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Chapter! 

Introduction 

1.1 Short historical survey 

Scientific and industrial interest in the field of copolymerization 

dates back to the 1920 1 s1-3• During the first decennia, the emphasis 

was mostly on the preparation and development of useful products. In 

the course of the numerous experiments to prepare various types of 

copolymers, it was frequently observed that the individual monomers 

were being built-in·at different rates. As a result, copolymers of 

heterogeneous composition were obtained, often limiting their practi

cal application as commercial products. Nowadays, a great number of 

copolymers are produced on a large industrial scale, and applied in 

an immense variety of products. 

However, though copolymerization is.most abundantly applied these 

days, monomer reactivity is still poorly understood. This observation 

concerns the main theme of the present investigation. 

In the simultaneous polymerization of two vinyl monomers the more 

reactive monomer preferentially enters the polymer chain. As a con

sequence, determination of the composition of the copolymer formed 

yields information on the relative reactivity of the monomers. 

The kinetic effect of high pressure is much greater than can be 

accounted for by the relatively minor increases in monomer concentra

tion and are attributable to variations in the reaction rate constants 

caused by pressure. In the transition state theory the variation of 

the reaction rate constant with pressure is expressed by means of the 

activation volume ~V#. In this way, the magnitude of the pressure-ef

fect is primarily a function of the difference in volume between the 

activated complex and the reactants, and through this of monomer 

structure. 
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The use of copolymerization and application of the concept of the 

activation volume is therefore obvious when studying structure-reac

tivity relations of monomers. 

In 1944 Alfrey and Goldfinger4 , and Mayo and Lewis 5 independently 

derived the differential copolymer equation, that is found to hold 

for many free-radical copolymerizations. In principle, Young's compi

lation of copolymerization data should provide a rich source of in

formation on reactivity in copolymerization, because the kinetic pa

rameters of about 6000 copolymerizations have been tabulated6 How

ever, the results appear to be contradictory and unsurveyable. There 

are two main reasons for this situation: the application of usually 

inaccurate experimental techniques and inadequate calculation proce

dures for the model parameters, i.e., the monomer reactivity ratios 

describing the copolymerization behavior of two monomers. 

In 1971 German and Heikens7 int~oduced a sequential sampling tech

nique making the troublesome copolymer analysis superfluous. In this 

"sequential sampling" method the changing monomer feed composition is 

frequently analyzed throughout the copolymerization reaction by means 

of quantitative gas-liquid chromatography. Moreover, the data thus 

obtained can be directly used in the integrated form of the Alfrey

Mayo equation, which has many advantages (see subsequent paragraph 

and chapter 2). However, the application of this technique at high 

pressure still needed to be achieved. A new method of measuring mon

omer reactivity ratios under high-pressure conditions (up to 118 MPa 

(1 MPa = 10 bar) in the present investigation), which is based on the 

"sequential sampling" technique is described in chapter 58• 

Reliable monomer reactivity ratios only can be obtained by apply

ing nonlinear least squares to the integrated form of the Alfrey-Mayo 

copolymerization equation. Furthermore, it appeared imperative to 

take into account experimental errors in both measured variables 

(chapter 2). Although the Alfrey-Mayo model was published in 1944, it 
9 took till 1978 before van der Meer et al. reported the improved 

curve-fitting I procedure, in which these conditions are fulfilled. 
10 . 11 Yamada et al. and, more recently, Pat~no-Leal et al. developed 

similar procedures. However, the application of all these calculation 

procedures requires the use of a high-speed computer. Therefore, re

search on simple linear methods still continues. In chapter 3 an easy 
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and yet reliable calculation procedure12 will be reported. Both the 

improved curve-fitting I and the newly developed linear regression 

procedure will be used in the present investigation. 

From the above considerations it becomes clear, that only recently 

all conditions were being fulfilled to obtain reliable monomer reac

tivity ratios under a wide range of experimental conditions. In this 

stage, a thorough investigation of the factors governing reactivity 

of vinyl monomers in free-radical copolymerization and of relations 

between structure and reactivity in these monomers becomes possible 

and justified. 

1.2 Scope of the present investigation 

With respect to the relation between structure and reactivity of 

vinyl monomers the following general observations1 served as a start

ing point: 

(1) Monomers which possess bulky substituents may exhibit a cer

tain reluctance to add to the corresponding macroradical, although 

frequently addition to other vinyl monomers, without hindering sub

stituents may be possible. 

(2) Another important factor is the extent of conjugation of the 

double bond with unsaturated groups in the substituents. This has 

been interpreted in terms of the amount of resonance stabilization of 

the macroradical produced by the reaction of the monomer with a grow

ing radical chain end. 

(3) A third factor is the electron density on the double bond af

fected by electron-withdrawing and electron-donating substituents. 

The extent to which these factors affect reactivity and the rela

tion with monomer structure is most effectively investigated by means 

of copolymerization of a series of monomers with a reference monomer. 

However, the copolymerization behavior of vinyl monomers does not 

only depend on the structure of the monomers, but also on the experi

mental conditions. 

In (co)polymerization an effect of solvent on reactivity has to be 

expected in the case of polar monomers and monomers with functional 

groups capab~e of forming hydrogen bonds. The solvent-effect may also 

3 



show up in the investigation of the effect of pressure on the reac

tivity of vinyl monomers. The observed pressure-effect does not only 

reflect the difference· in volume between the transition and initial 

state due to bond formation and bond breaking, but also reflects the 

changing interaction between the reactants and the solvent molecules. 

In chapter 6 it will be shown that the simultaneous evaluation of the 

effect of both solvent and pressure enables a consistent interpreta

tion of the relations between structure and reactivity in vinyl esters. 

In the Alfrey-Mayo model four different propagation reactions are 

considered (Appendix). However, erroneous results are obtained if the 

relevant copolymerization cannot be described by this model and addi

tional propagation reactions are playing a role. This may occur, for 
13-15 . example, when depropagation reactions show up , penult1mate 

groups affect reactivity14 -22 , or a diene monomer is involved22 , 

showing up in different configurations in the copolymer chain. By 

means of an objective mathematical test22 (see also chapter 2) it is 

concluded that the Alfrey-Mayo model is valid for the description of 

the kinetics of all copolymerizations reported in this thesis. 

The information obtained by means of copolymerization is restricted 

to pairs of monomers. However, this hampers the correlation of reac

tivity with molecular structure of the individual monomers. Therefore 

several approaches have been developed to transpose the monomer reac

tivity ratios into parameters describing the reactivity of the indi

vidual monomers and radicals23- 30 . In addition, this would enable the 

prediction of the copolymerization behavior of monomers which have 

not yet been copolymerized. However, a detailed discussion of the 

various schemes is hampered by the fact that the monomer reactivity 

ratios found in the abundant literature fail to show mutual agree

ment, and it is difficult to find reliable data (chapter 2). 

1.3 Aim and outline of the present investigation 

The aim of the investigation described in this thesis is to gain 

more insight, both in a quantitative and qualitative way, in reacti

vity and relations between structure and reactivity of vinyl monomers 

and corresponding radicals by means ·of free-radical copolymerization. 
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Moreover, a detailed investigation of copolymerization kinetics im

plies that considerable attention has to be paid to the development 

of experimental methods and computational procedures, enabling a re

liable determination of monomer reactivity ratios. 

The conditions which have to be fulfilled to calculate reliable 

monomer reactivity ratios are discussed in chapter 2. Several ap

proaches have been developed to describe the reactivity of the sepa

rate monomers. The most widely used scheme, viz., the Q-e scheme, is 

compared with the promising Pattem.s of Reaativity approach. 

A new, very simple and yet reliable method for the calculation of 

monomer reactivity ratios, based on the observation of the linearity 

of the plot ln n1 vs. ln n2 is described in chapter'3. 

Chapter 4 deals with the effect of pressure on (co)polymerization. 

The influence of solvent and steric hindrance on the activation vol

ume is discussed. Major attention is paid to the prediction of the 

pressure-effect on the monomer reactivity ratios. Two existing hy

potheses are compared with a new approach based on the Hammond postu

late, 

In chapter 5 a novel direct sampling of reaction mixtures under 

high-pressure conditions, followed by on-line gas chromatographic 

analysis of the sample, is described. 

Vinyl monomers can be roughly divided into two classes: conjugated 

and unconjugated monomers. 

In chapter 6 the relations between structure and reactivity of a 

homologous series of vinyl esters (unconjugated monomers) are de

scribed. Newly proposed views are applied to earlier and new results. 

The copolymerizations of a number of conjugated monomers with sty

rene as reference monomer are described in chapter 7, with emphasis 

on the effect of pressure on the reactivities of these monomers. The 

results are compared with those obtained in the investigation of the 

vinyl esters. 
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Chapter2 

Fundamental Aspects of Free-Radical Copolymerization 

Synopsis 

The investigation of ~elations between structure and ~eactivity of 

vinyl monome~s by means of copolyme~zation ~equi~es an exact desc~ip

tion of copolyme~zatibn kinetias. The model most frequently used is 

the Alfrey-Mayo equation. The aonditions which have to be fulfiUed 

in ol'der to calaulate ~eliable model pa~ameters~ i.e., the r values 

ar>e disaussed. The infor>mation obtained by means of aopo Z.yme~zation 

is ~8t~cted to pairs of monome~s. Seve~Z. app~oaches have been de

veZ.oped to t~spose the·r vaZ.ues into p~ete~s desa~bing the ~e

aativity of the separ>ate monome~s. A ~eliabZ.e modeZ. desc~iption should 

avoid ar>bitrary assignment of model par>amete~s. Furthel'more, an appro

priate scheme should take into account contributions whiah depend on 

the st~t~ of both monome~ and col'l'esponding ~diaal. These aondi

tions will be illustrated by the comparison between the most widely 

used scheme, viz., the Q-e saheme and the ''Patte~s of Reaativity" 

approaah. In our opinion t.he latte~ is at present the most ~eliable 

saheme for desa~bing ~eaations between polymer radicals and monomers. 

2.1 Introduction 

The model most frequently used for the description of copolymeri

zation kinetics is the Alfrey-Mayo (AM) mode11•2. Investigation of 

structure-reactivity relations of vinyl monomers by means of copoly

merization is entirely based on the knowledge of the pertaining model 

parameters, viz., the monomer reactivity ratios. Therefore, an exact 
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and reliable method for the evaluation of these r values is a neces

sity. However, it appears that there is no unique calculation proce

dure. Reliable P values only can be obtained by applying nonlinear 

least squares to the integrated copolymer equation2•3• Furthermore, 

it is necessary to take into account experimental errors in all meas

ured variables. These conditions are only fulfilled in three recent 

calculation procedures4•5•6 . Most other existing procedures can be 

found in three reviews4•7•8• The reasons underlying the development 

of a great number of unreliable calculation procedures will be dis

cussed. 

The information obtained by means of copolymerization is restricted 

to pairs of monomers. Therefore, many investigators have attempted to 

transpose the r values into parameters describing the relations be

tween structure and reactivity of individual monomers9- 16 • In addition 

it should be possible to predict the r values of monomer pairs which 

have not yet been copolymerized. However, for a number of reasons 

several methods inherently fail to give a reliable description of 

monomer reactivity. In the first place it is believed that the reac

tivity of a monomer strongly depends on the nature of the attacking 

radical. Therefore, a theoretical treatment of reactivity should in

clude contributions which depend on the structure of both radical and 

monomer. Secondly, the application may be restricted to certain 

classes of monomers. Also the "standard" monomers may be too similar 

in character. Finally, most methods require arbitrary attribution of 

reference parameters and basically differ only in whether one chooses 

to work in terms of two, three or four parameters. The codification 

of r values will be illustrated by the comparison between the most 

widely used scheme, i.e., the Q-e scheme9 and the "Patterns of Reac-
11 tivity" approach , referred to as Patterns, which at present is 

thought to be the most reliable scheme. 

2.2 Copolymerization kinetics 

1 2 According to Alfrey and Mayo ' , under a number of conditions, 

only four chain propagation reactions have to be considered for the 

description of the simultaneous free-radical polymerization of two 

vinyl monomers. 
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'VM • + Ml 
kll 

'I.Ml• 1 -
'VMl. + M2 

kl2 
'1M2· -

""M2· + Mz 
k22 

'1M2. -
rvM2 • + M1 

k21 
rvM

1 
• --

Combining the equations for monomer consumption and the steady-state 

principle the following equation can be derived (Appendix): 

c1n 1 r 1q + 1 

an;- = rz!q + 1 
(2.1) 

where, cin1/cin2 is the ratio of the instantaneous rates of consumption 

of the monomers by chain propagation; q = n1Jn2 is the ratio of the 

number of moles of monomer M1 and M2 respectively; r 1 = k11tk12 and 

r 2 = k22 Jk21 are the monomer reactivity ratios or r values expressing 

the preference of a given radical chain for the corresponding monomer 

over the other. In other words, the r values are reflecting the rela

tive reactivity of two monomers towards a radical chain end. Eq. 2.1 

is called the Alfrey-Mayo (AM) model. In case the copolymerization 

cannot be described by the AM model (see chapter 1) more than four 

chain propagation reactions have to be considered, leading to extended 

schemes with more than two kinetic parameters. 

2.3 Evaluation of the monomer reactivity ratios 

According to eq. 2.1 the r values of a monomer pair can be deter

mined by means of compositional analysis of copolymer formed for a 

number of initial monomer feed ratios. The experimental technique 

used is based on the isolation, purification and analysis of the co

polymer. However, for a number of reasons this method does not yield 

reliable r values. The most important drawback is the fact that most 

copolymerizations inevitably will show a drift in monomer feed ratio 
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q, due to the different reactivity of the monomers, as the degree of 

conversion increases and, consequently, so does the composition of 

the formed copolymer. in addition it is questionable which value for 

q has to be used in eq. 2.1. Some improvement can be obtained in 

using the mean value of the initial and final monomer feed ratios. 

As a consequence, to limit the drift in q, the conversion to copolymer 

has to be kept as small as possible. However, we have shown quantita

tively that this may lead to erroneous results when conversion of one 

of the monomers is within experimental error17 . Furthermore, it should 

be emphasized that nonstationary reaction conditions occurring at the 

start of copolymerization demand high-conversion experiments. A fur

ther drawback is that sometimes even within one binary combination 

different analytical techniques are needed. As a consequence, the 

experimental errors are unknown because different techniques invari

ably lead to different results for the same sample. 

The evaluation of~ values with eq. 2.1 essentially is a nonlinear 

least squares (NLLS) problem which has to be solved with the aid of 

a computer. However, computers only became available since about 1965, 

whereas the AM model was published in 1944. Investigators, aiming at 

linearization of eq. 2.1, tackled this problem in various ways, 

leading to a great number of calculation procedures. Transformation 

of the AM equation leads to transformation(s) of the original error 

structure of the measured variables. The transformed error no longer 

has an expected value of zero so that essential information wi111 have 

been lost and only approximate r values will be found. Our views in 

this matter were confirmed recently by McFarlane et a1. 18 who com

pared six linear regression methods with a NLLS method by means of 

simulated copolymerization experiments. For chosen ~values the co

polymer composition was computed from eq. 2.1 for a number of monomer 

feed ratios. To each of the computed values was added a normally dis

tributed, random error with mean zero and known variance. The result

ing data were then analyzed with the various methods. The resulting 

r values were compared with the initial values, resulting in the re

jection of three methods. liowever, this way of comparison at zero 

conversion is meaningless. The main problem in copolymerization ki

netics is the continuous change in monomer feed composition as the 

degree of conversion increases. For this reason even the NLLS 
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procedure may go wrong, although the degree of bias naturally depends 
on the monomer reactivity ratios and the values of q. 

From the above considerations it becomes clear that the vast num-
19 ber of P values, as e.g. tabulated in the Polymer Handbook , may be 

much more biased by the unreliable methods of calculating them from 

the copolymerization experiments than by the differences in experi

mental conditions. For example, Percec et a1. 20 reexamined 25 free

radical copolymerizations using the (linear) Kelen and TUdos method21 • 

Of these, only 12 could be characterized by the underlying AM model. 

Five systems presented high scattering of experimental data given by 

the original authors; 2 systems belong to another copolymerization 

scheme, and 6 gave meaningless P values. Therefore, the foregoing 

should serve as·a warning against casual acceptance of single numbers. 

To obtain reliable r values two basic improvements are necessary4 : 

- replacement of the compositional analysis of initial feed and co

polymer formed, by monomer feed compositional analysis; 

- an exact relationship describing copolymerization kinetics up to 

high conversions. 

The first improvement became possible by the introduction of gas

liquid chromatographic (GLC) analysis22 •23 and avoids the drawbacks 

of the conventional method. Moreover, there are some additional ad

vantages:· 

(1) gaseous monomers can be used more easily; 

(2) samples can be taken throughout the copolymerization reaction 

(sequential sampling technique) 22 . 

Integration of eq. 2.1 yields an exact relationship between the 

changing monomer feed ratio (q) and the degree of conversion, based 

on M2 (f2) (Appendix): 

(2. 2) 

where, f 2 = 100 • ( 1 - :~0 ) %, degree of conversion of M2 ; ~l = 1/ (r1 - 1) 

and x2 = l/Cr2 - 1). 

The subscript zero indicates conditions at zero conversion. Eq. 2.2, 

which is called the integrated AM equation can be used up to rela

tively high conversions (20-40%). 
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At first glance, the use of GLC analysis in combination with a 

NLLS procedure, based on the integrated AM model, should yield reli

able ~ values. However, an important condition for application of 

least squares procedures, viz., the experimental error in the inde

pendent variable is zero or small as compared to the experimental 

error in the dependent variable, is not fulfilled. By using GLC the 

errors in both variables q and t 2 are in the same order of magnitude. 

As a consequence, both q and t 2 can be used as dependent variable, 

resulting in different values for the monomer reactivity ratios. 

These views have recently been confirmed by Patino-Leal et a1. 6. They 

compared their EVM procedure that takes into account experimental 

errors in both [M1) and [M2] with a NLLS procedure that only considers 

measurement errors in one of the variables. The results are given in 

Table 2-1. 

Table 2-1 Results from simulated copolymerization experiments for P 1 = 0.1 and 

r 2 =lOa, according to Patino-Leal et a1. 6 . 

Method :;:;1 

EVM 0.1016 

LS-a 0,1031 

LS-b 0.0281 

:;:;2 

10.0827 

10.1949 

6.0872 

RMSD (1'1) 

0.0082 

0.0124 

0.0733 

RMSD (l'z) 

0,5826 

o. 7778 

4.2596 

a LS-a refers to the use of NLLS with (M1) as dependent variable, and LS-b assumes [M2] Its the 

dependent variable; RMSD is the root-mean-square deviation. 

Therefore, the use of a calculation procedure, based on the inte

grated AM equation, that considers experimental errors in all meas

ured variables, is a basic improvement in the science of the deter

mination of~ values4•5•6• In this thesis a procedure recently devel-
4 oped in our laboratory, i.e. the improved curve-fitting I procedure , 

in combination with GLC analysis of the reaction mixture will be 

used. This estimation procedure is believed to be at present the most 

accurate one for computing ~ values. 

However, for reasons of simplicity linear methods continue to be 

popular among copolyrnerization workers. To meet this desire, we de

veloped an easy and still reliable calculation procedure, based on 
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the linearity of the plot ln n1 vs. ln n2 (chapter 3 and ref. 17). 

The range of validity of this method is determined by comparison with 

the improved curve-fitting I procedure4 by means of simulated copoly

merization experiments. The method, given the experimental setup and 

the error structure described, appears to be applicable to a wide 

range of values of r 1·r2, that is, when 0.001 < r 1 •r2 < 2, provided 

both M1 and M2 conversions are large enough compared with the measure

ment error. 

In a number of cases (see chapter 1) the AM model cannot describe 

h b d 1 . . b h . K 1 d ....:: .... 24,25 h t e o serve copo ymer1zat1on e av1our. e en an tuuOs ave 

applied their linear procedure as a model-discriminating tool. It was 

assumed that a system requiring more than two kinetic parameters to 

describe it, would exhibit a systematic departure from linearity in 

the plot of the dependent variable n vs. the independent variable ~. 

While this is correct, McFarlane et a1. 26 stated and confirmed that 

the nature of the Kelen-TUdos plot and the error structure can also 

cause a systematic deviation from the rectilinear plot. Therefore, it 

was concluded that a linear least-squares analysis bf copolymer com

position data cannot serve, by itself, as a model discriminating sys

tem. Van der Meer et a1. 27 outlined two methods to detect possible 

deviations from the AM model. The first method is based on examining 

the various lines in a r 1 vs. r 2 plot, obtained by means of the im

proved curve-fitting !/intersection procedure4• The slope of these 

lines depends mainly on the average monomer feed composition. If there 

is a drift of the intersection points as a function of the monomer 

feed composition the AM model has to be rejected. In the second and 

more objective method, viz., the F test, based on the statistical 

comparison of residual sums of squares, it is possible to check the 

goodness of fit of any copolymerization scheme. Furthermore, the test 

allows one to decide which of two alternative schemes is preferred 

for a given copolymerization reaction. It is very important to be 

able to detect possible deviations from the AM model, but, it is even 

more important to assess the appropriate scheme. Therefore, the F 

test is preferred in selecting the most probable kinetic scheme for 

a given copolymerization system. 
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2.4 loberent reactivity of monoiners and radicals 

1.4.1 Introduction 

Th.ere are two main reasons why considerable importance has been 

attached to the development of schemes in which each individual mono

mer is described by-characteristic constants. In the first place, the 

need to determine P values for all possible pairs among a large num

ber of monomers can be avoided. Secondly, if each monomer, rather 

than each pair of monomers, can be characterized by a set of numeri

cal constants, the correlation of reactivity with molecular structure 

becomes more attainable than if one must consider the structure of 

two monomers·together. Once, the model parameters for a given scheme 

have been assigned, it becomes possible to predict P values for pairs 

of monomers for which the model parameters are known, but which have 

not yet been copolymerized. A number of factors governing the reactiv

ity of a vinyl monomer will be discussed in the subsequent section. 

First, there is evidence for a stePia effect. Monomers which pos

sess substituents on both carbon atoms of the double bond (1,2-disub

stituted ethylenes) exhibit, in general, a reluctance to homopolyme

rize·. However, very often copolymerization with other vinyl monomers, 

without hindering substituents, is possible. A second important fac

tor seems to be the extent of conjugation of the double bond with 

unsaturated groups in the substituent. In other words, this repre

sents the amount of pesonanae stabilization of the radical adduct 

produced by the reaction of the monomer with a growing chain end. 

Thus, styrene is a very reactive monomer, whereas the styrene radical 

is a fairly unreactive radical due to the large gain in resonance 

stabilization. The reverse applies to vinyl acetate. These effects 

tend to counteract each other28 : the self-growth of styrene (unreac

tive radical plus reactive monomer) may be quite comparable in rate 

with the self-growth of vinyl acetate (reactive radical plus Unreac

tive monomer). However, when styrene and vinyl acetate must compete 

for a given free radical, as is the case in copolymerization, the 

greater reactivity of the styrene monomer becomes very evident. There

fore, the separate polymerization behavior of individual monomers is 

a poor guide for the prediction of their copolymerization behavior. 
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The foregoing may lead to the conclusion that the order of reactivity 

for radicals is approximately the reverse of that for monomers. How

ever, the validity of an absolute order of reactivities of radicals 

and monomers is vitiated by a third factor: the polarity of the carbon

carbon double bond. In case of radicals with intermediate ~eactivity 

the polar effect can bring about a striking change in the reactivity 

sequence. Substituents able to withdraw or donate electrons affect the 

polarity of monomers and radicals. A free radical with a positive 

character will exhibit a particular preference for a monomer with an 

electron rich double bond and vice versa. 

A great number of schemes have been developed which aim to corre

late structure and reactivity of vinyl monomers with the three factors 

discussed above·. Several of these originate from organic chemistry. 

Typical examples are the Yamamoto-Otsu equation13 , the Hammett equa

tion14, and the Taft relation15 • In these schemes the monomer reac

tivity ~f a homologous series of monomers towards a reference radical 

is considered. Basically related to this type of approach are semi

empirical schemes based on the derivation of an expression for the 

rate constant pertaining to the reaction of a·radical with a mono

mer9•10•11•29. The r values, as defined, then can be predicted by 

calculating the ratio of the rate constants for the reaction of a 

radical with the corresponding monomer and with the comonomer. In ad

dition, there are several theoretical approaches based on absolute 

calculations of "electron densities" or some related property, as

sumed to determine reactivity. A number of authors have attempted to 

give a theoreticai basis to existing schemes, e.g., the Q-e 

scheme29 -32 • 

The validity of the various schemes can be determined by the com

parison of the predicted r values with those experimentally obtained. 

However, as already pointed out in section 2.3, the r values found in 

the abundant literature fail to show mutual agreement and it is diffi

cult to find reliable ones, As a consequence, it is impossible to de

cide the extent to which the separate schemes are valid or to find out 

which one has the best descriptive character. For the same reason the 

existing schemes will not be reviewed thoroughly in this chapter. The 

discussion will be restricted to the conditions that have to be satis

fied in order to provide a reliable description of structure-reactivity 

relations and a reliable prediction of r values. This will be achieved 
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by the comparison of the most widely used scheme, viz., the Q-e 

scheme9 and the PattePns method11 , which at present we consider to be 

the most reliable scheme. Detailed discussion of these and other 

schemes can be found in the references mentioned before. 

2.4.2 Q-escbeme 

The underlying assumption of the Q-e scheme is that the rate con

stant k12 for the reaction of radical "-M1 • with monomer M2 is' given 

by the following relationship: 

(2.3) 

where P1 is a constant characteristic of the nature of the radical, 

Q2 is the general reactivity in terms of stabilization by resonance 

'of the monomer, and e 1 and e2 are the polarities of radical and mon

omer, respectively. Assuming the same polarity factor e for monomer 

and corresponding radical, the r values may be expressed as follows: 

rl = kulkl2 = Ql/Q2 exp[-el(el-ez)] (2.4) 

r2 k22/k21 Qz!Ql exp[-ez(ez-el)] (2 .5) 

and 

2 
rl•r2 = 'IT = exp[- (e cez) 1 (2 .6) 

Monomer reactivity ratios furnish values for ratios of Q factors and 

differences between e factors. Therefore, a zero point has to be 

chosen by assigning arbitrarily Q and e parameters for one monomer. 

At present styrene is used as reference monomer with Q = 1.0 and e = 
-0.8. Once Q-e values have been assigned it becomes possible t6 pre

dict reactivity ratios for pairs of monomers for which Q-e values are 

known but which have not actually been copolymerized; the potential 

value of the Q-e scheme is therefore obvious. 
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2.4.3 Patterns 

The PattePns method is a more general one compared with the Q-e 

scheme as the reaction between any radical and any monomer is con

sidered. The authors claim that the reaction rate constant in question 

can be expressed as: 

log k log k3,T + ao + S (2. 7) 

where k3 T is the measured rate constant for a specific reaction, 
• 

i.e., the hydrogen abstraction by the radical R• from toluene. Of the 

other parameters the Hammett o function represents the polarity of 

the radical R •; and a and S are characteristic of the substrate. ex

perimentally determined by reaction of the substrate with a series of 

referen~e radicals of known k3 T and cr. As a consequence, PattePna 
• avoids any arbitrary assignment of reference values. In case of a 

transfer reaction the first and third terms of the right hand side of 

eq. 2.7 depend upon the dissociation energies of the bonds broken and 

formed. The term B is also a measure of the polarity of the transition 

state in case of a radical with only nonpolar substituents (cr = 0). 

The second term on the right hand side measures the additional polar 

effect which appears if the radical is substituted with polar groups. 

The term acr denotes both the magnitude of the contribution of polar 

structures to the transition state and the direction of charge trans

fer between radical and monomer. Negative values of a correspond to 

a tendency to transfer an electron from the radical to the substrate, 

while positive values are associated with partial proton transfer 

from substrate to radical. 

In copolymerization the P values can be predicted by the following 

equations: 

log 1"1 (2.8) 

(2 .9) 
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2.4.4 Comparison between Q-e sclleme and Patterns 

An obvious limitation of the Q-e scheme is the need to assign arbi

trary Q and e parameters to a reference monomer. At present styrene 

is used with Q = 1.0 and e = -0.8, although there have been several 
9 33 34 attempts to change the latter • • or to take ethylene as a more 

logical reference monomer28 •35 •36 , in order to obtain a better physi

cal significance of the parameters. However, the original Q-e scheme 

has become so firmly entrenched that it does not seem possible either 

to modify or to replace it. The most important drawback of the Q-e 

scheme is the assignment of similar polarity values to radical and 

monomer. Therefore, as can be seen from eqs. 2.4 and 2.5 the predic

tion of~ values is governed by monomer parameters, independent of 

the nature of the radicals. However, in our opinion the experimental

ly observed difference in reactivity of two monomers, as expressed in 

the ~ values, strongly depends on the reactivity of the attacking 

.radical. For example, Jenkins 30 provides relative rate constants for 

propagation and transfer reactions of three radicals towards five 

substrates. The ratio between reactivities of vinyl acetate and acry

lonitrile radicals towards the substrates varies from 104 to 5, where

as the ratio between reactivities for styrene and acrylonitrile radi

cals changes from 102 to 2.104• Additional proof is found in our in

vestigation of the effect of pressure on the copolymerization1 of a 

homologous series of vinyl esters with ethylene as reference monomer 

(see chapter 6). The results suggest the conclusion that the greater 

the radical reactivity, the smaller the difference in monomer reac

tivity experimentally observed. As a consequence, there is no doubt 

that the order of reactivities of radicals is not unique, but depends 

on the nature of the particular radical-substrata combination. There

fore, an appropriate scheme relating structure to reactivity and pre

dicting ~ values should have at least one parameter describing the 

reactivity of the radical. Wallio has suggested that improved fit 

with experimental data can be obtained if the Q-e scheme is expanded 

by assigning a different e value to a monomer and the corresponding 

radical (e*). Wall's expressions are: 

(2 .10) 
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(2 .11) 

'If = (2 .12) 

This extension does involve the need for the arbitrary assignment of 

an additional parameter, i.e. an e* reference value and tends to 

undermine the utility of the modification. The same holds for other 

methods that require arbitrary attribution of values to standard pa

rameters and basically only differ in whether one chooses to work in 

terms of two, three or four parameters. Although Patterns is a four 

parameter scheme it has the advantage that all these parameters are 

experimentally ~ccessible. Therefore, deviations between the predicted 

and observed r values, provided the latter are determined reliably, 

originate from the differences in experimental conditions and the 

reliability with which the parameters are determined. An additional 

advantage of. Patterns is the treatment of propagation and transfer 
37 reactions with equal facility, whereas other methods except one , 

exclusively deal with propagation reactions. 

The difference between the Q-e scheme and Patterns is most elegant

ly shown by consideration of a system of three monomers A, B and C 

which are copolymerized in pairs to give a total of six reactivity 

ratios30 •31 . Mayo38 defined the function H such that 

(2 .13) 

By substitution of the expressions for the r values from the Q-e 

scheme (eqs. 2.4. and 2.5) it is evident that the only possible value 

for H is unity. With Patterns the following result is obtained: 

(2.14) 

As a consequence, H can be calculated a priori from the known a and 

a values for the three monomers and the derived radicals. The cal

culated H' then can be compared with the H obtained'by substitution 

of the experimental values of the six monomer reactivity ratios 
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figure 2-1 Comparison between observed H factors and those calculated by means 

of the Patterns treatment31 . 

in eq. 2.13. Figure 2-1 displays the comparison for fourteen systems, 

each comprising three monomers (according to Jenkins31). It ~s appar

ent that H does depart significantly from unity. In chapter 7 we will 

also show that H is unity is an unrealistic assumption, not confirmed 

by experimental data. Furthermore, the observed values correlate well 

with those calculated. This is a clear demonstration of the power of 

the Patterns treatment where the Q-e scheme fails completely to cope 

with the situation. 

2.4.5 Conclusions 

A theoretical treatment of reactivity should include contributions 

which depend on the structures of both radical and monomer. On this 

view the frequently used Q-e scheme is inappropriate to relate struc

ture and reactivity and to predict ~ values since only monomer param

eters are considered. Therefore, attempts to support the Q-e scheme 
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with quantum chemical studies are useless. However, attaching real 

significance to the Q-e parameters was not the object of the origina

tors of the scheme. "The most that can be claimed is that to a reason

able approximation the Q-e scheme permits the codification of copoly

merization results in terms of Q and e values of the various mono

mers1128. Therefore, the assignment of Q and e values is quite empiri

cal being derived from copolymerization data in such a way that a 

self-consistent set of parameters is obtained, In this view the Q-e 

scheme still can be used for an approximate prediction of r values of 

uninvestigated combinations while it is remembered that the scheme 

possesses only a limited theoretical foundation. The distinction be

tween Q-e scheme and Patterns lies in different allocation of sepa

rate polar parameters to monomers and the corresponding radicals. 

Patterns therefore represents an advance on Q-e in the same sense as 

Q-e-e* but with the invaluable advantage that its basis consists of 

experimentally determined reference data, devoid of arbitrary assign

ment. 
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Cbapter3 

A New Method of Estimating Monomer Reactivity 

Ratios in Copolymerization by Linear Regression 

Synopsis 

Sequential gas-liquid ahr>omatographic analysis of the reaation 

mi~e throughout a aopolymerization reaction in aonjunation with 

the improved auzove-fitting I (integrated form) method~ whiah aaaounts 

for measuzoement errors in both variables, allows acauzoate estimation 

of the monomezo zoeaativity Patios. In this ahapter an alternative 

method is presented for estimating r values in aopolymerization with 

lineazo zoegression only, whiah is espeaially suited to cases in whiah 

one or two of the r values is alose to 1. In these aases the improved 

auzove-fitting I method tends to converge slowly beaause of the numer

ical instability of the integrated aopolymerization equation. The use 

of the new method is illustrated for the estimation of the r values 

for ethylene and vinyl aaetate in benzene at 3,4 MPa and 335 K. The 

lineazo regression method was also tried on otheP copolymerizations 

and the results azoe compared with those obtained from the improved 

aurve-fitting I method. The limits of appliaability of the linear re

gression method are determined by simulated "sequential sampling" ex

periments. It appears that the new method is applicable when the prod

uct of the r values is between 0.001 and 2~ provided both monomer 

conversions azoe large enough aompared with the measuzoement e:rror. 
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3.1 Introduction 

This chapter is intended to describe an easy-to-use monomer reac-· 

tivity ratios estimation method. For a review of other existing meth

ods see Tidwell and Mortimer1, Joshi2, and van der Meer et a1. 3• 

Gas-liquid chromatographic (GLC) analysis allows accurate determi

nation of monomer feed composition throughout a copolymerization re

action up to relatively high conversions (20-40%) 4•5 . By integrating 

the simple copolymer equation of Alfrey and Mayo6 •7 

dn1 r 1(n
1
;n2) + 1 

an; rz(n2/n1) + 1 
(3.1) 

where n1 and n2 are the number of moles of monomer M1 and M2, respec

tively, and r 1 and r 2 are the monomer reactivity ratios, we can ex

press. n2 as a function of the monomer feed ratio q = n1!n2: 

(3.2) 

where n20 and q0 = n10;n20 represent the initial conditions an~ x1 
l/(r1 - 1) and x2 = l/(r2 - 1). 

Sequential GLC analysis yields observations N2i for n2i and Qi for 

qi (i = l, ••• ,n) during a number of experimental runs. The observa

tions are assumed to be without systematic error and have variances 

equal to cr2 (N2i) and cr2(Qi), respectively, with correlation effect pi. 

We further assume that (N2.,Qi) is independent of (N
2

.,Q.) fori~ j. 
l 2 2 :J J 

Estimates for the values of cr (N2i)' cr (Qi)' and pi are obtained by 

consideration of the relationship between the errors in N2i and Qi 

and the errors in the three .peak. areas Ali' A2i and Asi occuring in 

the sequential gas chromatographic analysis of the copolymerization 

mixture3• For simplicity we assume that the variances are equal to 1 

and that the correlation coefficient is zero. 

The parameters r 1 and r 2 are estimated by solving 

(3.3) 
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subject to eq. ·(3.2), where R constitutes r 1 and r 2 and the initial 

monomer feed ratios for each experimental run. A justification for 

this criterion can be found in van der Meer et a1. 3 together with an 

approximate expression for the cavariances of the ·parameter esti

mates and a description of the improved curve-fitting I method for 

general values of a2 (N2i), a2
(Qi), and pi. This method is .also appli

cable for more complicated copolymerization models8 • An efficient al

gorithm for solving eq. (3.3) has been described by Linssen9 •10• 

In this chapter we present an alternative method of estimating r 1 
and ~2 • which requires only linear regressions, and we compare the 

results of the two methods for a number of cases. 

3.2 Estimating r1 and r2 with Unear regression 

3.2.1 The general bebalior of tile solution to tile copolymer equation 

The solution (3.2) to the copolymer equation (3.1) may be written 

directly in .terms of the number of moles n1 and n2 as 

~~ (1 - ~2)ln n2 + ~2(1 - l"l)ln nl - (1 - l"lrz)lnl (nl + ~~- -l"i nz)f= CO 

(3.4) 

where 

CO= (1 ~ rz)(rl- l)ln n20 + r2(1- rl)ln qo- (1- rlr2)ln l(qo + ~~--ri)l 
(3.5) 

and q0 = n10tn20 : Figure 3-1 shows a plot of ln n1 vs. ln n2 for r 1 = 
0.74, r 2 = 1.5 (I); r 1 = 10, r 2 = 0.1 (II); and r 1 = 0.5, r 2 = 10 (III), 

and initial conditions n20 = n10 = 1. It is seen from this plot that 

the relation between ln n1 and ln n2 is smooth and (provided r 1·r2 ~ 1) 

even for extremely large variations in q (say qmax/qmin = 10,000) the 

slope of the curve hardly changes at all. Therefore for small ranges. 

of qmax/qmin we have, to an excellent approximation, 
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Figure 3-1 In n1 vs. In n2 for P1 0.74, Pz = l.S (I); r 1 = 10, P2 = 0.1 (II); 

and r 1 = 0.5, r 2 = 10 (III); and corresponding values of q for case I; 

nlO = n20 = l. 

Now the Alfrey and Mayo equation (3.1) can be written 

d ln n1 r 1q + 1 

d ln n
2 

r 2 + q 

Consequently we have 

B (3.6) 

where q is some intermediate value between qmin and qmax· The, extreme 

slopes are B = r 1 as q ~ ~ and B = 1/r2 as q + 0 so the difference in 

slopes is very small (in example I the change is only 0.0733). Dif

ferent initial conditions result in simply translated lines in the 

In n1-In n2 plane. 

30 



3.2.2 The linear regression estimation proeedure 

From the preceding section we see that the problem of fitting 

curves of form (3.4) to several sets of data is equivalent to fitting 

small segments of smooth curves. For limiting excursions of q the re

lation between In n1 and ln n2 is essentially linear. It is therefore 

reasonable to estimate r 1 and r 2 by using the following steps: 

(1) For the jth experimental run, j = 1,2, ... ,N, convert the area 

readings to relative number of moles and the ratio of the number of 

moles of monomer M1 and M2 

Alji 
= ln~, 

SJl 
:l:ji In ;2~: 

SJl 

where y relates to monomer 1, :.1: to monomer 2, Cj is a known system 

constant, and i = l, ••• ,nj. 

(2) Calculate Qj = (1/nj) 

(3) Fit a linear model 

i 

n. 
-s;lq •. 

i=l J 1 

1,2, ... ,nj 

using simple linear least squares to obtain an estimates .• Because 
J 

there are errors in :.1: and y, we also fit the model 

:.1:
1
•

1
• = YJ· + o .y · ·, 

. J Jl 
i 1,2, •.• ,nj 

and take as the estimate of the slope 

'BJ. = ca.;~.)l;z 
J 1 

'V -
(4) Use the estimates (Sj,Qj) as data to fit the model 

j 1,2, ... ,N (3.7) 

hence obtain the estimates r 1,r2• 
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Note that it is not necessary to use nonlinear least squares to 

estimate r 1 and r 2, because a simple grid search on r 2 can be used to 

advantage. We note that for a given value of r 2, say r 2k, eq. (3.7) 

reduces to a linear model in r 1; that is 

Letting 

k ( q. ) V. = J 
r r2k + qj 

we have 

hence the conditional least-squares estimate forr 1 is 

(3.8) 

k 2 .2 k 2 . 
with residual sum of squares Sk = E (uj) - r 1k. E (Vj) . It 1s a 

simple matter to step th:ough a range of values of r 2 , say r 2 [1.05 

(0.05) 2.00], :alculate r 1k and Sk at each value, and then choose the 

pair [r1(r2), : 2J that gives the smallest residual sum of squares, 

which we call S. Note also that step (4) depends on which monomer is 

subscripted with 1. If we change the subscripts, step (4), that is, 

regression of B on q, is replaced by the regression of 1/B on 1/q. 

The method should not be sensitive to arbitrary indexation (see Tid

well and Mortimer1). This means that the two regressions should give 

similar results. 
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3.2.3 Determiniug a joint eonfidence region 

To determine a 100(1 - a)% joint confidence region for P1 and P2 
we use the fact that the confidence region can be approximated by the 

contour in the sum-of-squares surface for which 

-( 2F2 N-2(a)) S(Pl,P2) = s 1 + , = s 
N - 2 a 

(3. 9) 

where F2,N_2 (a) is the upper lOOa% value of Fisher's F distribution 

with 2 and N - 2 degrees of freedom; but for P2 = P2k the sum of 

squares at any value of P1 is quadratic in P1: 

{3.10) 

hence for a fixed value P2k the coordinates of the contour can be ob

tained by substituting eq. (3.9) in eq. (3.8) to give the coordinates 

- (s - sk)l/2 
Plk .::, a k 2 • P2k 

z: (vj) 

Plotting these coordinates for each value of Pzk generates the confi

dence region. 

3.3 Applications 

3.3.1 Ethylene and vm1J' acetate m benzene 

Figure 3-2 shows plots of yji vs. ~ji for seven runs of a copolymer 

reaction of ethylene and vinyl acetate in benzene. The experimental 

method and conditions can be found elsewhere11 • It is seen in Figure 

3-2 that the straight-line assumption for each run is quite appro

priate. Table 3-1 lists the estimates Qj' Sj, 6j and ~j for each run. 
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Ffgure 3-2 yji (vert.) vs. xji (hor.); Eth-VAc in benzene. 

To determine the parameter estimates we start with Pzk = [1.05 

(0.05) 2.00] and for each P2 calculate r 1k using eq. (3.8). Table 3-1 

also shows the values u. and v. for r 2 = 1.40 from which we find 
- J 2 J 
r 1(r2 = 1.40) = (r uv/E v) = 0.807 with 5(0.807, 1.40) = 0.00171. 

The minimum sum of squares, S = 0.00157, occurs at r 1 = 0.797, r 2 = 

1.375 and so sa= 0.0015i[l + (2/5)(5.79)] = 0.00521, where 5,79 is 
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the upper 5% value of F2 5• The 95% confidence region at P 2 = 1.40 
, 1/2 

therefore has coordinates {0.807 ~ [(0.00521 ~ 0.00171)/1.8446] 

1.40}, that is (0.763, 1.40) and (0.851, 1.40). 

Table 3-1 Summary values for the ethylene (M1) and vinyl acetate (M2) in benzene 

copolymerization data. 

"2 : 1.40 

J 1/6j "' qj 6j Bj . u. vj J 

o. 7526 0. 7778 0. 7651 3.8674 0.5753 o. 7342 

o. 7533 o. 7609 o. 7571 2.2689 0.4849 0.6184 

3 o. 7531 o. 7632 0. 7581 o. 7356 0.2898 0.3444 

4 0. 7393 0. 7480 0. 7436 1.0769 0.3399 0.4348 

5 0. 7269 o. 7338 0. 7303 0.2379 0.1198 0.1452 

6 0. 7519 o. 7601 o. 7560 0.4603 0.2185 0.2474 

7 0. 7975 o.81Z5 0.8050 3.4784 0.6004 o. 7135 

rvj 2 ~ 1.8205. Eu.v. 
J J 

= 1.4697. 

Table 3-2 Copolymerization parameter estimates resulting from the improved 

curve-fitting I and the linear regression method. 

Binary Improved curve- Linear 

combination a fitting I :tegression 

Eth-VAc·Bt "1 o. 79!. o.ozb 0.80 !. 0.02 

3.4 MPa "2 1.39 !. 0.01 1.37!. 0.03 

VAc-VP "l 0.90.::. 0.03 0.91 .::. 0,02 

3.4 MPa "z 1.03 !. 0.03 1.03!. 0,02 

VAc-VPVc "I 0.88 + 0.02 0,88 .::. 0.01 

3.4 MPa "z 1.17 + 0.02 1.17.::. 0.02 

VAc-VPVc "1 0,86 .::. 0.01 0.85 :':. 0.02 

59 MPa 1'2 1.10 .::. 0.02 1.08 .::. 0.03 

VAc-VPVc "1 0.84 .::. 0.()1 0.85 + 0.02 

118 MPa "2 1.04 :':. 0.01 1.09 + 0.03 

a Eth = ethylene; VAc = vinyl acetate; VP = vinyl propionate; VPV = vinyl pivalate; Bz = benzene. 

Copolymerizations at 335 K with tert-butyl alcohol as solvent unless .otherwise indicated. 

The experimental data are giv-en elsewhe-re11 

b Approximate standard deviation. 

c Evaluation of these results will be published elsewhere14 . 

35 



.900 

,.830 

~ 

.760 

690 

1.260 1.330 1.470 

Figure 3-3 Selected points of the 95% confidence sum-of-squares contour for 

Eth-VAc in benzene. 

Figure 3-3 shows the completed 95% contour, which reveals moderate 

correlation between the two parameters estimates. The contour is very 

close to an ellipse, which suggests that the estimation situation is 

not badly affected by nonlinearity. 

Estimates for the monomer reactivity ratios were also computed 

with reindexed monomers. The sensitivity of the estimates to reindexa

tion appears to be small compared with the accuracies of the estimates. 

This holds as well for the other copolymerizations considered in this 

chapter. One may use the averages of the estimates, which result from 

the two regressions, as final estimates of the reactivity ratios. 

3.3.1 Other examples 

The linear regression method was applied to four other copolymeri

zation data sets and the results are shown in Table 3-2 with the re

sults of the improved curve-fitting I method. The low-pressure experi

ments show excellent agreement between the two methods, whereas the 

VAc-VPV copolymerization at 118 MPa shows a sizable difference between 

the two methods for the value of r 2• Figure 3-4 shows a plot of Bj vs. 

Q. for all five copolymerizations, together with the fitted line given 
J 

by eq. (3.7). Such a plot is useful in a check for the quality of the 

design and the goodness of fit and to reveal outliers. 
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Figure 3-4 B (vert.) vs. ~ (hor.); solid line is least-squares fit. 
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Table 3-3 Copolymerization parameter estimates for the improved curve-fitting 

and the linear regression method with ~1 ·r2 = 

Copolymerization Improved curve-

parameters fitting I estimates 

''! 0.999 a 

"'2 1.001 -a 

"'I 0.5 0.494 :. 0.015 

"'2 2.0 2.055 + 0.062 

"'I 0.1 0.125 + 0.059 

"'2 10.0 10.083 :. 1.475 

1'1 0.05 0.191 :. 0.220 

1'2 20.(} 32.999:. 14.553 

1'1 10.0 9.957 :. 0.115 

"z 0.1 0.098 :. 0.004 

"1 20.0 20.116 :. 0.281 

"2 0.05 0.049 :. 0.001 

a No convergence for the improved curve-fitting I method. 

b Approximate standard deviation. 

3.4 · Range of applicability 

l. 

Linear regression 

estimates 

0.996 :_ 0,010b 

0.986:. 0.016 

0.501 !. 0.013 

2.031 :. 0.054 

0.155!. 0.038 

7.188 :. 0.667 

0.081 :. 0.041 

8.953!. 0.989 

9.918:.0.101 

0.097 !:. o.oos 
19.916!:. 0.216 

0.047 :. 0.003 

The linear regression method is especially suited to cases in which 

one or two of the r values is close to 1. In these cases the improved 

curve-fitting I method, due to the numerical instability of the inte

grated copolymer equation in the neighborhood of r 1 or r 2 = 1, tends 

to converge slowly, as is the case for the copolymerization of. vinyl 

acetate and vinyl propionate at 59 MPa with r 1 = 0.984 ~ 0.011 and 

r 2 = 0.997 ~ 0.010 (linear regression estimates) 12 • To cover a, wide 

range of copolymerizations for comparing the two methods and to de

termine the limits of applicability of the linear regression method 

copolymerization data were sim!llated in the following way. For se

lected values of r 1 and r 2 ten copolymerization experiments by the 

"sequential sampling" method4 were simulated with initial monomer feed 

ratios that varied from 0.4 with steps of 0.4 to 4 and M2 conversion 

of 25%. For each experiment starting at 0 the M2 conversion was in

creased by a fixed amount of 1% and the corresponding monomer feed 

ratio was computed from the integrated Alfrey and Mayo equation. Ideal 

GLC areas (without measurement errors) were computed and these areas 

were disturbed by a normal error. The standard deviations of the areas 
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A1, A2, and As were chosen to be 0.5, 0.5, and 0.75%. These disturbed 

areas were then used to determine the monomer feed ratio q and the M
2 

conversion f 2. The resulting data were then analyzed by the two meth

ods. 

1, the Alfrey and Mayo model can be written 

and the linear regression method seems to be appropriate. The results 

for some selected cases with r 1·r2 = 1 are shown in Table 3-3. This 

table, together with Table 3-4, also serves to illustrate a limitation 

of the linear regression method. Given a fixed M2 conversion and 

r 2 >> v1 the M1. conversion is small compared with the measurement 

error, in which case the regression of ln n2 on ln n1 yields unreli

able results and the linear regression method breaks down; r 1 = 0.5, 

Table 3-4 Copolymerization parameter estimates for the improved curve-fitting 

and the linear regression method for increasin~ values of P 1·P2. 

Copo1ymerization 
"1'1'2 

Improved curve- Linear regression 

parameters fitting I estimates estimates 

"t 0 0 -0,017;!:. 0.012a 0.023 !. 0.008 

"2 1.939 0.073 1.957:: 0.049 

l'1 0.01 0.001 0.017 ;!:. 0.006 0.029 + 0.007 

1'2 0.1 0.107 + 0.006 0.110 + 0.004 

l'l 0.1 0.01 0.084 !. 0.006 0.092 !. 0.007 

l'2 0.1 0.098!. 0.007 0.094 !. 0.004 

''1 0.2 0.1 0.191 .':. 0.007 o. 200 !. 0.005 

"2 o.s 0.483!. 0.012 0.489 :: 0.008 

"1 0.4 0.2 0.411 !. 0.008 0.418 !. 0.008 

r2 o.s 0.514 + 0.014 0.519 !. 0.011 

"t 0.5 0.512 !. 0.028 0. 518 + 0.032 

"2 3.893 + 0.191 3.753!. 0.208 

1'1 4.046 + 0.050 4.011 ! 0.041 

Pz 0.5 0.510!. 0.015 0.514 ! 0.015 

1'1 0.5 s 0.468 • 0.083 0.438 ! 0.039 

"z 10 9. 329 !. 1.223 7.333! 0.472 

1'1 10 9. 798 !. 0.174 9.148! 0.164 

"2 0.5 0.482 • 0.017 0.464!. 0.022 

l'l 0.5 10 0.845 + 0.486 0.211 ! 0.054 

1'2 20 34.339!. 15.535 8.743 !,1.024 

1'1 20 10 19.861 + 0.525 15.445!. 0.341 

l'z 0.5 0.495 + 0.020 0.416:: 0,021 

a Approximate standard deviation. 
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r
2 

~ 10 in Table 3-4 is an example of low M1 conversion compared with 

r 1 ~ 10, r
2 

= 0.5. Consequently, the linear regression method performs 

better in the latter case. Therefore, both the M1 and M2 conversions 

must be large enough, compared with the measurement error, for the 

linear regression method to be reliable. The improved curve~fitting I 

method yields more realistic results. 

The next limitation concerns the value of l"1·r2 . If P 1•r2 f: 1, the 

relation between ln n1 and ln n2 is not a straight line and the re

sults of the linear regression method might be erroneous. Table 3-4 

shows the results of the two methods for increasing values of 2"1 ·2"2• 

3.5 Conclusions 

The linear regression method, given the experimental setup and the 

measurement errors described, appears to be applicable to a wide range 

of values of r 1·P2, that is, when 0.001 < l"1•r2 < 2, provided both 

M1 and M2 conversions are large enough compared with the measurement 

e~ror. Therefore, the method cannot be used if there is no idea of the 

possible range of the reactivity ratios to be determined. In general, 

the range of applicability decreases with increasing measurement error. 

Copolymerizations with 0.001 < P 1·P2 < 2 constitute 80% of all cases 

for which there are estimates in the ref. 13. 

References 

1. P.W. Tidwell and G.A. Mortimer, J. MaCl"omoZ. Sci. Rev. MaaromoZ. 

Chem. , !• 281 (1970) 

2. R.M. Joshi, J. Maal"omoZ. Sai. Chem., ~. 1231 (1973) 

3. R. van der Meer, H.N. Linssen and A.L. German, J. PoZym. Sai. 

PoZym. Chem. Ed., ~~ 2915 {1978) 

4. A.L. German and D. Heike~s, J. PoZym. Sci. A-1, ~. 2225 (1971) 

· 5. A. Guyot, C. Blanc, J.C. Daniel and Y. Trambouze, C.R. Acad. Sai., 

253, 1795 (1961); H.J. Harwood, .H. Baikowitz and H.F. Trommer, 

40 

Am. Chem. Soc. PoZym. Pl"epr., !• 133 (1963); H.K. Johnston and 

A. Rudin, J. Paint TeahnoZ., 42, 429 (1970); H. Narita, Y. Hoshii 

and S. Machida, Angew. Makl"omoZ. Chem., 52, 117 (1976); R. van der 



Meer and A.L. German, J'. PoZym. Sci. PoZym. Chem. Ed., !Z_, 571 

(1979) 

6. T. Alfrey, Jr., and G. Go1dfinger, J'. Chem. Phys., ~. 205 (1944) 

7. F.R. Mayo and F.M. Lewis, J'. Am. Chem. So~ •• 66, 1594 (1944) 

8. R. van der Meer, J.M. Alberti, A.L. German and H.N. Li~ssen, J'. 

PoZym. Sci. PoZym. Chem. Ed., !Z_, 3349 (1979) 

9. H.N. Linssen, Re~ent DeveLopments in Statistics, North Holland, 

Amsterdam, 1977, p.531 

10. H.N. Linssen, Reg:ttession with Nuisance Parameters, Users Manual, 

Internal Report, COSOR-Note R 76-17, Eindhoven University of 

Technology, 1976 

11. R. van der Meer, Ph.D. Thesis, Eindhoven University of Technology, 

1977 

12. J. Schrijver, Internal Report, Eindhoven University of Technology, 

1978 
13. L.J. Young, in PoLymer Handbook, 2nd ed., J. Brandrup and E.H. 

Immergut, Eds., Wiley, New York, 1975, p.II-105 

14. R. van der Meer and A.L. German, in preparation 

41 



42 



Olapter4 

The Influence of Press·,,re on Free-Radical Copolymerization 

Syuopsis 

The transition state theory is mostly used f~ the description of 

the Pate constant of a chemical Peaction in the liquid phase. AccoPd

ing to this theory the kinetic effect of high pPBssUPe is pPimaPily 

dependent on the difference in volume 4 and with that, on the differ

ence in stPUctUPB between the activated complex and the Peactants. 

ThePefoPe, also in the pre, ~nt investigation detePmination of the so

called activation volume ~Va is a valuable method of Pevealing rela

tions between stPuctuPe and Peactivity of vinyl monomePs. The activa

tion volume is compPehenaively illustrated by means of a disaussion 

of the initiation, pPopagation, and tePmination Peaction in polymePi

zation. HoweveP, ~~ is not only dependent on the changes in inter

atomic distances during bond formation and bond bPeaking on going 

fPom the initial state to the tPansition state, but depends also on 

the change in .intePaction between the Peactants and *he solvent mole

cules. In polymerization an effect of solvent has to be expected with 

polar monomePs and monomers with functional groups capable of foPming 

hydrogen bonds. In the l.itePatuPe it is concluded that the assumption 

that sterically hindered reactions are moPe accelePated by pressupe 

than unhindered ones, due to the fact that the pertaining transition 

state is located fUPtheP on the Peaction cooPdinate, is only pPoved 

in case of the Menshutkin Peaction. It is not clear ~hether this 

special pressUPe effect may be found in polymerization Peactions. The 

most important ~back of the concept of additivity and the JenneP 

concept (based on the Q-e scheme) foP the prediction of the effect 

of pressUPe on copolymerization reactions is the faat that neither 

concept takes into aacount the reactivity of the radical ~hen 
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compaving the reactions of both radicals with the corresponding mono

mer and the comonomer, respectively. On the otheP hand, in the new 

appz>oach based on the Hammond postulate it is assUJ'I'IBd that the mo:.r>e 

Peactive the z>adiaal the less will be the difference in the experi

mentally obse'PVed volumes of aativation (= measure of difference in 

reactivity). A direct relation is found between reactivity and acti

vation volume. HO!JJeVer, none of these th!'ee methods seems to be able 

to give a general desaription of the pressure-effect in copolymeriza

tion. Also, the determination of the range of applicability is very 

much hampered by the faat that the monomer reactivity ratios in the 
literature fail to shO!JJ mutual- agreement. 

4.1 Introduction 

High pressure has become a basic variable and a powerful tool in 

chemistry, as can be seen from the still growing number of papers 

published every year. Many of the physical and chemical properties of 

substances are greatly altered at high pressures, and the study of 

these changes is of great scientific and technological importance. For 

example, the polymerization of ethylene has not only proved to be of 

great economic importance, but has provided a valuable stimulus to 

chemical research at high pressures and to progress in the design of 

large-scale high pressure equipment1 A summary of the latest ad

vances in the full spectrum of high pressure investigation can be 

found elsewhere2•3• Asano and Le Noble recently published a detailed 

review on the effect of pressure on reactions in solutions4• Further

more, a review on the effects of pressure on the formation and prop

erties of (co)polymers has to be mentioned5• The discussion in this 

chapter will be restricted to the influence of pressure on chemical 

reactions in the liquid phase, with emphasis on copolymerization. 

Physical properties of the liquid phase affected by high pressure 
1,5-8 . 't . 1 . b f h are : v~saos~ y - approx1mate y 1ncreases y a actor 2 as t e 

pressure is increased by 100 MPa; density - increasing by 5-10% at 

100 MPa to 20-40% at 1 GPA; phase equil-ibrium - phase change or phase 

separation; and freezing point - rises between IS K and 25 K per 100 

MPa. The kinetic effects of high pressure are much greater than can 

be accounted for by the relatively minor increases in concentration 
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and are attributable to changes in the reaction rate constants with 

pressure. It will be shown that the magnitude of the effect of pres

sure is determined by the differences between the spatial configura

tions of the reactant molecules and of the transition state, and by 

the strength of their respective interactions with neighb~uring mole

cules (e.g., solvent molecules). Studies of reaction rates at elevated 

pressures are thus of fundamental importance in reaction kinetics. 

The value of high-pressure investigation of relations between struc

ture and reactivity of vinyl monomers is therefore obvious. 

4.1 Effect of pressure on tbe rate oonstant 

The well-known Arrhenius law9•10 relates the rate constant of a 

chemical reaction to the temperature: 

k = A exp( -E/RT) (4.1) 

A is the pre-exponential factor and the exponential term is the frac

tion of all binary collisions in which the molecules have an energy 

greater than the activation energy E, necessary for the reaction to 

occur. This simple equation agrees remarkably well with the experi

mental results of a great number of studies. However, the precise 

meaning of the parameters A and E is by no means simple and straight-
11 forward . Furthermore, the pressure-dependence of A and E is very 

complex and no detailed interpretation in terms of the collision 

theory has yet proved satisfactory1• Therefore, the interpretation of 

the effect of pressure on the rates of reactions in the liquid phase 

by the transition state theory is preferred. 

The transition state theory, worked out independently by Eyring12 

and Evans and Polanyi13 is also a collision theory. It deals with col

lisions in a more satisfactory way by taking into account the struc

tures of the reacting molecules and the manner in which they behave 

on collision. The theory postulates that when two molecules come to

gether in a collision that leads to products, they pass through a 

configuration of maximum potential energy called the transition state. 

The basic equation for the reaction rate is: 
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k (4.2) 

11 in which k
8 

is Boltzmann's constant, h is Planck's constant and AG 

is the change in Gibb's free energy when the transition state is 

formed from the reactants. The derivation of this expression can be 
. 11 14 found 1n many textbooks ' 

The transition state theory involves the hypothesis that the acti

vated complexes are at equilibrium with the reactants, even when the 

reactants and products are not at equilibrium. Calculation of the 

rate constant with more detailed theories leads to the conclusion 

that reactions are satisfactorily interpreted on the equilibrium as

sumption provided that AG11 /RT has a value of 5 or larger11 • For the 

propagation reaction of styrene AG11 /RT ~ 12 (Ep = 32,5 kJ/mole15 ·and 

T = 333 K) indicating the validity of~he transition state theory for 

(co)polymerizations. 

Differentiation of eq. 4.2 with respect to pressure at constant 

temperature leads to 

11 
(oln k/op)T = -AV /RT (4.3) 

in which AI is the activation volume representing the difference be

tween the volume of the activated complex and the reactants. Since 

the activation volume is primarily determined by the atomic positions 

(= structure of activated complex and reactants) it is more readily 

understood than the other quantities AG11 , AS11 , and AH11 • It is a valu

able method in establishing reaction mechanisms and in investigations 

relating structure and reactivity of monomers as in the present study. 

The application of eq. 4,3 requires the use of pressure-independent 

concentration units, such as molal units, mole fractions, or moles 

per liter at one atmosphere. There is confusion in the literature 

about the "corrections" necessary to allow for the apparent fact that 

compressed solu~ions have higher concentrations than those at atmos

pheric pressure. Many papers contain a statement to the effect that 

compressibility corrections were made. On the other hand, Asano and 

Le Noble4 stated that such corrections would be in order only.if the 

solutions were prepared at the high pressures at which they are used, 

a situation which is not likely to arise frequently. 
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However, in the present investigation, only effects of pressure on 

r values have to be considered. Since the r values are the ratios of 

chain propagation constants, the compressibility terms in (oln r/op)T 

cancel out. 

4.3 Tbe activation l'Oiume 

4.3.1 General introduction 

In the transition state theory a chemical reaction is represented 

as follows: 

reactants (R) ~ transition state (#) ~ products (P) 

The activation volume AV# is defined by Al = y# - VR, and the reac

tion volume, AV, is given by AV = Vp - VR. According to eq. 4.3 the 

variation of the rate constant k with pressure at constant tempera

ture is governed by the sign and magnitude of A~. If AV# is negative, 

i.e., if the formation of the transition state from the reactants in

volves a net contraction in volume, the rate constant increases with 

increasing pressure; and if A~ is positive k decreases with increas

ing pressure. This is in contrast to the effect of raising the tem

perature, which invariably leads to increasing reaction rates. Values 

of A~ determined for various reactions range from +20 cm3/mole to 

-50 cm3/mole1•4•7• 

The absolute value of A~ is determined by the place of the tran

sition state on the reaction coordinate and the area of the reaction 

cross-section. It is very difficult, perhaps even impossible, to sep

arate these two factors. Important information can be obtained by 
considering the ratio A~/AV and by comparison of similar reactions. 

However, the results experimentally obtained should be interpreted 

with great care. As a consequence, the three examples given in the 

ensuing part of this section only serve to qualitatively illustrate 

the activation volume AV#. 
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decomposition of initiator 

initial state transition state final state 

The decomposition of tert-butyl peroxide is assumed to proceed 

along the axis of a cylinder with a radius of about 0.3 nm16 . The 

0-0 bond is normally about 0.15 nm long. If we arbitrarily as'sume 

that the 0-0 bond has increased by about 25% when the transition 

state is reached, the volume difference between the transition and 

initial state is: 

1T X (0.3) 2 x (0.25 x 1.5) ~ 0.01 nm3/molecule 

Hence the activation volume will be: 

3 6 cm /mole 

The observed value for this reaction in toluene is +5.4 cm3/mole. 

The picture of initiator decomposition is in fact much mote com

plicated due to the various trajectories possible for radicals re

ceding from the site of a broken bond7 and the fact that the' products 

through which we become aware that bond scission has occurred point 
4 to several competing and successive steps 

propagation reaction 

The activation volume for the propagation reaction in radical po

lymerizations has a negative 6V# as will be shown for ethylene. The 

addition of a monomer to a radical is assumed to proceed along the 

axis of a cylinder analogously to the decomposition of tert..:butyl 

peroxide. 
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• c C=C 
2 3 

0.4 0.133 

nm nm 

initial state 

C······C=C 
2 3 

transition state 

• c-c-c 
2 3 

0.154 0.164 

nm nm 

final state 

In the initial state c1 and c2 are separated by the sum of the van 

der Waals radii (0.2 nm for =CH2 and CH17) and in the final state 

the distance is 0.154 nm. The length of the c2• c3 bond is increasing 

from 0.133 nm to 0.154 nm. It is assumed that the radius of the cy

linder is equal to that of the van der Waals radius (0.2 nm). The for

mation of the a bond then contributes -n x 0.22 x (0.4-0.154) nm3/mol

ecule = -18.7 cm3/mole to the total volume change. The formation of 

a a bond from the n bond contributes n x 0.22 x (0.154-0.133) nm3/mol-
3 ecule = +1.6 cm /mole. Thus, the total volume change, 8V, amounts to 

-17.1 cm3/mo1e. This rough calculation also serves to illustrate the 

fact that the radical-monomer contribution to 6V# and 6V (formation 

of new a.bond between radical and monomer) is much more important 

than the contribution of the monomer (transition of an to a a-bond). 

This fits in well with the generally accepted rule that the nature of 

the radicals determines addition rates to a larger extent than does 
18-20 . # the nature of the monomers • The exper1mental value of 8V for 

the propagation reaction of ethylene is -16 cm3/mole21 . The propaga

tion steps in several other free-radical polymerizations have activa

tion volumes in the range -18 to -25 cm3/mole22 • At first glance, 

this points to a late transition state. According to Asano and Le 

Noble4 this rather large contraction is likely the result of the 

large volume requirement of the n bond. The presence of a double bond 

is known to necessitate a large correction in parachor calculations7• 

However, this conflicts with the potential energy calculations of 
23 Evans and coworkers • They concluded that the c

2
, c3 bond remains 

unchanged in the transition state. Perhaps in the formation of the 

transition state the surroundings of the double bond are disturbed 

leading to the observed volume change, while the length of the vinyl 

bond remains the same. 
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termination reaction 

From the above examples it may be inferred that the termination 

step in free-radical polymerizations should have a negative 8V
1 How

ever, the experimentally determined 8V# proves to be quite large and 

positive22 •24 • This result is explained by the fact that this step is 

apparently diffusion-controlled, and that diffusion steps through the 

increasingly viscous medium must surely be pressure-inhibited. The 

onset of the Trommsdorff effect is often described as the point at 

which the termination step becomes diffusion-controlled. However, 

from the foregoing it becomes clear that termination is probably dif

fusion-controlled to begin with in most if not all polymerization 

systems. The·factors governing the termination reaction in free-. 
25 radical polymerizations are discussed ~n more detail by North 

A complicating factor may arise from the pressure-dependence of 

the activation volumes as the compressibility of the transition state 

almost invariably differs from that of the reactants. Therefore, the 

pressure must be specified when this quantity is reported. Usually 

the activation volume refers to zero pressure, 8v! (Figure 4-1). 

Ink 

p 

Figure 4-1 Effect of pressure on chemical ration rates. 
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Generally, it is assumed that volumes of activation are pressure

independent up to 100-150 MPa, although this depends on the absolute 

magnitude of AV1• As only differences of activation volumes are con

sidered {section 4.4) at pressures up to 118 MPa, the validity of 

this assumption in the present investigation seems justified. 

4.3.1. Effect of solvent oa the activation volume 

In the preceding section the activation volume AV
1 

was discussed 

in terms of the alterations in interatomic distances during bond for

mation and bond breaking on going from the initial state to the tran

sition state. However, the activation volume experimentally obtained, 

AV:xp' also reflects the volume change due to the change in interac

tion between the reactants and the solvent molecules. Therefore, 

AV:xp• should be regarded as a combination of an intrinsic and a sol

vation part 

AI + AI 1ntr solv 

The task of estimating the solvation contribution to the activation 

volume is equivalent to solving the problem of quantitatively descri

bing the solvent effect on rates of reactions. The latter has not yet 

been accomplished.and, as a consequence, attempts to estimate AV:olv 

are but crude approximations. 

A typical example of the effect of the solvent is ionization. 

Since this process implies bond fission, one might infer that AV
1 

and 

AV are positive. However, the development of charges during the reac

tion increases the strength of the interactions between reactants and 

solvent, thereby resulting in a negative contribution to AV:olv' 
Naturally, removal of charges leads to the opposite effect. 

In polymerization an effect of solvent has to be expected with 

polar monomers and monomers with functional groups capable of forming 

hydrogen bonds. 

In chapter 6 the effect of monomer structure, pressure and solvent 

on the copolymerization of a homologous series of vinyl esters with 
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ethylene as reference monomer and tert-butyl alcohol as solvent is 

discussed. At 3.4 MPa the reactivity of vinyl pivalate is less than 

expected as compared to the other vinyl esters. This is also reflected 

in the investigation of the effect of pressure and has been explained 

by the sterically hindered addition reactions involving at least one 

vinyl pivalate unit as monomer or macroradical26-28 • Additional re

search suggested that the exceptional position of vinyl pivalate is 

due to a type of interaction with tert-butyl alcohol not found in 

other alcohols. This might be caused by a suitable fit in the solvent 

lattice as both compounds possess a tert-butyl group. 

4.3.3 Effect of steric hindrance on the activation volume 

In general it is assumed that a sterically hindered reaction has a 

more negative activation volume, i.e., is more accelerated by pres

sure, than similar unhindered reactions4•29 . This phenomenon is most 

elegantly shown by Le Noble and Asano in their investigation of the 

Menshutkin reaction for a number of alkyl iodides with 2,6-disubsti-

d 'd' 29 tute pyr1 1nes 

On increasing the steric requirements of the ortho-substituents, the 

reaction rates decrease dramatically, as do the activation volumes. 

The authors also measured the reaction volumes AV and compared them 

with the activation volumes. If the more negative activation volume 

is originating from the increasing reaction cross-section only, the 

fraction AV1/AV should be a constant. However, Av'!AV appeared to in

crease as the hindrance increases. Therefore, Le Noble and Asano 

suggested that the more negative activation volume is a dem~nstration 

of the Hammond postulate30 • According to this postulate, when two 

similar reactions differ greatly in the amount of energy released, 
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the more exothermic one will be faster and have an earlier transition 

state. In other words, in case of increasing steric hindrance, the 

activation volume becomes more negative, due to the fact that the 

activated complex is located further along the reaction coordinate; 

its configuration becomes more product-like. The argument is graphi

cally shown in Figure 4-2. 

E 

1 

Reactants Products 

-- R.C. ( ~~#) 

Figure 4-2 The Hamrnond postulate: a rapid reaction with "reactant-like" transi

tion state. vs. a slower reaction with "product-like'' activated com

plex (according to Le Noble and Asano29). 
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It is emphasized that in this way decreasing reactivity is related to 

a more negative activation volume. This will also be shown in the 

present investigation '(section 4.4 and chapter 6), where the Hammond 

postulate is used in explaining the influence of pressure on the 

reactivity of a homologous series of vinyl esters in the copolymeri

zation with ethylene as reference monomer. 

Gonikberg et a1. 31 also used the Menshutkin reaction to investi

gate the relation between steric hindrance and activation volume. How

ever, their explanation of the more negative activation volume with 

"overlapping volumes" due to interpenetration of interfering groups 

has been strongly criticized1•3•29 •32 Hamann32 refers to Amdur33 who 

has calculated the energy necessary to compress two methane molecules 

from 0.43 nm to 0.29 nm. Four CH3 .•• CH3 interactions require 147 .kJ/ 

mole, whereas, for example, the experi~ental activation energy for 

the reaction of trimethylamine with i-propyl iodide amounts to 57 kJ/ 

mole. Moreover, the explanation conflicts with the concept of para-
34 chor • As a consequence, Gonikberg's theory is not accepted as a 

valuable one. 

In addition to the Menshutkin reaction a great number of reactions 

are believed to show special effects due to steric hindrance4• In 

fact, many were investigated to show that sterically hindered reac

tions are enhanced more by pressure than unhindered ones. However, 
4 according to Asano and Le Noble , the results can only be summarized 

by saying that the large, special pressure effect in hindered Men

shutkin reactions has to date found no parallel in other chemistry. 

The authors also give an explanation based on comparison of the Men

shutkin reaction with the superficially similar solvolysis reaction; 

the latter has a very late transition state already, and the intro

duction of large substituents cannot induce a further shift. This 

suggestion could be of major importance in explaining the effect of 

pressure on steric hindrance in (co)polymerization. In copolymeriza

tions showing penultimate effects due to steric hindrance, it was 

claimed that high pressure is effective in eliminating the penulti

mate effect5•35 • Furthermore, steric hindrance was thought to be re

flected in the activation volumes for the copolymerization of vinyl 
27 pivalate with ethylene and with vinyl acetate in tert-butyl alcohol 

(see also chapter 6 of this thesis). On the other hand, the propaga

tion steps in several free-radical polymerizations have activation 
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volumes in the range -16 to -25 cm3/mole21 •22 , indicating a late 

transition state. As a .consequence, no special pressure effects 

should be expected in case of steric hindrance. However, there may be 

other factors accounting for the large negative activation volume 

(section 4.3.1). Therefore, for the time being there is little in

sight, even qualitatively, in the location of the transition state on 

the reaction coordinate in case of (co)polymerization, and hence in 

the relation between steric hindrance and activation volume. 

4.4 Effect of pressure on free-radieal copolymerization 

4.4.1 General introduction 

Application of high pressure to free-radical (co)polymerization 

reactions changes them in the following ways1•5•8 : 

- enhancement of the overall-rate; 

- increase of molecular mass; 

- elevation of the ceiling temperature, according to dTc/dP = Tc·l:J.V/M 

with l:J.V and M both negative; 

- change of the structure of the (co)polymers (e.g., the stereoregu-

larity). 

The interpretation of these phenomena in polymerization requires 

knowledge of the effect of pressure on the initiation, propagation, 

and termination reactions. Unfortunately, this information is diffi

cult to obtain. Although three methods have been developed for this 

purpose22 , they are not considered to be very reliable. The results 

should be used with great care, Copolymerization has the advantage 

that only one type of reaction (propagation) has to be considered. 

On the other hand, the information obtained experimentally is limited 

to differences in activation volumes. 

In most cases the simultaneous polymerization of two monomers can 

be described by the well-known equation of Alfrey and Mayo36 (Appen

dix): 

dnl l'lq + 1 
. dn

2 
= :r>2/q + 1 
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with r 1 = k11 ;k12 and r 2 : k 22;k21 • The r values are affected by 

pressure as far as the propagation rate constants are a function of 

pressure. Although four propagation rate constants have to be consid

ered, the advantage is here that only one type of rate constant is 

involved for the description of the changing relation between copoly

mer composition and monomer feed composition with pressure. 

Using eq. 4.3 the effect of pressure on the r values is given by 

op 

and (4. 4) 

op 

Therefore, the pressure-dependence of the r values is governed by 

the difference between the activation volumes for the homopropagation 

and the cross propagation reactions. The absolute values of these 

differences are always lower than 10 cm3/mole5• 

4.4.2 Prediction of the directional effect of pressure on 

r values in free-radical copolymerization 

An investigator has only done half the job, if he only tries to 

interpret and correlate his results. Much can be learned from the 

prediction how this system will behave under certain conditions 

and comparison with experimental data. There are a number of at

tempts to predict the directional effect of pressure on r values in 

free-radical copolymerization. Asai and Imoto37 have remarked that 

pressure influences r values if each monomer has a double bond conju

gated to another multiple bond (C=O, C=N, ... )or to an aromatic 

group (e.g., in styrene). An interpretation based on the Q-e scheme38 

. 39 40 is discussed and further developed by Jenner and A1eche ' . Further-
41 more, van der Meer et al. proposed a simple concept based on the 

additivity of activation volumes. In this section a new method will 

be discussed based on the Hammond postulate. 
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In this concept the activation volume for the reaction of a radi

cal with a monomer is expressed as the sum of the partial activation 

volumes of the radical and the monomer. In the first instance, it is 

assumed that these partial activation volumes are characteristic of 

the monomers and the radicals, regardless of the combination involved. 

Hence 

6V11 
If 

t;Vl• 
If If 

= + llV1 

6Vl2 
If 

6V1• 
If 

+ llV2 
11 

llV22 "' llV2• 
If 

llV 
11 

+ 2 

AV21 t.V2· 
If 

+ t;Vl 
If 

Combination with eq. 4.4 gives: 

oln 2"1 
If If 

l\V 11 - llV If llV
11 - t.Vl2- 1 2 a 

---=-
&p RP RP RP 

and 

oln 1"2 llV22 
If 

- t.V21 
If .W If llV If 

2 - 1 a 
-=- + 

op RP RT RP 

As the radical contributions cancel out, the pressure-dependence of 

the l' values is described by the difference of partial monomer acti

vation volumes. Furthermore, if this concept is valid 1"1·1"2 does not 

change with pressure, because 

-a + a 
=--= 0 

RT 

Even when the activation volume cannot be described as the sum of 

two independent partial volumes, one may at least expect oln 1"1/op 

and -oln 1"2/op to be of opposite sign. 
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There is an important implication of the additivity scheme27• The 

effect of pressure on the copolymerization of M1 and M2 is determined 
# # # # 

by: AV1 - AV2 =a. Analogously, for the system M1, M3: AV1 - AV3 
= b. As a consequence, this enables the prediction of the effect of 

pressure on the copolymerization of M2 with M3: b- a= AV2
1 

- AV3
1• 

concept based on the Q·e scheme 

The Q-e scheme describes monomer reactivity in terms of resonance 

stabilization (Q) and polarity (e), with neglect of steric factors, 

aiming to predict the r values of monomer pairs (see also sections 

2.4.2 and 2.4.4). The basic expressions are: 

and 

Jenner et a1. 39 •40 simply determined Q and e values for a great 

number of monomers at 0.1 MPa and 300 MPa from their own experiments 

as well as from r values found in the literature. The experimental 

r values at 300 MPa then were compared with the predicted r values. 

According to the authors, satisfactory agreement was obtained between 

predicted and observed direction of changes in r values as a result 

of pressure variations (but see section 4.4.3). 

concept based on the Hammood postulate 

In section 4,3.3 the effect of steric hindrance on the Menshutkin 

reaction was shown to be a demonstration of the Hammond postulate. 

According to this postulate, when two similar reactions differ great

ly in the amount of energy released, the more exothermic one will be 

faster and have an earlier transition state. In this way decreasing 

reactivity is related to a more negative activation volume because 
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the pertaining activated complex becomes more product-like. It should 

b~ emphasized that in copolymerization the condition of similar reac

tions is most elegantly fulfilled as the reactions of two vinyl mono

mers with the same radical are compared: 

'VMl• + Ml (kll) 
-vM

1 
• + M

2 
(k

12
) 

'l!dz • + Mz Ckzz) 
'VMz• + Ml (kzi) 

The validity of the Hammond postulate in copolymerization is further

more supported by the results of an investigation of the factors in

fluencing the activation energies of reactions involving double bonds 

and radicals23 • The authors stated: "An important generalization is 

observed - that the activation energy is lower the more exothermic 

the addition reaction, that is the stronger the bond formed between 

the radical and the carbon center. These results are to be applied to 

cases of initiation of polymerization and to chain propagation reac-

tions". 

The effect of pressure on the r values is given by eq. 4.4: 
# # # # 

~v11 - ~v12 is denoted as A and ~v22 - ~v21 as B. According to 

the Hammond postulate the activation volume for the homopropagation 

reaction should differ from that for the cross propagation reaction 

due to the difference in reactivity of M1 and M2 towards the radical. 

As the difference in reactivity is increased the absolute values for 

A and B will also increase. As a consequence, A and B are characteris

tic of the monomer pair involved. Therefore, determination of the ef

fect of pressure is a powerful tool in the investigation of relations 

between structure and reactivity of vinyl monomers. In case of the 

copolymerization of a homologous series of monomers M2 with a refer

ence M1, the homopropagation reaction of M1 recurs in all combina

tions. Therefore, the value of A is dependent on the difference in 

reactivity of the monomers M2 and M1 with respect to 'VM1•. As a re

sult, if various monomers M2, M3 ••• are each copolymerized with M1, 

the effect of pressure on r 1 for a monomer pair can be predicted. By 

the same token the effect of pressure on r 2 can be discussed. If 

there were no influence of the radical reactivity the absolute values 
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of A and B would be equal (see concept of additivity). However, this 

situation is not frequently met in practice. The more reactive the 

radical, the less the difference in activation volumes (= difference 

in reactivity), experimentally obtained. As the reactivity of ~1 • is 

different from the reactivity of ~M2 ·, the absolute values of A and B 

will not be the same. 

The main features in using the Hammond postulate in the interpre-

tation and prediction of the pressure-effect on r values are: 

the r values move towards unity, as the slower monomer addition is 

more accelerated by pressure, i.e., has a more begative ~V#, than 

the faster reaction; 

- the nature of the radicals determines addition rates to a larger 

extent than does the nature of the monomers, showing up in differ

ent values of IAI and IBI. 

4.4.3 Discussion and conclusions 

Since the development of the Alfrey-Mayo scheme the r values of a 

great number of monomer pairs have been determined42 . Only very few 

have been investigated at elevated pressures1• 5•39 •40 •42 •43 , despite 

the fact that this is of much theoretical and technological impor-

1 • • 1 Y I b 1 • 42 • d • h f tance. n pr1nc1p e oung s ta u at1on prov1 es a r1c source o 

information on the relative reactivity of monomers. However, the r 

values fail to show mutual agreement, and it is very difficult to 

choose the right ones. This may be partly explained by the different 

experimental conditions (pressure, solvent, concentration, etc.), but 

is mainly due to the way of evaluating the r values from the experi

mental data (see also section 2.3). No uniform method for their de

termination has been developed until recently44 . As the various pro

cedures are not equally reliable, the veracity of the vast number of 

published data is just as varied. As a consequence, the results 

should be handled with great care. The same holds, perhaps even more, 

for the r values obtained at high pressure. As a consequence, the de

termination of the validity of any scheme developed to predict the 

effect of pressure on r values, by considering the r values found in 

the literature, should be judged against this background. 
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None of the three methods described here seems to be able to give 

an all-inclusive interpretation of the pressure-effect on P values. 

In the additivity concept the P values will change with increasing 

pressure in opposite direction with r 1·P2 =constant. Although this 

has been found in only a few examples27•41, the statement of the au

thors "at least it may be expected that oln P 1/op and oln P 2/op are 

opposite in sign", seems to be valid in many cases. However, this 

conflicts with the interpretation based on the Hammond postulate for 

those monomer having both l' values < 1. According to this postulate 

the l' values tend to move towards unity with increasing pressure, 

whereas the concept of additivity predicts that one l' becomes smaller. 

On the other hand, the concept based on the Hammond postulate is able 

to explain the influence of pressure on the reactivity of a homolo

gous series of vinyl esters in the copolymerization with ethylene as 

reference monomer, as will be discussed in chapter 6. At first glance, 
39 40 the concept based on the Q-e scheme ' should cover these cases, 

because it is an empirical concept, in principle permitting both the 

r values and the r 1·r2 product to shift in either direction. However, 

in addition to the general comments stated in section 2.4.4, some 

specific remarks have to be made. 

- The authors used several monomers for which the Alfrey-Mayo copoly

merization model is presumably inappropriate (isopropenyl acetate, 

a-methylstyrene). 

-The r values for a number of monomer pairs (e.g., methyl acrylate

crotonaldehyde) are much too disparate to be evaluated reliably. 

In the experimental determination the conversion of the less reac

tive monomer probably lies within experimental error, leading to 

erroneous results45 (see also chapter 3). 

- It is not clear. why methyl acrylate instead of styrene was chosen 

as zero point of the Q-e scale. In our opinion the method should 

not be sensitive to this. On the other hand this substitution may 

lead to values for Q and e which are not physically realistic. 

The above reinforces our opinion that the method is not as reliable 

as claimed by the authors. 

In section 2.4.4 it was shown that a reliable description of reac

tivity should take into account contributions which depend on the 

structures of both monomer and corresponding radical. The same holds 

for a reliable description of the effect of pressure on the reactivity 
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of vinyl monomers. This condition is only fulfilled in the concept 

based on the Hammond postulate and strongly supports the use of this 

concept. However, to gain more insight in the directional effect of 

pressure on P values additional research is necessary with carefully 

chosen monomers, such as ethylene-vinyl esters (chapter 6) and 

styrene-(meth)acrylates-vinyl ketones (chapter 7), investigated under 

standard conditions. Furthermore the r values should be evaluated by 

one of the reliable methods, newly developed44•45 
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ChapterS 

A Novel Method of Measuring Monomer Reaetivity 

Ratios under High-Pressure Conditions 

Sya4)plis 

Mostly~ highjp~essure copolymerisations ~ investigated by means 

of the laborious isolation~ purification~ and analysis of the copoly

me~ fottmed. Significant improvement can be obtained by ~peated gas 

c~omatogmphic analysis of the i:teaction rrri:xrture dUPing the lcM

p~esBUPe stages p~eceding and succeeding the high-p~ssu~e stage 

("quenching" and "saruibrich" method}. H014eve~~ in this 'b)ay only t'b)o~ 

although ve~ accurate~ data points ~ obtained. In the e~sting 

methods of continual analysis of ~action 11l'i3:tUPes unde~ high Fee

sure~ at the risk of phase-sepamtion the sample is collected and 

sUbsequently analysed. These methods cannot be used in case of vola

tile ~eactants o~ p~oducts. The~f~~ an on-tine sampling teehnique 

is developed~ 'b)hich is parlicu~ly valuable 'b)hen one of the ~eac

tants o:r products is a gas. In addition a ~eat nwnbe~ of data points 

pe~ e:x:periment can be obtained. The ne'b) "sequential sampling" method 

has been tested fo~ the copolymerization of ethylene 'b)ith vinyl FO

pionate at 118 MPa and 336 K mth tert-butyl alcohol as solvent. The 

~sults ~ ~ed mth those obtained by means of the "quenehing" 

method. It appea~s that the "sequential sampling" method is the most 

suitable teahnique fo~ the iktef"fttination of high-p~ss~ monome~ 

Nactivity rotios. Mmoeove~~ the teehnique is not ~esmated to ao

po lymerisation ~aations no~ to gas e~og:ruphy 'b)hiah 'b)a8 used to 

analyse the Naction 11l'i3:ture. 
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5.1 lntro~o 

Gas-liquid chromatographic (GLC) analysis allows a direct and ac

curate determination of the changing feed composition throughout a 

copolymerization reaction up to relatively high conversions (ea. 

40%) 1-9. This experimental technique has many advantages compared to 

the more troublesome and inaccurate copolymer compositional analysis10• 

Generally, samples are taken from the reaction mixture and injected 

into the gas chromatograph by means of a syringe. There are two meth

ods permitting direct sampling from the reaction mixture by means of 

a specially constructed sampling device5•8•9• The on-line GLC tech

nique, described by German and Heikens5, is particularly useful when 

gaseous monomers are involved in the copolymerization reaction. How

ever, the use of the special sampling d~sk valve11 is restricted to 

pressures of about 4 MPa. For copolymerizations at higher pressures 

van der Meer and German8 therefore resorted to the "quenching" and 

the "sandwich" method. Both methods are based on GLC analysis of the 

reaction mixture under low-pressure conditions just preceding and 

succeeding the high-pressure stage. The authors slightly prefer the 

"quenching" method, in which a great number of samples are taken from 

the noncopolymerizing reaction mixture at the two low-pressure stages. 

In the literature frequently a "quenching"-like method is used based 

on the laborious isolation, purification and analysis of the copoly

mer formed. 

There are a number of techniques based on the continual'sampling 

of reaction mixtures under high pressure (up to ea. 600 MPa) 12- 15 • 

However, none of them can be used in case of volatile reactants or 

products. The aim of this chapter is to describe and discuss the 

first remotely controlled on-line GLC analysis of reaction mixtures 

under high pressure. The merits and drawbacks of the new technique, 

which is referred to as the "sequential sampling" method, are com

pared with those of the "quenching" method. ThiS is achieved by in

vestigating the copolymerization of ethylene with vinyl propionate 

at 335 K and 118 MPa with tert-butyl alcohol as solvent by means of 

both techniques. 
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5.2 Experimental 

The high-pressure apparatus is schematically shown in Figure 5-l 

and will be discussed in the subsequent sections. 

S.:U Reactor 

The high-pressure reactor used in the present investigation is an 

Autoclave Engineers autoclave type No. E74-2988. Parts of the reac

tor which may come into contact with the reaction mixture are made 

from stainless steel A286. The maximum working pressure is 250 MPa at 

350 K. A Teflon piston separates the reaction chamber from a compart. 

ment filled with the pressurizing liquid isopropyl alcohol. This com

partment is connected with the pressure control system. The reaction 

volume is approximately 0.75 dm3• By means of a magnetic stirrer at 

500 rpm an almost ideal mixing is obtained in the reaction chamber16• 

The reactor is equipped with an internal and external heating 

coil, through which water is circulated by means of two separate 

thermostats. This construction enables the desired reaction tempera

ture to be maintained rather accurately (~ 0.1 K) by adjusting the 

temperature of the thermostats. The reaction temperature is measured 

with a frequently calibrated chromel-alumel thermocouple. 

The pressure control system is assembled from the following com

ponents: a high-pressure piston pump with remotely controllable pis

ton stroke, type Lewa HMl-Hl; a Foxboro type M/45 pneumatic pressure 

transmitter; a Foxboro Consotrol model 52A pneumatic controller; and 

a pneumatically actuated Annin model 5061 "Wee Willie" Domoter valve. 

The pressure control system is suited for pressures up to 200 MPa. 

S.l.l SampHng 

The special sampling disk valve is described elsewhere11 • The gas 

chromatographic system used is the same as described previously5 • 
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Figure 5-l Simplified scheme of the high-pressure apparatus used in the present 

investigation. A, compartment connected with pressure control system; 

B, reaction chamber; C, internal heating coil; D, external heating 

coil; E, Teflon piston; F, internal stirrer; G, magnetic stirrer; H, 

pressure control system; K, piston pump; L, supply flask; M, metering 

valve; N, stepping motor; P, sample device; Q, gas chromatograph; R, 

electronic integrator; S, recorder; T, pneumatically actuated valve; 

V, cylinder with free-moving piston; W, piston shaft displacement 

transducer. Abbreviations in circles: T, temperature; P, pressure; 
I, indicator; C, controller. 

"sequential sampling" method 

The high-pressure metering valve (M, Autoclave Engineers type No. 

60VRM6872) can be opened and closed at a controlled rate (between one 

turn in 7 seconds and one turn in 20 minutes). This is achieved by 

means of a SLO-SYN synchronous stepping motor type M061-FCOB, pro

vided with an 20:1 reduction gear and a slip coupling, in combination 

with a SLO-SYN translator (N). When reaction mixture is sampled from 

the reactor, the pressure decreases about 1.0-1.5 MPa, but is quickly 

restored by the pressure control system. In case of exclusively liq

uid monomers, after adequate flushing a representative sample of the 

reaction mixture can be collected and analyzed. However, this is not 

possible in case of volatile components, while in addition the 
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reaction mixture has to be kept homogeneous. Therefore, the reaction 

mixture is led through the sampling device (P) into a cylinder (V). 

The total amount of reaction mixture is determined by the need of am

ply flushing the sampling system (approx. 5 cm3 in our experiments). 

In cylinder V the piston begins to move as soon as the pressure ex

ceeds 3 MPa. This pressure is maintained by means of the pressure. of 

the N2-gas at the lower side of the piston. In this way, phase-sepa

ration can be avoided. The quantity of reaction mixture in the cylin

der is determined by means of the displacement of the piston shaft 

(W). As. soon as enough reaction mixture is flushed through the sample 

chamber, valve M is closed and a sample of 2 ~1 is injected into the 

column. The mixture collected in cylinder V can be drained through 

valve T. In order to improve repeatability. the entire sampling cycle 

is automated. A rupture disk protects the sampling system against 

excess pressure. 

In this way a set of GLC observations of the copolymerizing reac

tion mixture at high pressure can be obtained (see Figure 5-2 (I)). 

q 
c 

......... B (f) •• i •• 

c : 
I B A 
I 

A I 
I 

CfJ 
I 
I n I 
I . . 
• 

5 4 3 2 0 10 20 30 40 
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Figure S-2 Plots of the monomer feed ratio q versus both the reaction time and 

the degree of conversion t 2 for a "sequential sampling" experiment 

(I) and a "quenching" experiment (II). 
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"quenching" method 

In this method three different stages have to be distinguished, as 

schematically shown in Figure 5-2(11). During the first stage (A) the 

pressure is 3.4 MPa and the temperature is approximately 320 K. Under 

these conditions no reaction occurs and a set of GLC observations is 

made. In stage B at the desired pressure and temperature the copoly

merization is allowed to continue for a fixed time. The reaction is 

quenched by a quick drop of pressure and temperature. Finally, in 

stage C a second set of GLC observations is made from the noncopoly

merizing reaction mixture. In this way the monomer feed composition 

before and after the high-pressure stage is determined very accurate

ly. 

5.2.3 Copolymerization 

The copolymerization of ethylene (Eth) with vinyl propionate (VP) 

in te:r>t-butyl alcohol (TBA) with a ,a' -azobisisobutyronitrile (AIBN) 

as free-radical initiator has been carried out with both the. "sequen

tial sampling" and the "quenching" technique. The purification and 

physical properties of the reagents are given elsewhere17• The gas 

chromatographic conditions were: column length, 2m; column tempera

ture, 325 K; stationary phase, 15% by wt of a mixture of 30% by wt of 

diglycerol and 70% by wt of quadrol on chromosorb P-AW 60-80 mesh 

(Johns Manville); sample size, 2 ~1. The details of the experiments 

are given in the Tables 5-l and 5-2. The monomer reactivity ratios 

have been evaluated by means of the improved curve-fitting I method10 • 

This procedure, based on the integrated copolymer equation (eq. 2.2), 

considers experimental errors in both measured variables. In addition 

the :r> values are compared with those obtained with the recently de

veloped linear regression method18 (see chapter 3). 

70 



Table 5-l Experimental conditions of the copolymerization of ethylene (M1) with 

vinyl propionate CMzl at 118 ~a and 335 K with tert-butyl alcohol as 

solvent by means of the "quenching" method. 

Number of GLC Average Number of GLC Average Average Total initial Initiator 

observations initial observations final degree of monomer C\:ncentrati,m 

during the monomer during the monomer conversion, con cent ration (mmole/dm3) 

initial stage feed ratio final stage feed ratio based on (mole/dm3) 

M2 (%) 

8 3.330 11 3.526 17.1 1.3 6.1 

13 2.813 10 2.926 12.6 1.3 5.1 

12 2.582 10 2. 701 14.3 1.3 6.1 

13 2. 224 2.319 13.6 1.3 5,1 

13 1.480 14 1.637 30.5 1.4 6,1 

12 1.470 ll l. 556 18.6 1.3 5.1 

12 1.138 12 1.196 16,6 1.5 6,2 

12 1.116 10 1.183 19.3 1.1 5.6 

10 1.035 11 1.189 40.3 1.3 5.6 

0.844 11 0,896 20.2 2.1 5.1 

12 o. 754 13 0.825 29.2 1.4 5.6 

12 o. 742 14 0.817 31,1 2.0 5.1 

11 0.528 11 0,570 26,6 1.5 S.l 

Table 5-2 Experimental conditions of the copolymerization of ethylene (M1) with 

vinyl propionate (M2) at 118 MPa and 335 K with tert-butyl alcohol as 

solvent by means of the "sequential sampling" method. 

Initial Final Conversion Number of Total initial Initiator 

monomer monomer based on GLC monomer concentration 

feed ratio feed M2 (%) observations concentration (mmole/dm3) 

qo ratio (mole/dm3) 

3.896 4.069 14.1 12 1.5 3. 7 

3.000 3.169 17.7 lS 1.8 4.2 

2.816 3,037 23.7 21 1.7 2. 7 

2.760 2.989 24.8 18 1.4 3.3 

2.336 2.464 17.6 12 1.5 3.3 

1.819 2.000 29.7 21 1.3 2.8 

1.348 1.4SS 2S.2 19 1.1 5,6 

1.342 1.475 30,1 20 1.4 2.8 

1.081 1.179 28,5 13 1.6 4. 7 

1.022 1.116 30.0 12 1.9 3. 7 

0,940 1.018 27,0 11 1.8 3, 7 

0.939 1,013 26.3 14 1.8 4.2 

0.936 1.021 29.1 11 1.8 4.7 

0,581 0.631 28.8 9 0.9 3.3 

0.565 0,618 31.3 12 1.4 2.7 

0.555 0,604 29.3 14 1,4 2. 7 

0.482 0.531 33,5 13 1.6 2.8 
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5.3 Results and discussion 

The calculated r vaiues for the Eth-VP copolymerization at 118 MPa 

and 335 K with the "sequential sampling" and the "quenching" method 

are given in Table S-3. 

Table 5-3 ~!onomer reactivity ratios for the ethylene (M1)-vinyl propionate 

U12) copolymerization in tert-butyl alcohol at 118 MPa and 335 K 

with the "sequential sampling" and "quenching" method calculated 

by means of the improved curve-fitting 110 and the linear re

gression procedure18 . 

Calculation 

procedure 

Improved "1 
curve-fitting I "2 

Linear "1 
regression "2 

3 Approximate standard deviations. 

lfsequential samplingtt 

method 

0.69 .!. o.o2" 

1.27 + 0.03 

0.68 + 0.02 

1.26 .!. 0.03 

"quenching" 

method 

o.67 .!. o.o1" 
1.28 + 0.02 

0.68 • 0•02 

1.30 .!. 0.03 

The 95%-confidence regions for the r values obtained by means of the 

improved curve-fitting I procedure are shown in Figure S-3. It may be 

concluded that both the experimental methods give the same results 

within experimental error for both the calculation procedures. The r 

values calculated by means of the linear regression procedure are not 

solely added to emphasize the power of this very simple metqod but 

also for reasons of comparison of the results of both methods. The 

mathematical framework of the linear regression method is basically 

different from that of the improved curve-fitting I method. Therefore, 

the agreement of the corresponding r values for both calculation pro

cedures corroborates the validity of the Alfrey-Mayo scheme19•20 to 

describe the copolymerization of Eth with VP for both the experimen

tal methods. In addition an objective mathematical F test21 , based on 

the statistical comparison of residual sums of squares, can be used, 

with which it is possible to check the goodness of fit of any copoly

merization scheme. In this model-fitting test the calculated F~~ is 

compared with the critical value F~~ (a). A large value of 
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r, 
Figure 5-3 Calculated confidence region (~ = 95%) for the copolymerization of 

ethylene (M1) with vinyl propionate (M2) at 118 I·IPa and 335 K with 

tert-butyl alcohol as solvent by means of the "sequential sampling" 

method (S) and the "quenching" method (Q). 

vl 
F\1

2 
leads to the conclusion that the particular scheme is not appro-

priate to describe the observed kinetic behavior. However, in apply

ing the F test to the present Eth-VP copolymerization there is a con

tradiction between the two experimental methods. In case of the 

"sequential sampling" method the F test justifies application of the 
15 15 . Alfrey-Mayo scheme (F213 = 0.70 < F213 (0.05) = 1.67), whereas 1n the 

11 11 "quenching" method the F test (F270 3.84 > F270 (0.05) = 1. 79) 

leads to rejection of the Alfrey-Mayo scheme. This is also found in 

other copolymerizations investigated by means of the "quenching" 

method22 • Furthermore, it is remarkable that in case of the improved 

curve-fitting I procedure the standard deviations, and with that the 

area of the ellipse, are greater in the "sequential sampling" method 

than in the "quenching" method. 

To determine whether these are systematic discrepancies, copoly

merization data were simulated in the following way. For a number 
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of selected P values ten copolymerization experiments were simulated 

with initial monomer feed ratios that varied from 0.4 with steps of 

0.4 to 4,0 and M
2 

conversion of 25%. In addition the number of obser

vations per experiment was varied. In case of the "quenching" method 

the number of observations were equally distributed among the two 

low-pressure stages. For each experiment the M2 conversion was in

creased from zero by equal amounts (depending on the number of obser

vations) and the corresponding monomer feed ratio was computed from 

the integrated Alfrey-Mayo equation (eq. 2.2). Ideal GLC areas (with

out measurement errors) were computed and those areas were disturbed 

by a normal error. The standard deviations of the areas of the two 

monomers and the solvent were chosen 0.5, 0.5, and 0.75%, respective

ly. The areas thus obtained were then used to recalculate the monomer 

feed ratio q and the M2 conversion t 2• Yhe resulting data were then 

analyzed by the improved curve-fitting I procedure. The results are 

given in Table S-4. 

Table S-4 Effect of experimental technique and number of observations on 

copolymerization pa~ameter estimates calculated by means of the 

improved curve-fitting I method. 

Copo 1}-'Tileri zat ion :-.lumber of "Se<.fucntial sampling" method "Quenching" method 

parameters observations 

1' 
l "2 "1 "z 

via 
~'vz "l "z 

140 0.204 + 0.009 0.488 + 0.016 0.63 0.199 • 0.006 0.497 + 0.010 

0.2 o.s 260 0.191 + 0.007 0.483 + 0.012 0.60 0.198 + 0.004 0.496:. 0.007 -
400 0.2ll + 0.006 0. 516 + 0.010 0.91 0,205 + 0.004 0.510:. 0.006 

140 0.518 + 0.020 2,127 :':. 0.082 0.53 0,502 . 0.012 2.035 :':. 0,048 

0. 5 1,0 260 0.494 • 0.015 2.055 + 0.062 o. 73 0,495 + 0.009 2.019 • 0.036 

~00 0.493 + 0,012 2.013 + 0.048 I. 23 0.502 + 0.007 2. 028 + 0.029 

140 :;.896 :;_ 0.064 0.459 :. 0.020 0.23' 3.962 0.041 0.477 :. 0.013 

-1,0 0.5 260 4.046 :: 0,050 0.510 + 0.015 0.69 4.013 + 0.030 0.501 . 0.009 --
400 3.924 :':. 0.039 0.480 :. 0.012 0.43 3,954 • 0.024 0.489 :: 0,007 

" In caoc of 140 observations F~~ {0.05) 2.02 else F~~ (0.05) • 1.94. 
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From this Table it can be seen that the precision of both tech

niques improves as the number of observations increases. However, in 

the case of an equal number of observations the r values are obtained 

with greater precision by means of the "quenching" method than by 

means of the "sequential sampling" method, which argues for the 

former method. An explanation may be found in the different design of 

the experiments (see Figure S-2). In the "sequential sampling" method 

the observations are distributed along the entire curve, whereas in 

the "quenching" method the observations are located at the extremi

ties of the line. 

In the linear regression method two sources of imprecision de

termine the standard deviations (Table 3-5): the experimental error 

and the approximation error which originates from the use of q in eq. 

3.6. 

It is remarkable that in case of the simulated "quenching" experi

ments the F test does not lead to the rejection of the Alfrey-Mayo 

scheme, in contrast with the real experiments22 • This remains unex

plained. 

The fact that in practice most copolymerizations can be described 

by the Alfrey-Mayo scheme supports the "quenching" method due to its 

greater precision as compared to the "sequential sampling" method. 

However, it seems justified to state that in case there is any doubt 

in using the Alfrey-Mayo scheme for the relevant copolymerization, 

the "quenching" method is less reliable for determining the best ex

tended copolymerization scheme describing the kinetics. This leads to 

the conclusion, that the results of many investigations involving 

extended schemes, that are based on the "quenching"-like procedure 

of copolymer compositional analysis23 are less well founded than the 

authors have claimed. Moreover, there are a number of reasons why the 

"sequential sampling" method is preferred over the "quenching" method. 

On-line analysis of reaction mixtures yields a great number of 

observations per experiment. On the other hand, by means of the 

"quenching" method only two, although very accurate, observations are 

obtained. 

In the ttquenching" method the first kinetic stage just after the 

induction period is included, where the initial pattern of monomer 

consumption is likely to be uncharacteristic of the reaction. This 
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may cause systematic deviations from the Alfrey-Mayo scheme8•24 • In 

the "sequential sampling" method this stage· can be omitted. 

The "quenching11 method cannot be used for reactions with a low en

ergy of activation. On the contrary, in the "sequential sampling" 

method it is possible to go directly to the desired pressure and tem

perature, and start sampling. 

In conclusion, we are at opinion that the 11sequential sampling11 

technique described in this chapter is a valuable method for the GLC 

determination of high-pressure monomer reactivity ratios. In addition, 

this method is not restricted to copolymerization but is widely appli

cable in combination with various other analytical techniques. Fur

thermore, the method is particularly suitable in case of volatile re

actants or products. 
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Cbapter6 

Relations between Structure and Reactivity of a 

Homologous Series of Vinyl Esters 

Synopsis 

The effect of monomer structure$ pressure, and solvent on the re

activity of a homologous series of vinyl esters (RCOOCH = CH2J has 

been thoroughly investigated in our laboratory. The ~lative reaativ

ities appeared to increase with the decreasing electron-withdrawing 

ability of the ester group, The low vinyl pivalate (R = tert-butyl) 

reactivity as compared to the reaativities of the other vinyl esters 

was e~Zained by means of steriaally hindered addition reaations. 

However~ additional researah desaribed in this ahapter, points to an 

e~lanation based on the role of the solvent tert-butyl alaohol. 

Furthermore, a striking correlation was observed between reaativities 

and activation volumes. It was found that the effects of pressure on 

these copolymerizations a~ completely consistent with, and thus may 

be predicted by the Hammond postulate. 

6.1 Introduction 

1-13 Earlier investigations in our laboratory have revealed impor-

tant effects of pressure, monomer structure, and solvent on reactivi

ty in case of a homologous series of vinyl esters. The need for con

sistent models describing the above effects is clearly indicated by 

that work and, therefore, it is the aim of the present chapter to 

evaluate improved models. Before presenting these models and their 

applications to earlier and new results, a summary will be given of 

the "state of the art" at the start of the present investigation. 
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effect of mooomer structurel, 3, 4, 8, 11 

The effect of the alkyl group R on the relative reactivity of a 

homologous series of vinyl esters (Table 6-1), has been studied by 

means of the copolymerization with ethylene (Eth) and with vinyl 

acetate (VAc) as reference monomers, in tert-butyl alcohol (TBAJ at 

335 K and 3.4 MPa. The results are given in Table 6-2. 

Table 6-1 Vinyl esters, RCOOCH=CH2. 

Vinyl ester R Ahbrcviat ion 

Vinyl acetate CH
3 

VAc 

Vin}'l propionate CzHs VP 

Vinyl butyrate C3H7 VB 

Vinyl isobutyrate iso-C3H7 
ViB 

Vinyl pivalat? te!'t-C4H
9 

VPV 

Table 6-2 Monomer reactivity ratios for the copolymerization of a homologous 

series of vinyl esters "ith ethylene8 and "ith vinyl acetate11 as 

reference monomers in te!'t-butyl alcohol at 335 K and 3.4 MPa cal

culated by means of the improved curve-fitting I method13 . 

Vinyl Ethylene as reference monomer8 Vinyl acetate as reference monomer a 

ester "t 1'2 l/1"1 1'1 1'2 1/1'1 

VAc 0.74 + 0.01 l. so + 0.01 1.35 l.OOb l.OOb l.OOb 

VP 0.67 + 0.01 l. so + 0.01 1.48 0.90 + 0.03 1.03 + 0.03 1.11 

VB 0. 70 :: 0.01 1.51 + 0.02 1.44 0.90 :: 0.01 1.03 :: 0.01 1.11 

ViB 0.61 + 0. 01 1.49 + 0.02 1.64 0.81 + 0.02 1.05 :':. 0.03 1.23 

VPV 0.64 + 0. 01 1.49 :: 0. 01 1.55 0.88 !. 0.02 1.17 + 0.02 1.14 

a Rsfcrcnce monomer is M1. 

h Hypothetical copolymeri.zation. 
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The Taft relation was used to decide whether the reactivity of the 

vinyl esters is affected by polar factors or steric factors, or by 

both. 

(6.1) 

In this equation l/r1 = k12/k11 represents the reactivity of a vinyl 

ester relative to the reference monomer, toward a radical chain end 

which has a reference-monomer ultimate unit; cr* and are Taft's 

polar and steric substituent constant, successively; and p* and o are 

the respective reaction constants. Figure 6-1 shows linear relation

ships of log (l/r1) versus the polar substituent constant cr* for the 

various binary.combinations. 

0.3 

I - 0.2 ..:: ....... --Ol 
0 

0.1 

0.0 

0.0 0.1 0.2 0.3 

-u*__.. 

Figure 6-1 Relation between log(l/r1) and -a* for the copolymerizations of 

the homologous series of vinyl esters with ethylene8 (e) and 

with vinyl acetate11 (o) as reference monomcrs in tert-butyl 

alcohol at 335 K and 3.4 ~IPa. -o*: vinyl acetate 0.0; vinyl pro

pionate 0.1; vinyl butyrate 0.12; vinyl isobutyrate 0.2; and 

vinyl pivalate 0.3. 
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However, the reactivity of VPV toward both the reference macroradicals 

is significantly lower than would be expected, considering its polar 

reaction constant only. Van der Meer et a1. 3•8•11 concluded that 

steric hindrance occurs in those propagation reactions within the 

system Eth-VAc-VPV involving at least one VPV unit as monomer or 

macroradical, except for the addition of Eth to a VPV macroradical. 

These conclusions are summarized in Table 6-3. 

Tahle (•-3 Proposed occurrence of sterically hindered propagations (+) tdthin 

th<' system ethylene (l:th)-vinyl ncctatc [VAc)-vinyl pivalatc rrrn 11 . 

Radicals 

~lonomers '"Eth• "-VAc· 'V\'PV· 

Eth ? 

\'Ac + 
VPV + + + 

effect of solvent 12 

The effect of solvent on vinyl ester reactivity was investigated 

by means of the Eth-VAc copolymerization in four different solvents, 

viz., tert-butyl alcohol (TBA), isopropyl alcohol (IPA), benzene 

(Bz), and N,N-dimethylformamide (DMF). The dependence of the r values 

on the nature of the solvent was correlated with the volume changes 

(= excess volumes) observed on mixing VAc with ·the relevant solvent 

(Figure 6-2). An increased hydrogen bonding or dipole-dipole inter

action through the carbonyl moiety of the ester group of VAc, induces 

a decreased electron density on the vinyl group, which in turn leads 

to a decreased VAc reactivity. This fits in well with the results ob

tained in the investigation of the effect of monomer structure on 

vinyl ester reactivity, where reactivity appeared to increase with 

decreasing electron-withdrawing ability of the ester group8•11 
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Figure 6-2 l/P1 of ethylene-vinyl acetate at 3.4 MPa and 335 K versus the 

excess volume vC (at mole fraction vinyl acetate, x = 0.1) for 

mixtures of vinyl acetate with various solvents 12 : (a) ter>t-butyl 

alcohol, (b) isopropyl alcohol, (c) benzene, and (d) N,N-dimethyl

formamide. 

effect of pressure 3, 9, 10 

The copolymerization of the binary combinations of Eth-VAc-VPV in 

TBA has been investigated at various pressures up to 118 MPa. As was 

pointed out in section 4.4.1 the pressure-dependence of the r values 

is governed by differences between the activation volumes for the 

homopropagation and crosspropagation reactions3 (Table 6-4). The re

sults were interpreted in terms of the concept of additivitl (see 

also section 4.4.2). This scheme is based on the assumption that the 

activation volume of a propagation reaction is separable into charac

teristic contributions of monomer and radical regardless of the com

bination involved. If this concept is valid the activation volume 

differences A and B have equal but opposite values: 

0 (6.2) 
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Table 6-4 Activation volume differences of binary copolymerizations of ethy

lene (Eth)-vinyl acetate (VAc)-vinyl pivalate (VPV) in tePt-butyl 

alcohol (pressure range 3.4-118 MPa) 3 . 

Monomer combination 

Eth-V:\c 

Eth-VPV 

VAc-VPV 

<i Estimated standard deviation. 

-1.9 • 0.4
3 

-4.8 • o.s 
•1.0. 0.1 

a 
+2~3 !. 0.3 

+4.4 + 0.5 

+2.7 + 0.3 

This was found in Eth-VAc and Eth-VPV but not in VAc-VPV which was 

attributed to steric hindrance, As a sterically hindered reaction is 

generally assumed to be more accelerated by pressure than an unhin

dered one, there will be an additional negative contribution to the 

relevant activation volume. In Eth-VPV the addition of YPV to both 

the Eth macroradical and the VPV macroradical was assumed to be 

sterically hindered (Table 6-3). Provided the additional negative 

contributions to ~v12* and ~v22
1 are equal, A+ B remains zero and 

the additivity scheme still holds. In VAc-VPV three propagation reac

tions are assumed to be sterically hindered. As a result the crite

rion in eq. 6.2 will not be met. 

Since the occurrence of steric hindrance should lower the absolute 

values of A and B in Eth-VPV, the relatively high values of these 

differences (Table 6-4) are surprising. This was explained by an in

creased hydrogen bonding between VPV and TBA as pressure increases, 

leading to a decreased VPV reactivity3 (see also effect of solvent). 

In this way the greater acceleration due to steric hindrance might be 

compensated by a diminished reactivity of VPV. According to van der 

Meer3 the effect of hydrogen bonding holds equally for both VAc and 

VPV, and may thus not show up significantly in the relevant activa

tion volume differences of the VAc-VPV copolymerization. 
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Based on the information available at that time, van der Meer et 

al. have drawn two main conclusions from the above results. First, 

the reactivity of a vinyl ester should be a function of the electron 

density on the double bond. Secondly, deviations from this observa

tion can be explained by means of sterically hindered propagation 

reactions. 

However, present research has shown that for a number of reasons, 

that will be discussed in this chapter, an explanation based on 

steric hindrance seems unlikely. Evidence is provided which supports 

the view that the exceptional position of VPV is solvent-dependent, 

and is only to be found in TBA. Furthermore, we investigated the 

pressure-effect on the copolymerization of Eth with vinyl propionate 

(VP). The results are not consistent with the additivity scheme, As 

a consequence, the earlier explanation was rejected and an alterna

tive model for the effect of pressure on vinyl ester reactivity is 

developed, which is based on the Hammond postulate. 

6.2 Experimental 

6.2.1 Materials 

The specification of the monomers Eth, VP, and ViB, the radical 

initiator a,a'-azobisisobutyronitrile (AIBN), and the solvents TBA 
. 8 12 

and DMF have been reported elsewhere ' . Isobutyl alcohol (Merck, 

p.a.) and methyl alcohol (Merck, p.a.) were used without purification. 

An improved synthesis has been developed for VPV. 

synthesis of vinyl pivalate 

A great number of methods are known for the synthesis of vinyl 

esters14-20 . Most of these methods are useful in specific cases only, 

or unsuitable for laboratory scale. An example of the latter is the 

direct vinylation of carboxylic acid. On the other hand, only VAc, VP 

and vinyl versatates are produced on a large scale. In case of other 

vinyl esters, the vinyl interchange method is commonly used. Mostly, 
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excess vinyl acetate (VAc RCOOH = 6 

mercuric salts. 

HgS04 

/ 

1) is used in the presence of 

There are three major reactions of vinyl acetate with carboxylic 

acids: (1) the vinyl interchange reaction, which occurs at low tempe

rature (290-350 K) in the liquid phase, (2) the formation of ethyl

idene diesters at somewhat higher temperatures, and (3) the formation 

of anhydrides of the acids present, in the vapor phase. If the reac

tion temperature is kept at 300 K or .below high yields of vinyl es

ters are obtained. However, this method requires long reaction times. 

Hondal et a1. 18 changed the vinylatin~ agent from vinyl acetate to 

the high-boiling vinyl versatate-10 (VVlO). A molar ratio 2 : 1 of 

VVlO to carboxylic acid is sufficient to drive the reaction to the 

right by continuous distillation of the vinyl ester formed (reaction 

time 3-S hours; yield 20-70%). However, the high bath temperature re

quired (ea. 410 K) probably explains why in case of pivalic acid the 

vinyl interchange reaction becomes a side reaction (yield ea. 10%). 

Following Irvin and McGrail 20 , we used the method of Mondal et al. at 

reduced pressure (75 mm Hg). In this way the bath temperature is kept 

below 350 K. Vinyl pivalate was obtained in high yield (ea. 80%) and 
20 had the following physical constants: b.p. 325 K/75 mm, n0 = 1.4059, 

20 62 
d4 = 0.870, d4 = 0.824. 

6.2.2 Copolymerizaoon 

All free-radical copolymerizations were carried out at 335 K. The 

Eth-VP copolymerization at 59 MPa in TBA was investigated by means of 

the "quenching" method10 (see also chapter 5). The copolymerization 

of Eth with VPV in DMF at 3.4 MPa was investigated by means of the 

"sequential sampling" method4 (see also chapter 5). The experimental 

conditions are summarized in the Tables 6-5 and 6-6. The monomer feed 

composition was determined by means of quantitative GLC. The GLC con

ditions for Eth-VP-TBA are identical to those reported elsewhere8• 
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Table 6-5 Experimental conditions of the copolyrnerization of ethylene ('11) 

with vinyl propionate (M2) in tert-butyl a.I cohol at 59 ~1Pa and 

335 K with the "quenching" method. 

Number of GLC Average Number of GLC Average Average Total initial ·Initiator 

observations initial observations final degree of monomer concentration 

during the monomer during the monomer convers.ion concentration (mmole/dm
3) 

initial stage feed final stage feed based on (mole/dm
3) 

ratio ratio M2 (%) 

17 3.574 11 3.66-7 8.a 1.1 5.1 

11 2 .8a7 13 2.938 14.a 1.6 5. 6 

13 2.a92 2. 211 16.9 a.9 5.1 

r. 789 11 1.9aa 18.2 a.8 6.1 

14 1.299 13 I. 36a 14.6 a.8 5.1 

11 I ."a7a 9 1.175 27.4 1.1 5 .I 

13 I.a!7 14 I.a52 11.3 a. 7 5 .I 

14 a.973 Ja J.a13 12.9 a.9 5.6 

12 a.937 !a J.a25 26.6 a.9 5 .I 

!a a.9a4 !a J.a!5 32.8 1.5 5.6 

11 a.819 12 a.889 24.5 1.5 5.6 

13 a. 784 12 a.847 24.8 1.5 5.6 

16 a. 759 15 a .812 21.1 1.1 5.1 

11 a.611 a.669 27.7 1.3 5.6 

14 a.541 12 a. 596 28.7 1.5 5.6 

16 a.494 10 a.557 34.8 I. a 5.6 

Table 6-6 Experimental conditions of the copolyrnerization of ethylene (!1
1

) 

with vinyl pivalate (M2) in N,N-dimethylforrnamide at 3.4 ~IPa and 

335· K with the "sequential sampling" method. 

Initial Final Conversion Number of Total initial Initiator 

monomer monomer based on GLC monomer concentration 

feed ratio feed M2 (%) observations concentration (mmole/dm
3

) 

qo ratio (mole/dm3) 

2. 53a 2.633 16.3 19 

2 .a17 2 .Ja4 17.4 16 

1.438 1.512 2a.9 22 

1.191 I. 249 2a.a 18 Varying Approximate 

a.99a I. a46 23.5 19 from a. 4 

a. 789 a.827 2J.a 21 a.9 to 1.8 

a.549 a.58! 25.3 !6 

a.247 a.261 25.4 !4 
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For Eth-VPV-DMF: column temperature 397 ~ 0.1 K; stationary phase: 

15% by wt Carbowax 6000 based on Chromosorb PAW, mesh 60-80 (Johns 

Manville). 

The P values have been determined by means of the improved curve-
13 fitting I procedure • 

6.2.3 Density measurements 

Density measurements have been carried out by means of a v~brating

tube densimeter, i.e., a Paar Precision Density Meter, model DMA 10. 

The equation for the derivation of the excess volumes from the densi

ties of the binary mixtures is given elsewhere12 • 

6.3 Results and discussion 

An important conclusion from the investigation of the effect of 

s~lvent on the reactivity of VAc12 was that increased hydrogen bond

ing with solvent decreases VAc reactivity. The same argument, viz., 

the reactivity of a vinyl ester decreases with pressure due to in

creased hydrogen bonding, was used to explain the relatively large 

activation volume differences A and B observed for Eth-VPV3 (Table 

6-4). This effect was assumed to compensate the greater acceleration 

due to pressure of the addition of VPV to the Eth macroradical and to 

the VPV macroradical due to steric hindrance. Furthermore, it was 

stated that the argument of hydrogen bonding holds equally well for 

both VAc and VPV. However, the addition of VAc to the Eth macroradi

cal was assumed not to be sterically hindered. Therefore, while 

8V11# - 8V12# (=A) for Eth-VPV would contain an additional negative 

contribution to 8V12#, arising from steric hindrance, there should 

not be a similar contribution to A for Eth-VAc. This leads to the 

expectation that !AI for Eth-VPV should be equal to or less than !AI 

for Eth-VAc. The experimental results (Table 6-4) do not confirm the 

prediction, and the interpretation in terms of sterically hindered 

additions is thus questionable. Again, in the copolymerization of 

the homologous series of vinyl esters with Eth as reference monomer 

(Table 6-2), only the value of P 1 for Eth-VPV is significantly 
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deviant, whereas both the addition of VPV to the Eth macroradical 

(expressed in r 1) and to the VPV macroradical (expressed in r 2) should 

be sterically hindered. Furthermore, according to Jenkins21 all treat

ments of reactivity which attribute differences in reactivity to ac

tivation energy differentials are very succesful on the assumption 

that steric hindrance is negligible in monomers substituted on only 

one side of the double bond. Moreover, alkoxy groups (RO-) have com

paratively small steric hindering effects because of the bond angle 

and flexible nature of the C-0-C linkage22 

An alternative explanation of the exceptional position of VPV in 

the homologous series of vinyl esters may be found in the role of the 
12 solvent. Van der Meer et al. successfully correlated the effect of 

solvent on the Eth-VAc copolymerization with the measured volume 
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Figure 6-3 The excess volume vi' versus -cr* for vinyl acetate (0.0), vinyl 

propionate (0.1), vinyl isobutyrate (0.2), and vinyl pivalate 

(0.3) in various solvents: (o) tert-butyl alcohol, C•J isobutyl 

. alcohol, (•) methyl alcohol, and (0) N,N-dimethylformamide (at 

mole fraction vinyl ester, x = 0.1). , 
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changes (= excess volumes) observed on mixing VAc with the various 

solvents (Figure 6-2). Their results were reexamined and extended to 

the excess volumes obtained on varying vinyl esters as well as sol

vents. The excess volume vf is dependent on both the monomer-solvent 

combination involved and the composition of the binary mixture; 

Therefore, in the subsequent discussion the excess volumes observed 

at mole fraction vinyl ester of 0.1 (T = 335 K, P = 0.1 MPa) are used. 

This mole fraction corresponds approximately with the average molar 

concentration of the vinyl esters in the copolymerization reaction 

mixture. In Figure 6-3 the excess volume vB in various solvents has 

been plotted versus the Taft polar substituent constant of the vinyl 

esters. In Figure 6-4 l/P1 has been plotted versus vf in TBA. 
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Figure 6-4 11~1 for ethylene-vinyl ester copolymerizations in te~t-hutyl 

alcohol versus the excess volume vE (at mole fraction vinyl 

ester, x = 0.1) for mixtures of te~t-butyl alcohol with the 

various vinyl esters: (l) vinyl acetate, (2) vinyl propionate, 

(3) vinyl isobutyrate, and (4) vinyl pivalate. 



According to van der Meer et a1. 12 the excess volwnes are charac

teristic of specific interactions closely connected with the cause of 

the solvent-dependent variations of VAc reactivity. Together with the 

Figures 6-3 and 6-4 this indicates that the exceptional position of 

VPV in the homologous series of vinyl esters is solvent-dependent and 

is only found in reactions for which TBA is used as solvent. This ex

planation is furthermore supported by a comparison of the P values of 

the Eth-VAc and the Eth-VPV copolymerization in DMF. 

rl = 0.92 + 0.01· 
Eth-VAc-DMF12 

r2 1.04 + 0.02 

rl = 0.75 ·+ 0.01 
Eth-VPV-DMF 

P2 1.20 + 0.02 

Two important conclusions may be drawn from these r values. First, 

the excess volume yE in DMF is the same for all vinyl esters (Figure 

6-3). In combination with Figure 6-4 this leads to the expectation 

that the :r1 values will be equal in all vinyl ester copolymerizations 

with Eth as reference monomer and DMF as solvent. However, as can be 

seen from the above figures the r 1 values of Eth-VAc and Eth-VPV 

differ significantly. This indicates that in case of DMF as solvent 

vinyl ester reactivity is not correlated with the excess volume. The 

good fit of DMF in Figure 6-2 is, therefore, probably coincidental. 

Secondly, as already pointed out l/r1 represents the reactivity of a 

vinyl es.ter relative to the reference monomer, toward the reference 

macroradical. The relative reactivity of VPV and VAc toward the Eth 

macroradical in both DMF and TBA is given by: 

l/r1 (VPV) Pl (VAc) 

l/r1 (VAc) r 1 (VPV) 

DMF 1.26 

TBA 1.16 

These ratios indicate that with DMF as solvent, VPV constitutes no 

exception in the copolymerization of the homologous series of vinyl 

esters with Eth as reference monomer. 

An interesting conclusion may be drawn from Figure 6-3. On mixing 

the vinyl esters with alcohols of increasing acidity both the 

91 



magnitude of the excess volumes and the slopes of vE versus -o* de

crease. Increased hydrogen bonding between vinyl ester and alcohol 

enhances the electron-withdrawing character of the entire ester side 

group and could make the difference in vinyl ester reactivity on 

varying the alkyl group less pronounced. On the strength of this ar

gument we predict that, with methyl alcohol as solvent, no difference 

in vinyl ester reactivity will be observed, and verification of this 

would be very interesting. 

Figure 6-2 and 6-4 shown opposite signs for the relations between 

vE and reactivity (l/r1). This apparent contradiction, observed when 

varying the alkyl groups in the vinyl ester (R) and in the alcohol 

(R'), can now be explained satisfactorily. It is remarked that the 

structure given below represents only one of many, possibly occurring 

vinyl ester-alcohol interactions. 

H H 
\ I , 
C=C O-R 

I \ I 
H O"··H 

I • 
R-C b-R' 

\\ I 
0·-·H 

R CH3~c(cH3) 3 decreasing electron-withdrawing character of the 

ester side group; enhanced electron density on 

double bond; increasing electronegativity on the 

carbonyl 0 atom; decreasing excess volumes 

~vf decreases as l/r1 increases. 

R' CH3~c(CH3) 3 decreasing acidity of the alcohol; enhanced ex

cess volumes; decreasing electron-withdrawing 

character of the ester side group; enhanced 

electron density on the double bond 

~yE increases as l/r1 increases. 
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The food fit of VPV in Figure 6-4 is probably by coincidence, be

cause a greater excess volume is found in combination with a lower 

VPV reactivity when compared with the other vinyl ester-alcohol com

binations. The lower reactivity points to a diminished electron den

sity on the double bond, which may be due to an improved ~acking in 

the liquid phase leading to interaction with an additional TBA mole

cule. On the other hand, this should lower the expected excess volume, 

because hydrogen bond formation almost always results in a volume 

contraction. However, due to the fact that VPV as well as TBA pos-

s.ess a tert-butyl group these hydrogen bonds may have a preferential 

direction leading to a more positive excess volume. An elegant exam

ple of this phenomenon is the greater volume of ice as compared to 

water. However; the detailed physical background of the observed VPV 

reactivity in TBA remains unexplained. 

To a good approximation the additivity scheme is experimentally 

established as valid for both Eth-VAc and Eth-VPV, but not for 

VAc-VPV3• Its failure in the latter case was given an explanation in 

terms of steric hindrance, which in turn required a re-interpretation, 

in terms of steric hindrance, of its validity for Eth-VPV. However, 

the VE data indicate that the results may be better explained by a 

certain type of interaction between VPV and TBA not found in other 

vinyl ester-alcohol combinations. In order to obtain additional evi

dence the copolymerization of Eth with VP in TBA was investigated at 

various pressures. 

Table 6-7 ~onomer reactivity ratios for the copolymerization of ethylene 

(M1) with vinyl propionate (~2 ) in tert-butyl alcohol at diffe

rent pressures, and pertaining activation volume differences. 

Pressure 

(MPa} .l'l r2 

3.43 0.67 ~ 0.01 1.50 + 0.01 

59 0.68 + 0.01 1.37 ~ 0.02 
. c 

4.0 • 0.3 

118b 0.67 :!. 0.01 1.28 :!. 0.01 

a Ref. 8 

b Chapter S of this thesis 

c Estimated standard deviations 
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The results are given in Table 6~7 together with the pertaining acti

vation volume differences. As eq. 6.1 is not fulfilled it can be con

cluded that in the case of Eth-VP, the additivity scheme cannot be 

used to explain the observed pressure-effect. 

Instead of the additivity scheme, the concept based on the Q-e 

scheme can be used for the interpretation of the observed pressure-
23 24 effect • • Jenner gives Q-e values for Eth, VAc, and VPV at 0.1 MPa 

and 300 MPa,.permitting the calculation of r values at both pressures 

and from that the direction of the pressure~effect (see also sections 

4.4.2 and 4.4.3). As can be seen from Table 7-8 the calculated r val

ues at 0.1 ~Wa deviate strongly from the experimental values, except 

for Eth-VPV. 

Table 6-8 ~lonomer reactivity ratios at 0.1 MPa and 300 MPa calculated by 

means of the concept based on the Q-e scheme23 •24 . 

Monomer t" values 

combination 0.1 MPaa 300 ~IPa 

Eth-VI\c "I 0.248 (0.74) 0.993 

>'z 4.040 (1.50) 1.122 

Eth-VPV "l 0.648 (0.64) 1.087 

"2 1.545 (1.49) 0.920 

111\c-VPV "1 2.614 (0.88) J. 220 

"z 0. 383 (1.17) 0.914 

a Values in parenthesis are the r values observed at 3.4 ~IPa (see Table 6-2). 

However, this may not be surprising, since Jenner probably calculated 

the Q-e values for VPV from the r values given by van der Meer and 

German25 . In our opinion a consideration of the effect of pressure on 

r values by means of the concept based on the Q-e scheme is meaning

less. 

Neither the concept of additivity nor the concept based on the Q-e 

scheme take into account the reactivity of the macroradical. In our 

opinion a reliable description of reactivity and the pressure-effect 

on reactivity in free radical copolymerization should take into ac

count contributions, which depend on the structure of both monomer 
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and radical (see also section 2.4). Therefore we developed a new ap

proach based on the Hammond postulate as used by Asano and Le Noble26 

(see also section 4.4). In this concept decreasing reactivity is di

rectly related to a more negative activation volume because the per

taining activated complex becomes more product-like. The applicabil

ity of the Hammond postulate in the explanation of the effect of 

pressure on P values will be discussed by means of the binary copoly

merization of Eth with VAc, VP and VPV (Table 6-9). 

Table 6-9 Activation volume differences for ethylene (M1)-vinyl ester (M2) 

copolymerizations in tsrt-butyl alcohol (pressure range: 3.4-118 

HPa). 

Mono mer 

combination AV11 
# 

- AV12 
# 

A liV22 
# 

- IIV21 
# 

Eth-VAca -1.9 + 0.4b 2.3.:. 0.3b 

Eth-VP 0 .:. 0.3 4.0 • 0.3 

Eth-VPVa -4.8 .:. 0.5 4.4 • 0.3 

a Ref. 3 

b Estimated standard deviations 

The effect of pressure on P values is governed by differences between 

activation volumes. According to the Hammond postulate the activation 

volume of the ,homopropagation reaction should differ from that of the 

crosspropagation reaction due to the difference in reactivity of Eth 

and the vinyl ester toward, for example, the vinyl ester macroradical. 

As the difference in reactivity is increased, the value of B will 

also increase (Figure 6.5). It has been shown that measured by the 

Pz value VPV is not an exception. Therefore, the effect of pressure 

on the Pz value in the copolymerization of a homologous series of 

vinyl esters shows, according to the Hammond postulate, that the re

activities of vinyl esters with respect to the ethylene monomer in

crease in the order VAc < VP < VPV, which is reflected in the value 

of the differences B (Table 6-9). In the same line of argument the 

effect of pressure on P1 can be discussed. 
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=B 

difference in reactivity 

=A 

Figure 6-5 Schematic representation of the directional correlation between 

activation volume differences and reactivity differences, according 

to the Hammond postulate (a # ~) and the additivity scheme (a B). 

If there were no effect of radical reactivity the absolute values of 

the differences A and B would be equal for each monomer combination, 

a situation which is found in the concept of additivity (Figure 6-5). 

However, the new data for Eth-VP clearly shows that this situation 

is not met in practice. Normally, the more reactive the radical, the 

less the difference in activation volume (= reactivity) experimental

ly observed. As the ethylene radical is more reactive than a vinyl 

ester radical, the absolute magnitude of A should be less than the 

absolute magnitude of B, a situation which is certainly the case for 

VP, .very probably true for VAc, but does not hold for VPV. However, 

it should be remembered that r 1 of Eth-VPV is an exception due to a 

deviating interaction with the solvent TBA, for which there is inde

pendent experimental evidence. Therefore, it is concluded that the 

effect of pressure on the reactivity of a homologous series of vinyl 

esters in the copolymerization with Eth as reference monomer is in 

good agreement with the Hammond postulate. There is also evidence 

that an abnormal specific interaction between ester and solvent can 

introduce a perturbing effect within the general pattern of reac

tivity. 
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Chapter7 

· Relations between Structure and Reactivity of a 

Series of Conjugated Monomers; 

Comparison witb Unconjugated Monomers 

Synopsis 

The copolymerization behavior of conjugated monomers~ as reported in 

the literature, differ greatly from the results obtained in the case of 

unconjugated vinyl esters. A thorough investigation of the copolyme

rization behavior of the former type of monomers and a comparison be

tween conjugated and unconjugated monomers may~ therefore~ yield ad

ditional information. This chapter describes the copolymePization of 

methyl vinyl ketone (MVKJ .. methyl acrylate (MA) • and methyl methaary

Zate (MMAJ l.Jith styrene (St) as reference monomer at 3.4 MPa and 335 K 

with toluene as solvent. In addition. the effect of pressure on the 

binary c.opolymePi:;;ations of St-MA-MMA is discussed. It appears that 

in case of conjugated monomers reactivity deareases as the electron

donating character of the substituents increases, whereas the reverse 

is found in unaonJugated monomers. This is explained by the findings 

that in conjugated monomers resonance effects induced by polar fac

tors play a dominant role, whereas in unaonjugated monomers mainly 

polar factors are governing the relative reactivities. The r values 

at 3.4 MPa are compared with those predicted by means of the Q-e 

scheme and Patterns. No definite conalusions aould be drawn about the 

applicability and validity of either saheme~ although Patterns shows 

e:r:ceUent result in case of the H funation of Mayo~ In vinyl ester 

copolymeriaations and Le Noble and Asano's emample of the Menshutkin 

reaction one single factor (polarity and steric hindranae. successively) 
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dominates AG
1

, AG, and AV
1

• This allows of a st~ghtfo~ interppe

tation of the Pesutts with the Hammond postulate and is in fUZZ a.gPee

ment with Evans's potential enepgy aalautations. In conjugated mono

mePs., howeveP., an interplay of Pesonance and polaP faator>s is found. 

The genePat validity of these findings need jU'!'ther> e:x:pe'!'imentat and 

theor>etiaat suppo'!'t. The over>alt activation volume e:x:pPessing the ef

fect of pPessUPe on the numbep-aVePage degPee of potymePization in 

St-MMA var>ies fPom -19 ~ 3 em3/mole to -24 ~ 2 em0/mote upon var>ia

tion of the mote frcrotion St fPom 0 to 1 and fits in Ve'f.'Y weU with 

the titemtuPe value of -20 am5 /mole for> St. 

7.1 Preface 

In the previous chapter the effect of monomer structure, pressure, 

and solvent on the reactivity of a homologous series of vinyl esters 

has been discussed. However, the results of this investigation raise 

new questions concerning the effects of these variables on the reac

tivity of various types of vinyl monomers and corresponding< radicals. 

Vinyl monomers can be roughly divided into two classes: reactive 

(conjugated) monomers and unreactive (unconjugated) monomers. In this 

context, conjugated monomers are those monomers in which the double 

bond of the vinyl group is conjugated with another multiple bond, 

whereas in unconjugated monomers this type of conjugation is not 

present. Conjugated monomers exhibit a strong tendency to add to any 

radical chain end, because the resulting radical is strongly stabi

lized by resonance. Unconjugated monomers, on the other hand, exhibit 

a weaker tendency to add to any given radical, because in this case 

the resulting radical is much less stabilized by resonance. These ar

guments are graphically shown in a representation1 of Evans's calcu

lations2•3 for systems dominated by resonance factors (Figure 7-1). 

The resonance stabilization of a monomer (if any) has been taken as 

half that of the resulting radical. 

The differences in copolymerization behavior between conjugated 

monomers (i.e. unreactive radical and reactive monomer) and unconju

gated monomers (i.e. reactive radical and unreactive monomer) find 

expression in various ways: 
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t ,_ 
!!' .. 
i 
iii ·g 
" .f 

Radical + monomer 

(before bond formation) 

R 

New radical 

R +M 

R +Me 

Rc+M 

Re +Me 

Figure 7-1 Potential energy of system, monomer plus radical, as a function of 

separation of radical and unsaturated carbon atom. Subscript c 

indicates conjugation in monomer (M) or radical (R). Arrows with 

solid lines indicate energies of activation; broken lines heats of 

reaction1• 

- In case of vinyl esters (unconjugated monomers) reactivity appears 

to increase as the electron-donating character of the substituents 

increases (chapter 6), whereas the reverse is found in conjugated 
4-9 monomers 

- Asai and Imoto10 observed different pressure-effects between sys

tems with two conjugated monomers and binary systems in which one 

of the monomers is unconjugated. 

The variation in r values with solvent is dependent on the nature 

of both monomer and corresponding radical. However, the effect of 

a substituent on reactivity is much greater at a radical than at a· 

monomer. For example, the styrene macroradical is about 1000 times 

less reactive than the vinyl acetate radical toward a given monomer 

(if polar effects are of minor importance), but styrene monomer is 

only about 50 times more reactive than vinyl acetate monomer toward 
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a given radical. Therefore, the extent to which a monomer and the 

corresponding radical, and through this the r values, are affected 

by the solvent will be different in conjugated and unconjugated 

monomers. 

These observations are sufficient motives to call for the investi

gation of a series of conjugated monomers. In addition the comparison 

of the results with those obtained from the investigation of unconju

gated monomers will be of the utmost importance. The actual choice of 

the monomers was chiefly determined by the followi~g requirements. 

Variation in substituents should result in a significant change in 

monomer reactivity, but the monomers should not be too different in 

reactivity in order to allow a reliable determination of r values. 

As a consequence, in the present investigation monomers possessing 

a C =C-C= 0 group, viz., (meth)acrylates and vinyl ketones were 

chosen. 

7.2 Introduction 

The free-radical copolymerization of styrene (St) with methyl 

methacrylate (MMA) at normal pressure has been the subject of more 

scientific research and publications than any other monomer pair. In 

1944 Mayo and Lewis11 used this copolymerization to illustrate their 

derivation of the Alfrey Mayo model. Later on, many investigators 

used this monomer pair to support new experimental techniques or (im

proved) calculation procedures for r values. This led to r values for 

S MMA f '1' h 1 12 Th d' . t- a1 1ng to s ow mutua agreement • e 1screpanc1es among r 

values far beyond the experimental errors should serve as a warning 

against the casual acceptance of any single set of data. Furthermore, 

this points to the need for a scrutiny of the calculation procedures. 

A great number of (meth)acrylates and vinyl ketones have been in

vestigated by means of the copolymerization with a reference mono

mer4-9•13. The relative reactivities toward the reference macroradical 

are described by the Taft relation (eq. 7,1, see also chapter 6) and 

a modified Hammett equation derived by Yamamoto et a1. 5•14 (eq. 7.2): 

102 



log (rel. react.) (7.1) 

log (rel. react.) = p a + y ER (7.2) 

In eq. 7.2 a is Hammett's polar substituent.constant, ER is the reso

nance substituent constant and p and y are reaction constants. The 

results are summarized in Table 7-1. In most cases (1-5) the relative 

reactivities of these monomers toward the reference macroradical ap

pears to be influenced exclusively by polar factors (o = 0). In case 

of p-substituted phenyl vinyl ketones (7) and nuclear substituted 

phenyl methacrylates (8) both polar and resonance effects are impor

tant in the explanation of the relative reactivities. In a-alkyl 

acrylates (6) it is obvious that steric hindrance plays an important 

role, since the alkyl group is attached directly to the reacting vi

nyl site. 

3 

4 

5 

6 

7 

8 

Table 7-1 Copolymeri.zation of series of (meth}acrylates and vinyl ketones 

with various reference monomers. 

Type of series Reference monomer p* y Reference 

of monomers 

methacrylates styrene 0.33 0 6 

methacrylates 6-chloroethyl methacrylate 0.13 0 6 

methacrylates methyl methacrylate "-0.2 0 7 

acrylates styrene: 0.56 0 

vinyl ketones · styrene 0.40 0 9 

a-alkyl acrylates styrene 0 "-0.6 13 

p-substituted styrene 0.34 2.0 9 

phenyl vinyl ketones 

nuclear-substituted styrene 0.21 1.0 

phenyl methacrylates. 

The results obtained in the investigations of the solvent-effect 

on copolymerizations involving acrylates and vinyl ketones are di

verse and inconsistent9•15- 18 • On increasing the polarity of the sol~ 
vents, the r values may go in either direction. The apparent discrep

ancies between the results of these investigations may be partly due 

to an unreliable determination of r values. In addition, a detailed 

interpretation of the solvent-effect is hampered by the fact that the 
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solvent affects the reactivity of the two monomers and the two radi

cals at the same time. As a consequence, the overall-result may vary 

with the solvent. 

A number of copolymerizations involving (meth)acrylates and vinyl 

ketones have been investigated under pressure10•19- 26• In chapter 4 

three models were described for the explanation of the pressure-effect 

on reactivity in free-radical copolymerization. However, it is very 

difficult to discriminate between these models in the case of conju

gated monomers. This may be due to an unreliable determination of r 

values, the great number of monomer-solvent interactions possible and 

the differences in pressure-sensitivity of these interactions. 

From the foregoing it may be concluded that the insuffic~ent and 

even contradictory information found in the literature, justifies a 

thorough investigation of reactivity and relations between structure 

and reactivity in conjugated monomers. This chapter describes the in

vestigation of copolymerizations of methyl vinyl ketone QMVK, CH2 
CH- ·COCH3), methyl acrylate OMA, CH2 =CH- COOCH3), and methyl 

methacrylate (MMA, CHz = C{CH3) - COOCH3) with styrene (St) as refer

ence monomer at 3.4 MPa and 335 K with toluene as solvent. In addi

tion, the effect of pressure on the binary copolymerizations of St

MA-MMA and on the number-average degree of polymerization (Pn) for 

St-MMA are discussed. Furthermore, the relations between reactivity 

and monomer structure are discussed and compared with those found in 

the homologous series of unconjugated monomers, viz., vinyl esters 

(chapter 6). 

7.3 Experimental 

7 .3.1 Materials 

The monomers styrene (Fluka), methyl vinyl ketone (Merck), methyl 

acrylate (BDH, Ltd.), and methyl methacrylate (Fluka) were distilled 

at reduced pressure in a nitrogen atmosphere. The middle fraction of 

the distillate was collected and used. In all cases the distillate 

was found to be > 99.5% pure by GLC analysis. The free-radical 

initiator a,a'-azobisisobutyronitrile (Fluka, p.a.) and the solvent 

toluene (Merck, p.a.) were used without purification. 
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7 .3.2 Copolymerization 

At all relevant pressure levels the free-radical copolymerizations 

were carried out at 335 K by means of the "sequential sampling" meth

od (see chapter 5) using toluene as solvent. The monomer feed compo

sition was determined by means of quantitative GLC. The GLC condi

tions were: stationary phase, 10-15% by wt of squalane on chromosorb 

W AW DMCS 80-100 mesh (Johns Manville); column length and temperature 

(between 360 K and 380 K) depending. on the binary combination in

volved; detector temperature, 423 K. The experimental conditions are 

summarized in the Tables 7-2 to 7-5. 

The copolymers were isolated and purified by pouring out in metha

nol, dissolving in chloroform and reprecipitation in methanol. Puri

fied copolymer was dried under vacuum at a temperature of 313 K until 

no further weight loss was observed. 

The r values have been evaluated by means of the improved curve

fitting I procedure27 and the linear regression method28 (see also 

chapter 3). 

Table 7-2 Experimental conditions of the copolymerization of styrene ("11) 

with methyl vinyl ketone (142) in toluene at 3.4 ~!Pa and 335 K 

1dth the "sequential sampling" method. 

Initial Final Conversion Number of Total initial Initiator 

monomer monomer based on GLC monomer concentration 

feed ratio feed 1>12 (%) observations concentration (mmole/dm3) 

qo ratio (mole/dm
3

) 

3.696 3.920 21.4 30 1.0 6.5 

2.573 2.671 21.7 25 1.0 6.5 

2.057 2.088 17.2 22 1.0 12 0 2 

1.428 1.401 21.8 29 1.1 6.5 

1.178 1.119 24 0 5 26 1.0 12 0 2 

0.975 0.915 19.4 29 1.0 6.5 

0.897 0.824 21.2 28 1.0 8.1 

0.679 0.596 20.4 30 1.0 8.1 

0.589 0.546 10.9 IS 1.0 6.5 

0.483 0.390 21.4 25 1.0 8 .I 

0.377 0.283 22.1 27 1.2 8.1 

0.289 0.196 23.3 28 LO 8.1 
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Table 7-3 Experimental conditions of the copolymerization of styrene (Ml) 

with methyl ac~ylate ('1z) in toluene at various pressures and 

335 K with the "sequential sampling" method. 

fnitial Final Conversion Number of Total initial Initiator 

monomer monomer based on GLC monomer concentration 

feed ratio feed M2 (%) observations concentration (mmole/dm3) 

qo ratio (mo1e/dm
3

) 

3.4 MPa 

4.357 4.194 9. 2 21 1.0 8.1 

3. 815 3.589 13,3 19 1.0 8.9 

2.959 2. 791 11.2 19 1.0 8.1 

2.667 2.511 10.8 19 1.0 8.1 

!.537 1.395 11.9 19 1.0 8.1 

0.872 0. 768 10.2 21 1.0 8.1 

0.804 0. 730 7.5 14 1.0 8.1 

0.675 0.574 10.5 25 !.0 8.1 

0.506 0.400 11.9 26 1.0 8.1 

0.369 0.291 9. 7 n 1.0 8.1 

0.229 0.144 12.5 27 1.0 8.1 

59 MPa 

4.581 4.314 15.8 20 1.0 3,2 

3.152 2,943 14.6 21 1.0 4 .I 

2.5~7 2.371 12.7 20 1.0 4.1 

2.047 1.900 12.1 18 1.0 4.1 

!. 570 !.407 14.4 22 1.0 4.1 

0.965 0.882 8.6 17 1.0 3. 2 

0. 798 0.694 !1.2 20 1.0 3.2 

0.484 0.394 11.1 18 1.0 4.1 

0.280 0.206 10.9 19 1.0 3.2 

0.195 0.!!8 13.5 20 1.0 4.1 

118 MPa 

4. 288 4.080 15.1 22 1.0 2.4 

3. 781 3.609 13.2 20 1.0 2.4 

3.132 2. 970 13.3 2Z 1.0 2.4 

2,662 2.489 14.7 22 1.0 2.4 

1.487 l. 358 12.9 19 1,0 2.4 

0,983 0.859 13.6 19 1.0 2.4 

0.596 0.473 15.3 21 1,0 2.4 

0.476 0.396 10.7 20 1.0 2.4 

0,384 0.283 14.4 23 1.0 2.4 

0,199 0.134 12.4 21 1.0 2.4 
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Table 7-4 Experimental conditions of the copolymerization of styrene (,\11) 

1vith methyl methacrylate (112 ) in toluene at various pressures 

and 335 K with the "sequential sampling" method. 

Initial Final Conversion h'umber of Total initial Initiator 

monomer monomer based on GLC monomer concentration 

feed ratio feed \12 (%) observations <:onccnt rat ion (mmole/dm3) 

qo ratio (mo1e/dm3 ) 

3.4 ~1Pa 

s .192 s. 222 15.2 23 1.0 8.1 

l. 5~5 4. 558 15.2 25 1.0 8.1 

3' 288 3. 270 15.3 25 1.0 8.1 

~. 81: 2. 794 12.9 22 1.0 8.1 

2.373 2.333 15.9 23 1.0 8.1 

l. 781 l. 746 11.1 20 1.0 8.1 

1.390 1. 358 9.1 16 1.0 8.1 

0. 778 o. 720 15.0 25 1.0 8.1 

0.389 0.340 15.3 24 1.0 8.1 

59 MPa 

4.593 4.615 !0.8 19 1.0 5. 7 

3.230 3. 225 16.4 23 1.0 6.0 

1.992 1.948 18.3 26 1.0 5. 7 

1.295 1.249 14.4 26 1.0 5. 7 

0~981 Q,932 14,S 27 1.0 4 .l 

0.903 0.843 17.2 21 1.0 5,8 

0.806 0. 747 16.9 30 1.0 5. 7 

0.604 0.566 14.6 23 1.0 4 .I 

0.397 0.344 17.7 25 1.0 4.1 

0,185 0.151 17.2 20 1.0 5. 7 

118 ~IPa 

3.991 ~.056 18.0 24 1.0 4.1 

3.627 3.696 24.2 25 1.0 6.5 

3.443 3.490 20.6 24 1.0 4.1 

2.578 2.582 23.8 24 1.0 6.5 

1.624 1.585 20.5 28 1.0 4.1 

1.538 1.491 22.5 21 1.0 7.3 

1.214 1.166 18.8 21 1.0 4.1 

0.756 0.686 22.8 19 1.0 4.1 

0.309 0.251 23.6 !9 1.0 4.1 

0.!68 0.113 32.1 18 1.0 7.3 
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Table 7-5 Experimental conditions of the copolymerization of methyl methacry-

late (~1 ) with methyl acrylate (M2) in toluene at various pressures 

and 335 K with' the "sequential sampling" method. 

Initial Final Conversion Number of Total initial Initiator 

monomer monomer based on GLC monomer concentration 

feed ratio feed Mz (%) observations concentration (mmole/dm3) 

qo r.atio (mole/dm
3

) 

3.4 ~!Pa 

3.943 2.961 17.0 22 1.0 3.2 

3.618 2.877 13.9 17 1.0 2.8 

3.156 2 ;421 15.8 21 1.0 2.8 

2,501 1.865 17 .I 23 1.0 3. 2 

2.007 1.505 16.7 24 1.0 2.8 

1.568 1.189 15.9 26 1.0 2.4 

1.195 0.920 14.8 20 1.0 2.4 

0.934 0.578 25.0 20 1.0 8.1 

0.636 0.395 24.1 22 1.0 3.2 

0.503 0.324 22.0 22 1.0 2.4 

0.377 0.184 32.4 21 1.0 4.9 

0.141 0.054 38.4 24 1.0 2. 8 

59 MPa 

5.024 3. 716 18.6 22 1.0 1.2 

3.770 3.203 10.5 17 1.0 1.2 

3.136 2.263 19.6 23 1.0 1.6 

2.024 1.542 16.3 23 1.0 1.2 

1.475 1.163 14.1 17 1.0 1.2 

1.233 0. 707 29.2 24 1.0 2.0 

0.617 0.379 24.7 23 1.0 1.2 

0.394 0.228 26.0 20 1.0 1.2 

0.302 0.123 37.5 21 1.0 1.6 

118 ~!Pa 

3.459 2.557 18.5 19 1.0 0.8 

2.447 1.676 22.1 22 1.0 0.8 

1.908 1.626 9.9 15 1.0 0.8 

!. 776 1.220 21.4 21 0. 7 0.8 

1.157 0. 737 24.2 21 1.0 0.8 

0.984 0.593 26.2 23 1.0 0.8 

0. 797 0.444 28.9 21 1.0 0.8 

0.469 0.186 38.9 20 1.0 1.2 

0.408 0. I72 36.3 20 1.0 0.8 

0.295 0.125 35.2 20 1.3 0,8 
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7 .3.3 Molecular mass 

The number-average molecular mass (Mn) of St-MMA copolymer samples 

formed at the three pressure levels was determined using a Hewlett 

Packard High Speed Membrane Osmometer, model 502. Toluene.was used as 

solvent. 

7.4 Results 

The r values of the binary copolymerizations of St-MA-MMA at var

ious pressures and 335 K in toluene are given in Table 7-6. As can be 

seen from this ·Table, the results obtained by means of the improved 

curve-fitting I method27 and the linear regression method28 are the 
same within experimental error, proving the applicability of the 

latter'method. The 95% confidence regions are given in Figure 7-2. 

0.5 11 
If 

B 

0.4 '~ 2 . c 
1 dff;R 0.3 

r2 
3 

0.2 A 

0.1 3~ 2 . 
1 

0.0 11 
0.6 1.0 lA 11 2.2 2.6 

r1 

Figure 7-2 The 95% confidence regions for the copolymeri~ations of: styrene

methylacrylate (A); styrene-methyl methacrylate (B); and methyl 

methacrylate-methylacrylate (C), at various pressures: 3.4 (1), 

59 (2), and 118 (3) MPa. 

109 



Table 7-6 Monomer reactivity ratios of the binary copolymerizations of 

styrene (St)-methyl acrylate (MA}-methyl methacrylate {Ml>t.<\.) in 

toluene at various pressures and 335 K resulting from the im

proved curve-fitting 127 and the linear regression method 28• 

Improved curve-fitting 1 Linear regression 
Pressure 

('1Pa) 
~1 "z "1'"2 '\ "2 

St-MA 

3.4 1.19 + 0.03 0.09 :;:_ 0.01 0.11 :;:_ 0.04 1.20 :;:_ 0.04 0.09 + 0.01 

59 1.16 + 0.02 0.11 + 0.01 0.13! 0.03 1.12 + 0.03 O.ll: 0.003 

118 1.11 ! 0.02 0.13 + 0.01 0.14 + 0.03 1.10 + 0.02 0.13 ~ o.oo3 

St-MI>!A 

3.4 0.84 + 0.02 0.36 + 0. 02 0.30 + 0.04 0.86 + 0.03 0.38 0.02 

59 0.82 + 0.02 0.39 ::. 0.0! 0.32 + 0.03 0. 82 + 0.02 0.39 + 0.0! 

118 o. 76 ::. 0.01 0.41 + 0.01 0.31 ! 0.02 0. 77 ! 0.02 0.41 ::. 0.01 

~11-lA.-MA 

3.4 2.48 + 0. 03 0.32 + o.oo4 0. 79 + 0.03 2.42 + 0.03 0.31 + 0.01 

59 2.41 + 0.03 0.31 + o.oo5 0. 75 ! 0.04 2.36 + 0.03 0.31 + o.oo5 

118 2. 39 + o. 03 0.30 • o.oo6 0. 72 + 0.04 2.40 + 0.02 0.30 + 0.00~ 

r1•1'-2 

0.11 ::. 0.04 

0.!2 + 0.03 

0.!4 + 0.03 

0.33 + Q.OS 

0.32 + 0.03 

0.32 + o. 03 

o. 75 ::. 0.04 

0.73 + 0.04 

0. 72 :;:_ 0.03 

The r values of St-MVK at 3.4 MPa and 335 K in toluene are: 

0.54 + 0.02 

0.53 + 0.03 

0.22 + 0.01 

0.22 + 0.01 

(Improved curve-fitting I) 

(Linear regression) 

By applying the F test29 , it was concluded that all cop~lymeriza
tions could be described by the Alfrey-Mayo model, 

In particular the present r values for St-MMA differ considerably 

from the literature values observed under comparable conditions (0.45 

< r 1 < 0.64, 0.44 < r 2 < 0.5730). However, the azeotropic composition, 

which can be calculated from the present r values (r1 = 0.84, r 2 = 
0.36; qaz = (1-r2)/(l-r1) = 4), perfectly corresponds with qaz directly 
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observed from the primary experimental data in Table 7-4. This sup

ports our confidence in both procedures used for the calculation of 

~values (see also chapters 2 and 3). As a consequence, it is con

cluded that the discrepancy with literature values is attributable to 

the application of unreliable experimental techniques and(or ealcula-, 

tion procedures, or unreported differences in experimental conditions. 

Table 7-7 shows the activation volume differences of the St-MA-MMA 

binary copolymerizations using the improved curve-fitting I ~ values. 

Table 7-7 Activation volume differences of binary copolymerizations of 

styrene (St)-methyl acrylate ('!A)-methyl methacrylate (Mf.IA) in 

toluene (pressure range: 3.4-118 MPa). 

'4onomer combination 

8 Estimated standard deviation. 

2.0 + 0.3a 

2.0 ~ o.s 
0.9 ~ 0.2 

-8 + 2a 

-2.8 + 0.5 

1.8 • 0.3 

The number-average degree of polymerization (Pn) of St-MMA copo

lymers as a function of the mole fraction St in the copolymer at var

ious pressures is given in Figure 7-4. 

7.5 Discussion 

7 .5.1 Relatloos between stracture aad reaetiYity in (meth )acrylates 

and rinyl ketones; comparison witli rinyl esters 

In the copolymerization of a series of monomers (M2) with a refer

ence monomer (M1) the ratio l/r1 is a direct measure of monomer reac

tivity (see also chapter 6). The 1/~1 values of the copolymerization·s 

of MVK, MA, and MMA with St, together with the results of the copoly

merization of the homologous series of vinyl esters with ethylene as 

reference monomer are given in Table 7-8. 
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Table 7-8 Reactivity of methyl vinyl ketone, methyl acrylate, and methyl 

methacrylate toward the styrene macroradical and the reactivity 

of a homologo~s series of vinyl esters toward the ethylene macro
radical31•a. 

~~ 0 0 
11 11 

CH2 - C - C - R2 CH2 - CH 0-C-R 

Rl R2 l/r1 
b 

~1VK H CH
3 

1.89 VAc 

MA 11 OCH
3 

0.85 VP 

MMA CH3 OCH3 1.19 ViB 

VPV 

a All copol)l11lerizations at 3.4 ~!Pa and 335 K. 

b ~olvent: toluenea 

c Solvent: tel"t-butyl alcohol. 

R 1/1"1 

CH3 1. 35 

CH2(CH3) 1.48 

CH(CH3)
2 

1.64 

C(CH
3

)
3 

1.55 

c 

When the CH3 group in MVK is replaced by the more electron-donating 

OCH3 group a decrease in monomer reactivity is observed. The greater 

reactivity of MMA over MA may be explained by hyperconjugation of the 

methyl group with the double bond. The results fit in well with the 

generally observed behavior of monomers possessing a C = C - C = 0 

group4-9•13 . In most cases the relative reactivities are correlated 

with the Taft polar substituent constants of the monomers, as can be 

seen from Table 7-1. The results may be explained by greater polari

zation of the carbonyl group with increasing electron-donating abili

ty of the substituent attached to the alkyl C atom next to the group. 

As a result, the conjugation of the vinyl group with the carbonyl 

group is decreased, so reducing the reactivity. Thus, in contrast to 

the vinyl esters a decreasing reactivity occurs despite the:increas

ing electron density on the vinyl group. As a consequence, it may be 

concluded that resonance factors are of major importance in, the rela

tive reactivities of (meth)acrylates and vinyl ketones. However, ac

cording to Otsu and Tanaka9 , the values of the resonance substituent 

constants (ER) of alkyl vinyl ketones are .very close to eac~ other, 

making it impossible to differentiate between the resonance effects 

pertaining to the various substituents. The reason for this apparent 

contradiction is not clear. 

On the other hand, if resonance effects were the determining factor 

in the copolymerization of St (1) and MMA (2), r 1 (k11!k12) would be 
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St• + St (k11 ) 

St• + MMA (k12) 

MMA· + MMA (k22) 

MMA• + St (k21 ) 

greater than 1 and Pz (k22!k21 ) would be less than 1. The propagation 

reactions involving St monomer (with rates k11 and k21 ) would be 

faster than the corresponding reactions involving MMA monomer (with 

rates k12 and k22 ), because the resulting macroradical is more stabi

lized by resonance (see also Figure 7-1). However, the observed r 1 
value for St-MMA is less than 1 (Table 7-6), pointing to the role of 

polar factors in the propagation rates. The St-MVK copolymerization 

shows similar behavior, whereas for St-MA r 1 is slightly above 1. 

However, it still may be inferred that also in the latter system polar

ity affects reactivity. Therefore, it must be concluded that in conju

gated monomers the activation energy and pertaining reaction rate con

stants are affected both by resonance and polar factors. 

In the other type of system, viz., the unconjugated monomers, re

activity is mainly governed by polar factors. The reactivity of the 

homologous series of vinyl esters toward both the ethylene macro

radical31 and the vinyl acetate32 macroradical appears to be a func

tion of the electron density on the double bond. By means of the Q-e 

scheme33 (mindful of the limits of validity, e.g., r 1•r2 < 1, of this 

scheme) it was found that the amount of resonance stabilization re

mains the same and that the electron density on the double bond in

creases upon increasing electron-donating character of the substi

tuents. Furthermore, the vinyl ester reactivity order is susceptible 

to the polar cbaracter of the reference macroradical, which may be 

concluded from the fact that the reaction constant p* may be both 

positive and negative31 • In case of conjugated monomers the reactivi

ty order remains the same toward any macroradical; p* is positive 

(Table 7-1) regardless of the nature of the macroradical. This sup

ports the suggestion that in case of conjugated monomers mainly res

onance factors are important in the interpretation of the relative 

reactivities. 

From Table 7-8 it might be inferred that conjugated and unconju

gated monomers have comparable reactivities. However, in section 7.1 

it was discussed that conjugated monomers are much more reactive than 

unconjugated monomers toward any macroradical, This apparent contra

diction originates from the fact that the information obtained by 
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means of copolymerization is restricted to the relative reactivity of 

two monomers with respect to the same macroradical. In Table 7-8 the 

binary systems contain reacting species which are either all conju

gated or all unconjugated, and this explains the apparent similarity 

in the reactivities when the systems are compared. 

Various attempts have been made to describe the reactivity of 

individual monomers and corresponding radicals by characteristic con

stants enabling a reliable description of structure-reactivity rela

tions, which furthermore, would permit a prediction of copolymeriza

tion behavior. In section 2.4 the Q-e scheme33 was compared with the 

Patterns method34 • The former scheme was chosen because it is the 

most widely used scheme, whereas the latter method inherently pro

vides a better approach to reactivity. This is achieved by using only 

experimentally accessible parameters and the assignment of different 

polarity parameters to radicals and monomers. In section 2.4 the dif

ference between the Q-e scheme and Patterns was .decisively shown by a 

comparison of the value of the H function of Mayo (eq. 2.13) experi

mentally observed and the values calculated by means of both schemes. 

The observed values correlate well with those calculated by means of 

Patterns, whereas the Q-e scheme completely fails to cope with the 

situation. 
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Table 7-9 Monomer reactivity ratios of the binary copolymerizations of 

styrene (St)-methyl acrylate (MA)-methyl methacrylate ~~) 

calculated by the Q-e scheme33 and the Patterns method 
34 

to

gether with the !" values observed at 3.4 '-!Pa and 335 K l<ith 

toluene as solvent. 

Binary combination Q-e Patterns Experimental 

St-MA "I 0.70 0.42 1.19 

"2 0.18 0.10 0.09 

St-~11-lA "I 0.49 0.86 0.84 

"2 0.48 0.43 0.36 

~l'l~-~1A "I 1.91 1.32 2.48 

1"2 0.49 0.42 0.32 



In Table 7-9 the monomer reactivity ratios of the binary copolyme

rizations of St-MA-MMA calculated by both methods are given together 

with the P values experimentally observed at 3.4 MPa, 335 K and tolu

ene as solvent. The Q and e values given by Greenley35 have been used. 

This author claims the calculation of more precise values of Q and e 

by the application of a roundabout least squares technique applied to 

practically all the r values relevant to a selection of vinyl mono

mers. However, from Table 7-9 no definite conclusions can be drawn 

about the validity of either scheme for the prediction of individual 

P values. The correspondence between the experimental value of the H 

function of Mayo and the value calculated by means of Patterns appears 

to be excellent. 

Mayo H factor for St-MA-HI-IA binary copolymerizations. 

Patterns Experimental 

H 1 '(by definition) 0.7 0.7 + 0.1 

The better fit of H as compared to the individual r values by using 

Patterns may be due to the effect of solvent on the various propaga

tion reactions in the system St-MA-MMA. In this manner the overall

result might be that H becomes independent of solvent. However, a de

tailed interpretation of the effect of solvent in copolymerization is 

hampered by the fact that solvent may affect the reactivity of both 

monomers and radicals, and the transition states of all the propaga

tion reactions. Only in the investigation of the effect of solvent on 

the Eth-VAc copolymerization has a monomer been used which has a re

activity unaffected by the nature of the solvent36• The variation of 

the P values with solvent could then be correlated with VAc reactivi

ty. However, in the present copolymerizations the solvent also affects 

the reactivity of the reference monomer St. In addition, the variation 

of radical reacticity and the stabilization of the transition state 

with solvent has to be considered. For example, a more polar solvent 

may increase the polarity of the carbonyl group, resulting in a de

creased resonance of the carbonyl group with the reacting double bond. 

As a consequence, monomer reactivity is decreased. On the other hand, 

the transition state of the propagation reaction may be more stabi

lized with increased polarity of the solvent, leading to a higher 
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gain in resonance stabilization on going from the initial state to 

the transition state, and therefore to a greater propagation rate. As 

a consequence, the oveTall-result may vary with the solvent. In fact, 

as many interpretations have been given as investigations have been 

carried out, as appears from a review by Madruga et a1. 18 . 

From the foregoing it may be concluded that the investigations of 

the solvent-effect on reactivity in free-radical copolymerization re

quires the use of Eth as comonomer. However, the reactivities of Eth 

and (meth)acrylates and vinyl ketones are too disparate to allow a re

liable determination of r values. Therefore, until this problem has 

been solved satisfactorily, the results of the investigations of the 

solvent-effect on the reactivity of (meth)acrylates and vinyl ketones 

should be interpreted with great care. 

7 .5.2 Effeds of pressure on the system styrene-methyl 

acrylate-methyl methacrylate 

As has been shown by the experiments discussed in section 7.5.1, 

the relative reactivities of conjugated monomers appear to be 'in

fluenced by resonance effects induced by polar factors. Moreover, the 

height of the activation energy barriers in the various addition re

actions, and with that the absolute magnitude of the r values, are a 

function of polar and resonance factors. On the other hand, the sign 

of the activation volume differences A and B for St-MA and St-MMA 

given in Table 7-7 show the more exothermic reactions, forming the 

more stable St macroradical, to be accompanied by a less negative 

activation volume (earlier transition state) as required by the 

Hammond postulate. This is in full agreement with the potential ener

gy calculations summarized in Figure 7-1. Thus, on going from the 

transition state to the final state the gain in resonance stabi1iza

tion becomes the more important factor. 

To summarize, in the copolymerization of St with (meth}acrylates 

and vinyl ketones the height of the activation energy barrier, and 

with that the r values are governed by pesonanae and poZar factors. 

Furthermore, the location of the transition state on the reaction co

ordinate, and with that the activation volume is mainly governed by 
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resonance factors (Figure 7-3.A). In other words, in conjugated mon

omers a more exothermic reaction has a more positive activation vol

ume, but there is not a clear correlation with the activation energy. 

G 

1 

A B 

G 

1 
-----------

Reactants Products Reactants Products 

-----.... R.C. -----•R.C. 

Figure 7-3 Factors affecting the various processes on going from the initial 

state to the final state for copolymerizations involving conju

gated (Figure 7-3.A) and unconjugated monomers (Figure 7-3.8); 

R: (mainly) resonance factors, P: (mainly) polar factors. 

A different situation occurs when considering unconjugated mono

mers, viz., vinyl esters, where the absolute magnitude of the r 

values as well as the magnitude of the activation volume are a func

tion of polar factors (chapter 6). Thus, it can be inferred that the 

behavior of these unconjugated monomers is a straightforward demon

stration of the Hammond postulate since in this case the process of 

going from the initial state to the transition state (in terms of 

~a* and ~V1 ) as well as the process of going from the initial to the 

final state (in terms of aa) are affected by polar factors in the 

same manner (Figure 7-3.B). In this way activation energy, activation 

volume and exothermicity are directly related. This is comparable 

with the results of Le Noble and Asano's example of the Menshutkin 

reaction37 (see also chapter 4), where the correlation of ~a*, aG, 
and av', in terms of the Hammond postulate, develops because the 

steric effect is dominant. 
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An equally straightforward interpretation is not possible for the 

systems St-MA and St-MMA in ,which the activation volume correlates as 

expected with the exothermicity, but not with the activation energy. 

This is a partial deviation from the Hammond postulate, in the form 

in which it was expressed by Asano and Le Noble37 ; but the evidence 

discussed above, concerning the role of resonance and polar factors, 

is considered to support the possibility that the postulate can be 

refined and extended to include the more complex behavior of systems 

in which reactivity is not dominated by a single factor (e.g. polari

ty, resonance stabilization or steric hindrance). This requires adop

tion of the principle that the Hammond postulate remains valid in 

comparisons of those features of the reaction processes which are 

governed by similar reactivity factors. In these conjugated systems 

it appears that the activation volume and the reaction AGare domi

nated by resonance factors, while the height of the activation energy 

barrier is determined by both polar and resonance factors. The modi

fied Hammond postulate can thus account for the experimental result 

that Av" and the exothermicity show a correlation, while Av" and the 

reaction rates (P values) do not. Confirmation of the extended postu

late will require further experimental evidence. 

It may indeed be expected that in case of the copolymerization of 

monomers exhibiting relatively small differences in resonartce factors, 

as e.g., MMA-MA, the polar effects will show up more strongly, and a 

possible dominance of either effect may not be distinguishable as 

clearly as in the systems St-MA and St-MMA. This is confirmed by the 

results of the MMA-MA copolymerization (Table 7-7)• where a more 

stable radical only gives rise to 

MMA macroradical (AV11# - 6V12# = 
contrary is observed with respect 

# 3 
6V21 = +1.8 :t:_ 0.3 cm /mole). 

an earlier transition state with 

+0.9 + 0.2 cm3/mole), but where the 

to th~ MA macroradical (AV22# -

In conclusion, we may summarize the present results as follows. In 

the vinyl ester copolymerization we have shown that polar factors 

predominate in 6G#, 6G and 6V#, whereas in an example of the Menshutkin 

reaction37 the steric effect is dominant. Both investigations have in 

common that one single factor governs all features of the reaction 

process. This allows of a straightforward interpretation of the re

sults in terms of the Hammond postulate and is in full agreement with 

Evans's potential energy calculations (Figure 7-1) 2•3• In our study 
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on conjugated monomers, however, an interplay of resonance and polar 

factors in AG1 , AG, and av*, is found. This indicates an interesting 

line of development, that needs considerably broader experimental 

basis as well as .an extended theoretical treatment, e.g., the modifi

cation of Evans's calculations to incorporate polar, steric, and res

onance effects. 
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Figure 7-4 "Reduced" number-average degree of polymerization (Pn .v.r::) of 

styrene-methyl methacrylate copolymers vs. the mole fraction 

styrene (xSt) in the copolymer at various pressures. 

(I
0 

in mmole/dm3). 
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7 .5.3 Effect of pressure on the number-average degree of 

polymerization 

In Figure 7-4 the relation is shown between the "reduced" number

average degree of polymerization Pn·vT: and the mole fraction St (x5t) 

in St-MMA copolymers at the three pressure levels. Pn was calculated 

from the number-average molecular weight (Mn) and the overall-compo

sition of the copolymer. For the purpose of comparison between the 

various results, it is preferable to consider Pn·~ instead of Pn, 

because in polymerization the kinetic chain length is inversely pro

portional to JI. I is the initial initiator concentration in liDllOle/ 
3 0 

dm. It appears that at each pressure level Pn-vT: decreases by a 

factor of about 2.5 on going from xSt is 0 to 1. Eq. 7.3 shows that 

Pn is a complex function of many variables38 : 

(7.3) 

In this equation Tq contains the P values and various ratios of ter

mination rate.constants. Moreover, Tq and the chain.transfer constants 

Cq and Sq depend on the monomer feed ratio q and thus on xSt' It is 

not clear, which factors and to what extent will affect Pn resulting 

in the observed variation of Pn with xSt' 
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Table 7-10 "Reduced" number-average degree of polymerization (Pn ~) of 

styrene-methyl methacrylate at mole fraction styrene (~St) of 

0.5, and various pressures. 

Pressure 

(MP a) 

3.4 

59 

118 

480 (1. 00) 

740 (1. 54) 

1220 (2.54) 

a In parenthesis the values for Pn ·vi;; 
relative to the value at 3.4 ~tPa are 

given. 



The variation of ~n·vT: with pressure allows of the-calculation of 

the overall-activation.volume ~V# at each mole fraction xSt' In Table 

7-10 the values of P •vf.. and the relative values of P - IT with re-n o n~~o 

spect to Pn·vT: at 3.4 MFa are given for x8t = 0.5. The activation 

volumes calculated from various pressure intervals are summarized in 

Table 7-11, and visualized in Figure 7-5. 

Table 7-11 OVerall activation volumes calculated from various pressure inter

vals at mole fraction styrene in the copolymer of 0,5, 

Pressure ~v' 
range (MPa) (cm

3
/mole) 

3.4 - 59 -21.8 

-3.4 118 -22.6 

3.4 118a -22 • lb 

3 All data points are considered, 

a linear course of ln 

vs. pressure. 

b Estimated standard deviation. 

The activation volumes at x8t = 0.3, 0.5, and 0.8 and the literature 

value for the bulk homopolymerization of st17•35 are given below. 

OVerall activation volumes t.rl pertaining to Pn, determined from St-MMA 

copolymers of different compositions. 

0.3 o.s 0.8 117,35 

t.v' (cm3 /mole) -19 + 3 -22 + 1 -24 + 2 -20 

Mindful of the accuracy of the activation volumes it may be stated 

that there is a tendency for ~v' to become more negative as x8t goes 

from 0 to 1. The results are in good agreement with the value of -20 

cm3/mole given for st20 •39 • 
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Figure 7-5 Relative "reduced" number-average degree of polymerization of 

styrcnc-mcthyl methacrylate copolymers vs. pressure at mole 

fraction styrene in the copolymer of 0.5. 
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Appendix 

A The differential copolymer equation 

Independently, Alfrey and Goldfinger1, and Mayo and Lewis2, de

rived the differential copolymer equation under the following condi

tions: 

- only propagation steps are considered, while consumption of mono

mers by initiation, reinitiation and termination is negligible; 

this means a sufficiently high molecular weight; 

- the reactivity of a copolymer chain end radical is independent of 

the chain length (Flory.principle), and determined only by the ul

timate unit of the macroradical; 

- both monomers react with radicals according to the same, bimolecu

lar mechanism, and the propagation reactions are irreversible; 

- the steady-state principle is assumed to be valid; this means that 

the rate of change of the radical concentration of ~M1 • and ~M2 • 

is small as compared to the rates of radical production and con

sumption. 

Under these conditions only four different chain propagation reac

tions have to be considered: 

~Ml• + Ml 
kll 

'\Ml. -
~Ml• + Mz 

kl2 
~Mz· -

'VM • + Mz 
k22 

~Mz· 2 -
~Mz• + Ml 

k21 
~Ml• -

B d f . . . h . . 3,4 y e 1n1t1on, t e react1on rate 1s : 

1 dn 

V dt 

h . h . t . 1 d - 3 -l V . h · w ere r 1s t e react1on ra e 1n mo e. m .s ; 1s t e react1on vol-

ume in dm3; n is the number of moles and t is the time in seconds. 
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For a second order bimolecular reaction: 

and 

l" = 

-dn a 

1 dna 
- -·-- = 

V dt 

--= 
dt 

-3 -1 
where k is the reaction rate constant in mole.dm .s and a denotes 

. . 1 d - 3 concentrat1on 1n mo e. m • 

The rates of consumption of both monomers are then given by: 

(A.l) 

(A.2) 

The steady-state assumption for the free-radical chain ends gives: 

or 

The composition of the instantaneously formed copolymer is: 
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dnl 
- dt dnl 

~= dn 2 

- dt 

(A.3) 

(A.4) 



By combining eqs. A.l, A.2, A.3, and A.4 the radical concentrations 

can be eliminated, yielding: 

dn1 P 1 (n1;n2) + 1 

an;- = P 2(n/n1) + 1 

8 The integrated copolymer equation 

(A.S) 

The differential copolymer equation (eq. A.S) can be integrated 

yielding an exact relationship between the monomer feed composition 

(q) and the degree of conversion (f). The integral can be obtained in 

the following way: 

dq 

df2 

with the conversion based on monomer 2 defined ~s t 2 = 100•(1-n2;n20)%. 

The subscript zero indicates initial conditions. This can be arranged 

to: 

df2 dq 

lOO - f2 ( q - =~) 

With equation A.S for dn1/dn2 this integral can be evaluated analyti

cally4•5, yielding: 
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where t 20 is set equal to zero; x1 
the constraints r 1 # 1 and r 2 # 1. 
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Summal"y 

Gopolymerization and high-pressure study are shown to be important 

tools in revealing relations between structure and reactivity of vi

nyl monomers and corresponding radicals. A detailed investigation of 

reactivity requires a reliable determination of the monomer reactivi

ty ratios (r values) describing the copolymerization behavior of vi

nyl monomers. This is achieved by applying nonlinear least squares to 

the integrated copolymer equation. Furthermore, it is necessary to 

take into account experimental errors in all measured variables. 

These conditions are fulfilled in three, recently published, calcu

lation procedures of which the most efficient one, viz., the improved 

curve-fitting I procedure is used in the present investigation. 

The information obtained by means of copolymerization is restricted 

to pairs of monomers. Several approaches have been developed to de

scribe the reactivity of the individual monomers and radicals. The 

most widely used scheme, viz., the Q-e scheme is compared with 

Patterns. The latter method inherently provides a better approach to 

reactivity, by using only experimentally accessible parameters and 

the assignment of different polarity parameters to radicals and mon-

omers. 

Application of the improved curve-fitting I procedure for the cal

culation of r values requires the use of a high-speed computer. There

fore, research for pencil and paper procedures has continued. As a 

result, a new, simple and yet reliable method for the calculation of 

r values, based on the observation of the linearity of the plot ln n1 
vs. ln n2 is developed. For all copolymerizations investigated, the 

results of the new linear regression method are in good agreement 

with those obtained by means of the improved curve-fitting I method. 

The range of validity of the linear regression method is determined 

by comparison with the improved curve-fitting I procedure by means of 

simulated copolymerization experiments. The method, given the experi

mental setup and error structure described, appears to be applicable 

when the product of the r values is between 0.001 and 2, provided 

both monomer conversions are large enough compared with the measure

ment error. 
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The effect of pressure on the rate constant of a chemical reaction 

is governed by the sign and magnitude of the activation volume, bvfl. 
In polymerization reactions this is illustrated by a discussion of 

the effect of pressure on the basic steps, i.e., initiation, propaga

tion, and termination. Furthermore, the effect of solvent and steric 

hi~drance on the activation volume is discussed. In copolymerization 

the pressure-effect on the reactivity of monomers and radicals is 

governed by differences in activation volumes. Major attention is 

paid to the prediction of the effect of pressure on r values. Two 

existing hypotheses are compared with a new approach based on the 

Hammond postulate. Herein differences in monomer reactivity are di

rectly related to differences in activation volumes whereas the mag

nitude of the observed effects is dependent on the reactivity of the 

radicals. 

In order to improve the determination of high-pressure r values a 

sequential sampling of reaction mixtures under high pressure, follow

ed by on-line GLC analysis of the sample is developed. The merits and 

drawbacks of the new method. are compared with those of the "quenching" 

method previously used. In conclusion, the "sequential sampling" meth

od is preferred over the "quenching" method. 

The experimental techniques an? computational procedures for a re

liable determination of r values under a wide range.of experimental 

conditions are now available. This allows of a detailed investigation 

of monomer reactivity in free-radical copolymerization. As vinyl mon

omers can be roughly divided into two classes of monomers, viz., 

conjugated and unconjugated monomers, both types have been investi

gated in the present study. 

The copolymerization of a homologous series of vinyl esters (un

conjugated monomers) has been thoroughly investigated in our labora

tory. It appears that mainly polar factors are important in the inter

pretation of the relative reactivities of the monomers. The exception

al position of vinyl pivalate was previously explained by sterically 

hindered addition reactions. However, additional research points to 

an explanation based on the role of the solvent tert-butyl alcohol 

(both monomer and solvent possess a tert-butyl group). The effect of 

pressure on ethylene-vinyl ester copolymerizations in tert-butyl alco

hol is explained by means of the Hammond postulate. In this way there 
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is a full correlation of activation energy (&G1), activation volume 

(AV
1

) and exothermicity (AG) in the relevant propagation reactions. 

An equally straightforward interpretation of the pressure-effect 

is not possible for conjugated monomers. In the system styrene-methyl 

acrylate and styrene-methyl methacrylate av" correlates with &G, but 

not with t!.a', because reactivity is not dominated by a single factor 

(e.g. polarity, resonance stabilization or steric hindrance). It ap

pears that av" and AG are dominated by resonance factors, while the 

height of the activation energy barrier is determined by both polar 

and resonance factors. 

From the results of the investigation of ~onjugated and unconju

gated monomers it may be concluded that the Hammond postulate remains 

valid when comparing those features of the reaction processes which 

are governed by similar reactivity factors. 
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Samenvatting 

Copolymerisatie en de bepaling van de invloed van druk op de daar

bij behorende kinetische parameters blijken bij uitstek geschikt voor 

de bestudering van verbanden tussen structuur en reactiviteit van vi

nylverbindingen en daaruit gevormde radicalen. Een diepgaand onder

zoek van reactiviteit maakt een betrouwbare bepaling noodzakelijk van 

de monomere reactiviteitsverhoudingen (r waarden), die het copolyme

risatiegedrag van twee monomeren beschrijven. Dit kan bereikt warden, 

door gebruik te maken van een berekeningsmethode die gebaseerd is op 

de geintegreerde copolymerisatievergelijking en die rekening.houdt 

met meetfouten in alle variabelen. Aan deze voorwaarden wordt voldaan 

in drie, .recent gepubliceerde, berekeningsmethoden, waarvan de meest 

efficiente, de improved curve-fitting I methode, in het huidige onder

zoek gebruikt is. 

Bij copolymerisatie wordt informatie verkregen over de relatieve 

reactiviteit van twee monomeren. Diverse hypothesen zijn ontwikkeld 

om de reactiviteit van de afzonderlijke monomeren en radicalen te 

beschrijven. Het meest gebruikte schema (Q-e schema) wordt vergeleken 

met Patterns. De laatstgenoemde methode voorziet in een inherent be

tere beschrijving van reactiviteit door alleen experimenteel toe

gankelijke parameters te gebruiken en de toekenning van verschillende 

polariteitsparameters aan radicalen en monomeren. 

Toepassing van de improved curve-fitting I methode maakt gebruik 

van een computer noodzakelijk. Onderzoek naar eenvoudige methoden, 

waarvoor geen computer nodig is, werd daarom voortgezet. Dit heeft 

geleid tot een nieuwe, eenvoudige en toch betrouwbare methode voor de 

berekening van r waarden, die gebaseerd is op het waargenomen lineaire 

verband tussen ln n1 en ln n2 • Voor alle onderzochte polymerisaties 

blijken de resultaten van de nieuwe lineaire regressie methode en die 

verkregen met behulp van de improved curve-fitting I methode in goede 

overeenstemming met elkaar te zijn. De grenzen van toepasbaarheid van 

de nieuwe methode zijn bepaald door vergelijking met de improved 

curve-fitting I methode door middel van nagebootste copolymerisatie

experimenten. Gebaseerd op de beschreven experimentkeuze en fouten-
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structuur, blijkt de methode toepasbaar te zijn als het product van 

de r waarden ligt tussen 0,001 en 2, mits de omzetting van beide mo

nomeren groter is dan de meetfout. 

De invloed van druk op de snelheidsconstante van een chemische re

actie wordt bepaald door het teken en de grootte van het activerings

volume l!.VIt. Voor polymerisatiereacties wordt dit gefllustreerd aan de 

hand van een beschouwing van de drukinvloed op de elementaire reactie

stappen: initiatie, propagatie en terminatie. Bovendien wordt de in

vloed van oplosmiddel en sterische hindering op 11v' besproken. In 

copolymerisatie wordt de drukinvloed op de reactiviteit van monomeren 

en radicalen bepaald door verschillen in activeringsvolumina. Veel 

aandacht is besteed aan de voorspelling van de drukinvloed op r waar

den. Twee bestaande hypothesen zijn vergeleken met een nieuw concept 

gebaseerd op het Hammond postulaat. In deze laatste methode zijn ver

schillen in monomeerreactiviteit direct gerelateerd aan verschillen 

in 8v" 1s, terwijl de grootte van de waargenomen effecten afhankelijk 

is van de reactiviteit van de radicalen. 

Teneinde de bepaling van hoge-druk r waarden te verbeteren, is een 

methode ontwikkeld voor de sequentiele bemonstering van reactiemeng

sels onder hoge druk, gevolgd door "on-line" GLC analyse van het 

monster. De voor- en nadelen van de nieuwe methode worden vergeleken 

met die van de voordien gebruikte "quenching" methode. Er wordt ge

concludeerd dat de "sequential sampling" methode de voorkeur verdient 

boven de "quenching" methode. 

De experimentele technieken en berekeningsmethoden voor een be

trouwbare bepaling van r waarden, over een breed gebied van reactie

omstandigheden, staan nu ter beschikking. Dit maakt een gedetailleerde 

bestudering van monomeerreactiviteit in vrije-radicaal copolymerisatie 

mogelijk. Omdat vinylmonomeren globaal verdeeld kunnen worden in twee 

klassen monomeren, geconjugeerde en ongeconjugeerde monomeren, zijn 

beide typen onderzocht in het huidige onderzoek. 

De copolymerisatie van een homologe serie vinylesters (ongeconju

geerde monomeren) werd diepgaand onderzocht in ons laboratorium. Het 

blijkt dat voornamelijk polaire factoren van belang zijn voor de 

interpretatie van de relatieve reactiviteiten van de monomeren. De 

uitzonderingspositie van vinylpivalaat werd voorheen verklaard met 

sterisch gehinderde additiereacties. Aanvullend onderzoek leidt tot 
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een verklaring gebaseerd op de rol van het oplosmiddel :tert~butyl

alcohol (zowel monomeer als oplosmiddel bezitten een tert-butylgroep). 

De drukinvloed op etheen-vinylester copolymerisaties in tePt~butyl

alcohol kan worden verklaard met behulp van het Hammond postulaat. 

Hieruit volgt een volledige correlatie van activeringsenergie (aG*), 
activeringsvolume (~V#) en exothermiciteit (~G) in de onderhavige 

propagatiereacties. 

Een gelijksoortige, rechtstreekse interpretatie van de drukinvloed 

is niet mogelijk voor geconjugeerde monomeren. In het systeem styreen

methylacrylaat-methylmethacrylaat blijkt ~v* gecorreleerd met ~G, 
maar niet met ~G*, omdat de reactiviteit van monomeren en radicalen 

ni~t beheerst wordt door een enkele factor (bijv. polariteit, reso

nantiestabilisatie of sterische hindering). Het blijkt dat 6v* en 6G 

bepaald worden door resonantiefactoren, terwijl de grootte van de 

activeringsenergie afhankelijk is van zowel polaire als resonantie

factoren. 

Uit de resultaten van het onderzoek van geconjugeerde en ongecon

jugeerde monomeren kan geconcludeerd worden dat het Hammond postulaat 

zijn geldigheid behoudt wanneer die aspecten van de reactieprocessen 

met elkaar vergeleken worden, welke bepaald worden door dezelfde re

activiteitsfactoren. 
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STELLINGEN 

1. Een onderzoek met als doel orde te scheppen in het grote aantal 
* berekeningsmethoden voor P waarden is zeer wenselijk • De aanpak 

** . . 
van McFarlane et al. , waarbij geen rekening gehouden wordt met 

een verloop in de monomere voedingssamenstelling, is echter zin

loos. 

** 

Dit proefschrift, hoofdstuk 2 

R.C. MeFarlane, P.M. Reilly en K.F. 0\Driscoll, J. Polym. 

Sai. Polym. Chem. Ed., !!• 251 (1980) 

* 2. De conclusie van Rounsefell and Pittman , dat de copolymerisatie 

van 2,3,4-trimethyl-3-pentylmethacrylaat met styreen beschreven 

kan worden met een "penultimate"-model, wordt niet ondersteund 
* door de gepubliceerde waarnemingen . 

* Th.D. Rounsefell en Ch.U. Pittman, Jr., J. MaaPomol. Sci. 
Chem., Al3, 153 (1979) 

3. De waarde van onderzoek naar de inbouw van aan het synthesegas 

toegevoegde olefinen in koolwaterstoffen, met als doel de voor 

de Fischer-Tropsch synthese belangrijke reactie-intermediairen 
* ** te identificeren ' , moet gering worden geacht. 

* 
** 

J.G. Ekerdt en A.T. Bell, J. CataZ., 62, 19 (1980) 

W. Keith Hall, R.J. Kokes en P.H. Emmett, J. Am. Chem. Soc., 

82. 1027 (1960) 



4. Het veronderstelde, gunstige effect van de toepassing van mangaan

fta1ocyanine op de ont1eding van waterstofperoxide tijdens de 
* katalytische autoxidatie van thiolen , moet ernstig worden be-

twijfeld. 

* Nederlandse octrooiaanvrage, 7608824 (1976); Chem. Abstr., 

89, 117037W (1978) 

* 5. Het is onwaarschijnlijk, dat de door Gaspard et al. gebruikte 

synthesemethode het door de auteurs veronderstelde kopertetra
** carboxyfta1ocyanine heeft opge1everd 

* 

** 

S. Gaspard, M. Verdaguer en R. Viovy, J. Chim. Phys., 11-12, 

1740 (1972) 

J.H. Schutten en J. Zwart, J. Mol. CataZ., ~. 109 (1979) 

* 6. Patino-Leal et al. beweren ten onrechte, dat de methode van Van 
** der Meer et al. voor de berekening van parameters in mode1len 

met fouten in alle verander1ijken, de ops1ag van grote matrices 
*** en het gebruik van complexe optimaliseringsmethoden vereist. 

* 

** 

*** 

H. Patino-Lea1, P.M. Reil1y en K.F. O'Driscoll, J. Polym. 

Sai. Polym. Lett. Ed. , ~. 219 (1980) 

R. van der Meer, H.N. Linssen en A.L. German, J. Polym. Sai. 

Polym. Chem. Ed., ~. 2915 (1978); H.N. Linssen, Proefschrift, 

Technische Hogeschoo1 Eindhoven, 1980 

H.I. Britt en R.H. Luecke, Teahnometrias, ~. 233 (1973) 

7. De unieke omstandigheid, dat uit atactisch, d.w.z. via radicaal

(co)po1ymerisatie verkregen, polyvinylalcohol en vinyla+cohol

etheen copo1ymeren semi-kristallijne polymere materia1e~ kunnen 
* worden verkregen, wordt, hoewel reeds lang bekend , nog,onvol-

doende benut. 

* C.W. Bunn en H.S. Peiser, Nature, 159, 161 (1947) 



8. De conclusie van Wales, dat de groeisnelheid van oppervlaktecrazes 
* a11een bepaald wordt door de aangelegde spanning , gaat ten on-

rechte voorbij aan de onder1inge beinv1oeding van de crazes. 

* J.L.S. Wa1~s, Polymer,~~ 684 (1980) 

9. Aan de samenwerking tussen kerken liggen in een aantal gevallen 

financiele motieven ten gronds1ag. De veronderste1ling hierbij, 

dat eaonomiaahe verbondenheid ook de oeaumeniaahe gedachte za1 

dienen, lijkt meer gebaseerd op de taalkundige verwantschap van 

beide kenmerken, dan op de huidige praktijk. 

10. De meeste onderzoeken naar de re1atie tussen voeding en gezond

heid zijn gebaseerd op de vooronderstelling dat er lineaire ver
* banden bestaan tussen twee verander1ijken • Daar aangenomen mag 

worden dat elke stof zijn eigen optimum kent (zoa1s aangetoond 
* voor vitamine A en selenium ) en er relaties tussen meerdere 

veranderlijken bestaan (het effect van selenium wordt tegenge-· 
* werkt door zink ), moet worden getwijfeld aan de waarde van 

voedingsadviezen die op grond van derge1ijke onderzoeken gegeven 

worden. 

* O.G. Meyerer en G. Broekhuizen, "De relatie tussen voeding 

en gezondheid", Intermediair, 25 juli, 1 (1980) 

11. Wanneer er in Nederland roofdieren 1eefden die per jaar ea. 1800 

mensen zouden verscheuren, dan mag verondersteld worden dat die 

zo spoedig mogelijk in dierentuinen en wildparken ondergebracht 

zouden worden. Evenzo zou voor auto's en automobi1isten moeten 

gelden dat alleen de meer tamme combinaties op de openbare weg 

toegelaten worden. 

* 

* aanta1 verkeerss1achtoffers onder automobi1isten, fietsers en 

voetgangers in 1978; bron: Statistisch zakboek 1979 

Eindhoven, 9 januari 1981 J. Schrijver 


