safely be applied here and concluded that the overall 

rate of polymerisation is: 
k2
7 k

3 (C) (M)
2 	 (11) 

4 
and the average molecular weight is: 

k_ (M) 
hi. . 	k 	k ( 	 ) 4 	5 - 

14. 

rate: 

( 12) 



In their work with j..dine as initiater the initiation 

steps are assumed to be, 

	

2 I2 	I+ + I; 	k1 

	

I+ + M 	I+M M 
 

k2 

which leads to an overall rate of polymerisation 

depending on the square of the iodine concentration: 

k3 = 	(I2)2(M) 	 (13) 
4 

In cationic polymerisation the efficiency of the 

initiator is dependent on the acid strength of the 

initiator - co-catalyst complex, while the efficiency 

of the initiator as termirator should be related to the 

base strength of the complex anion. The interesting 

conclusion f/om this is that the more active a molecule 

is as initiator the less active it is as terminator. 

Some investigators (34) have suggested that poly-

merisation also occurs by carbonium chains initiated by 

the anion of the initiator complex. This concept was 

introduced to explain the high early rates of initiation 

occurring in some cases. This is of dubious validity 

owing to the fact that the charge separation necessary 

for independent growth of oppositely charged chains 

appears much too great to occur in media of low 

dielectric constant. The importance of the solvent media 

150 

dt 



is shorn by the fact that changing the dielectric 

constant of the solvent from 6.5 to 18.4 increases 

the rate c)-' polymerisation of styrene initiated by 

ErCl4 by a factor of 1400. 

i 	ti The Car'oonium  -- ion Theory 

From the very little detailed work on vinyl 

polymarisations initiated, by Lewis bases, the most 

probable mechanism seems to be that formulated by 

Anderson and Hauser (35). For the polymerisation 

of styrene methyl me+hacrylate and acrylonitrile 

induced by potassium amide in liquid ammonia 

they write 

Initiation 	NH-  + CH2=CHR 	> NH2CH2riHR 

Propagation NH2(CH2CHR)n_i  CH2 HR + CH2=CHR 	 

NH2(CH2CHR)nCH27,5HR 

Termination 	NH2(C1I2CHR)n  CH2aIR + NH3 

NH2(CE2CHR)nCH2CH2R + NH2 

The rate, of the reaction was experimentally found to 

be of the form (37), 

- 
dM = k(M)2(KNH2)2 	 (14) dt 

while the molecular weight is relatively unaffected by 

the concentration of the initiator and increases with 

increase of monomer concentration, up to a limit where 

(N) = 0.3 mole/litre. In further work on the same 

16. 

(36), 



reaction (38)9  it is shown that the efficiency of the 

baso as initiator is dependent on the base strength 

and that the reactivity of the monomers corresponds 

tc the order of their strength as Lewis acids 

Acrylonitl.ile'-,- methyl methacrylate> styrene 

Alkali metals can also act as polymerisation 

initiators and were used to polymerise butadiene in 

the early method of producing synthetic rubber (39). 

The reaction mechanism is likely to be that of an 

anionic chain process. This is supported by comparison 

of the results obtained from alkali metal - liquid 

ammonia initiation with +hose obtained using known 

anionic initiators. Rigginson and Wooding (40) show 

that the rate of polymerisation of styrene in liquid 

ammonia using potassium metal as initiator, is pro-

portional to the square of the monomer concentration 

and the square root of the initiator concentration, 

ar. expected from the kinetic expression derived in 

the work with potassium amide initiation. In the 

metal-initiated reactions, it is suggested that the 

initial step is the formation of the amide (NH-2.) ion 

which is the true initiator 

2 K + 2 NR3  + CH2=CHR---* 2 K-fr  + CH3CH2R + 2 N11-2. 

17. 
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1.3.iii Summary o7 Ionic Polymerisation 

From the above evidence, one can conclude that 

conically initiated polymerisations, unlike free 

radical polymerisationst do not exhibit a very well 

defined schelae of mechanism and kinetics. The steady 

state condition which is usually assumed witn great 

reliability for free radical polymerisation to solve 

the kinetic equations can be assumed only in some cases, 

and then with reservations. Owing to the large influence 

of co-catalysts and the formation of different complexes 

the formulation of individual kinetic schemes for 

different polymerisations is preferable to attempts to 

apply a general theory covering all ionic poly-

merisations. 

1.4: 	The Effect of Pressure on Livid-Phase 

Polymerisation. 

1.4. i The Effect of Pressure on Liquid-Phase Reactions  

When a liquid system is compressed, many of its 

physical properties (density, viscosity, dielectric 

constant) are altered. Concentrations expressed per 

unit volume in a multi-component system also change; 

and since all these factors influence the rates of 

chemical reactions, it is to be expected that the appli-

cation of an external hydrostatic pressure will have an 



overall effect on reactions rates. 

During the ninteen thirties, Faltt, Gibson, 

Perrin and Williams (41-45) studied the effect of 

pressure on the rates of a number of organic reactions. 

They summarised their results by grouping reactions 

into three kinetic classes 

1. "21ow" reactions, where the reactants had a low 

collision factor A (106-109) in the Arrhenius 

equation k=A -E/RT, and which were greatly 

accelerated by pressure. 

2. "Kormal" reactions, where the reactants had normal 

collision factors (A about 1012). These were 

slightly accelerated by pressure. 

3. Unimolecular reactions, with A about 1018, which 

were retarded by pressure. 

Many theories were formulated to explain this 

pressure effect on the rate of reactions, among which 

we the suggestion that very high pressures enhance 

chemical activity by causing a change in electronic 

configurations (45), and the suggestion that the 

potential energy gained by a system as a result of an 

isothermal compression may be available as part of 

the activation energy necessary for a reaction (41). 

The first satisfactory formulation, made on the 

19. 



I)  ) - 1 	RT ' 

basis of the "transition state" theory of rate 

processes (47), was by Evans and Polanyi (48) (49) 

(50), who erived the following relationship to explain 

the effect of pressure on liquid-phase reactions: 

CO. 

(15) 

The theory of "transition state" states that a complex 

of definite geometry and free energy, in equilibrium 

with the reactants and intermediate between the 

reactant and product states, is formed; k is the rate 

constant of the reaction and .0V , the volume of 

activation, is the change of volume per mole occurring 

when the initial reactants pass to the transition 
* 

state. Evans and Polanyi dividedAV into two parts; 

. N-1, the intra-molecular volume change determined by 

the configuration of the transition state, and ,AT:, 

the inter-molecular volume change determined by the 

interaction between the solvent and the transition 

state. Assuming the solvent as a continuous 

dielectric medium to which the theory of electro-

striction be applied (51), it can be shown that the 

decrease in volume accompanying the development of a 

single electronic charge on a small spherical molecule 

is 10-30 c.c. /mole for most solvents. It is therefore 



quite possible tha±_f; will be numerically greater 

than v ,1' in reactions invo2.ving appearance or dis-

appearance of ionic charges. The question whether 

4e. orkAv
2 i the dominating term fnr a particular 

reaction will uepend on how highly developed the 

electrical charges in the transition state are and 

also on the complexity of the reactants. Because of 

the interaction of the reactants in the transition 

state with the solvent, reactions do not normally 

respond to pressure simply according to their kinetic 

order, but are grouped into 

1 Reactions whose rate determining step involves 

the creation of ionic chars.es: These are greatly 

accelerated by pressure. 

2. Reactions whose rite determining step involves 

the loss of ionic charges. These are retarded 

by pressure. 

3, Reactions whose rate determining step involves 

no charge change. These are generally slightly 

accelerated by pressure. 

It is therefore possible to predict the effect 
A ,* 

of pressure on a reaction from a knowledge ofiAv, 

and47, 2  and the expected behaviour for different 

types of reactions is listed overleaf 

21. 
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TABLE 1 

:expected Volume of Activation for Some Reactions 

Charge Reaction 	 20T, 	
E,1,79.ted 

Chance  

Unimolecular dissociations 

1. A 	X+ Y 	0 	0 

2. A --4,  X+  + Y 	increase + 	- 	_ 

Blmolecular associations 

	

5. A+ B --b- X 	0 	- 	0 	- 

4. A+  + B-  --ip. X 	decrease - 	+ 	+ 

Bimolecular exchanges 

5. A + BC --41. AB + C 	0 	- 	0 	_ 

6. A + BC --o. AB+  + C- 	increase 

7. A-  + BC --4. AB + C 	0 

8. A
2- 

+ BC --0,  AB + C 	0 	- 	+ 	+ 

Double decompositions 

9. AB + CDs AC + BD 
	0 	- 	0 

10. AB + CD 	AC + 134.  + D- 	increase + 

Pressure may also affect the reaction rate by 

increasing the viscosity of a liquid-phase system. In 

a diffusion controlled rate process, the rate constant 

kd is dependent on the diffusivity D of the reactants. 

In an ideal case of spherical molecules, the diffusivity 

is inversely proportional to the viscosity of the medium. 
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To the majority of liquids not containing OH groups 

the viscosity is exponentially dependent on the pressure 

-P and hence the approximate proportionality (kd oQ e 

J_P derived. 

From the above considerations it is seen that al-

though the chemical reaction rate may be increased by 

increasing the pressure, the physical rate process of 

diffusion is reduced so that a transition may occur to 

diffusion control. This had been experimentally con-

firmed by Hamann for +he alkaline etherification of 

ethyl bromide under very high pressures (52). The 

increase in the concentrations of the reactants due to 

increase in pressure also increases the rate of reactions. 

Liquid compressibilities are small - compressibilities 

of the order 3f 10-4 atm which decreases with 

increasing pressure are usual - so that this effect is 

relatively slight. Most liquids contract on freezing 

and increase of pressure therefore favours the pro-

duction of the solid phase. This will lead generally 

to the stoppage of reactions. 

1.4. ii The  Overall Effect ci Pressure on Polymerisation 

It was first observed by Bridgman and Conant (53) 

that high pressures increase the rate of polymerisation 

of olefins. Further work (54-57) on the thermal 



polymerisation of 'ome vinyl compounds confirmed this 

f4_nding b.u.y the effects rep.)rted -ere sometimes sur-

prisingly _Large, e,g. an acceleration of the rate of 

polymerisation of s-i,yrene by a factor of 2 x 106 at 

1500 atm (55). Mucli of the earlier work was only 

qualitative 07 semi-quantitative in nature because of 

poor purification techniques, failure to maintain 

isothermal conditions, the presence of oxygen and 

cecause reactions were taken to very high conversions, 

sometimes ap to 100%, all of which led to irre-

producible results. However, during the last decade 

accurate work has been carried out in order to explain 

the overall effect of pressure in terms of its effect 

on the individual reaction steps (58) (59) (60). 

Merrett and rTorrish (58) studied the polymerisation 

of styrene initiated by benzoyl peroxide at 60°C and 

pressures up to 5000 kg/cm2. They summarised their 

findings as: 

1. The overall rate of polymerisation is approximately 

proportional to the square root of the initiator 

concentration, the index of the power decreasing to 

about 0.40 at 3000 kg/cm2, thereafter, apparently, 

rising very slightly. 
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2. For a constan-', initiator concentration, the 

logarithp of the rate of the reaction is almost 

directly proportional to the pressure over the 

range 3000-5000 kg/cm2, but the relation is more 

complex at low pressures. With 0.043 mole benr4oyl 

Peroxide, the overall rate is increased by about 

fifteen fold at 5000 kg/cm2. 

3. The molecular weights of the polymers produced 

are increased by two to three fold, up to about 

3000 kg/cm2, thereafter remaining approXimately 

constant. 

The explanation of these effects accords with the 

general theory of the effect of pressure on liquid 

phase reactions: 

1. The rate 3f initiation, a non-polar uni-molecular 

dissociation, is retarded by pressure. 

2. The rate of propagation which involves bi-molecular 

associations is accelerated by pressure. 

3. The rate of mutual termination which depends on 

collision between large molecules is reduced by 

pressure because it becomes diffusion-controlled 

as a result of the increase in viscosity. 

Almost all the work carried out on the effect of 

pressure on polymerisation has been on those initiated 

25. 
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by free radicals. In the case of ionic polymerisation, 

the difficulties in developing techniques which will 

give reprolucible results at atmospheric pressure has 

already been mentioned. Because these difficulties 

are increased at high pressures, investigations into 

the effect of pressure on ionic polymerisations have 

not previously been made. One of the very few ex-

ceptions appears to be recent unpublished work by 

Hamann (61) on the polymerisation of iso-amyl 

ether initiated by iodine. Hamann has verified Eley's 

kinetic results for a similar polymerisation at atmos-

pheric pressure (L7) (33) (overall rate ofpoly-

merisation dependent on the square of the initiator 

concentration) but found apparent discrepancies at 

higher pressures. In bulk polymerisation under pressure 

the rate is found to be directly proportional to the 

initiator concentration and only an insignificant 

increase occurs in the molecular weight. 

1.5 Previous Work on the Polymerisation of Vinyl Ethers  

Almost all the previous work on the polymerisation 

of vinyl ethers, including the alkyl vinyl ethers, has 

been carried out at atmospheric pressure. 

Shostakovskii et al found that aru-1 vinyl ethers 

can polymerise by either radical or ionic chain 
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mechanism (62). Using benzoyl peroxide as initiator 

at 60°  and 80°C, they showed that with 7ery high 

initiator concentration (10-50 wt%), the benzoyl 

peroxide mainly plays the part of an adO.ing agent 

reactiLg at ,ha double bond of the ,Tinyl ethers (63). 

The. prodacts were of the aeylal structure 

C6H5C00(CH2CHOR)0C0C05. TII.ey showed (64) that by 

reducing the benzoyl peroxide concentration to (5-10 wt%) 

addition and polymerisation reactions occur sizaul-

taneousDy while with still lower concentrations (lower 

than 2%) low yields of viscous liquid polymers of low 

molecular weights, ranging from about 400 to 1100, are 

obtained. Ofher workers (65) (66) (67) using ionic 

initiators of the Friedel-Crafts type, tried to obtain 

high molecular weight, rubber like or crystalline 

polymers, by carrying out the polymerisation at very 

low temperatures (down to -100°C). The low temperature 

was usually obtained by carrying out the polymerisation 

in liquified organic gases such as propane, or in 

liquid SO2  which acts as an initiator as well as 

diluent. It has also been claimed recently that high 

molecular weight polymers may be obtained at about 

room temperatures by using a ferric sulphate with 

overall compositior of Fe(SO4)3. H2SO4. x1{20, where 
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x is eqaal to 3 or I- (68). In an extensive in-

vestigation of ionic polymerisation Eley et al used 

vinyl ethers, (mainly alkyl vinyl ethers) initiated 

by various cationic initiators. The results of their 

two fiis'6 pap el- ti(16) (17) in which the polymerisation 

of 2- ethyl hexyl vinyl ether initiated by iodine, 

stannic chloride, silver perchlorate and triphenyl 

methyl chloride;in solution with ether or ethylene 

dichloride, was studied at atmospheric pressure, can 

be summarised as follcws: 

1. Effect of Monomer a,nd Initiator Concentrations 

Tnis was already partly mentioned on pages 14 and 15. 

In the iodine initiation the molecular weight was found 

almost independent of monomer and initiator concen-

trations, which suggests that the transfer process is 

the most important mechanism for ending molecular 

chains and that k5  (M) 	k
4 
 in Eq. 12. In the case 

of the other three initiators the molecular weight 

was independent of the initiator concentration but 

increased with monomer concentration, slightly when 

AgC104  was used as initiator and in direct proportion 

with 8n01
4 
es initiator. In the latter case molecular 

weights up to 20,000 were obtained)becoming constant 

above a value of monomer concentration of 0.87 mole/litre. 



These markedly high molecular weights were partly 

attributed to the fact that the coordination number 

of tin is six and hence it is possible that Sn01
4 

may 

start two chains simultaneously, 

OR 
• 

--CH-CH2 

Cl 

Cl 

Cl 

n 

01 

OR 

CH2-CH-- 

Tnis is supported by the analytical result which shows 

that each polymer molecule contains two double bonds. 

But owing to the fact that the molecular weights are 

much more than twice those obtained with iodine or 

silver perchlorate, a large part of the increase in 

molecular weight is thought to be due to the reduced 

importance of transfer effects, i.e. k4 	k5(M) in 

12. 

2. Effect of Temperature: Eley and co-workers also 

found that the rate of polymerisation increased with 

temperature as shown overleaf 
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TABLE 2  

L;f2ect of Temperature on the Rate of Polymerisation 

of 2- ethyl hexyl vinyl ether at one atm. 

30. 

Telerature 

1 
7tT x 103  1 

ILE 
Rate  

Activation 
Energy 
Kcal Atole 

  

iodine 

1. In ethylene dichloride 
solution 

3.19 -.2.40 

3.00 - 1.65 16 

2. In petrol ether 
solution 

3.45 - 2.80 

3.10 - 2.04 10 

SnCl. initiation in petrol 4 	
ether solution 

3.32 - 2.80 

2.80 - 1.60 10 

The LLoJ.ecular weights however decreased with 

increasing temperature: 

TABLE 3 

Effect of Temperature on the Molecular Weight3 of 

2- ethyl hexyl vinyl ether at one atm. 

Temperature 	Molecular 
00 	Weight  

Iodine Initiation 

1. In ethylene dichloride 25 1050 
solution 56 640 

2. In petrol ether solution 25 1800 
48 1000 

SnC14 initiation in petrol ether solution 25 6000 
60 1000 
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'Effect ^ ' Dielectric Constant of Solvent: A most marked 

increase in the rate constant resulted when the dielectric 

constant of the solvent was increased. The relationship 

is approximately exponential: 

TABLE 4  

Effect of Dielectric Constant on the Rate of holy-

meiisation of 2- ethyl hexyl vinyl ether initiated by 

iodine at one atm. 

Dielectric Constant Rate Constant 

2 D 0.3 x 109  12mole-2  min-1  

10 D 147 x 109 !I 

Effect of Added Inhibiors: This was investigated with 

iodine initiation and it was found that the addition of 

peroxides, such as benzyT- or vinyl ether peroxide, lead 

to a marked induction period and the lowering of molecular 

weight of the product from runs taken to 100 	conversion. 

Butyl alcohol in amounts up to 0.2 m.mole/litre had a 

similar effect but above this concentration the induction 

period decreased to zero and a very rapid reaction set in. 

Such a combination of increase in rate and decrease in 

molecular weight suggested that butyl alcohol acts as a 

transfer agent from growing chain to a monomer. 

Effect of Addition of Water: The addition of water was 

found to have no effect on the reaction initiated by SnCl4, 



while a iliarked acceleration resulted in the case of 

Age104  initiation, especially at low iniliator con-

centrations. 

TABLE 5 

-.±:_fect of JIddit-ion of Water on the Rate of Poly-

merisatJ,on of 2- ethyl hexyl vinyl ether initiated 

by AgC104  at one Atm. 

Initiator 	Monomer 
Concentration 	Concentration 

	
H 0 	Rate  x 103  ,2 m.mole/litre 	mole/li re 	m.mo±e/li tre 

76.3 

0.066 

0.088 

3.6 

0.3 

0.3 94 

0 

0.26 

0.35 

1.11 

158 

This was attributed to the simultaneous initiations: 

AgC104  + ROCH=CH2 	 ROCH=CH2Ag0104  

H2O. AgC104 + ROCH=CH2 	RO+CH-CH3 
 + H0AgC10

4 

Two main points were investigated in the third 

paper (69). The first was the effect of the side chain, 

'R, in CH2=CH0P on the rate constant of iodine-initiated 

1.  

polymerisation. The following 

TABLE 6 

results were obtained: 

Rate Constant Side Chain -R 

Cyclo-hexyl 22,000 

2.  Iso-butyl 1,900 

3.  2- ethyl hexyl 1,000 

4.  n - butyl 1,800 

5.  ethyl 1,900 

6.  2- chloroethyl 90 
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It ;seems clear that the rate is greatly increased 

to 244 times) by an increase in the electron-

repelling p2operties of the side chain in the series 

2- chloro ethyl - 'eyclo-hexyl. The exact order of the 

middle group, tie members of which lie rather close 

together so far as their inductive effect goes, may be 

influenced by sterric factors. In the same series it 

was found that the molecular neigh also increases by 

a factor of 3-4 which is negligible compared to the 

increas in rate constant. 

The second point investigated, which is of most 

imporance to this work, was the dependence of the rate 

on (M), the monomer concentration, as this approaches 

its highest values. As previously stated, for the lower 

values of (M), the rate follows the relationship, Rate = 

k(M)(I2' )
2 ' almost without deviation and the rate then 

reaches a maximum value at a certain value of (M). 

Elcy et al have assumed that a part of the iodine is 

bound in a complex with the monomer which is inactive in 

initiating polymerisation. Two such complexes were 

postulated, the one between the iodine and the ether 

oxygen atom, and the second, between iodine and the 

ethylenic double bond. The concentration of the inactive 

complexes is assumed to increase with (M) and with an 

increase in the electron repelling properties of the group. 
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I.6. Scope of the  Worh 

It is clear that in general there have been 

relatively few kinetic measurements on ionic poly-

merisation, in marked contrast to the weslth of data 

availabae for fee radical polymerisation. The poly-

mr,, isation of vinyl alkyl ethers has been inv estigated 
by several workers at atmospheric pressure with free 

radical as well as ionic initiators, but very little 

information has been published about the influeAce of 

high pressures on this polymerisation- 

The object of the work described in this thesis 

was to investigate the gereral effect of high pressures 

on the free redical and ionic polymerisations of alkyl 

vinyl ethers, and to find out the changes occurring, 

if any, in the kinetics of the ionic mechanism. 

Yith free radical initiation, a preliminary 

investigation into the polymerisation of alkyl vinyl 

ethers under pressure was carried out. This included 

changes in monomer (ethyl, n-butyl, iso-butyl), in 

initiator (benzoyl peroxide, AIBN), in initiator con-

centration (8, :3, 0.1_wt. %), in temperature (75°, 

50°0 and in time (ranging from 2 to 25 hours). 

Iso-butyl vinyl ether initiated by benzoyl peroxide 

at 75°C was used to study the effect of pressure 
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between I and 10,000 atm. on the rate of poly-

merisation. Nolecular weights were measured to study 

the effect of changes of temberature;pressure and 

initiato-,2 concentration on the molecular weight. 

In the ionic polyterisation iso-butyl vinyl ether 

initiated by iodine was used to study the dependence 

of rata on pressure and on initiator concentration 

(at 10,000 and 5,000 atm. at 75°C and at one atm. 

at 75°9 350  , (1.0°C). This part of the work also 

included a spectroscopic study of complex formation in 

the iso-butyl-iodine-benzene system; an examination 

of a new initiator, patented by the Goodyear lyre and. 

Rubber Colapany, with which high molecular weight, 

rubber-like polymers are obtained from alkyl vinyl 

ethers at atmo$pheric pressure, and an investigation 

of whether iso-butyl vinyl ether freezes at 75°C in 

the pressure range employed in this work. 

Choice  of Monomer for Kinetic Studies 

From the three monomers used in the preliminary 

investigation, the iso-butyl vinyl ether was chosen 

for detailed study for the following reasons: 

1. 	It has a boiling point of 82.9°C in between that 

of ethyl- (35.5°C) and n-butyl- (93.5°C) compounds. 

The low boiling point of the ethyl vinyl ether 
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world have caused difficulties in handling in 

the high pressure runs at 75°C, and the higher 

temperature of the n-butyl vinyl ether would have 

mads it more difficult to evaporate the monomer 

from the rJaction mixture at the end of a run. 

2. 	It is known (70) that alkyl vinyl ethers with 

branched groups yield polymers (f higher molecular 

weight than those with unbranched groups, 

The rate of polymerisation is convenient t') 

follow at the conditions used. 

Choice of Iodine as Initiator 

Previous work on the kinetics of the ionic poly-

merisation has shown that iodine initiation gi-es 

satisfactorily reproducible results. The iodine, which 

causes a very rapid polymerisation if added as solid, 

is usually used in solution, preferably in the same 

solvent in which the polymerisation is taking place. 

However, owing to the limited volume of the high 

pressure reaction chamber, the investigation was con-

fined to bulk polymerisation, without a solvent. The 

iodine was added in benzene solution, as benzene is 

known to have no effect on the polymerisation of n-butyl 

vinyl ether (33). The amount of benzene present did 

not usually exceed 0.5% by weight of the reaction mixture. 



SCTION II  

II 1. 	ID aratus 

II 1. i.High Pressure .A4.ipment 

The high pressure reaction vessel used in this 

work and its ancillary equipment are shown diagram-

matically in Fig 1. 

The high pressure reaction chamber C is an auto-

frettaged monobloc of Vibrac V45 steel capable of with-

standing internal pressures up to 20,000 atm, sealed at 

both ends by hard rubber Foulter packings. Pressures 

up to about 1000 atm can be generated inside the reaction 

chamber by direct transmission from a hydraulic hand 

pump through the side inlet S (-Liquid Paraffin (B.P.) 

is used throughout as the pressure transmitting fluid). 

For higher pressures an intensifier I is used. Pressure 

is then transmitted to a piston of 2.5" diameter, 

moving in the intensifier cylinder, and obturated by a 

Bridgman unsupported-area packing. The thrust on this 

piston is passed through a thrust block and a thin 

copper washer to a 0.6" diameter piston which moves in 

the lower part of the reaction chamber and is obturated 

by the lower Poulter packing. The thrust block and 

washer serve to take up any slight difference in align-

ment between the two pistons. The ratio of the cross-

sectional areas of the two intensifier pistons is 17.23:1 
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giving en approximately sixteen fold pressure 

intensification after allowance is made for losses due 

to friction of the piston packings and the very small 

changes in the relative areas of the pistons due to 

elastic compression. The upper end of the reaction 

chamber is closed by means of a steel "mushroom-head" 

hold down on top of the sealing rubber packing by a 

screw plag. The reaction chamber and the intensifier 

cy]inder are connected together hr means of a sleeve 

and both are shown in detail in Fig. 2. The main 

dimensions of the vessel are as follows: 

length of reaction chamber 19.8" 

Overall length 30.6" 

Outside diameter 6.0" 

Bore 0.6" 

Connections to the pump and to a pressure gauge are 

with 1" 	e dia. stainless steel tubing. 

'The reactants are contained in a P.T.F.E. tube 

of about 	length, i" O.D. and 1/32" wall thickness. 

The ends are closed by plugs turned down to size from 

a rod of the same material. The pressure is trans-

mitted directly through the tube walls. This tube is 

held inside the reaction chamber in a steel bucket with 

sufficient clearance to allow rapid transmission of 
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pressure. The bucket is fitted with a bowed sprung-

steel attachment to hold it firmly at any desired 

height within the reaction chamber and with a hook at 

the top to assist removal. The bucket and the reactants 

tube are shown in Pig. 3. 

The expelimental pressure is measured on the low 

pressure side of the intensifier by a standard Bourdon 

tube test gauge G. The readings of this instrument and 

the intensifier ratio were checked against a primary 

free piston gauge in order to determine the true working 

pressures. The recorded pressures taken from the gauge 

readings, a allowing also for the slight fluctuations 

in pressure during a run, are estimated to be accurate 

within 1% at about 5000 atmospheres. This is adequate 

in view of the magnitude of the effect measured. 

The reaction vessel is heated by a 440 Watt radiant 

heating jacket. Two separate windings are arranged to 

give more uniform heat distribution along the length of 

the reaction chamber by compensating for heat losses 

into the intensifier. The heating element is controlled 

by a sliding contact mercury regulator and a Sunvic hot-

wire relay. This arrangement gives a temperature control 

of about + 0.100. In addition, the whole apparatus is 

enclosed within a boiler-plate steel. cabinet, which 
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FIGURE 

GENERAL LAYOUT OF APPARATUS 
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although designed prl_mprily to protect against possible 

cf parts of the equipment, helps to minimise 

the effect cf changes occurring in the external 

temperature® A temperature gradient exists along the 

length of the reaction chamber owing mainly to the 

losses from the chamber to the intensifier block. The 

inaccul.acy caused by this gradient in the desired fixed 

temperatua:e was reduced to a negligible minimum by 

selecting that section of the reaction chamber along 

which the smallest gradient exists. It is estimated 

that the overall error in temperature measurement was 

0.0°C and whenever the difference in the working 

temperatule before and after a run exceeded this value, 

the results of that run were considered unreliable. 

The major source of trouble in the high pressure 

equipment was the moving Poulter packing which seals 

the piston. While the packing is passing the side 

inlet (S) it tends to extrude and a deep groove is 

formed on its surface: After a. few runs (about six 

in the beginning of this work and about three at the 

end), the groove stretches along all the length of 

the packing, causing a pressure leak. This necessitated 

dismantling all the apparatus after few runs to change 



the packing. The use of moulded instead of extruded 

packings and lapping the interior surface of the 

cylinder he]ped to prolong the useful life of the 

packings. 

1I.1. ii Atmoulaeric Pressure Ilpment  

Experiments at atmospheric pressure were carried 

out in 10 ml. amber glass ampoules. After the ampoule 

waJ charged with the reactants it was sealed and placed 

in a thermostat at the appropriate temperature. Two 

sorts of thermostats were used. The first, for experi-

ments carried out at 0°C, was a large Dewar thermos 

flask inside which the temperature is controlled by the 

use of a nixture sf pure distilled water and crashed ice. 

A stirrer was used tc ensure a uniform temperature 

throughout. The second thermostat, for experiments at 

higher temperatures, was a constant temperature, stirred 

oil bath. The bath was heated by a 100 Watt electric 

lamp controlled by a conventional mercury therms-

regulator and a Sunvic hot-wire relay. This arrangement 

gave a temperature control of ± 0.1°C. 
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11.2 Materials  

Alkyl Vinyl  Ethers 

Ethyl, n-butyl and iso-butyl vinyl ethers were 

supplied by Eastman Kodak. Before use they were washed 

free of inhibitor (t-butyl catechol) by shaking them 

in a separating funnel with an equal volume of alkalined 

water of a PH greater than 8 	(distilled water 

with KOH). The washing was repeated several times until 

the volume of the ether remained constant. The washed 

monomer was then dried by storing in contact with solid 

KOH for 24 hours. Traces of alcohols and other im-

purities were removed by heating under reflux with 

metallic sodium wire. The ether was distilled in an 

atmosphere of oxygen-free nitrogen, n-butyl and iso-butyl 

were distilled under vacuum (51 mm Hg, 77 mm Hg at 25°C 
respectively) and the more volatile ethyl ether under 

atmospheric pressure at 35.5°C, and the first and the 

last 20% were rejected. The vinyl ethers were stored 

at 0°C and usually used within five days from their 

distillation, otherwise fresh batches were prepared. 

Benzoyl Peroxide (Bz2021: 

Benzoyl peroxide was supplied by (B.D.H) and was 

purified by precipitation from chloroform solution 



with cold methanoL The precipitated benzoyl peroxide 

was filtered off, dried under vacuum, ard then kept 

in the dark in a vacuum desiccator. Fresh material 

was prepared at regular intervals. 

Azo-bis-iaobonitrile (AIBN) 

This initiator was supplied by Eastman Kodak and 

purified by fractional crystallisation from a saturated 

solution in chloroform. The crystalline product was 

filtered, dried and kept under vacuum. 

Iodine 

Resublimed iodine was supplied by Hopkin and 

Williams Ltd, No further purification was carried out. 

Benzene 

Benzene for use in molecular weight aeterminatfon 

and as a solvent foriodine was supplied by Hopkin and. 

Williams Ltd. No further purification was carried out. 

11.3. 	Procedure 

11.3.i. Preparation of Reaction Mixtures 

Reaction mixtures having the desired (C)/(M) ratio 

were prepared by weight in a suitable weighing flask. 

With free radical initiators an approximate amount was 

accurately weighed in the flask and the amount of 

monomer needed to make up the desired concentration was 

46. 



added. In the case of iodine which is a very fast 

initiator for bulk polymerisation of the vinyl ethers 

the most sujtable method of addition was in benzene 

solution. At the lower ratios of (C)/(M) (0.001-

0.030 m.mole 12/mole monomer) a 1% 1.):y weight solution 

of iodine in benzene was used, while at the higher 

ratios (0.125-0.600 m.mole T2  /mole monomer) a 10% wt. - 

solution was used. 

Polymerisation Procedure (2Leration of the 

High Pressure Apparatus. 

After thorough mixing of the reaction mixture, a 

sample was poured into the reaction tube and the 

stopper inserted. After a check to ensure the absence 

of an air bubble, the reaction tube las placed in the 

steel bucket and both inserted into the high pressure 

reaction chamber, which was already filled with oil and 

at the required temperature. With valve A (Fig. 1) 

opened and valve B closed the hard rubber Poulter 

packing was inserted into the bore of the vessel, the 

mushroom-head set in position on top of it and the screw 

plag turned down until hand tight. After noting the 

time, pumping was begun. After reaching a pressure of 

about 1000 atm. the intensifier was brOught into 
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operation by closing 1,alve A and opening B. Pumping 

was continued at s controlled rate until. the desired 

exo rimental pressure was reached. Valve B was then 

closed and the time required fur pumping recorded. 

At the conulusion of the rum anu after noting -uhe 

time, the vesel pressare INas slowly released, first 

through valve B, to restore the intensifier piston to 

its original position, and then through valve A. Time 

was again noted; the steel screwed plag teas removed 

wdth a spanner, and the Youlter packing ejected by 

pumping it out with a few strokes of the pump (valve 

A opened, B closed). The bucket was removed and the 

temperature -,decked 15 minutes la Ter. 

II.3.iii Separation of Polymer 

After removal from the reaction vessel, the 

reactants were poared into a weighed 25 ml Erlenmeyer 

flask which was re-weighed. To purify the polymers, 

attempts were made first to precipitate them. This 

was found to be most difficult since they were viscous 

liquids readily soluble in most organic solvents. 

Consequently, a method of applying Vacuum to pump off 

the remaining unreacted monomer or other volatile 

substances was used. In the case of free radical 

48. 
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initia+ion, vacuum. was applied, immediately to remove 

the unreacted monomer, first at 60°C and 15 mmHg 

pressure for 2 hours and then at room temperature and 

2-3 mmHg pressure for 24 hours, (a period found to be 

enough 	brin, the polymeric residue to constant 

weight). In the case of iodine initiation, it was 

first necessary to destroy the remaining iodine. This 

was done by mixing and shaking the reactants with N/100 

sodium thiou1 te solution. The polymer solution was 

separated by sucking out the thiosu te solution with 

a very fine pipette. It was found that greater accuracy 

vas achieved in this operation if the polymer solution 

was diluted to about twice or three times its volume 

(depending on the expected molecular weight) with 

benzene, befoie being mixed with the thinsu 	te solution. 

The removal of the unroacted monomer and the added 

benzene was carried out, as in the case of free radical 

initiation, by vacuum. 
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II.3.iv Molecular wejOat Determination 

except for products of polymerisation at 

atmospheric pressure initiated by hydrated ferric 

sulfate, all polymerisation products were Viscous 

liquids with lcw molecular weights. These were deter- 

mined cryoscopically by the method outlined by Bonnar 

et a] (71). This involves the measurements of the 

depression of the freezing point of "Molecular eight" 

Benzene solvent containing a known amount of polymer, 

the determination operation being repeated with different 

concentrations of po]yTer. A plot 	the calculated 

molecular weights vs. concentration usually yields a 

straight line, the extrapolation of which to zero con-

centration gives the true value of the molecular weight. 

In this study it was found that a non,-linear relation-

ship was obtained, presumably because of the random 

distribution of the molecular weight in the sample, and 

it was decided that a sufficiently accurate indication 

of the molecular weight could be obtained by measurement 

at a single concentration of polymer in the benzene 

solution. 

The cold reservoir was adjusted to the operating 

temperature which generally is about 500 below the 



freezing point of the pure solvent. With benzene as 

sol,Tent, this temperature was conveniently attained by 

filling the reservoir with chopped ice with water 

sufficient to cover the ice. This gave an adequate 

temperature differential so that at the freezing point 

of the solvent the temperature of the charged cryoscope 

tube dropped at a rate of 0,2 - 0.25°C per minute. 

The cryoscope tube was charged with a known weight 

of solvent, followed by about 1 gr. 4.1 desiccant; the 

stirrer and the thermometer were inserted and the tube 

placed in the cannel cf the cold reservoir. nen the 

temperature had fallen down to about 0.5 - 1.0°C above 

the freezing point, continuous observation of the 

thermometer was begun and the cooling rate noted. As 

soon as the temperature had fallen to 0.5°0 below the 

freezing point, the solvent was seeded by contact with 

a chilled pointed wire, and the maximum temperature 

attained during freezing was recorded. The solvent was 

remelted and warmed to about 1 - 1.500 above the 

observed freezing point to ensure that all crystals 

of the solvent are melted and that no local cold spots 

remain and the procedure was then repeated until three 

successive results not differing by more than 0.003°C 
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were obtained. The freezing points of polymer-benzene 

solutions of a known concenlration were eletermined 

similarly. The freezing point depression, G, (Q='o-t, 

where to is the initial freezing point of the solvent 

and t is that of the solution) was then used to calculate 

the molecular weight, from the formula 

Molecular eight= 1000 Kw 

where w and ff are the weights of the polymer sample and 

benzene respectively and K is the cryoscopic apparatus 

constant, determined from measurements with a standard 

solute of known molecular weight, in this case diphenyl. 

This constant was found to be equal to 5.75. 

II.3.v Determination of the Compression Curve for 

iso-Butyl Vinyl Ether at 75°C. 

In an attempt to find an explanation for the reduced 

rate of polymerisation above about 6000 atm. (see results 

and discussion), it was decided to investigate the 

possibility of pressure-freezing in the system. The 

monomer examined was iso-butyl vinyl ether, a sample of 

which was enclosed in a P.T.F.E. tube inside the pressure 

vessel at 75°C. Quinol was added (0.2 mole%) to the 

monomer to prevent thermal polymerisation. Small 
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increments of pressure were then 

through the intensifier, and the 

fiducial mark on the intensifier 

observed through a cathetometer.  

applied by pumping 

position of a 

thrust block was 

Sufficient time was 

53. 

allowed to ela7Dse for the heat of compression to be 

dissipated before the pressure and the corresponding 

intensifier height were observed. 

II.3.vi Experiments with the Hydrated Ferric 

Sulphate Initiator. 

The initiator, (Fe2SO4)3. H2SO4  x H2O, where x 

is equal to 3 er 4, was prepared by heating for 4.5 

hours at 80°C, 20 grams of ferric sulfate hexahydrate 

with 100 ml of concentrated sulfuric acid. The mixture 

was then cooled and the initiator precipitated with 

diethyl ether. The solid was filtered, washed with 

diethyl ether and dried under vacuum at room temperature. 

This initiator was used with iso-butyl vinyl ether in 

solution in pentane in the following proportions: 

Initiator - 0.034 gram; Monomer - 50 ml; Solvent - 200 ml 

The reactants were kept at 34'-)C, at atmospheric pressure, 

in a flask with reflux and were stirred continuously for 

20 hours. The rubber-like polymer was then separated 

by precipitation with a water-methanol mixture and dried 

under vacuum at room temperature. 



SECTION III 

-A2s2erimen4-al Results and. Calcultions 

III. 1 Polymerisation with Free Radical Initiation 

III.1.i The Effect of Initiator - Concentrations: 

High concentrations of Benzoyl peroxide, (8 and 

3 wt.%), were used to initiate the polymerisation of 

n-butyl and iso-butyl vinyl ethers at 10,000 atm. and 

75°C. The results are shown in Table 7. Comparatively, 

fairly high conversions to sticky liquid products of 

low molecuiar weight resulted. Higher molecular weights 

and lower conversions were obtained when the concen-

tration of oenzoyl peroxide was reduced to 0.1 wt.%. 

The results for etnyl vinyl ether, (table 8), and iso-

butyl vinyl ether, (table 9), show that the molecular 

weights tended to increase with time, and that molecular 

weights of up to 9400 were obtained. 

AIBN (0.1 wt %) was also used to initiate the 

polymerisation of ethyl and iso-butyl vinyl ethers, 

(tables 8 and 9). Almost similar results to those with 

benzoyl peroxide were obtained with ethyl vinyl ether, 

but lower conversions and higher molecular weights 

resulted in the case of iso-butyl vinyl ether. Fig. 4 

shows these results graphically. 
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TO31,413 7 

Monomer 	UUDB 1-10, n-butyl vinyl ether. 

- 'Runs 11-14, iso-butyl vinyl ether 

imdtiator - Benzoyl Pexoxide. 

Pressure 	- 10.000 atm. 

Temperature - 75°C 

55, 

Run 	Injtiator Conc, 
No.  

8 

	

2 
	

8 

	

3 
	

8 

3 

	

6 	3 

	

7 	3 

	

a 	3 

	

9 	3 

	

10 	3 

11 

	

12 
	

8 

8 

	

14 
	

8  

Time Corivercion Molecular 
Hours 	Wet,c,ht 	Weight 

	

5 	 17.95 	397 

	

10 	25.10 	465 

	

15 	27.32 	419 

	

20 	27.15 	484 

	

25 	29.16 	437 

	

5 	6.38 	:;75 

	

10 	9.11 	391 

	

15 	14.05 	462 

	

20 	14.24 	499 

	

25 	16.28 	454 

	

5 	16.76 	455 

	

1. 	18.72 	4C9 

	

15 	21.96 	381 

	

25 	25.88 	433 



T.;,BLE 8 

Monomer 	- Ethyl vinyl ether 

Initiator 	- Ruis 15-20 Benzoyl peroxide 

Runs 2-26 AIBN 

Initiator Cone - 0.1 wt % 

Pressure 	- 10,000 atm. 

Temperature 	- Runs 20, 26 at 50°C 

Bun 
No. 

Time 
Fours 

All others 	at 75°0 
Conversion 
Weight % 

Molecular 
Weipt 

15 5 5.34 1547  

16 10 3208 9.48 

17 

18 

15 

20 

9.60 

10.80 

3540 

4422 

19 25 10.70 6026 

20 25 2.99 1341 

21 5 6.27 2093  

22 10 8.78 281 

23 15 10.40 4454 

24 20 10.47 5767 

25 25 11.71 8080 

26 25 1.06 410 
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TABLE 9  

Monomer 	- Iso-butyl viryl ether 

Initiators 	Runs 27-32 .AIBN 

Runs 33-50 Benzoyl peroxide 

Initiator Conc. - 0.1 wt. % 

'2emperature 	- Runs 32, 37 at 50°C 

All others at 75°C 

Run 
No.. 

Pressure 
Atm. 

Time 
Hours 

Conversion 
Ilrei ht 	% 

Molecular 
Weight 

27 10000 5 3.64 1888 
28 10000 11 6.4.8 2164 
29 10000 15 7.90 6265 
30 10000 20 11.15 7645 
31 10000 25 13.39 9434 
32 10000 25 0.89 831 
33 10000 2.5 3.52 1256 
34 10000 5 6.31 1670 
35 10000 7.5 9.65 2410 
36 10000 10 13.71 2968 
37 10000 25 1.36 485 
38 7000 2 3.71 915 
39 7000 4 6.50 1403 
40 7000 6 10.46 1362 
41 5000 2 2.76 1042 
42 5000 4 5.70 985 
43 5000 6 9.65 1267 
44 2500 4 2.02 743 
45 2500 6 3.26 896 
46 2500 8 4.32 875 
47 2500 10 4.87 1108 
48 1 5 0.50 466 
49 1 10 1.32 540 
50 1 20 2.62 623 
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III.1.ii The Effect of Temperature 

The effect of temperature on the polymerisation 

was studied by reducing the temperature from 75°  to 50°  C. 

At 50°C the rate of polymerisation of ethyl vinyl ether 

(initiated by benzoyl peroxide and the molecular weight 

of the product were only about one quarter of the values 

at 75°C (Run 20). A greater decrease, to less than one 

tenth of the rates and molecular weiLJats at 75°C occurred 

in the polymerisation of the same monomer initiated by 

AIBN (Run 26) and in the polymerisation of iso-butyl 

vinyl ether initiated by benzoyl peroxide (Run 37) and 

AIBN (Run 31 and 32). From these runs and the corres-

ponding ones at 75°C, the following approximate overall 

activation emerges and frequency factors (A in the 

Arrhenius equation k=Ae-L/RT)  at 10,000 atm. were 

calculated. 
Table 10  

Approximate Activation Energies and Frequency 
Factors of the Overall Polymerisation Reaction at 10000 
atm. 

Frequency 

Factor 

Ethyl Vinyl Ether Bz202 19 4 x 107 14 
Ethyl Vinyl Ether AIBN 30 4 x 10 

Iso-butyl Vinyl Ether Bz202 28 5 x 1013 

Iso-butyl Vinyl Ether AIBN 24 3 x 1010 

Monomer Initiator 

Activation 
Energy 

Kcal/mole 



The Effect of Pressure 

The effect of pressure on 	rate of poly-

merisation and the molecular weight of the product 

was investizated for iso-butyl vinyl ether with benzoyl 

peroxide as initiator (0.1 wt (;) at 7500. From table 9 

graphs of the 	conversion vs. time were constructed 

and rates of polymerisation obtained from the slopes. 

These rates, and the molecular weights from polymer-

isationslasting 5 hours, (some of which are interpolated 

values, shown with star), are shown in table 11 and 

Fig. 5. The molecular weight is almist directly pro-

portional to the pressure, while the rate of poly-

merisation at first increases almost exponentially with 

pressure, but passes through a maximum 	about 6000 atm 

at which it is about 16 times greater than at 1 atm, and 

then decreases with pressure. 

Table 11 

Effect of Pressure on the Polymerisation of Iso 
Butyl Vinyl Ether Initiated by Denzoyl Peroxide at 75°C. 
Pressure 	Rate 	Yiolecular ieight 

	

atm 	Conversion (wt%)/hour 	After 5 hours 

	

1 	0.11 	 466k 
 

	

2500 	0.51 

	

5000 	1.53 

	

7000 	1.70 
1.34 	

Tg* 

	

10000 	 1670 
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FIGURE 5  

RAT ES AND MOLECULAR WEIGHTS OF Bz2.02  
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111.2. Polymerisation With Ionic Initiation 

The polymerisation of iso-butyl vinyl ether initiated 

by iodine was used in a study of the effect of pressure 

on the ionic polymerisation of alkyl vinyl ethers. Results 

obtained at high pressures are classified in tables 12, 

13, 14, aid those of atmospheric pressure runs are 

olL,ssified in tables 15, 16, 17. 

Lonomer 

Initiator 

Pressure 

Temperature 

Table 12  

T - ,_so-butyi Vinyl 

- Iodine 

- 10000 atm. 

- 75°C. 

2,ther 

Run 

lio. 

Iodine Conc. 
m. mole/ 

mole monomer 

Time 

Hours 

Conversion 

"eight % 

Molecular 

Weight 

51 0.030 1 5.32 982 
52 0.030 1.5 6.48 949 
53 0.030 2 10.03 1291 
54 0.030 3 12,14 1140 
55 0.015 1 3.54 1024 
56 0.015 2 5.61 1058 
57  0.015 3 8,02 1212 
58 0.015 4 9.52 1456 
59 0.015 5 12.81 1132 
60 0.005 1 2.18 1081 
61 0.005 2 3.21 1504 
62 0.005 3 4.22 1448 
63 0.005 4 6.27 1965 
64 0.005 6 8.00 1807 
65 0.005 8 10.05 1366 
66 0.001 1 1.36 2014 
67 0.001 2 1.98 2193 
68 0.001 3 2.88 1847 
69 0.001 4 3.16 1964 
70 0.001 6 4.68 1753 
71 0.001 8 6.22 2204 
72 0.001 10 7.03 2315 



TABLE 13 

,-)nomer 	- Iso-butyl vinyl ether 

Initiator 	- Iodine 

Initiator Cone. - 0.015 m. mole/mole monomer 

Temperatre 	- 75°C 

Run Presure 
am. 

Time 
Hours 

Conversion 
weiuht 

7:3 7000 1 4.74 

74 7000 2 7.73 

75 7000 3 9.95 

76 7000 3.5 11.12 

77 2500 1 3.42  

78 2500 2 5.91 

79 2500 3 7.68 

80 2500 4 10.62 

81 2500 5 13.63 
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TABLE 14  

Mwnomer 	Iso-butyl vinyl ether 

Initiator 	- Iodine 

Pressure 	- 5000 atm. 

Temperature - Runs 86, 87, 92, 93 at 50°C 

Ruu 

No. 

All others at 75°C 

iodine Conc. 	TiLie 
m. mole/ 

mole monomer 	Hours 

Conversion 

Weight % 

holecular 

Weight 

82 0.015 1 4.24 858 

83 0.015 1.5 6.35 950 

84 0.015 2 8.52 1210 

85 0.015 2.5 11.38 1058 

86 0.015 5 i-.85 1655 

87 0.015 10 8.92 1830 

88 0.010 2 4.11 887 

89 0.010 3 6.75 992 

90 0.010 4.5 9.31 1250 

91 0.010 6 11,48 1218 

92 0.010 5 3.48 1683 

93 0.010 10 6.53 1794 

94 0.005 2 1.80 862 

95 0.005 3 2.32 1026 

96 0.005 4 3.61 1213 

97 0.005 5 3.95 1561 

98 0.005 6 5.68 2068 

99 0.005 7 5.56 1609 

100 0.005 8 6.34 1985 
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TABLE 15 

Lonomer 	iso-butyl vinyl ether 

Initiator 	- Iodine. 

Pressure 	- Atmospheric 

Temperature 

"Eun 

No. 

101 

102 

103 

Iodine Oonc. 
m. mcle/ 

mole monomer 

Time 

Hours 

2 

4 

6 

Conversion 

\reiht 	ci;) 

Molecular 

7eight 

0.025 

0.025 

0.025 

3.42  

5.71 

8.68 

- 

- 

- 

104 0.025 8 10.03 - 

105 0.015 2 1.26 798 

106 0.015 4 2.17 934 

107 0.015 6 2.81 1228 

108 0.015 8 4.17 1484 

109 0.015 10 4.38 1356 

110 0.015 15 7.51 1640 

111 0.015 20 10.35 1522 

112 0.005 10 0.82 1235 

113 0.005 15 1.04 886 

114 0.005 20 1.62 1652 

115 0.005 40 2.88 1972 
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TABIE 16 

Monomer 	Iso-butyl vinyl ether 

Initiator - Iodine 

Pressure 	- Atmospheric 

Temperature - 35°C 

Run 
To. 

Initiator Conc. 
m.mole/mole 

Time 
Ho=s 

Conversion 
Weight % 

116 0.400 1.5 5.13 

117 0.400 2 8.27 

118 0.400 3 11.34 

1)) 0.300 2.5 5.22 

120 0.300 3.5 8.20 

121 0.300 5 11.21 

122 0.300 3 2,61 

123 0.200 5 4.39 

124 0.200 7 6.23 

125 0.200 8 6.78 
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'iionomer 

Initiator 

i'ressure 

Temperature 

TABLE 17 

- Iso-butyl vinyl 

- Iodin 

- Atmospheric 

- 0°0 

ether 

67. 

Run 

No, 

Iodine Conc. 
m. mole/ 

mole monomer 

Time 

Hours 

Conversion 

Weight c/0,  

126 0.600 2 6.16 
127 0.600 2.5 7.35 
128 0.600 3 10.51 
129 0.550 2 4.80 
130 0.550 3 7.85 
131 0.550 4 9.47 
132 0.500 3 5.05 
133 0.500 4 7.24 
134 C.500 5 8.81 
135 0.500 6 9.82 
136 
137 

0.375_
0.37 

4 
5 

3.89 
5.21 

138 0.375 6.25 6.33 
139 0.375 8 8.12 
140 0.250 4 1.84 
141 0.250 7 3.30 
142 0.250 9 .01 
143 0.250 11 4.72 
144 0.250 13 5.91 
145 0.125 11 1.47 
146 0.125 13 1.51 
147 0,125 15 1.85 
148 0.125 17 2.20 
149 0.125 19 2.23 



68. 

III.2.i. The Effect cf Iodine Concentration on the  

Pate of Polymerisation. 

From the preceding tables graphs of the V:, conversion 

vs time were constructed and rates of polymerisation 

obtained frcw. the slopes. The following table shows the 

changes occurring in the rate of polymerisation when the 

ioaine concentration is varied at several pressures. 

TABLE 18 

Pressure Temperature Iodine Conc. Rate 
m.mole/ Conversion 

atm. 00 mole monomer (wt%)/hour 

10000 75 0.001 0.67 

10000 75 0.005 1.22 

10000 75 0.015 2.24 

10000 75 0.030 3.80 

5000 75 0.005 0.86 

5000 75 0.010 1.92 

5000 75 0.015 3.85 

1 75 0.005 0.075 

1 75 0.015 0.43 

1 75 0.025 1.25 

1 35 0.200 0.87 

1 35 0.300 2.24 

1 35 0.400 3.85 

1 0 0.125 0.12 

1 0 0.250 0.45 

1 0 0.375 1.02 

1 0 0.500 1.76 

1 0 0.550 2.42 

1 0 0.600 3.15 



These results are siown in Fig. 6 A,B, as graphs of 

log (rate of polymerisation) vs. log (iodine concen-

tration). The plots are straight lines whose slopes 

give the exponent x of the iodine concentration in the 

equation hate of Polymerisation = K(I2)x. It will be 

seen that x varies considerably with pressure and to 

a lesser extent with temperature. The values obtained 

are given in the table below. 

TABLE 19  

Variations in Exponent x of the iodine Concen-

tration in the Eq. Rate = K(I2)
x with Pressure and 

Temperature. 

Iressure 
atm. 

Temperature 
o, 

10000 75 0.52 
5000 75 1.35 
1 75 1.75 
1 35 2.08 
1 0 2.06 

The effect of the changes of iodine concentration 

on the molecular weights of the products of the ionic 

polymerisation are smaller and less systematic than in 

the case of the radical polymerisation, but can be 

summarized as a slight trend towards increased molecular 

weights at lower initiator concentrations. 
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III.2.ii The Effect of Pressure on the Rate of  

T'olvmerisation 

The effects of pressure on the rate of the 

icdine-initiated polymerisation bore a general 

similarity t-) the radical polymerisation. VThen pressure 

is increased, the rate increases with pressure up to 

about 6000 atm, (at which the rate is about 9 times 

greater than at 1 atm), and afterwards decreases with 

pressure. The rates of polymerisation at 75°C at 

various pressures (iodine concentration 0.015 m.mole/ 

mole monomer) are classified in table 20 and shown 

graphically in Fig. 7. 

TABLE 20 

Effect of Pressure on Iodine-Initiated Poly-

merisation of Iso-butyl Vinyl Ether at 75°C 

Pressure 
atm 

Rate 
Conversion (wt %)/hour 

1 0.43 
2500 2.46 
5000 3.85 
7000 3.72 
10000 2.24 

A trend towards slightly higher molecular 

weights at higher pressures is observed, in comparison 

to the 3-4 times increase in the molecular weight in 

radical polymerisation when pressure is increased from 

1 to 10000 atm. 
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III.2.iii The 'Effect  of Temperature on the Rate 

of Polymerisation  

The effect of temperature was studied at 5000 

ard 1 atm. Changes in temperature were found to exert 

a lesser eff9ct on the rate of ionic polymerisation 

than on that of free radical polymerisations of iso- 

butyl vinyl ether. The following approximate activation 

energies and frequency factors (A in the Eq.  

were calculated. 

TABLE 21  

Approximate Activation Energies and Frequency 

Factors of the Overall Iodine-Initiated Polymerisation 

of Iso-Butyl Vinyl Ether. 

Pressure 
atm. 

Activation Energy 	Frequency Factor 
kcal/mole 	A  

5000 	13 
	3 x 108 

1 	 10 	 2 x 107  

The molecular weight .of the polymer increases by 

a factor of about 1.5, when the temperature is reduced 

from 75°0 to 50°C at 5000 atm. 



111.3 	Supplement 

111.3.i Freezin Pressure of Iso-Buty1 Vinyl Ether 

The results of the attempt to determine the 

freezing pressure of iso-butyl vinyl ether at 75°C 

were as follows: 

TABLE 22 

aauge 
Reading 

atm. 

Intensifier 
Height 

cm. 

Gauge 
Reading 

atm. 

Intensifier 
Height 

cm. 

325 0.178 550 1.348 
350 0.376 575 1.452 
375 0.533 600 1.553 
400 0.684 625 1.663 
425 0.834 650 1.736 
450 1.005 675 1.840 
475 1.105 700 1.938 
500 1.134 725 2.020 
525 1.234 

These results are plotted in Fig 8, from which it can 

be seen that at about a gauge pressure of 450 atm 

corresponding to a true pressure of 6400 atm, a small 

discontinuity is occurring in the graph with a change 

of slope thereafter. This is suspected to be caused 

by a second order transition of the iso-butyl vinyl 

ether to an amorphous or glassy state. 

75. 



76. 

III.3.fi The Spectrum of Iodine Solution 

Results of the study of the absorption spectrum 

of the complex formed in the iso-butyl vinyl ether-

iodine-benzene system are shown in table 23, (the 

background abs:_)rption of the iso-butyl vinyl ether and 

cell were subtracted). The solution inspected contained 

0.015 m.mole iodine/mole iso-butyl vinyl ether, the 

iodine being added in 1% wt solution in benzene. These 

results are shown graphically in Fig. 9, together with 

results on the absorption spectrum of iodine-benzene 

complex in n-heptane solution (concentration of iodine 

1.2 x 10-3  mole/litre, concentration of benzene 

1.6 x 10
-1 

mole/litre), measured by Ham (19) at 2000 atm. 

It is shown that in both cases a peak in the absorption 

in the region of the near ultraviolet is occurring. This 

is attributed to the charge transfer absorptions of the 

iodine complexes (18). 
TABLE 23 

Absorption Spectrum of the System Iso-butyl Vinyl 

Ether - Iodine - Benzene. 

Wave Length 	Optical Densi.IL 

302 1.71 
305 1.08 
308 0.95 
310 0.98 
315 1.31 
318 1.42 
320 1.37 
325 1.18 
34 0 0.92 
340 0.53 
350 0.37 
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The Use  of Hydrated. Ferric Sulfate as  

Initiator. 

The result of the experiment using this patented 

initiator (described in II.3.vi) gave a rubber like, 

high molecular weight polymer. The relative viscosity 

at 30°C of a solution of 0.5 gm polymer in 100 ml 

Benzene was found to be. 

Viscosity solution = 4.39 
Viscosity Benzene 

The yield was less than that stated in the patent 

Yield stated 	. 3 	gms 

Actual yield . • . 0.95 gms 



SECTION IV 

Discussion 

It was the purpose of this work to study the 

polymerisation of alkyl vinyl ethers and to examine 

the effect of pressure on the kinetics and the 

polymer molecular weight. From the experimental 

results it is found that although the effects of 

some changes in the conditions of the polymerisation 

resemble in some ways those observed in the poly-

merisation cf styrene, in other respects the vinyl 

ethers behave in an unexpected way. Two general 

reasons can be cited for these differences in 

behaviour. 

1. 	The electron-repelling nature of the ether 

group increases the electron density at the double 

bond and causes it to be much less reactive towards 

free-radical initiators and in radical chain 

propagation than are other monomers, such as styrene, 

and to be more readily polymerised by ionic initiators 

(compare activation energies in tables 10 and 21) 

Iso-butyl vinyl ether undergoes a volume 

transition (apparently of second order), at a pressure 
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of about 6400 atm, and this appears to affect the 

kinetics of the polymerisation of this monomer at 

higher pressures. 

IV.l. 	Polymerisation With Free Radical Initiators 

IV.1.i. The Effect of Initiator Concentration 

The use of high concentrations of benzoyl peroxide 

to initiate the polymerisation of n-butyl and iso-butyl 

vinyl ethers at 10000 atm. gave similar products 

(table 7) to these obtained by Shostakovskii et al with 

this initiator in the atmospheric pressure. Fairly 

large yields of a mixture of addition product and low 

molecular weight polymers were obtained. The analysis 

of the products of Puns 12 and 36 together with the 

theoretical composition of two possible products are 

given in the following table: 

TABLE 24 

C 
wt % 

H 
wt % 

0 
wt % (by 
difference) 

Reaction 

Run No. 12 - initiated by 	71.09 
80 Bz202 

Run No. 36 - initiated by 
0.1% Bz202 	71.61 

Addition product - _,OCAH0  
C H COOCH 	70.17 
6 5 	2-7,000C6H5 

Polymer product - 	71.93 
C6H5000(CH20H-004H9)30 

9.27 

11.91 

6.43 

11.69 

19.64 

16.48 

23.40 

16.38 

80. 



81. 

The decrease in the oxygen content in the product 

of Run 36 indicates a decrease in the number of 

benzoyloxy groups per mole of product. The molecular 

weight of the products obtained with both 8 and 3% 

wt of benzoyl peroxide was about 450, indicating the 

formation of either a low polymer (trimer), or a 

mixture of addition product, e.g. the acylal structure 
OR 

C- CUOCTT Cm' 	which has a molecular weight 65 	-2 ===----000C 6H5 
of 342 when R is a butyl group, plus a low polymer 

containing about 5 to 6 monomer units. The process 

can probably be represented as follows: the benzoyloxy 

radicals formed by the decomposition of benzoyl 

peroxide react at the double bond of the alkyl vinyl 

ether and initiate polymerisation. The resulting chain 

raction is slow and gives short polymer chains of 

C6H5C00(0H2-CHOR)n  because it is not much faster than 

the termination process with its lower activation 

energy. With increase in benzoyl peroxide concen-

tration n decreases and in the extreme case the pro-

cess will give rise to an addition product in which 

one monomer molecule combines with both benzoyloxy 

groups resulting from the decomposition Jf a benzoyl 

peroxide molecule. When the benzoyl peroride con-

centration was reduced to 0.1% wt, molecular weights 



of up to 3000, corresponding to n 	30, were obtained, 

indicating that at this concentration the benzoyl 

peroxide acted principally as a chain initiator and 

not an adding agent. 

The dependence of the overall rate of poly-

merisation oa the initiator concentration was not 

investigated in detail hut the data obtained follow 

the anticipated trend to higher rates at higher 

concentrations of benzoyl peroxide. This initiator 

is known to decompose rapidly in ethers (72); and as 

the chain propagation reaction is slow (only relatively 

low molecular weight products are formed), the rate 

of consumption of monomers is only about 1 wt %/hour, 

i.e. only 3 times faster than that of the initiator, 

when the initiator concentration is 0.1 wt %. With 

AIBN instead of Bz202 as initiator (tables 3 and 9), 

the polymerisation rate of iso-butyl vinyl ether was 

lower and the molecular weight of the product higher. 

These results indicate that this monomer is less 

reactive to AIBN than to Bz202, and that transfer to 

Bz202 initiator is important as a chain-ending process. 

At 10000 atm. iso-Lutyl vinyl ether is believed to 

exist in an amorphous or glassy state so that 
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termination by combination or disproportionation 

involving the movement of large molecules is 

extremely unlikely. Molecular chain termination will 

probably be by transfer to initiator or to monomer 

and kinetic chain termination by reaction with 

primary radicals. Benzoyl peroxide is known (73) to 

undergo both spontaneous and induced decomposition 

in contrast with the strictly first order decomposition, 

with no evidence of induced decomposition, found for 

AIBN (74). A higher concentration of primary 

radicals and a greater degree of chain transfer to 

the initiator would explain the lower molecular 

weight obtained when using benzoyl peroxide. Although 

it is difficult, from the experiments carried out to 

be certain of the reason for the effect of the 

change in initiator on the polymerisation of iso- 

butyl vinyl ether, it seems clear that the change 

in the physical state of this monomer above a 

pressure of about 6400 atm has a large influence. 

In contrast the polymerisation of ethyl vinyl ether, 

(the compression curve of which was riot investigated), 

was found to be almost unaffected by a change of 

initiators. 
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IV.l.ii The Effect of Temperature  

The effect of temperature on the rate of 

polymerisation by radical mechanism is shown by the 

results at 50°C and 75°C (table 10). Over this range 

values of temperature coefficients, defined as 

where kt is the rate constant at t°C and kt+10 T 

at 1000 higher, were found to be between 2.3 and kt+10 
3,7, which is near the estimate (75) of 2 to 3 made 

for homogenous processes. These results were slightly 

higher than values found by Shostakorskii et al (64) 

in the polymerisation of n-butyl vinyl ether initiated 

by 0.2 wt % benzoyl peroxide at 1 atm whose results 

are given below: 

TABLE 25  

Effect of Temperature on the Polymerisation of 

n-Butyl Vinyl Ether at 1 atm. (64) 

Temperature 	Timu of Reaction Yield Molecular 

0 Hours Wt % Weight 

60 140 1.34 920 

80 120 2.77 1200 

If the Arrhemius equation k=Ae/IIT-- 	is applied to the 

results for iso-butyl vinyl ether, a very approximate 

value for the overall activation energy of 28 kcal/mole 

is found, which is somewhat higher than the values of 
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about 26 kcal and 20 kcal/mole found for styrene at 

1 and 3000 atm respectively (76). 

As well as increasing the rate of reaction 

a rise in temperature is also found to increase the 

molecular weight of the product in the free radical 

initiated polymerisation of alkyl vinyl ethers (tables 

8 and 9, compare also Shostakovskii's results in 

table 25). This is unusual for vinyl polymerisation 

processes (76) (77), as generally the molecular weight 

decreases with an increase in temperature. The 

decrease is usually attributed to a greater increase 

with temperature in the rate of transfer than in the 

rate of chain propagation, which leads to a reduction 

in the molecular weight. The explanation is satisfactory 

for vinyl monomers which have a high rate of 

propagation so that the molecular weight is controlled 

by the transfer and termination processes. However, 

the slow rate of the free-radical initiated poly- 

merisation of alkyl vinyl ethers, and the relatively 

low molecular weight of products makes it probable that 

the polymer molecular weight is controlled by the slow 

rate of chain propagation. Therefore an increase in 

temperature which causes an increase in the propagation 

rate will also result in a polymer of higher molecular 

weight (See Eq. 9). 



IV.l.iii The Effect of Pressure 

The overall rate of the polymerisation of iso-

butyl vinyl ether initiated by benzoyl peroxide was 

found to increase considerably with pressure up to 

about 6000 atm (able 11, Fig. 5). The acceleration 

is probably due to the combined effects of an increase 

in the rate of the chain. propagation reaction and a 

retardation in the mutual chain radical termination 

reaction, as sugested for styrene polymerisation by 

Merrett and Norrish (58) and confirmed by the work 

of Nicholson and Norrish (59). Although in the 

termination process the formation of the transition 

state is almost certainly accompanied by a decrease 

in volume, so that it should be accelerated by 

pressure, Norrish and his co-workers suggest that 

the reaction becomes diffusion controlled as a result 

of the increase of viscosity with pressure. 

The relative effect of pressure on the overall 

rate of polymerisation is shown by the ratio of the 

rates (conversion (wt %)/hour) at high pressures to 

the rate' at one atmosphere. A comparison between 

the results for iso-butyl vinyl ether and those 

obtained in studies of styrene polymerisation at 
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60°C with an almost identical concentration of 

benzoyl peroxide, is given below. 

TABLE 26 

Acceleration Factors for High Pressure 

Polymerisation. 

Pate25102,AIm 	9000 atm 
Rate 1 atm 	Rate 1 atm 

Iso-butyl Vinyl ether at 
75 C (This work) 

Styrene (58) at 60°C 

Styrene (78) at 60°C 

4.6 
5.6 
5.0 

13.9 

15.0 

13.5 

The overall polymerisation rates for iso-butyl vinyl 

ether and styrene are thus similarly affected by an 

increase in pressure, although the rates of the two 

polymerisations differ considerably at atmospheric 

pressure, (about 1 wt % conversion/hour for styrene 

at 60°C (58) in comparison with only 0.11%/hour 

found flr iso-butyl vinyl ether with almost the same 

concentration of benzoyl peroxide). These results 

suggest that the volume changes occurring in the 

transition state formation are much the same in both 

polymerisations. As these accelerations are in 

accordance with the proportionality of lig k to 
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pressure, then if Eq. 15 is applied to the results 

of this work, an average V*=-15 c.c./mole is found 

which is near the value of f\ V*=-17 c.c./mole found 

by kderrett and Norrish (58) for styrene. 

The decrease in the overall rate of polymerization 

at pressures above. 6000 atm (Fig. 5), which also was 

found to occur in the iodine-initiated reaction (Fig. 7),  

has not been observed for styrene, but a maximum in 

the rate vs. pressure curve was found by Kilroe and 

7:1eale (79) in the polymerisation of alpha methyl 

styrene, the maximum being shifted to higher pressure 

when the medium was diluted with solvents. They 

suggested that the decrease in rate is probably due 

to a large increase in viscosity or a phase separation, 

both of which would be affected by dilution. Sub-

sequent work by Elroy (80) has established that the 

rate maximum occurs at the freezing pressure of alpha 

methyl styrene. The maximum in the overall rate of 

p3lymerisation of iso-butyl vinyl ether observed in 

this work at 75°C and about 6000 atm is much less 

sharp than that which occurs with alpha methyl styrene. 

The investigation of the pressure-volume curve of 

iso-butyl vinyl ether at 75°C gave the results plotted 
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in Fig. 8. The pressure-volume curve changes in slope 

at about 6400 atm but there appears to be no abrupt 

change in volume at this pressure.-  This indicates that 

a first order change of phase from liquid to solid (as 

found with alpha methyl styrene) is not occurring, and 

the effect observed is a second order transition to an 

amorphous or glassy state which is presumably 

accompanied by a large increase in the viscosity of 

the medium above this pressure. A large increase in 

the viscosity could affect the rate of chain propagation 

and cause the maximum observed in the rate curve. In 

an investigation of the role of viscosity in 

bimolecular reactions at high pressures, Hamann (52) 

measured the rate *f etherification of ethyl bromide at 

2500 in a range of solvents and at pressures up to 

40000 atm. In methyl alcohol the reaction is 

accelerated but less rapidly at higher pressures. In 

an iso-propyl alcohol-eugenol mixture the viscosity of 

which increases much more rapidly with pressure, the 

reaction was strongly retarded above a pressure of 

about 14000 atm, corresponding to an increase in 

viscosity of about 1010 fold, as estimated by Hamann 

on the basis of the Einstein-Smoluchowski theory of 



diffusion. Although the polymerisation process is 

too complex for these theoretical calculations to be 

applied, it is to be expected that reactions involving 

relatively large polymer chain radicals will be 

retarded by much smaller increases in viscosity. It 

is also possible that a second reason for the 

retardation of the polymerisation by pressure is the 

effect the pressure has on the decomposition of the 

initiator. The decomposition of Bz202  in CC14  at 

60°, 70°  and 80°C, at pressures up to 3000 kg/cm2 

was studied by Nicholson and Norrisb (81). It was 

found that under 4:hese conditions the spontaneous 

and induced decompositions whieo. took place are 

retarded and accelerated respectively by pressure: 

(C675000)2 	> 2C6H5C00* 
	

retarded by pressure 

6H5C00 + (06115000)2 	> C6  H5  COOC65  H- + CO2  + 

C6HC00 accelerated by pressure 

The decomposition of Bz202  under pressure in ally 

acetate and acetophenone at 80°C has been investigated 

by Walling and Fellon (82) who found that although the 

actual rate of decomposition of Bz202  was at first 

reduced and then strongly accelerated as the pressure 

was increased, the rate of the initiation step was 
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retarded by pressure. These results show that a 

repid, pressure induced chain decomposition of Bz202  

can occur, which represents a wastage of initiator 

witheut any increase in the free radical concentration 

and the rate of initiation. 

Pressure elso causes an increase in the molecular 

weight of the polymer, although at higher pressures, 

the increase is less rapid. From table 11 it can be 

calculated that the molecular weight at 5000 atm is 

2.4 times that of one atmosphere while the molecula—

weight at 10000 atm is only 1.5 thai, of 5000 atm. 

Merrett and Norrich (58), in their work on styrene, 

found an approximately three—fcld increase in the 

mJleaular weight when the pressure was increased from 

one to 3000 atm, while at higher pressures the molecular 

weight remained almost constant. They explained the 

initial increase of molecular weight with pressure 

as due to a decrease in the mutual termination reaction 

and a parallel increase in the rate of propagation. 

At higher pressures, the molecular weight is determined 

largely by transfer reactions which are known (83) to 

be accelerated by pressure. The initial increase in 

the molecular weight of poly—iso—butyl vinyl ether 
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with pre sure can prolably be ascribed to the same 

reasons, but at 10000 atm, the system is above the 

observed vLAume transition point and it is uncertain 

to what extent the various steps will be affected by 

viscosity changes. 

TV.2. 	Folvinorisation with Iodine Initiation 

Tv.2.i The Effect of Iodine Concentration on the 

Rate of :polymerisation 

The exponent x of the iodine concentration in the 

equation Rate = K(I2)x was found to vary considerably 

with pressure, from 1.75 at one atmosphere and 75oC 

to about 0.5 at 10000 atm and 75°C. The exponent 

varies to a lesser extent with temperature at 1 atm, 

increasing from 1.75 at 75°C to about 2 at 35°  and 

0°C (table 19). This exponent is dependent on the 

initiation and termination processes of the poly-

merisation and the kinetics of these two processes 

are influenced to a very large extent by such factors 

as type of monomer, initiator and co-catalyst (in 

contrast with radical polymerisation in which a value 

of x',..cz. 0.5 is usually obtained). It is therefore 

necessary to discuss the possible mechanisms of the 

initiation and termination steps in relation to the 

J2 . J • 



Solvent (81-) RC1 TiC14 
h+  + M 

+ (r2iC1
5 

-24-- Re- 

changes in the exponent x. The nature of the 

propagation step is usually little affected by the 

factors mentioned and need not be considered. 

The initiation step in a cationic polymerisation 

is generally agreed to be the formation of a carbonium 

ion. To produce the carbonium ion, the initiator 

gener-Illy needs a co-catalyst (See 1.3). In the case 

of Friedel Crafts catalytic nalides, this is supplied 

by the solvent or an acid, organic or inorganic, e.g: 
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Water (85) SnC1
4 
+ SnC14.2H20 	)* 2 	 4- SnC1 .0H 2 

SnC14  .0H2  + R-R2  C=CH2 	
SnC1

4
OH-  + 

R1R2C
+-CH

3 

Trichloroacetic acid (86) 

T1014  + CC1
3
COOH----0.- (TiC1A.00CCO13)-11+  

XAH + R/R2C=CH2 	 R1R2C-1---CH3  + XA 

A feN cases are known in which apparently no co-catalyst 

is required, as in the polymerisation of styrene by 

AlCl
3 
in 001

4 
solution (87). This is attributed to 

the possibility that a strongly electrophilic molecule 

may attach itself directly to the monomer and thus 

polarise the double bond. 

Al 0l
3 
+ Ph CH=CH2 	 Cl3AlH2-6HPh 
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In the polymerisation of alkyl vinyl ethers by iodine, 

the initiation could occur in two different ways. 

Eley et al (17) (313) (69) postulated that the iodine 

acts as its olim co-catalyst: 

21, e_ 	+ 13  

I+  + M 

The rate of production of the carborium will then be 

proportional to (12)2, so that x=2 as observed by Eley 

in solution polymerisation and :'_/1 this work for pure 

monomer at 1 atm. Alternatively, as Harmann (61) 

suggested to account sc the value :if x=1 found in his 

work on iso-amyl vinyl ether in the range 1 - 10000 atm, 

since I ions' are known to form strong complexes with 

olifinic compounds (88) it is possible that at higher 

monomer concentration than that used by Eley the I 

ion will form a complex with a monomer molecule instead 

of existing as 1; 

2 + M 	 I2M 

I2M + M 	 IM+ + IM 

Here the rate of production of the carbonium ion will 

be proportional to (12), leading to a value of x=l. 

The chain termination process, in which a 

positively charged growing chain is converted into an 

electrically neutral polymer may involve the expulsion 



of the positive charge, (usually a proton), leaving 

an unsaturated end in the polyme/. 

CH //, 2 
C: 	---- CH2  - Cf 	+ 54-  

--CH3 	 NCF3  

In this termination process the rate of disappearance 

of the oarbonium ion depends on its own concentration 

only. sternative method of termination is the 

neutralisation of the positive charge by combination 

with the balancing charge which has been formed in 

the initiation step (89). Infra red analysis 

indicates the existence of part of the gegen ion in 

the product of the polymerisation of isobutene by 

Ti01
4
-C1

3
C000H (90) while with the iodine initiation 

of .Ghe polymerisation of 2- ethyl hexyl vinyl ether 

(17) an analysis of the product for double bond 

showed the existence of only one double bond for 

every two molecules. Men termination is accompanied 

by charge neutralisation, the rate of disappearance 

of the carbonium ion depends on the concentration of 

both types of ions and would lead to x=1 or x = 0.5 

according as the negative ion is I or I-. Chain 

transfer has no effect on the magnitude of x and hence 

it is not considered. 
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It Zs clear from the foregoing discussion, that 

in ionic pnlymeris tion there is not a single universal 

kinetic pa+tern and that there are alternative 

processes for the formation and extinction of ions 

in these systems. Consequently, one of the al-

ternativos may be favoured by changing such factors 

as pressure, temperature and concentrations. 

The value of about 2 found for the exponent x at 

atmospheric -eressure, at 35°  and 0°C agrees with the 

value found by Eley et al (17) (69) in the solution 

polymerisations of alkyl vinyl ethe-s at atmospheric 

pressure and 25°C, in which it is believed that the 

initiation step is 212 	1+  1- T.: and that termination 

,+ 	 is by the expulsion of a proton, 11n errA),- Mn + H 

This value of x is twice that found by Hamann (61) in 

the iodine-initiated bulk polymerisation of iso-amyl 

vinyl ether at one atmosphere and 0°C. As discussed 

previously, Hamann has suggested in this case that 

although the termination process is similar to that 

posGulated by Eley, the initiation step involves 

co-catalySisby MI instead of I3 which would give 

x = 1. The difference between the results for iso-

butyl and iso-amyl vinyl ethers at 0°C and one 

atmosphere may result from the different concentrations 



used in the experiments. A summary of the con-

centration ratios of 12 to monomer used in the three 

sets of ex;e7iments is given below, 

Eley et al, at atmospheric pressure (17) 

3.66 - 18.15 m.mole 12  
mole 2- ethyl hexyl vinyl ether 

This work a. at atmospheric pressure, at 35°  and 0°C 

0.125  - 0.6 m. mole 12  

mole iso-buGyl vinyl ether 

b. at 19  5000, 10000 atm. and 7500  
0.001 - 0.030 m. mole 12  

mole iso-butyl vinyl ether 

Hamann, at 1-10000 atm (61) 
0.15 m. mol- 

mole iso-amyl vinyl ether 

These 12  concentrations are the overall concentrations 

which will differ from the effective concentrations 

because of the formation of inactive iodine complexes. 

Such complexes may be formed between iodine and 

monomer in all the three cases and also between iodine 

and the solvent in the first case. Eley et al (69) 

discuss two possible inactive complexes. In the first, 

it is assumed that 12 forms a weak coordinate link 

(I) with the ether oxygen atom (91). In the second, 

97. 



they postulate a complex with the ethylenic bond (II), 

by analogy with the complex 12  .... 06116  found 

spectroscopically for benzene by Beneoi and. Hildebrand 

(18). 
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I 2 

CH2  
12**q 

R 	OH—OR 1 

(I) 	(II) 

The equilibrium constants for these complexes, and so 

the iodine concentration effecti7e in initiating poly-

merisation are not known, but it should be pointed out 

that in Eley's expericqents, the effective iodine 

concentration will, probably be reduced appreciably due 

to the presence of almost 1.6 l_tres of solvent for 

each mole of monomer, the solvent being an ether or 

ethylene dichloride which might fort inactive complexes. 

It is also possible that the inactive complexes formed 

between iodine and monomer may be weaker in the case 

of iso-butyl vinyl ether which has a bulkier side 

chain than the iso-amyl vinyl ether. The result of 

this would be to increase the effective concentration 

of iodine in the experiments carried out in this work 

at one atmosphere and the two low temperatures 

relative to that used by Hamann and probably bring it 

nearer to that used by Eley. An indication that this 



may be so is the almwt instantaneous disappearance 

of the i-)dine colour in iso-amyl vinyl ether (and in 

experimentr an iso-butyl vinyl ether with 0.001-0.030 

m.mole J.2/mul',: monomer). The iodine colour did not 

disappear in iso-batyl vinyl ether at higher concen-

trations of the iodine. 

Lt 10000 atm and 75°C, x was found to be equal 

to about 0.5. The influence of pressure on liquid 

phase reactions was dealt with in general in Sec. I.4.i 

from which the conclusion can be drawn that the sum 

of 	Vl, the intramoDocrlar volume change and/ \, V2, 

the intermolecular volume change, determines whether 

an increase of pressure will accelerate a reaction by 

a particular mechanism (or alter the position of an 

equilibrium). In the iso-butyl vinyl ether-iodine 

system, with iodine concentrations much lower than 

those used by Hamann (0.001-0.030 m.mole I2 • /mole monomer) 

the increase of pressure to 10000 atm can be expected 

to favour the overall initiation process 12  + 

2M 	 > IM+ + IM rather than the process 212
+ + 13 

In the first process there is a reduction in the number 

of molecules and so a negative/ Vi, while in the second 

mechanism there is no change. Furthermore, in the first 
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process twice as marry ions are formed from each 

molecule of iodine added so that there will be a larger 
› 

negative/VT resulting from solvation. This change 

in the initia'6ion process alone can only account for a 

change in x from 2 to 1. The value of x 	0.5 found 

at the highest pressure suggests that the teiminatioA 

process is also changed from proton expulsion to that 

which involves the neutralisation of the positive charge 

by the acquisition of a negative charge. In this process 

two ions combine and the charges disappear so that_Vl  

will be negative while \V2 will be positive. If this 

reaction is to be favoured by pressure it must be con- 

cluded that rumerically 	V2. Although for some 

reactions at 1 atm the reverse of this relationship 

holds, in the present case the system is highly com-

pressed and has passed through a volume transition to 

what is presumably an amorphous or glassy state. 

Because of this, the expansion in volume due to the 

release of solvated molecules will be small and may 

well be less than the contraction due to the bond-

forming process. At lower pressures, a terminution 

process which involves the disappearance of ions will 

be less favoured than that in which they are preserved. 
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This will lead to values of x between l-2 dependin_ 

on the kinetic6 of the initiation step. 

In ths work values of 1,35 and 1.75 were found 

for x a 75°C and 5000 and 1 atm respectively, 

indicatin6  mixed-order kinetics under these conditions. 

Dainton et al (32) found that x = 1.5 in the poly- 

merisation of alpha methyl styrene in ethyl chloride 

solution, initiated by Sn014;  and formulated the 

dibasic proton acidiritiator complex, 3n.014.2H20 to 

explain it. In the case of iso-butyl vinyl ether- 

iodine system et 5000 atm, it seems more likely that 

the initiation step is a combination of the two initiation 

processes already mentioned. Oil the other hand, the 

decrease in x from 2 at 35°C and 000 to 1.75 at 750  

at atmospheric pressure seems attributable to the lower 

concentration of iodine which had to be used at the 

higher temperature, and the effect of temperature on 

the stability of the inactive complexes formed. It 

is not possible, from the data at hand, to decide the 

quantitative effects of these factors on the value 

of x, 
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IV.2.ii The effect  of Pressure on the Rate of 

PrAymer7tr'ation 

The ,3h an, in the overall rate bf iodine- 

initiated, 3onic polymerisation of iso-butyl vinyl 

ether due to change in pressure is similar to that 

occurring in the benzoyl peroxide initiated poly-

meris.-,tion of the same monomer. The rate increases 

with pre;,,sure up to about 6000 atm (table 20, Fig.7) 

end tne ratios of the rates at higher pressures to 

the rate at one atmosphere found in this work are 

similar, over this railge, to the va.lues found by 

Hamarn (61) in the iodine-initiated polymerisation 

of iso-amyl vinyl ether, as 

Iso-Buty_Lyiny Fther 

Rate 2500 atm 
Rate 1 atm 

Rate 5000 atm 
-KaT7TaTir 

shown below: 

Iso-Amv1 Vinyl Ether 

Rate 2000 atm 
'fate 1 atm 
Rate 3000 atm 
Rate 1 atm 

6 

9 

5 

7 

These marked accelerations follow the relationship 

that log K (the constant of the overall polymerisation 

equation) is proportional to the pressure (48) (49) (50). 

In the ionic, as well as the radical polymerisation, the 

overall rate constant is a function of the rate constants 

of the individual processes in the polymerisation; 

K = f k  initiation proaation 

termination 
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With iodine as initiator, another factor, the 

equilibrium constant Ke  for the reaction, 

I,= OHOR -2 

   

inactive complex 

   

   

ought -Ge be introduced. If (12) and (M) denote the 
L. 

Total initial concentration of iodine and monomer 

respectively, x the concentration of the inactive 

complex formed, then, 

Ke 	.(MT( (I2)-x ) 

and therefore the concentration of iodine free to 

initiate polymerisation is 

(I2)f = (12) -x 
12  

1+Ke(M) 

The initiation process in which the carbonium ion 

is produced will be accelerated by pressure. Hamann 

and Teplitsky (92) found 'chat the rate determining 

step in the addition of iodine to olefins in solvents 

of low dielectric constant 

212 + R2C=CR2 	R2CI-tR + I3 

is accelerated by a factor of about 3 at 1000 atm, 

corresponding to ai\V  =-25 c.c./mole 

The bond forming process in the propagation step 

must also be associated with a negativeL Vim , as it 

is in the radical polymerisation, and hence will be 
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accelerated by pressure. There is very little data on 

the values of the constants of the individual reactions 

in ionic plymerisations. The unusual experimental 

difficulties make the determination of accurately 

reproducible results, from which those constants are 

calculated, almost impossitle, and the diffi-,ulties 

are greater at high pressures. In the benzoyl peroxide 

initiated polymerisation of styrene at 60°C, Nicholson 

and Norrish (59) found that kpropagation increases by 

factors of 1.5, 2.8, 5.5 when the pressure is increased 

from one atmosphere tJ 1000, 2000 and 3000 atm, 

resp3ctivelv. As the propagation step in ionic poly-

merisation irvolves no changes in electrical charges, 

the transition state volume change might be as high 

as that in free radical propagation and consequently 

the effect of pressure on this step would be similar 

to that found by Nicholson and Norrish. 

The termination step in ionic polymerisation can 

be expected to be almost unaffected by pressure. In 

free radical polymerisation, termination by either 

combination or disproportionation involves the move-

ment and meeting of two growing chains. As the 

pressure increases, so does the viscosity, making the 

movement of large molecules more difficult. Nicholson 
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and NorTish (59) found that the rate of termination 

is retarded 2.6 times when the p/essure is increased 

from one to 3000 atm, In ionic polymerisation mutual 

termination of chains carrying like charges is unlikely, 

and as there is no simultaneous initiations by positive 

and negative charges, termination is either by 

expulsion of a proton or by neutralisation through 

acquisi-L.on of the negative charge in the gegen ion. 

The polymerisation takes place in a medium of low 

dielectric constant in which the gegen ion will not be 

much s,Iparated from the positive charge on the growing 

chai,a, and as both termination mechanisms involve a 

small molecule it is concluded that the rate of 

termination will not be much affected by any increase 

in viscosity caused by the increase in pressure. 

An estimate of the increase in the overall rate 

based on these considerations leads to a higher value 

than that actually found. The difference may be due 

to the effect of pressure on the concentration of 

iodine complexes. In this work the absorption spectrum 

of the iso-butyl vinyl ether-iodine-benzene system was 

measured at atmospheric pressure (Fig. 9) and a peak 

was found at about 315 m r:  Benesi and Hildebrand (18) 
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attyibutsd similar Deake observed in the spectra of 

solutions of iodine in aromatic hydro carbons at 

atmospheric pressure in the region 28u - 400 mu 

to the formation of iodine complexes. Eam (19) 

measured the absorption spectra of dilute solutions 

of iodine and aromatic compounds in heptane and ob-

serve0_ increases in the absorption cf the charge 

transfer bands with pressure which were attributed 

to an increased concentration of the complex formed. 

The concentrations of complexes inactive in poly-

merisation such as those -Involving the 12  .... ether 

oxygen and 12.... ethylenic bond associations should 

also be increased with pressure. 

In the last chapter, it was concluded that the 

fall in the value of x in Rate = K(I2)x  from 1.75 

at one atmosphere to 1.35 at 5000 atm. is due to a 

change 	the kinetics of the initiation step. As a 

lower value of x causes a higher overall rate of 

polymerisation and as the initiation step, by either 

mechanism, should be accelerated by pressure, it is 

possible that this step is the most important 'factor 

in the acceleration of the polymerisation between 

1 - 6000 atm. 
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The maximum in the rate-pressure curve for the 

benzoyl peipxidednitiated polymerisation of iso-butyl 

vinyl ethcr 	5) was abtributed to a considerable 

retardation in the late of propagation caused by the 

second order transition of the monomer to an amorphous 

or glassy stave above a pressure of about 6400 atm. 

This reason will also account for the maximum in the 

overall rate of the iodine-initiated polymerisation 

of iso-butyl vinyl ether a-G a pressure of about 6000 

atm. In this case, part of the fall in the rate could 

also be due to an increase in the concentration of 

inactive iodine complexes, leaving a lower effective 

iodine concentration for initiating the polymerisation. 

IV.2.iii The Effect of Temperature on the Rate of 

Polymerisation 

An increase of rate with temperature, and 

consequently positive activation energies, were found 

for the iodine-initiated polymerisation of iso-butyl 

vinyl ether (table 21). A comparison between the 

results of thi work and of other workers on the 

polymerisation of similar vinyl ethers is given as 

follows: 
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TAB-LE 27 

Eff=ct of Temperature on Ionic Polymerisation 

Activation 
Monomer Initiator Medium 	Energy 

Kcallmole 

This wcrk 

a„ at 1 atm iso-butyl 	iodine 	bulk 	10 
vinyl 
ether 

b. at 50n0 	11 	49 	ii 	13 
atm 

Hamann (61) iso-amyl 	iodine 	in ether 	8 
vinyl 	solution 
ether 

ley (16) (17) 

at y  atm. 2--ethyl 	iodine 	in petrol , 10 
hexyl 	ether 
vinyl 
ether 

49 	Sn014 
	tP 
	10 

The changes in rate with temperature are dependent 

on the activation energies of the individual steps 

in the polymerisation. Thus if 	initiation 

E propagation>, E  termination, the rate will increase 

with temperature. Since the propagation step in 

ionic polymerisations involves the approach of an ion 

to a neutral molecule in a medium of low dielectric 

constant, only a small activation energy is necessary. 

The termination step on the other hand requires the 
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rearrangement of an ion-pair and this involves a 

considenally larger activation energy. These con-

ditions are exactly the reverse of these found in 

fzee radical polymelisation. Thus, as the rate of the 

iodine-initiate 0 polymerisation of .Lso-butyl vinyl ether 

increases with temparatur'D, it is possible tc write, 

as a first approximation, that 

E initiation > E termination 

In some ionic polymerisations, this difference between 

E. and Et may result ir a negative overall activation 

energy. With TiCl
4 
- C013C00H as initiator in the 

polymerisation of iso-butene in n-hexane solution, 

Plesch (84) found that E=-7.5 Kcal/mole, while with 

SnC14-112
0 as initiator for the polymerisation of the 

same monomer in Etbl solution Norrish and Russell (37) 

found that E=+7 Kcal/mole. Negative values of 

activation enerc,ies are not observed in the radical 

polymerisations, as E + Ei  are usually positive and 

far greater than Et. 

The greater effect of temperature on the radical 

polymerisations of iso-butyl vinyl ether at 10000 atm, 

compared with the ionic polymerisations at one and 

5000 atm is probably due to the slow chain propagation 



110. 

and high i propagation  of the radical reaction 

compared with the fast chain growth in ihe ionic 

reaction. If, as previously suggested, the chain 

growth is the 2ate-d,Dtermining factor, one would expect 

great,r effect of temperature on the overall rate of 

radical polymerisaton, 

111,2 iv Molecular eic,ht 	P2oduct in Ionic 

Polymerisation 

Molecular weights were measured at one, 5000 and 

10000 atm. The results (tables 12, 14, 15) show that 

viscous liquid products of low molecular weight, 

ranging from 800 to 23C0 were o'htained. These results 

were not very reproducible and do not appear related 

in any well-defined way to changes made in the 

conditions of polymerisation. Similar erratic 

tendencies in molecular weights were reported by 

Plesch (86) in the ionic polymerisation of styrene, 

and by Eley (17) in the iodine polymerisation of 

2-ethyl hexyl vinyl ether. 

Ionic polymerisations carried out at room or 

higher temperatures resulted generally in viscous 

products of low molecular weihts (about 1000). By 

carrying out the reaction at low temperatures of about 



-80°C, hfLher molecular weights (,,,-->5000) were obtained 

and often the producs were solid with a partially 

crystalline -3tructure. It was mentioned earlier that 

one of the features o ionic polymerisation is the 

ey.istenc9 of negative activation energies due to the 

larg3 activation energy associated with the termination 

step. The marked decrease of molecular weight with 

temperature in ionic polymerisation is generally to be 

associated with transfer reactions which also may have 

quite larg3 energies of activation. By working at low 

temperatures one eliminates the transfer reaction 

which leads to low molecular weights. This is possible 

with some ionic initiators which require only small 

activation energies in the initiation step (about 

<10 Kcal/mole) in comparison with activation energies 

of about 30 Kcal/mole for free radical initiation. 

Investigating the polymerisation of iso-butyl vinyl 

ether at one atmosphere, Schildknecht et al (67) showed 

that amorphous and crystalline polymers could be formed 

from the same monomer. If polymerised rapidly (actually 

a flash polymerisation) in liquid propane at about -40°C 

with BF3, iso-butyl vinyl ether forms an amorphous, rubber 

like polymer. On the other hand, if DF3-etherate is used 

dropwise at -60°C to -80°C, the polymerisLtion is quite 
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slow and the product is crystalline. This difference 

is not due to molecular weight differences but to the 

occurrence of stereo-specific polymerisation in the 

slow process which leads to the eutactic crystalline 

structure of the product. 

lAth.3,r or both of these effects of low temperatures 

i.e. higher molecular weights and stereo-regulation 

have been found in the polymerisation of many vinyl 

moromers by the use of '..iegler type catalysis at 

temperature of about 500  - 10000  and at atmospheric 

pressure. The Ziegler type catalyst (93) is formed 

from halide of a transition element from the groups 

IV - VIII of the periodic table such as TiC14 
and a 

metal hydride or alkyl such as A1H3, which have been 

termed catalys+ and co-catalyst respectively, by 

analogy with the nomenclature of cationic initiated 

polymeriaation. The metal hydride or alkyl promotes 

the polymerisation of vinyl compounds through an 

addition or growth reaction involving insertion of a 

monomer unit at the metal-carbon bond, while the 

transition metal compound controls the degree of poly-

merisation by participating in a displacement reaction 

in which the growth of the chain comes to an end. 
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This type of polymerf.satiJn is very of Gen a heterogenous 

process carried out on the surface of the catalyst. With 

these catalysts the transfer reaction is eliminated, as 

the active c lare of the growing chain is not the free 

chain end but t11 metal-carbon bond from which the chain 

grows by insertion of monomer molecules. 

1),:ring the course of thds work a patent (68) was 

published describing the use of hydrated ferric sulfate 

to obtain rubber-like poly alkyl vinyl ethers with high 

molecular weights. This was tried (Sec.ii.3.iv) with 

iso-butyl vinyl ether and. a rubbery product was 

obtaired with an estimated molecular weight 7.> 104. 

The polymerisation was heterogenous, and although the 

exact mechanism of the initiation is not known it is 

likely that the high molecular weight results from the 

polymerisation being carried out heterogenously on the 

surface of the catalyst, with elimination of the 

transfer reaction. The molecular weights of the 

products were not as high as those obtained by 

Schildknecht at low temperatures. He found specific 

viscosities between 2 and 4 for benzene solutions with 

0.1 gm polymer/100 ml benzene (corresponding to 

estimated molecular weights ranging from 65000 to 

500000) while a specific viscosity of 3.39 was obtained 
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with 0.5 gm polymer /100 ml benzene in this work. 

It has been suggested recently by 	C.E.H. Bawn 

in the Liveroidge Lecture (1961) given in The Chemical 

iSociety, that the stereo-regularity of the poly-iso-

tutyl vinyl ether obtained by Schildknecht is due to 

the transition state in the 'Main growth reaction con-

sistinL; of a six-membered ring complex in which the 

monomer being added has the trans-configuration. If 

this is so, successive monomer units will be added to 

the chain in the same way, since the bulky iso-butyl 

group hi,aders other arIangements, No such regularity 

has bean found with benzoyl peroxide or iodine, and 

the present experiments show that pressure is not 

effective in producing stereo-regularity. 

The decrease in molecular weight with increase 

in temperature found to occur at 5000 atm (runs 86, 67 

92, 93) could be attributed to the increase in transfer 

with temperature. As discussed earlier, there is a 

reverse effect of temperature on the molecular weight 

of radical polymerisation, which was attributed to the 

acceleration in the slow chain growth which  determines 

the molecular weight in the radical polymerisation of 

iso-butyl vinyl ether. The importance of transfer in 

determining the molecular weight in the ionic 
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polymeriE,tions is sLowA. by Eley's results on the 

iodine initiated -oolymerisation of 2-ethyl hexyl vinyl 

ether (17). The molecular weight was found. to be 

independent on The monomer conceAtration which suggests 
k
3()  that in ±iq. 12 ( olecular qeizht = k
4 

k
5
(g)) k5(m), 

the term of the transfer reation is far great-2r than k 4' 

the rate constant for termination by expulsion of the 

charge. The same equation explains the negligible 

effect that change of iodine concentration was found 

to have on the molecular: weights obtained in this work. 

Molecular weights at the different pressures, 

showed a tendency to increase with pressure. In radical 

polymerisation a similar, although .Larger, increase was 

attributed to a simultaneous decrease in the mutual 

termination reaction because of the increase in 

viscosity, and an increase in the chain growth reaction 

which is favoured by pressure. In the section dealing 

with the effect of pressure on the overall rate of ionic 

polymerisation, it was argued that the kinetic chain 

termination is almost unaffected by pressure, compared 

with a marked retardation in the rate of termination 

in the radical polymerisation. It is possible that this 

explains the different effect of pressure on the 

molecular weight in the two different types of 
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polymeristion However, pressure may also accelerate 

the transfer reactions to a different extent in each 

case and these are known (17) to be a very important 

factor in determining the molecular weights of poly 

alkyl vinyl ethc s. 
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CONCIJUIOA 

The main conclusions which have been reached 

in the course of this work are listed below 

It has been fourd that alkyl vinyl ethers can 

be polyme2ised by radical as well as cationic initiators 

in the range 1 to 10000 atm. 

2. Thc overall rate of polymeristion of iso-butyl 

vinyl ether by either mechanism js accelerated by 

pressure and this is discussed with reference to work 

on other monomers. 

3. Iso-butyl vinyl ether passes through a second 

order transition at about 6400 atm. and 75°C, probably 

to an amorphous or glassy state. 

4. The rate-pressure curve of both types of 

initiation passes through a maximum in the region of 

the transition. 

5. There is a change in the value of the exponent 

x of the iodine concentration in the equation, :Late 

of 1olymerisation = K(I2)x, from about 0.5 at 10000 atm. 

and 75°C to about 2 at one atm. and 35°0 and 0°C, and 

it is shown that this can be accounted for by changes 

in the mechanism of initiation and termination. 
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6. The molecular weight of radical polymerisation of 

iso-butyl vinyl ether increases with pressure and 

temperature. whi1J the molcular weight of the iodine-

indtiatei polymerisation is almost independent of 

pressure and de'reases with increase in temperature. 

7. Both types of polymerisation of iso-butyl vinyl 

ether give viscous liquid products of relatively low 

molecular weight, and even at the highest pressures the 

polymer does not resemble the rubber-like product of 

high molecular weight obtained by using hydrated 

ferric sulfate as initiator at 34°C and 1 atm. 
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