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CHAPTER 1 

Introduction 

1.1. Short Historical Survey 

Scientific and industrial interest in the field of 

copolymerization dates back to the 1920's (1-3). During the 

first de6ennia. the emphasis was mostly on the preparation and 

development of useful products. During the course of the 

numerous experiments to prepare various types of copolymers. 

it was frequently observed that the monomers were built in at 

different rates. As a result, copolymers having an immensely 

complex and unpredictable molecular structure were obtained, 

often limiting their practical application as commercial 

products. 

Nowadays, a great number of copolymers are produced by a 

variety of polymerization processes, often empirically leading 

to properties required for certain applications. 

Copolymerization offers an excellent method of modifying the 

properties of polymers by a proper choice of comonomer and 

process conditions. These conditions include low and high 

conversion routes in homogeneous solution or heterogeneous 

emulsion processes. 

Solution polymerization is carried out in the presence of 

a solvent for the monomer and the polymer. The principal 

reason for using this technique is to prevent the polymerizing 
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system from becomin9 intractably viscous during the course of 
the reaction. Another graat advantage of this solution process 
is tbat in many cases, copolymerization will exhibit a very 

well-defined kinetics, described by relatively simple models 

{4-7). Offsetting these advantages, the process is beset with 

serious disadvantages. Often it calls for the use of 

expensive, toxic solvents. A further disadvantage is that the 
molar mass may be seriously reduced by chain transfer to 

solvent (3). 
The graat advantage (8) of emulsion polymerization process 

lies in tbe attainment of rapid rates of conversion, while 

simultaneously obtaining high molar masses. This is achieved 

by suppression of the termination reaction by 

compartmentalization of the growing chains in so-called 

reaction loci (ca. O.l µ). This compartmentalization in 

conjunction with the large surface area of the loci are the 

most important characteristics of the emulsion process and 

account for the typical emulsion kinetics, which is completely 

different from solution kinetics. 

Though copolymerization is most abundantly applied these 

days the effects of the polymerization conditions on the 

properties are poorly understood, especially when high 

conver:sion conditions are being applied. This observation 

constitutes the main motive for the present investigation. 
The key to solve these problems appeared to be the 

revelation of the microstructure of the macromolecules. This 

is easily understood, since the process kinetics determines 

the molecular structure (9,10) which in turn governs the 

properties of the resulting copolymers (11-17). so. detailed 

knowledge about the microstructure may not only supply 

information about the kinetics, but also contributes to a 

better understanding of relations between structure and 
properties. 

one of the methods of determining the intramolecular 

structure (tacticity parameters, triad distributions) is NMR 

{Nuclear Magnetic Resonance) (18). Particular regions in the 
NMR spectra display additional fine splittings due to combined 

configurational and compositional sequence effects. owing to 
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the improved resolution of the present NMR spectrometers, it 
appeared that original assignments were not correct (19-20). 

Especially in this field of interest, reassignment of the 

spectra appeared to be required. 
Methods available to obtain the intermolecular structure 

(Cbemical Composition Distribution (CCD} and Molar Mass 

Chemical Composition Distribution (MMCCD)) are fractionation 

and crossfraètionation (21). In the classical approach, these 

tecbniques require laborious and time consuming fractionation 

using selected solvent-precipitant pairs. Moreover, the MMD 

almost inevitably interferes with the CCD. 

Recently. with the introduction of fast and flexible 

chromatographic separation techniques (SEC, TLC. HPPLC) a 

significant improvement could be achieved (22-27). However, 

experimental elution procedures. especially those suited for 

separation of high molar mass species and for experimental 

quantification had to be improved. 

Furtbermore, existing models predicting copolymer 

microstructure appeared to be applicable only under limiting 
conditions (9,10). 

From the above considerations, it becomes clear that in 

order to predict and determine copolymer microstructure, 

theoretical models will have to be extended and experimental 

techniques must be developed. 

1.2. Aim of Investigation 

The investigation described in this thesis aims at a 

better understanding of the relations between polymerization 

conditions (kinetics) and properties of the resulting 

copolymers. The most important key in revealing such relations 

appeared to be the determination of the microstructure. As a 

consequence. the main attention is focused on: 

relations between copolymerization kinetics and molecular 

structure; 

relations between structure and properties of copolymers. 
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In order to reach these aims. model predictions describing low 
and high conversion batch solution processes. as well as 

experimental techniques to determine the structure of 

copolymers obtained by solution and emulsion processes. had to 

be evaluated. 
A reliable prediction of the microstructure can only be 

achieved when both instantaneous kinetics and composition 

driCt. which shows-up during most batch copolymerizations are 
~ 

taken into account. Existing models (9) to predict the 

distributions according to chemical composition and molar mass 

of instantaneously formed copolymer had to be extended to 

systems having unequal molar masses. Furthermore. the 

description of the weight distribution caused by composition 

drift had to be improved. Indeed, Myagchenkov (28) derived an 

expression to describe the CCD caused by composition drift. 

However, expressions compatible with the Improved Curve 

Fitting 1-Procedure (ICFIP) (7) are still lacking. Therefore, 

we developed new analytica! expressions thus avoiding 

inaccurate graphical integration (29) or numerical 

differentiation. 

Experlmental techniques used in our investigations to 

verify copolymer structural features are mentioned in Table 1. 

1abl.!L.l.:._ Experimental techniques for the determination of 

various structural features 

Struct~ràl_f~a!ufe 

CCD 

MMCCD 
Triad fraction 
Tacticlty parameter 

• Flame lonisation Detection 

~x~eLimerrt~l_t~chniq~e 

Conventional TLC and TLC/FID* 

SEC and subsequently TLC/FID 
1H and 13c-NMR 
1

H and 13c-NMR 
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1.3. Survey of Thesis 

Chapter 2 deals with the anomalous copolymerization of 

styrene and ethyl methacrylate in bulk. Significant deviations 

from the predicted high conversion copolymerization behaviour 

were observed. starting at moderately high conversion. This 

chapter bas already been published (30). 

In Chapter 3 an extension is presented of the Stockmayer 

dlfferential weight distribution. The latter describes the 

relat.ive weight of a particular molar mass and composition 

interval in inötantaneously formed copolymers. assuming equal 
molar masses of the monomer units. The extension is needed for 

those cases where the aforementioned assumption is not valid. 
The co-author Dr. H.N. Linssen assisted in the derivation of 

the extension. This chapter bas been submitted to the Journal 

of Polymer Science (31). 

The feasibility of using TLC/FID to reveal CCD's of 

copolymers obtained by batch emulsion copolymerization using 

various types of surfactants is discussed in Chapter 4. 

After the proper conditions to reveal CCD's were 

established. the influence of polymerization conditions on 

cco•s were investigated. The results are discussed in Chapter 

i· Chapter 4 and chapter 5 will be submitted to the Journal of 

Polymer Science (32,33). 

In Chapter 6 a navel crossfractionation method is 

proposed. In this method, copolymers are first separated by 

SEC according to molar size (molar mass) and subsequently the 

fractions are analyzed by quantitative TLC/Fió according to 

composition. This chapter will be submitted for publication in 

the Journal of Chromatography (34). 

In Chapter 7 the relations between low conversion batch 

solution processes and intramolecular structure of copolymers 

are extensively studied by 1H and 13c-NMR. The co-author 

Dr. G.P.M. van der Velden proposed a reassignment of a part of 

the 1H-NMR spectra. This reassignment was also successfully 

applied to 1H-NMR spectra of copolymers obtained by high 

conversion solution and emulsion processes. This is described 
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in Chapter 8. In this chapter the influence of polymerization 
conditions on the glass transition temperature of the 

resulting copolymers is also discussed. Chapter 7 and 8 have 

been submitted for publication in the Journal of Polymer 

Science (35,36). 
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CHAPTER 2 

Anomalous Copolymerization Behaviour of Styrene and Ethyl 

Methacrylate at High Conversion 

Styrene and ethylmethacrylate were copolymerized in bulk 
at 62°C and several monomer feed ratios. At moderately high 
conversion, anomalous copolymerization behaviour occurred. 
Although the onset of the departures from expected copolymeri
zation behaviour seems to be related to the onset of the 
gel-effect, this relation did not hold when mimicking higher 
conversion by adding an amount of homopolymer. 

Obviously the propagation reactions are not only af fected 
by changes in dif fusion characteristics but also by changes 
in ether medium characteristics e.g. interactions between 
monomeric and copolymeric species. 

2.1. Introduction 

In many cases the course of a copolymerization process 
can be describ~d by models considering both monomer reactivity 
.and ultimate unit dependent chain-end reactivity. Among these 
módels, the well-known classical Alfrey-Mayo (AM) model is 
outstanding. From many studies on copolymers, however, the 
r-values appear to be dependent on the nature of the solvent 
(1-5) pressure (3) and temperature (6) but assumingly inde
pendent of conversion provided the degree of conversion is 
moderate and the system is diluted. 
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However, from recent reviews it becomes clear that in 
some cases even the integrated Alfrey-Mayo model is inadequate 
to describe the copolymerization behaviour up to high 
conversions. For example, Johnson (7) and Dionisio (8) repor
ted anomalous behaviour in the copolymeri~ation of the system 
styrene methyl methacrylate, Kelen (9) in the copolymerization 
of vinylidene cyanide-maleic anhydride and Zil'Berman (10) in 
the copolymerization of methacrylamide-methacrylic acid. 

Recently, we have studied the system styrene-ethyl 
methacrylate in bulk. We found experimental curves of monomer 
feed ratio versus conversion that deviate signif icantly from 
the relationships to be expected on the grounds of the inte
grated AM model. Both monomer feed ratio (q) and conversion 
were calculated from data obtained by quantitatively monito
ring monomer concentrations by means of GLC during the entire 
course of the reaction. This method, introduced by German and 
Heikens (11, 12), is particularly useful in studies on high 
conversion copolymerization since the course of the process 
can be detected in detail and. very easily. In addition, copo
lymer compósitional analysis becomes redundant, thus avoiding 
all pertaining errors (e.g. fractionation according to compo
sition during the werking-up procedure). 

In contradiction to the explanation given until now by 
other investigators for similar phenomena concerning other 
systems, our results unambiguously indicate that the departures 
from the Alfrey-Mayo model occur bef ore the onset of the gel 
effect. Here we define the onset of the gel effect as the 
moment at which a significant increase in conversion rate 
occurs. 

These novel findings are described in the present paper 
and will be_ the subject of further investigation. 

2.2. Experimental 

The monomers styrene and ethyl methacrylate were distilled 
at reduced pressure under nitrogen. 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 AIBN (Fluka p.a.) was used without further purifi
cation. The initiator concentration was 40 mmol/l. 

All bulk copolymerizations were carried out in a stainless 
steel s.F.S. reactor which was flushed with nitrogen before 
use. The reaction mixtures were thermostated at 62°C ± 0.2°C 
and stirred at 100 rpm. The reaction mixture was sampled at 
predetermined time intervals. The samples were .kept in a 
cooled beaker and then dissolved in THF which also served as 
the internal standard. Two microliter of each sample were 
injected at least twice. The GLC conditions were: stationary 
phase, 10-15% by wt of squalance on chromosorb W AW DMCS 80 -
100 mesh (Johns Manville); column length 2.5 meter and column 
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temperature 371 K, detector temperature 420 K and injection 
port temperature 393 K. 

Density measurements have been carried out by means of a 
vibration tube densimeter (Paar Precision Density Meter, 
Model OMA 10). 

Viscosity data were obtained by means of a cone and plate 
viscosimeter (Rotavisco). Bath density and viscosity were 
determined at reaction tAmni:>r;itnrF> i -"' _ i>? 0r 

2.4. Results and Discussion 

The r-values of the system styrene (sty) and ethyl 
methacrylate (erna) have been evaluated by means of the improved 
curve fitting I procedure (1, 13). Only low conversion data 
were taken into account. The results are summarized in table I. 

Table I Reactivity ratios of sty ( 1 ) and erna (2) in 
different media, at 62°C. 

medium r1 r2 

bulk 0.46 ± 0.03 0.38 ± 0.04 
toluene 0.49 ± 0.02 0.40 ± 0.03 

If the integrated AM model is valid at any conversion, 
the relations of monomer feed ratio versus conversion can be 
predicted by means of r-values determined at low conversions 
and' using the integrated AM equation according to (1): 

where ft=(1-[M]/[M]o) 100% is the total conversion of monomer, 
[M] = [M1]+[M2 ], Mi is monomer (i), o indicates initial condi
tions, q=[M 1 ]/[M2 ] represents the monomer feed ratio, 
X1 =(ri-1)-1 and x 2 =(r 2 -1)-1. 

The observed and predicted relation of monomer feed ratio 
versus conversion are represented in figure 1. From this fi
gure it becomes obvious that the extent and the starting point 
of anomalous copolymerization behaviour strongly depends on 
the initial monomer feed ratio (q 0 ). Copolymerizations with 
initial monomer feed ratios q > q azeotrope (qaz) are showing 
a considerable decrease of q, starting at high conversions. 
On the other hand, reactions with initial monomer feed ratios 
q < qaz·are showing smaller departures from the predicted 
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relation, starting at lower conversions. The arrows in the 
figure indicate the point of conversion at which the gel-effect 
becomes operative. 

0 
H 
e... 
~ 
Cl 
lîl 
l.;.'j 

"" 
~ w 
~ 
0 z 
0 
~ 

2. 

2. 

2. 

2. 

1. 

1. 3 

1.1 

0.6 

o. 

0 

CF-i:l 

~ 
~ 

20 40 60 
CONVERS ION ( % ) 

80 100 

Fig. 1 
(O) observed and 
(D) predicted re
lation between 
conversion and mo
nomer feed ratio. 

Until now deviations of this type have been attributed 
to the occurrence of gellation, at least locally, as may be 
the case in precipitation (co)polymerization. Furthermore, it 
is assumed that at the onset of the gel-effect not only termi
nation but also chain propagation becomes diffusion controlled. 

If the diffusion rates of both monomers are not equally 
affe'cted, this would re sult in apparent r-val ues. 

However, during our experiments no precipitation of 
polymer or any turbidity were observed during the course of 
the reaction, ruling out the possibility of heterogeneity as 
an explanation for the observed phenomena. 

Although the start of the anomalous copolymerization 
behaviour seems to be shifting with the start of the gel-effect, 
it becomes apparent that the observed departures are occurring 
long before the onset of the gel-effect. The question rises 
whether the viscosity or the changing reaction medium (decrèa
sing polarity, changing preferential solvation etc.) causes 
the departures from expected reaction kinetics. - ' 
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èFrom tigure 1 it appears that the d1stance between the 
onset of the gel-effect and the conversion at which the 
anomalous copolymerization behaviour starts is nearly constant 
and approximate 35% conversion. These results indicate that 
propagation constants can be af fected well in advance of the 
gel-effect. 

In a first attempt to shed some light on the phenomena, 
we carried out two additional experiments. One with an initial 
feed ratio q0 = 2.51 and one with q0 = 0.52, after adding 
poly(ethyl methacrylate) (10 wt%, M = 49.000). The results 
are given in figures 2 through 5. n 

As a first approximation, the onset of the gel-effect, 
i.e. the conversion at which a sudden increase in conversion 
rate occurs would be expected to show up roughly 10% earlier 
in conversion as compared with copolymerizations without ini
tial addition of homopolymer. This behaviour is indeed observed 
since the gel point of the copolymerization with q 0 = 2.51 
(figures 2 and 4) shifts from 73% (see fig. 1) to 60% conver
sion and the gel point of the copolymerization with q 0 = 0.52 
(figures 3 and 5) shifts from 48% to 39% conversion. 

However, the point of conversion at which the anomalous 
behaviour occurs, shifts from 39% to 0% in case of q 0 = 2.51 
and from 20% to 0% in case of q 0 = 0.52, when homopolymer is 
present. If only viscosity would cause the anomalous behaviour, 
the distance between the onset of the gel-eff~ct and the 
starting point of the anomalous copolymerization would be ex
pected to remain about 35% as in fig. 1, despite the pre
sence of homopolymer. 

Moreover, the curves of the observed q-conversion relation 
might be expected to maintain their shapes if the added homo
polyrner would only act as an inert ttickener that only mimics 
a higher conversion. In case of q 0 = 0.51 the shape changes 
somewhat, but not significantly as compared with figure 1. 
In case of q 0 = 2.51, the shape changes drarnatically. 

These observations clearly indicate that viscosity is net 
the only factor in the present anomalous copolymerization be
haviour. The changing reaction medium seems to have an important 
influence on the observed anornalous kinetics. Effects of 
changing interactions between monomers (in our experiments 
also solvent) and (co)polymer will have to be taken into 
account. For instance, decreasing medium polarity with increasing 
conversion or changing preferential chain solva.tion or inuni
scibility among copolymer species of different composition 
produced at different stages of reaction (14) may play an 
important role. 

Although the complete explanation of the nature of the 
present anomalous copolymerization behaviour at high conver
sions can not be presented yet, the results certainly indicate 
an interesting line of development that needs a considerably 
broader experimental basis as well as an extended theoretical 
treatment. The phenomena will be studied in further detail 
in our laboratory. 

This investigation was supported by The Netherlands Foundation 
for Chemical Research (SON) with financial aid from The 
Netherlands Organization for advancement of Pure Research (ZWO). 
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CHAPTER 3 

Effect of Molar Mass Ratio of Monomers on the Mass 

Distribution of Chain Lengths and Compositions in Copolymers. 

Extension of the Stockmayer Theory. 

Summary 

In statistical copolymers. there exists a distribution 

according to molar mass as well as according to chemical 
composition. Stockmayer derived distribution functions, 

describing the relative weight of a particular molar mass and 

composition interval. assuming equal molar masses of the 

monomer units. 

In this article we present an extension of the 

distribution functions, suited for those cases where the 

aforementioned assumption is not valid. The final 

mathemathical result is a product of the original Stockmayer 

distribution function and a correction function. due to the 

inequality of molar masses. It appears that the correction 

function is dependent on the avarage composition, the 

composition deviation and the ratio of molar masses of the 

monomers. 

Furthermore. a three dimensional representation of 

distributions bas been developed to get insight in the shape 

of the distributions. 
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3.1. Introduction 

In most cases, the kinetics of a binary copolymerization 

can be described by the Alfrey-Mayo (AM) model, in which both 
monomer and ultimate-unit dependent chain-end reactivity are 

considered. Assuming the AM model to be valid at any 
arbitrarily choosen conversion. the instantaneous average 

composition of the copolymer can be predicted by the simple, 

well-known differential AM model (1), according to equation t. 

dM1 = r 1q + 1 

dM2 r/q + 1 

where r. is the reactivity ratio of monomer i, q is the 
l 

molar feed ratio and dM1/dM2 the copolymer composition. 

(1) 

As a result of the finiteness of the polymer chains and 

the statistical character of the monomer addition and polymer 
termination processes, in copolymers there exists a 
distribution according to chain length as well as according to 

chemical composition. A general theory which embraces the 

problem of the resulting distributions has been formulated by 
Stockmayer (2). The distribution functions predict the 

relative mass of macromolecules according to chain length and 

compositlon or according to composition irrespective of chain 
length of the copolymer. 

However. the distribution functions are derived provided 

that equal molar masses could be assigned to both monomers 
/ 

M1 and M2 . As a consequence, the application of these 
functions to real copolymers is hampered since in most 

copolymerizations the molar masses of the monomer units are 

unequal. Thus. the predictions of the mass distributions 
become unreliable. 

Because of the fundamental importance of the mass 

distribution functions and because of the recent development 
of experimental methods to verify the distributions 
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experimentally (3.4). we developed functions. similar to the 
Stockmayer functions. but suited for systems with monomers of 

unequal molar masses. 

The results of recent comparisons of theoretica! and 
experimental distributions cast doubts on the validity of the 

integrated AM model (4-8), especially at high converion in 

bulk and in emulsion copolymerizations. probably due to a 

shift of (apparent) r-values with conversion. The 

instantaneously formed product is strongly affected by the 

anomalous reaction kinetica. Since a comparison of observed 

and predicted distributions may contribute to the elucidation 

of anomalous reaction kinetics (4) it is obvious that a 

reliable prediction, which also takes into account the proper 
molar massces. is of primary importance. 

These considerations justify the need of our extension of 

the Stockmayer distribution functions. 

3.2. Theoretical 

Onder the conditions mentioned by Stockmayer {2}. the 

distribution functions can be derived. In order to obtain the 

distribution functions of chain length and compositions in 

copolymers prepared by radical copolymerization during an 

infinitesimal small conversion interval, it is necessary to 

determine the relative mass [Wt'(y)dy] of 
macromolecules having length l and compositions between 

CP0+y) and (P0+y+dy). This relativa mass is given by 
equation 2. 

R.m
2 

(y} (PM
1 

+ (1-P)M
2

Jdy 

Etfm
2

(y) (PM
1 

+ (1-P)M
2

)dy 
,\', y 

where P0 is the average composition of the copolymer, P is 

the composition of individual chains. (molefraction M1 ). l 

the degree of polymerization of individual polymer chains. 

M1 • M2 the molar masses of the monomers and ml(y)dy 
the 
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concentration of M1-radicals with length land 
compositions between (P0+y) and (P

0
+y+dy). The prime 

indicates that the correct molar masses have been taken into 

account. 
In the special case that equal molar masses are assigned 

to both monomers, equation 2 reduces to equation 3. 

Stockmayer (2) converted equation 3 into a continuous mass 

distribution function. according to equation 4. 

wt1ere K 

Here 11. is the number average degree of polymerization. Q0 
the average molefraction monomer 2 in the instantaneously 

formed product. r 1 the reactivity ratio of monomer i. 

(3) 

The overall distribution of compositions irrespective of 

chain length. i.e. the chemical composition distribution 

(CCD), was then found by integration of equation 4 over all 

chain lengths l. the results being: 

W(y)dy 3dz 

where 

and W(y)dy is the relative mass of macromolecules having 

compositions between (P0+y) and (P0+y+dy). 

(5) 

In those cases where the assumption M
1 

= M2 is not 

fulfilled. similar mass distributions can be determined. Their 

derivation will be presented. 
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Equation 2 can be rewritten as equation 6. 

R,mR, (y) (P + (1-P}k)dy 

WR,'(y}dy = ER,f mR,(y)(P + (1-P)k)dy 
R, y 

(6) 

Here k = M
2

/M
1

• the ratio of the molar masses of the 
monomers. Equation 6 can now be converted into equation 7 by 

introducting P = P
0

+y. 

R,mR, (yl (k + P
0

(1-k)+y(1-k))dy 
WR,' (y}dy ER-[(1-k) J mR,(y)ydy + (k+P0 (1-k))fmR, (y)dy] 

R, y y 

Since the ~umber distribution of M1 radicals with 
composition deviation y and with chain length t (m

1
(y)) 

is symmetrical about the composition deviation y = O (2). 

equation 8 is valid. 

J mR,(yJydy = 0 
y 

(7) 

(8) 

As a consequence, the denominator of equation 7 can be reduced 

to: 

E R, (k + P
0

(1-k)) J mR, (y)dy 
R, y 

Subsequently, equation 7 may be converted into a continuous 

mass distribution function according to equation 10. 

W' {t.y) 

1 + y(1-k) 
(k + P

0 
o-klJ 
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This mass distribution function (W' (i.y)) which takes into 
account the different molar masses of the monomers. is equal 
to the original Stockmayer distribution function multiplied by 

a function V dependent on P
0

• y and k. 
Similarly. the overall distribution of compositions 

irrespective of chain length (CCD) is found by integrating 

over all chain lengths l according to equation ll. 

W'(y}dy fW'(l.y}dldy 
~ 

{11) 

lt appears that also in this case. the distribution function 

in which the molar masses are allowed to be different, is 

obtained by multiplying Stockmayer's distribution W(y) with 

the same function V(P0 .y.k). 

~.3 .. Results and Discussion 

From the foregoing it appears that the mass distribution 

function. which takes into account the inequality of the molar 

masses, is a product of two functions. The first function is 

the original mass distribution function W(i.y), derived by 

Stockmayer. the second function is dependent on P0 , the 
average composition, y, the composition deviation, and k, the 

ratio of molar masses. 

To illustrate the shape of the Stockmayer mass 

distrlbution function W(l,y). in Figures la and lb a 

distribution. calculated by means of the original Stockmayer 

Cunction~ is presented for one special case. Here M1 = M2 • 
~ 400, P0 = 0.69, r 1 ~ 0.49, r 2 = 0.40 are used as 
characteristic parameters of the distribution. To show the 

effect of the molar mass ratio on the mass distribution it is 
not very useful to present examples of the distributions 

W'(l.y) since direct comparison with Figure lis very 

difficult. It is, however, worthwhile to present the shape of 

the function V(P0 ,y,k) depending on the parameters P0 , k, 
y, as the contribution of V(P

0
,y,k) governs the deviations 

from the original Stockmayer distributions. The results for 

some selected cases are presented in Figures 2 through 5. 
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Mass distribution of a copolymer according to 

composition (molefraction M1 ) and degree of 
polymerization. calculated by means of original 

Stockmayer function. Parameters of distribution: 

0.69. r 1 = 0.49, r 2 = 0.40. 
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Same distribution as in fig. la. but the point of 

view is chosen from the back-side. 
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(0) k. = 10; (C)) k = 5: {<t) k = 2: (Ci) k = 1: (e) 
k 0.5: <•> k = 0.1.· 

If the avarage composition (P0 ) and the mass ratio of 
both monomers (k) are assumed to be constant, the function V 

is only ftependent on the deviation f rom the average 
composition y. The difference between the predicted relative 

mass according to W'(i.y) and W(l,y}, may be expected to 

increase as y deviates more from zero. This behaviour is 

indeed observed in Figures 2 and 3. Furthermore. as k, the 

ratio of molar masses of the monomers, deviates more from l, 
an enhanced discrepancy is also observed. 
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It should be noted that when y = o i.e. P = P
0

, the 
discrepancy is zero. Apparently, both mass functions W(!,y) 

and W'(i.y) have the same value W(!,o) at P = P0 . 
Evidently, when k = 1, the discrepancy is zero (V(P

0
.y,k)=l) 

and W1 (!,y) reduces to W(!,y). 

Figure 3 also serves to illustrate the aforementioned 

tendency, but at P0 = o.ao. It appears from comparison with 

Figure 2 that the discrepancy increases as the average 

composition (P
0

) increases from 0.6 to 0.8, provided k > 1. 

,....... 
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c: 
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0.. 
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B 

Flgure 4. 
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Influence of average composition P0 on the 

discrepancy V * 100' at constant distance f rom 

the average composition, y = -0.l, for various 

molar mass ratios k, (0) k ~ 0.1; (~) k = o.s: 

(it) k " l; (~) k = 2; (9) k = s: <•> k = 10. 
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This effect is more clearly illustrated in Figure 4. In 
this figure the discrepancy is presented as a function of the 

average composition, assuming constant ratio k and composition 

deviation y. From this figure it can also be inferred, that an 
increased discrepancy should be expected in those cases where 

P0 increases from o to l for k>l and in those cases where 
P0 decreases from 1 to o, for k<l. The results also indicate 

an enhanced discrepancy as k deviates further from unity. 

The effect of the ratio k on the discrepancy at some 

selected average compositions P0 and constant composition 
deviation (y = -0.1) is presented in Figure 5. These results 

clearly indicate an increasing discrepancy as k decreases from 

1 to 0 or k increases from l to 5. 
lt should be emphasized that the distribution functions 

are only valld for infinitesimal small conversion intervals. 
During the course of most batch copolymerization processes. 

>u 
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Molar mass ratio (k) 

Relation between molar mass ratio k and 

discrepancy V * 100\ at constant distance from 

the average composition, y : -0.l for some 

selected average compositions, (~) P0 = o.a: 
{e) p 0 = o.6: <~> e 0 = o.4: <~> P0 = 0.2. 
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however. the monomer feed ratio inevitably shifts as the 

conversion increases. As a consequence. the average 

composition of the instantaneously formed product, also shifts 

with increasing conversion. In a separate publication (4) the 

total mass distribution will be developed for high conversion, 

and different molar masses of the monomers. 

It appears that in many cases the instantaneous 

distributions are not negligible as compared to the conversion 

distribution (4). This emphasizes the need for the present 

elaboration on the instantaneous distributions. 

1.4. Conclusions 

The presented extension of the Stockmayer distribution 

functions a~cording to molar~mass and composition, as well as 
accotdlng to composition irrespective of the molar mass proved 

to be very useful in obtaining a reliable prediction of the 

relative mass of copolymers with a particular composition and 

molar mass. 

Our extension of the original theory appears to be a 

necessity when the ratio of molar masses of the monomers 

deviates from 1. The discrepancies between the predictions 

increase as the deviations from the average composition 

increase. An enhanced discrepancy is also observed with 

decreasing average composition (P0 ) from 1 to o for the 
ratio of molar masses. k < 1, and with increasing composition 

(P0 ) from o to 1, for k > 1. The discrepancies also increase 
as k deviates further from unity. 

our extension contributes to the usefulness and widens the 

range of applicability of the Stockmayer theory, which becomes 

important since experimental methods are being developed (3,4) 
to verify the theoretical copolymer distributions. 
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CHAPTER 4 

Study on the Feasibility of Using TLC/FID to Reveal CCD's of 

Copolymers Obtained by Emulsion Processes 

Summary 

The CCD (Chemica! Composition Distribution) of 

poly(styrene-co ethyl methacrylate) has been determined by 

~hin Layer Chromatography/Flame Ionisation Detection 

(TLC/FID). It appeared that a mixture of 5 reference 

copolymers obtained by solution polymerization each having a 

narrow CCD, could be separated in 5 distinct peaks, provided a 

modified spotting procedure and a concentration gradient 

elution technique were applied. 

All copolymers prepared by solution polymerization could 

be successfully characterized. Copolymers obtained by emulsion 

techniques using non-ionic or anionic surf actants containing 

oxymethylene groups, or in the absence of chain length 

modifier behaved anomalously and appeared to have spurious 

CCD's. Also the average composition calculated from these 

CCD's did not agree witb the average composition determined by 
1H-NMR. This anomalous behaviour disappeared when using 

sodium lauryl sulfate as surfactant or when applying a cbain 
length modifier (n-dodecyl mercaptan) during the preparation 

of the polymer. 
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Several possibilities have been proposed in order to 
explain these phenomena. The most probable explanation seems 

to be reaction of a growing polymer chain with surfactant 

molecules resulting in a quasi-terpolymer. This polymer 

containing highly polar oxymethylene groups. remains strongly 

adsorbed on the silica surface during elution. thus disturbing 
the separation process. 

The molecular structure of copolymers is a very 

complicated matter since the macromolecules may not only 

differ in chainlength and chemica! composition (intermolecular 

structure), but also in sequence lengths and tacticity 

(intramolecular structure). Since the microstructure of 
copolymers will influence the properties of the resulting 

materials (1-6) there is a still growing emphasis on the 

development of research tools to reveal reliable information 

about the chain structure. 

Widely used and advanced methods of determining 
. 1 13 1 1ntramolecular structures are H en C-NMR. H-NMR has 

been used extensively. especially in the case of 

styrene-methacrylate copolymers (7-9). NMR results also 

revealed relations between sequence arrangement of the 

monomers and the glass transition temperature of copolymers 

with a narrow CCD (2-S). 
In order to obtain a more detailed view of the molecular 

structure, aimed at understanding relations between materi•l 

properties and structure of copolymers obtained at very high 

conversion. it is a necessity to determine the CCD without 

interference caused by the molar mass distribution (MMD). 

In the classical approach, this requires the laborious and 

time consuming fractionation using a suitable selected 

solvent-precipitant pair. Moreover. the MMD almost inevitably 

interferes with the CCD obtained by these methods. 
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However. with the introduction of fast and flexible 

chromatographic separation techniques a significant 

improvement could be achieved in the characterization of 

copolymers. For instance Thin Layer Chromatography (TLC) was 

successfully applied by Inagaki (12,13). Since then other 

chromatographic techniques were developed e.g. High 

Performance Precipitation Liquid Chromatography (HPPLC) by 

Glöckner (14,15) and Adsorption Liquid Chromatography (ALC} 

(16,17). The advantages of separation and detection by TLC 

were easily recognized. Unfortunately, the quantification of 

chromatograms obtained by conventional plate TLC is 

accompanied by several error sources (18). 

To cope with these difficulties, Padley (19) proposed the 

TLC/FID technique. in which rods instead of plates were used 

to perform the analysis. During the last decade a scanning 

apparatus equipped with FID for detection and quantification 
bas become commercially available. A schematic diagram o( the 

instrument (latroscan TH-10) is shown in Figure l. After 

'proper reconditioning, the rods can be re-used after each run, 

up to 40 analyses. The method was successfully applied by Min 

(20.21). Ogawa (22) and Tacx {23). 

El~ctrode 

Figure 1. Schematic diagram of FID for TLC. 
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However. during our investigation serious problems. 
dealing with non-linear detector respons and repeated 

de-activation of the rods resulting in unreliable cco•s, urged 

us to carry through major modifications. The applicability of 

TLC to copolymers made by emulsion polymerization. also 

depends on the type of emulsifier used. 

These novel findings and the feasibility of applying 

TLC/FID to copolymers obtained by various emulsion processes 

are discussed. 

4_. __ 2.,!..l_._ f'.Uf.ifiQ.a1iQ.n_ot Q.h~mic~l~ 

The specifications of the monomers styrene (sty) (Merck) 
and ethyl methacrylate (erna) (Merck), and the radical 

initiator AIBN (Merck p.a.) and solvent have been described in 

detail elsewhere (23). The other radical initiator. potassium 

pecsulfate (Merck), and the chain transfer agent, i.e. 

n-dodecylmercaptan (Fluka), were used as supplied. The water 

was distilled twice and degassed by boiling before use. 

4-"-2.!.2-"- !:.r,Çtp~r~tion Q.f _lQ.w_cQ.nyef.sion §.olu!_iQ.n_s~m.12.l~s. _.i..:.e.!.. 

faf efencg s;.o!!.olYmef.S 
The reference copolymers. required for calibration of the 

TLC/FlD method of determining the chemical composition. were 
prepared in a stainless steel reactor (SFS). The total monomer 

concentration in the reactor. thermostated at 33SK, was 3 mole 
-· 3 . . . • dm and the initiator concentrat1on ranged from 1.5 to 12 

mmole dm- 3 depending on the initial feed ratio. Both 

conversion and feed ratio were calculated f rom quantitatively 

monitoring the monomer concentration by means of GLC during 

the reaction. The GLC conditions have been described elsewhere 

(23)_ The characteristics are given in Table 1. 

Table 1. Characteristics of reference copolymers 

Sample S-37 S-48 S-53 S-59 S-68 

Composition (mole% sty) 37 48 53 59 68 
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4~2~3~ ~r~ArAtiorr Qf_higft Qorrv~räiQn_e~ulsiorr QO~o!Yme~s 
The copolymerizations were carried out in a l l glass 

vessel. The monomers were pre-emulsified by adding them 

dropwise to the soap solution {Antarox C0-880 {GAF) or RE-610 

(GAF) or sodium lauryl sulfate (Fluka)). The pH. measured 

using a radiometer pHM80, was reset at pH = 8 by adding a few 

drops of potassium hydroxide solution (O.l N). Subsequently, 

the initiator solution (Potassium persultate in 25 ml water) 

was added to the monomer emulsion. thermostated at 335 K t 

0.5. The total weight conversion was determined by solid 

content analysis. The feed ratio was again monitored by means 

of GLC. A detailed description of the GLC conditions and 

working-up procedures of copolymers have been given elsewhere 

(23). 

4.3. Results and Discussion 

4~3~1~ ~aliRrAtiorr Qf_FlD 
It appeared that extreme heating (red glow of quartz) of 

the rods during detection must be prevented in order to 

prolong reuse and maintain reproducibility. On the other hand. 

suff icient heating is required to ionise part of the 

components. So preliminary experiments were carried out, aimed 
at the establishment of the optimum Iatroscan scanning 

conditions. These results are presented in Table 2. 

Table 2. Optimum scanning conditions for Iactroscan in the 

quantification of high molar mass styrene-ethyl 

methacrylate copolymers. 

Hydrogen Pressure 

Air flow 
Scanning speed 

l.l atm. 
1800 ml min-1 

-1 (4) = 0.42 cm sec 
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It is a well-known phenomenon that the presence of 
hetero-atoms in molecules decrease the response in FID. 
Furthermore, during our investigation it appeared that the 

detector response might be a function of the development 

distance of the components as also reported by Parrish {24). 

As a consequence, the response of the FID of the Iatroscan 

is a complex matter involving mechanical as well as chemical 

èffects. By means of calibration, these effects must be taken 
into account properly in order to reveal reliable CCD's of 

copolymers. 

After the optimum scanning conditions were established, 

the calibration i.e. relative detector response versus 
composition. was performed. A stock solution containing 4 

polymers, polystyrene, polyethyl methacrylate and 2 copolymers 

was prepared. Ten rods were spotted with various amounts 

ranging from 0.2 to 1.2 µg of each copolymer. Subsequently, 

the rods were developed under conditions mentioned elsewhere 
(23). The peak areas were measured using a calibrated 

planimeter. The results are presented in Figure 2. From this 

figure it appears that under these conditions the detector 

response is nearly independent of composition. 

8
0 112 OA lll 8.8 1 

Copolymer composition (xsty) 

Figure 2 Detector response in arbitrary units versus copolymer 

composition. The amount of each polymer ranged from 
0.2 to 1.2 µg. 
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This result. which was not expected. must be explained by the 
occurrence of two competitive effects. On the one hand, the 

FID response is reduced when hetero-atoms are present (oxygen 

in ethyl methacrylate). On the other hand the component which 

migrated the longest distance along the rod, is detected with 

reduced response as compared with components that migrated a 

relatively short distance. 

4L3L2L Ac~iyi!_y_of ghKomaKo~s 

In convential plate TLC, the following procedure is 
usually applied to accomplish separation and detection. First, 

the plates are activated at 110°-140°C for half an hour and 

then spotted with 20-50 µg of components. After drying off 

the solvent, the (gradient) elution is performed. Finally, the 

solvent is evaporated and the spots are visualised and 

detected. In principle. no problems concerning the activity of 

the plates are met. 

Unfortunately, the activity of the rods may decrease as 

'the number of analyses increases. In our investigation we paid 
much attention to maintain the appropriate activity as 

required for the separation of high molar mass species. The 

optimum conditions we found will be described in the following. 

New rods are being scanned twice and then stored under 

nitrogen atmosphere in a water saturated vessel. After at 

least 24 hours of storage under these conditions, the rods are 

activated at 140°C for 20 min, subsequently scanned twice and 

then spotted with 0.2 µl solution, using 4 successive 

spotting actions. From FID scans of undeveloped rods, it 

appeared that the peaks pertaining to the starting material 

prior to separation were relatively sharp and not split-up. In 

contrast with conventional TLC spotting procedures, used in 

the analysis of low molar mass components, the spotted rods 

were not dried after spotting and prior to elution. This 

anomalous procedure appeared to be a prerequisite of reliable 

copolymer compositional separation. Since evaporation of the 

solvent is prohibited, precipitation of the copolymer on the 
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silica surface is avoided. Thus the copolymer remains in 
equilibrium with solvent and adsorbent, and as a consequence. 

slow redissolution leading to an apparent CCD does not occur. 

Furthermore, the rack containing 10 spotted rods must be 

placed in a vessel saturated with initial eluent. This vessel 

was specially designed in our laboratory for the purpose of 

gradient elution. A diagram is presented in Figure 3. The 
ehamber outside the development tank guarantees a thorough 

mixing of solvents and prevents liquid surface waves in the 

development tank which might cause disturbances in the 

separation process. After the elution is completed the rods 

are dtied and scanned on the Iatroscan. 

: 3 
1 

~ . 

,-.. 
, 

/ "' -- -

5 -- 2 

6 

! ..... t- -, ... -
-t 

' l..!!!!!!!Ll f\ 1 Il 1 1 

7 8 

6 

Em----' ---
Figure 3 Specially designed developing tank for gradient 

elution of 10 chromarods. 
(1) Tank; (2) Rack for 10 rods; (3) Chromarods; (4) 

Cover; (S) Rack holder; (6) Mixing chamber with 

aperture for addition of second solvent; (7) and (8) 
Supply and discharge of solvent. 

- 34 -



The activity of the chromarods remains practically 
constant during the first 20 analyses and then decreases 

rapidly. The latter phenomenon causes a strong baseline drift, 

high noise level and peak broadening atypical of the actual 

CCD. Moreover, the average compositions calculated from those 

experimentally observed distributions were totally unreliable. 

To cope with this difficulty, the rods were reactivated with 

chromic acid during 2 3 hours. Longer treatment was found to 

be detrimental to the rods. In the majority of cases, this 

major reactivation could be carried out twice. After that, 

further treatment did not result in the required separation. 

In general a total of 30-35 analyses per rod could be carried 

out. All these precautions appeared to be of paramount 

importance to obtain reproducible and reliable separations of 

our high molar mass copolymers of styrene and 

ethylmethacrylate. 

4~3~3~ Re~rQd~cibilit~ 

The advantages of conventional TLC include flexibility, 
simplicity and sensitivity. However, a rather serious 

disadvantage of the method lies in the quantification and 

reproducibility. Both drawbacks may be overcome by application 

of the TLC/FID technique. 

In order to investigate the reproducibility of the TLC/FID 

in conjunction with the chromarods, 4 rods were spotted with a 

solution containing a mixture of 5 reference copolymers. each 

with a known average composition and also a narrow 

distribution according to chemical composition. on the 

remaining 6 rods 1.0 ~g of azeotropic copolymer (53\ sty) 

was spotted. The spotting procedure and elution were performed 

as described above. The chromatograms obtained from this run 

are presented in Figures 4a and 4b. 

From Figure 4a, it becomes obvious that the 

reproducibility and resolution are beyond expectation. The 

Rf values calculated vary approximately 3\ only. 
Furthermore. from Figure 4b, one can easily verify that not 

only the position of the top, but also the shape of the 

distribution is undoubtedly reproducible. 
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Figure 4 a) 

Distance on rod 

Distance on rod 
Reproducibility of the separation of a mixture 

of 5 ref erence copolymers each having a narrow 

distribution according to composition 

(duplicate measurements). Conditions: 125 ml 
toluene and 6 ml acetone: at solvent front 

positions of 2 and 4 cm, 6 and 2 ml acetone 

have been added successively 

b) Reproducibility of the elution of azeotropic 

copolymer (six-fold measurements). 
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These results unequivocally indicate that the TLC/FID 

technigue is a very powerful tool in revealing reliable and 

very detailed information about the intermolecular structure 

of copolymers provided all necessary precautions have been 

taken. It should be emphasized that the half peak width at the 

baseline is approximately 4\ composition. 

Now. this rises the question whether the observed 

chromatograms in Figure 4b represents the actual CCD of the 

copolymer. To answer this question, the chromatogram was 

tranformed to a normalized differential weight distribution 

l. e. CCD., The predicted CCD was calculated using a model 

proposed by Tacx et al. (23). This model takes into account 

the conversion (Alfrey-Mayo model) as well as the 

instantaneous heterogeneity according to composition (extended 

Stockmayer model (25)). From a separate study on the high 

conversion copolymerization kinetics of styrene and ethyl 

methacrylate, it appeared that the AM-model is valid here. The 

theoretically predicted and experimentally observed CCD's are 

presented in Figure s. 

-2 

G.45 D.50 D.55 0.80 
Composition (xsty) 

Figure s Observed (1) and predicted (2) CCD of an azeotropic 

copolymer (sty-ema) obtained by solution process. 
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From this figure it becomes clear that predicted and 

observed CCD's are in favourable agreement. Furthermore. it 
appears that the chromatographic separation causes no 

additional peak broadening even in the case of the rather 

narrow CCD's of the random copolymers. The agreement between 

calculated and observed CCD was also reported by Inagaki. when 

applying classical TLC to the characterization of styrene

methylacrylate copolymers (12), and by Ogawa (22) for 

styrene-acrylonitril copolymers. altbough these samples were 

obtalned by high conversion processes. Furthermore. their 

calculation procedures didn't take into account the 

instantaneous CCD. In our case this would lead to unreliable 

predictions, since the CCD due to composition drift is 

relatively small as compared with the instantaneous CCD. 

4-'-3 _,_ 4_,._ 8,n~lysis_ of f:O:J2.0l.Y!'!ef.s_o!2,t~_in.e!:l .Qy _v~rio!!_s_hig!l 

~ o !lV g r §.iQ.n_pf. Of; e§. s f!S 

The reaction conditions for the products obtained by high 

conversion emulsion copolymerization are summarized in Table 

3. In a first attempt to characterize the copolymers a and b, 

Table 3. Conditions for emulsion polymerization of 

styrene and ethylmethacrylate 

-------

Copolymer a b c d e f 

sty 153 153 40 153 153 153 

ema 146 146 146 146 146 
antarox C0-880 35 35 
RE-610 15 15 
SLS 3.9 

K2S208 3.5 3.5 3.00 3.5 3.5 1.15 
Water 700 700 1000 700 700 700 

RSH 5.01 2.01 
Temperature 67° 67° 62° 67° 67° 67° 
Time 4h 4h 36h 4h 4h 4h 
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each having an average composition of Sl\ sty. we observed that 

nearly all copolymer remained on the starting point of the rod. 

These copolymers were expected to show up at a value of Rf 
approximately 0.46 as was indeed observed for the copolymer of 

the same average composition but made by a solution process. 

This leads to the assumption that the emulsion copolymers a 

and b are physically bound to the silica surface. This might be 

attributed to possible evaporation of solvent or the presence 
of very polar groups in the copolymer. Several possibilities 

have been considered to explain this unexpected result. viz.: 

Too high a viscosity of the solution, prohibiting the 

copolymer to migrate: 

Polar initiator end groups; 

Partial saponification of ethylmethacrylate units: 

Highly polar surfactant molecules chemically bounded to the 

polymer chain. 

To discriminate between the several possibilities an additional 

set of copolymers were prepared and characterized. Polystyrene 

(c) was made by soapless emulsion polymerization with 

persulfate as radical initiator. Under these conditions the 

polystyrene is expected to have a relatively high number of 

sulfate groups per polymer chain. Copolymers (d+e) were 

prepared having the same average composition as copolymers a 

and b but a significant lower molar mass. This could be 

achieved by addition of n-dodecylmercaptan. Finally. a 
copolymer (f) was prepared using sodium lauryl sulfate (SLS). 

The first possibility as a cause of anomalous behaviour 

must be ruled out since copolymer (f) made by an emulsion 

process using SLS. migrates on the rods as would be expected on 

the ground of its composition. whereas solutions of polymers f. 

a and b bad comparable viscosities. The high polarity of the 

sulfate end groups is not likely to be the cause since 

polystyrene (c) containing a relatively high number of sulfate 

end groups migrated similarly along the rod as polystyrene made 

by solution polymerization (initiator AIBN). Partial 
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saponification of ema groups, resulting in highly adsorbing 

methacrylic acid cannot be completely ruled out. altbougb this 

certainly does not play a dominant role since the elution of 

copolymer (f). made by an emulsion process. using SLS, was not 
affected by excessive adsorption. 

The final possibility is regarded the predominant factor, 

determining the adsorption of copolymer to the silica surface. 

This explanation can only be true if the pure emulsifiers 

Antarox and RE-610 do not migrate when submitted to the elution 
process. This was indeed verified and leads to the conclusion 

that the emulsifiers Antarox and RE-610 may become chemically 

bound to the polymer chains during emulsion polymerization. 

Apparently, the hydrogen atoms of the oxyethylene groups are 

susceptible to hydrogen abstraction. The relevant energy of 

àCtivation is high as compared with the activation energy of 
the hydrogen abstraction f rom the mercaptan. This explains why 

in the presence of mercaptans during the reaction (copolymers d 
and e) no significant amounts of surfactant will become 

chemically bound. Onder these conditions. the polymer will 

migrate along the rod exclusively according to the difference 

in polarity between the two monomeric units, without 

interference caused by a third unit, i.e. the surfactant. 

~_,_!_~_conclusions 

It has been shown that the TLC/FID technique is a very 

powerful tool in determining reliable CCD's of sty-ema 

copolymers, provided some serious precautions are taken into 

account. Copolymers obtained by low conversion solution 

processes. using AIBN as radical initiator. appeared to have a 

very narrow distribution according to chemical composition. in 

complete agreement with the distributions predicted from AM 

kinetics. This clearly indicates the validity of the separation 

and quantification. 

Copolymers obtained by batch emulsion processes using 

non-ionic or anionic surfactants containing very polar 
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oxymethylene groups. exhibited anomalous CCD's while the 
average compositions determined from these CCD's did not agree 

with the ones determined by 1H-NMR. This behaviour 
disappeared when using n-doàecyl mercaptan or when using SLS as 

surfactant. 

This bebaviour was explained by transfer reaction of the 

growing polymer chain with the surfactant containing 
oxymethylene groups. In the presence of mercaptan predominant 

transfer to modifier occurred. When applying SLS, no transfer 

leading to unreliable separations showed up. 

It may be concluded that TLC/FID may also supply important 
r 

information about the CCD of copolymers obtained by a batch 

emulsion process. The reliability of the observed CCD may be 

checked by comparison of the average composition determined 

from the CCD with the one determined by e.g. 1H-NMR. 

Ref erences 

1. D.S. Kaplan, J. of Appl. Pol. sci., 20 (1979) 2615 

2. M. Hirooka and T. Kato, J. Pol. Sci., Pol. Let. Ed., 12 

{1974) 31 

3. N.W. Johnston, Polymer Preprints, 14 {1973) 46 

4. N.W. Johnston, Appl. Pol. Symp .• 25 (1974) 19 

s. N.W. Johnston, Macromolecules, ~ (1973) 453 

6. L.E. Nielson, "Mechanical Properties of Polymers and 

Composites", Marcel Dekker, Ine. New York (1980) 

7. H.J. Harwood, "Natural and Synthetic High Polymers", Volume 

4, NMR. P. Diehl ed., Springer-Verslag, Berlin (1970) 

8. J.J. Uebel and F.J. Dinan. J. Pol. Sci .• Pol. Chem. Ed •• 21 

(1980) 2427 

9. This thesis: Chapter 7 

10. G. Riess and P. Gallot in "Fractionation of Synthetic 

Polymers." L.H. TUng, Ed., Marcel Dekker, NY and Basel 

(1977) 

ll. J .J. Hermans and H. Ende in "Newer Methods of Polymer 

Characterization", Interscience Publishers. NY (1964) 

12. H. Inagaki. M. Matsuda and F. Kamiyama. Macromolecules. ! 
(1968} 520 

- 41 -



13. H. Inagaki. M. Matsuda and F. Kamiyama. Macromolecules. !.!. 
(1968) 520 

14. G. Glöckner. Pure and Applied Chemistry. 55 (1983) 1553 

15. G. Glöckner. J.H.M. van den Berg. N.L.J. Meyerink. Th.G. 

Scholte and R. Koningsveld. Macromolecules, 17 (1984) 962 

16. s. Tecemachi, A. Hasegawa, Y. Shima, M. Akatsuka and M. 

Nakajima. Macromolecules, 12 (1979) 992 

17. M. Danielewicz and M. Kubin. J. Appl. Pol. Sci .• 26 (1980) 

951 
18. H. Inagaki, Advances in Pol. Sci .• H.J. cantow ed. 

Springer, New York (1977) 

19. P.B. Padley, J. Chrom .• 39 (1969) 37 

20. T.I. Min and H. Inagaki. Polymer. 21 (1980) 309 
21. T.I. Min, A. Klein, M.S. El-Aasser and J.W. Vanderhoff, 

Proceedings of Organic Coatings and Applied Polymer 

Science, !.§. (1981) 314 

22. T. Ogawa and M. Ishitobi, J. Pol. Sci., Pol. Chem. Ed .• 
(1983) 781 

23. This thesis: Chapter 5 
24. e.c. Parrish and R.G. Ackman, Lipids, 18 (1983) 563 

25. This thesis: Chapter 3 

- 42 -

21 



CHAPTER S 

Chemlcal Composition Distribution of Styrene-Ethyl 

Methacrylate Copolymers Studied by Means of TLC/FID: Effect of 

High Conversion in Various Polymerization Processes 

Summary 

The chemical composition distribution {CCD) of poly(styrene-co 

ethyl methacrylate) copolymers obtained till very high 

conversions by means of different polymerization techniques 

has been determined by a quantitative TLC/FID method. using a 

concentration gradient elution technique for development. 

Under these conditions, the separation took place exclusively 

according to composition (molar mass ranged from 29.000 till 

320.000), with a possible minor exception in the very low 

molar mass region (< 35.000). For the evaluation of the 

experimental CCD's from TLC/FID data, a method was developed, 

which takes into account the different molar masses of the 

monomers and the specif ic detector responses to the various 

copolymeric species. 

The model proposed for the theoretical prediction of the 

total CCD is based on both conversion- and instantaneous CCD. 

The conversion CCD was calculated by a novel simple analytica! 

expression, using formulas compatible with one of the most 

reliable methods of estimating r-values, i.e. the improved 

curve fitting-! procedure. The instantaneous CCD was 

calculated by means of an extended Stockmayer model, which 
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takes into account the different molar masses of the monomer 

units. It is shown that for copolymers of styrene-ethyl 
methacrylate (sty-ema} prepared under non-azeotropic 

conditions the instantaneous CCD significantly affects the 

total CCD. 

The agreement found between calculated and experimentally 

observed cco•s was very good for copolymers prepared till high 

conversion by means of the solution process. For copolymers 

prepared by bulk or emulsion processes significant anomalous 

effects were observed. 

5.1. Introduction 

Determination of the chemical composition distribution 

(CCD) of copolymers is increasingly recognized as an extremely 

important key in copolymer characterization. The compositional 

heterogeneity strongly affects the physical and mechanical 

properties of copolymers (1). Since a comparison of the 

expected and observed CCD's may contribute to the elucidation 

of "anomalous" reaction kinetics (e.g. high conversion 

emulsion copolymerization). it is obvious that the 
compositional characterization is of paramount importance. 

Several methods have been proposed to solve the problem. 

Among these are solvent/non solvent fractionation 
procedures (2). light scattering (3) and density gradient 

ultracentrifugation (4). Despite the undeniable value of these 

methods in the characterization of homopolymers. two problems 

still remain: the laborious time consuming experimental 

procedures, and the inevitable interference of the chemical 

composition distribution with the molar mass distribution. 

A significant improvement could be achieved by the 
application of chromatographic technigues in which the 

s~paration is mainly governed by adsorption-desorption 

mechanisms. First of all Inagaki (5) and coworkers carried out 

the separation of styrene-methylacrylate copolymers by means 

of T~C. Since that time a number of publications (5-8) 
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appeared on the separation according to composition of other 

copolymers. It appeared also to be possible to separate 

according to stereoregularity (9). 

However. the quantification of chromatograms, obtained by 

conventional TLC, is accompanied with many difficulties and 

error sources. The visualization must be carried out very 

accurately, and is adversely affected by inhomogeneities on 

the plate. Also, hypochromic effects in the ultraviolet 

spectra of copolymers (10) may be operative to some extent, 

due to the dependency of the UV absorption on the styrene 

sequence arrangement. Moreover, the components must absorb in 

the visible or ultraviolet region. 

Teremachi {11) introduced a high speed liquid 

chromatographic method to obtain the CCD. However. it is 

doubted whether this method will be generally applicable to 

reveal separations between copolymers exclusively according to 
composition, since the stationary phase is used in the 

unactivated state. 
The TLC/FID technique as proposed by Padley {12). however, 

uses an activated stationary phase and a detector based on the 

principle of flame ionization. As a consequence, this 

technique avoids all drawbacks of the above-mentioned 

chromatographic separation and quantification methods. and may 

supply direct information on the CCD. Because of the 

fundamental advantages of the TLC/FID technique, we developed 

an experimental method based on these principles but suited 

for the investigation of styrene-ethyl methacrylate copolymers. 

Assuming AM kinetics, one can calculate the total CCD of 

copolymers. The latter assumption was found to be justified 

for many binary copolymerization systems, although some 

investigators cast doubt on the validity of this model under 

certain conditions. Disagreement between AM theory and 

experiment have been observed for copolymers prepared till 

high conversion in bulk. For example Johnson {12) and Dionisio 

{14) reported anomalous copolymerization behaviour of the 

system styrene-methyl methacrylate. However, in a more recent 

publication Dionisio {14) shows that the accuracy of his 
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measurements was insufficient to conclusively prove the 
existence of the high conversion effect. Kelen (15) reported 

anomalous behaviour in the copolymerization of vinylidene 

cyanide-maleic anhydride. Zil'berman (16) in the 
copolymerization of methacrylamide-methacrylic acid and Tacx 

(17) in the copolymerization of styrene and ethyl methacrylate. 

Mirabella (18) found for copolymers of vinylchloride and 

vinylstearate prepared in bulk. that the variation in 
composition with molar mass was significantly greater than 

calculated from theory. Names et al. {19) obtained similar 

results for the system styrene methyl methacrylate initiated 

by ethyl aluminiumsesquichloride and Bartik {20) for 
styrene-acrylonitrile copolymers. 

These considerations as well as the impact of CCD on 

copolymer properties justify our investigation on the 

comparison of predicted and observed cco•s of styrene-ethyl 
methacrylate copolymers prepared at high conversions. 

5.2. Experimental 

.?.· .?· 1· _P)!rific~tion. .Q.f_cfiem.iQ.als 
The monomers styrene and ethyl methacrylate (Merck) were 

dlstilled at reduced pressure under nitrogen. The middle 

fraction of the distillate was collected and used. In all 

cases the distillate was found to be - 99.5 i pure by GLC 
analysis. The free radical initiator AIBN {Fluka p.a.) was 

recrystallized once from methanol. The solvent toluene (Merck 

p.a.) was dried over sodium. degassed and distilled under 

helium. 

~.a . .f_._?~e~a~a~i.Q.n_of lo~ Q.O!!.V~r~i.Q.n_s.Q.l~tion äam.pleä._i~e~ 
~ef e~en.c~ ~o~o!Yme~s~ 

The reference copolymers with a narrow distribution 

aècording to chemical composition, were prepared under high 

pressure (118 MPa) in a stainless steel autoclave (Autoclave 

Engineers) as described in detail elsewbere (21). The total 
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. -3 . monomer concentration was 1 mole dm in toluene. the 

initiator concentration was 5 mmole dm- 3 . 
Both conversion and monomer feed ratio were calculated 

from quantitatively monitoring the monomer concentrations by 

means of GLC during the entire course of the reaction. Samples 

of two ~l were injected by means of a special sampling disk 

valve described previously (22). The GLC conditions were: 

stationary phase, carbowax 400 on poracil Sl00-120 mesh 

(Waters Associates INC.): column length 1.20 mand column 
temperature 388 K: detector temperature 423 K; injection port 

temperature: 393 K. Total monomer conversions were generally 
less than 12\. Copolymer compositions were determined by NMR, 

as described elsewhere {23). 

i·~·l·l·_SQl~tion ~o!.Yme~i~a~iQn_p~oge~s 

The polymerizations were carried out in a stainless steel 

reactor (SFS), flushed with nitrogen before use. The total 

monomer concentration was 3 mole dm- 3• the solvent was 
toluene and the initial initiator concentration 5 mmole 
dm- 3 . The reaction mixtures were thermostated at 335 K ± 

0.2 and stirred at 100 rpm. The entire course of the reaction 
was continually monitored by GLC. 

i·~·l·á._B~l~ ~o!.Yme~i~a~iQn_p~o~e~s 

The reaction conditions were the same as applied in the 
solution process. The initiator concentration was 10 mmole 
dm- 3 . Other experimental details have been described earlier 
( 17). 

2-á-1-1._Emulsion ~o!.Yme~i~a~iQn_p~oge~s 
The copolymer latices were prepared in a l 1 glass vessel. 

The monomers (300 g) were added dropwise to the soap solution 
(4 g sodium laurylsulfate (Merck p.a.)) emulsifier and 2 g 

sodium carbonate (Merk p.a. dissolved in 1000 g distilled 
water). Subsequently, a potassium persulfate (Merck p.a.) 
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solution (2 g dissolved in 25 ml distilled water) was added to 

the reaction mixture. thermostated at 335 K ~ 0.3. 

Total weight conversion was determined by solid content 

analysis. The feed ratio was calculated from monitoring 

monomer ratios by means of GLC. The GLC conditions were: 10\ 

polyphenyl ether 60-80 W 700, column length: 183 cm: column 

temperature: 423 K: detector temperature: 473 K; injection 

port temperature: 423 K. 

li·~·i-_WQr~igg~u~ ~rQc~d~r~ Qf_p~o~u~t~ 

All copolymers prepared by means of the solution and bulk 

processes were isolated and purif ied by pouring out in cold 

hexane. The final products were dried at 328 K in a vacuum 
-1 -5 stove for 6 h at 10 torr and finally for 8 h at 10 torr. 

The copolymers obtained by emulsion copolymerization were 

purified from emulsifier, unreacted initiator and monomers by 

careful coagulation with an aluminium nitrate (Fluka) solution 
3 (0.001 mole dm ), subsequent decantation and filtration of 

water and coagulant. 

The final products were thoroughly washed with boiling 
water and dried at l0- 5torr for at least 8 h. 

i·Î·~·-MQl~r_MäS~ 

The number avarage molar mass (Mn) of the styrene-ethyl 

methacrylate copolymer samples was determined in toluene using 
a Hewlett Packard High Speed Membrane osmometer, model 502. 

~·~·i·_CQnye~tio~al ~n~ ~u~ofila~e~ ~Uän~i~a~iye_T~C 

In order to find suitable experimental conditions in 

behalf of the TLC/FID investigation, preliminary separation 

tests were carried out, using conventional TLC plates. Before 

use the silica plates (Merck. A.G. Darmstadt) were activated 

at 408 K for 15 min. Stock solutions of copolymers were 
prepared {15 g dm- 3) in toluene. Each initial spot on the 

plate contained 15 µg of copolymer. In contrast to the 

conventional TLC spotting procedures, the spotted plates were 
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not dried before elution. This anomalous procedure is chosen 

to prohibit precipitation of the copolymer on the silica 

surface. In this manner. the copolymer remains in equilibrium 

with the solvent and adsorbent. thus avoiding slow 

redissolution of copolymer during the gradient elution. Such 

interference caused by redissolution would otherwise yield an , 

apparent CCD. Moreover. during 30 minutes the spotted plate 

was placed in a vessel saturated with vapour of the initial 

eluent. in order to reach equilibrium. The gradient elution 

was performed. using toluene as the nonpolar solvent and 
acetone or methylethylketone as the polar solvent. As soon as 

the eluent front reached the starting point. appropriate 

aliquots of polar solvent were added at predetermined 

intervals until the eluent front reached 10 cm ahead of the 

starting level. The migration was stopped by removing the 

plates f rom the vessel and evaporating the eluent by a hot air 

stream. The positions of the final spots were visualized by 

exposure to UV light or iodine vapour. 

When the appropriate TLC conditions were est~blished from 

the plate experiments. the more sophisticated TLC/FID method 

was applied for direct quantitative analysis. The TLC/FID 

separations were performed on quartz rods (Iatron Chromarod 

S-I). Using a microsyringe a spot of the stock solution (O.l 

µl). containing l.5 µg copolymer. was deposited at the 

starting level of the rods. After development under conditions 

comparable with those determined during the plate experiments. 

the rods were dried and transf erred to the scanning apparatus 

eguipped with an FID (commercially available equipment: 

Iatroscan TH-10. Mark-III) for direct guantitative analysis. 

The electronic FID amplifier of the Iatroscan was replaced by 

a Keithley high speed picoammeter, model 417. Tbis 

modification appeared to improve the linearity and sensitivity 

significantly, as required for our analysis. 
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S.3. Results and Discussion 

i·l·l·_Eyaluätio~ ~f_tne~r~ticäl_C~D 

During the course of most batch copolymerization 

processes. the monomer feed ratio inevitably shifts as 

conversion increases. This well-known phenomenon gives rise to 

the so-called conversion heterogeneity. The instantaneous 

heterogeneity, due to the finiteness of the chain length and 

the statistical character of the addition process, also 

contributes to the total heterogeneity (26). Moreover. 

anomalous kinetics (for instance def ined as deviating from the 

Alfrey-Mayo model) may introduce an additional heterogeneity 

according to chemical composition. 

The total heterogeneity of copolymers exhibiting AM 

kinetics can be calculated by taking into account both 

conversion and instantaneous heterogeneity. 

For the calculation of conversion heterogeneity, a simple 

analytical expre~sion is presented using mathematical 
equations, which in form are compatible with an advanced and 

reliable method of estimating r-values i.e. the improved curve 

fitting !-procedure (22,24,25). The instantaneous 

heterogeneity may be calculated by the Stockmayer model 

(11.26,27). However, this model is only valid for systems with 

monomers of equal molar masses. Since most binary monomer 

combinations have different molar masses, Tacx et al. (28) 

proposed an extension of the Stockmayer model, which takes 

into account the proper molar masses of the monomer units. 

Application of this extension appeared to be a neccesity in 

the present case, since the molar masses differ about 10,. 

The total heterogeneity of a copolymer, prepared in a high 

conversion experiment can be described by a differential 

weight distribution function ft(xi), according to equation 
1: 

< l/Cwe) :f's cxilx)dCw (1) 

w 
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Here. xi is the molefraction monomer l(M1) in the 
copolymer. i is the average composition (molefraction M1 ) of 

the copolymer. c is total weight conversion and e indicates 
w 

final conditions. C may be regarded as a normalization we 
factor. f • {x. lx) is the modified {differentiation of 

s l 
monomer molar masses) (28) Stockmayer differential weight 

distribution function, given by equation 2: 

f • (x. lx> = f <x11x> * o+ _ 
S l S k+x(l-k) 

where f (x.tx> is the original Stockmayer distribution s l . 
function (26). 

Equation 1 may be rewritten as equation 3 by introducing 
d(c /c ) ~ dl and f = (dl /dx): w we w c w 

ft cx
1
. > " If • <x. lx>lt cx>ldx - s l c 

x 

Here Iw is the integral weigbt fraction of copolymer and 
fc is the differential weight distribution function, 
describing the conversion heterogeneity. 

(2) 

(3) 

The function fc(x) may be calculated numerically (29) as 
done by Ogawa (30). However, it is worthwile to derive an 

analytical expression for the conversion heterogeneity, thus 
avoiding time consuming iterative estimation of this 
derivative. The main lines of the derivation will be presented 
here. The function fc can be rewritten as equation 4: 

Here q is the molar feed ratio {[M1]/[M2]) of the 
monomers. The integral weight fraction of copolymer is 

mathematically expressed by equation 5: 

conv M
1
q

0
T + conv M

2 
I = ----------w conv M1eq0T + conv M2e 
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In this equation conv Mi is the molar conversion of Mi and 
T is the molar mass ratio CM/M2 ).- Furthermore. equation 6 
is va lid: 

According to the principles of mass balance one can easily 

obtain equations 7 and 8: 

Here t indicates total molar conversion. z
2 

is expressed as 

a function of q according to the integrated AM model: 

1 
where xi = (l-ri) 

(6) 

(7) 

(8) 

By substituting equations 6.7.8 in equation 5 and 

differentiating 5 with respect to q. equation 9 is obtained: 

dI 
w 

dq 
(9) 

By differentiating the simple copolymer equation of Alfrey and 

Mayo 

-1 

with respect to q. equation 10 is obtained: 

(10) 
dx 

- 52 -



Now, fast numerical integration of equation 3 becomes possible 

since the integrand is analytically expressed as a product of 

3 functions. 

The differential weight distribution function, i.e. the total 

CCD, due to both instantaneous CCD and conversion CCD is now 

described by a plot of ft(xi) versus x1 . 
This curve should correspond with the composition curve 

obtained f rom TLC/FID in the case of copolymers exhibiting AM 

kinetics and prepared by means of batch solution 

polymerization. The effect of instantaneous and conversion CCD 

on the total CCD is demonstrated in Figures 1 and 2. It 

appears that even at rather high conversions and high molar 

mass, the instantaneous CCD (varied by ranging copolymer molar 

mass) significantly affects the total CCD. 

140""t------------. 15 

-1 .... 
..s:: 
0.0 ·a; 
~ 

~ 7.5 
·p 
~ 

öJ 
0:: 

010 020 D.30 OAO D.50 
Composition (xsty) Composition (xsty) 

Figures 1,2 Effect of molar mass on the CCD of sty-ema 

copolymers. l: Mn " oo; 2: Mn = 100.000; 
3: Mn = 10.000. Initial feedratio is 0.33 

The scales of figures 1 and 2 are choosen 

different in order to reveal ~mportant 

details. 

Fig. 1: total mole conversion 1\ 

Fig. 2: total mole conversion 98\ 
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á-1·~·-D~t~rmina~i~n_of L-Yalu~s 

It should be emphasized that the r-values are extremely 

important parameters in the calculation of compositional 

heterogeneity. As a consequence. accurate and precise 

estimation of r-values is imperative. GLC analysis of the 

reaction mixture throughout a copolymerization reaction in 

conjunction with the improved curve fitting I procedure 

(21,22,24,25), which accounts for measurement errors in both 

variables, has been found to lead to a reliable estimation of 
monomer reactivity ratios (21,31). Therefore, this procedure 

was also adopted in the present investigation. The results are 

given in Tabla 1. 

Iable 1. Reactivity ratios of sty (1) and erna (2) at 335 K: 

in different media and at different pressures. 

Medium Pressure rl r2 

Bulk 0.1 MPa 0.46 ± 0.03 0.38 ± 0.04 

Toluene 0.1 MPa 0.49 ± 0.02 0.40 ± 0.03 

Toluene 118 MPa 0.59 ± 0.03 0.50 ± 0.02 

---·· 

Within the experimental error, the values obtained from low 

pressure (0.1 MPa) experiments are in agreement with values 

reported in literature (32). 

Reactivity ratios. obtained at high pressure have not been 
reported to date. These r-values follow the tendency found in 

many systems (24). viz. a shift of the product of r-values 

toward unity (i.e. toward more ideal copolymerization 

behaviour} as pressure increases. 

á·1·1·_Choic~ ~f_d~v~l~p~r~ 

Since the adsorption-desorption mechanism has to be 

operative in order to obtain the desired separation of 

copolymers according to chemical composition. the developers 
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must behave as good solvents. For this purpose several 

solvents were tested. However. no single solvent or constant 

mixture of solvents was capable of separating all copolymers 
with compositions ranging from 20\ to 69\ sty. The best 

results ware obtained when applying a concentration gradient 
technique with toluene as the nonpolar solvent and 
methylethylketone (MEK) or acetone as the secondary polar 
solvent. The results of the TLC separations under varying 

conditions on conventional plates and on rods are presented in 

Figure 3. 

OB 

0.6 

0.4 

Q2 

OL::::;;;;~==:::JtJLA.=:t.àla:::.:...1..-_J 
0 Q2 OA Q6 0.8 10 

A ver age composition (x t ) sy 

Figure 3. Experimental results of Rf values versus copolymer 
composition (mole fraction styrene) under various 

elution conditions. 
06 : 100 ml toluene: at solvent front positions of 

2.5, 5, 7.5 cm. 2.5. 5, 7 ml acetone have 
been added successively. 

•• 100 ml toluene: at solvent front positions of 
2.5. 5. 7.5 cm. 3.0. 2.0, 1.0 ml acetone have 
been added successively. 

6Ä Chromarod 
Ot Chromatoplate 
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From these results it appears that under the same elution 

conditions the chromatographic behaviour of copolymers on 

conventional plates differs from that on chromarods. A 

somewhat higher activity of the stationary phase of the rods 

forms a plausible explanation of this phenomenon. 

,?_.1 · !. . _D~p~n2_eQC~ Q_f_Rf_OQ !!Olaf.. !!!_a§.S 
The desired separation according to chemica! composition 

can most easily be achieved in the absence of any interference 

caused by molar mass variations. In order to determine any 

possible molar mass dèpendency of Rf-values, several 
copolymers were prepared with approximately the same overall 

compositlon but different molar masses. Characteristics of the 

samples are 

1.0 

o.s 

0.6 

~ 
0.4 

02 " • 

100 200 
·3 Molar mass (Mn)*lD 

• 

300 

Figure 4. Dependence of Rf on molar mass at constant polymer 
composition: approximately 0.68 molefraction sty. 
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given in Table 2. As shown in Figure 4. Rf values are 
practically independent of molar mass with a possible 

exception in the very low molar mass region. 

Table 2. Dependence of Rf-value on molar mass 

320.000 

79.000 

40.000 

29.000 

o. 32 

0.34 

o. 31 

0.34 

Composition 
mol \ ema 

32.5 

31. 7 

31. 9 

32. 3 

Table 3. Characteristics of reference copolymers. 

No. 

S-69 

S-65 

S-52 

S-42 

S-38 

S-20 

Composition 
mole.\ sty 

69 

65 

52 

42 

38 

20 

Molecular mass 

Mn 

46.000 

46.000 

48.000 

48.000 

50.000 

47.000 
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The TLC chromatograms were converted into differential 

weight distributions according to a method we have proposed 

earlier (33). The characteristics of the low conversion 

reference copolymers used to set up a calibration curve, i.e. 

a relation between Rf and copolymer composition, are 
summarized in Table 3.The chromatogram of an arbitrarily 

lnvestigated copolymer now can be converted into an 

experimental CCD by means of the calibration curve and 

correction of the signal as explained elsewhere (33). 

The observed experimental CCD and the calculated 

theoretica! CCD of the r~ference copolymer S-38 is shown in 

E-'igure 5. 

...., 
-so ·a:; 
~ 
(1) 
> ·p 
ro 

Qj 
et:: 

50 

40 

30 

20 

10 

O O OJO Q20 Q.30 Cl40 Q50 

Composition (xsty) 

Figure 5. Chemical composition distribution of a low 

conversion reference copolymer S-38. 
(-) predicted and ( ) observed CCD. 

The copolymerization kinetics of sty and ema in dilute 

solutions can be succesfully described by means of the 

classical AM model (17). So the heterogeneity can be predicted 

from the well-known AM kinetics in conjunction with the 

extended Stockmayer model (28) according to the 

above-mentioned mathematical procedures. From Figure 5 it 
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appears that the agreement between the predicted CCD based on 

both composition drift and random addition statistics, and the 

observed CCD of the low conversion copolymer S-38, is 

surprisingly good. So it may be concluded that the CCD of 

copolymers can be successfully determined by means of the 

TLC/FID technique. Obviously, the chromatographic separation 

procedure itself adds no significant peak broadening even 

compared with the width of the compositional distribution of a 

low conversion copolymer. 

As a consequence, it may be inferred that in those cases 

where an observed CCD differs significantly from the predicted 

one, the cause can be almost exclusively attributed to the 

occurrence of anomalous copolymerization kinetics. This since 

no significant dependency on molar mass was observed and the 

chromatographic separation causes negligible peak broadening. 

The observed heterogeneities of the copolymers prepared by 

means of the solution process till very high conversions (98 

mole.i, q0 = 1.1 and q0 • 0.33) are expected to be in very 
good agreement with those predicted, due to the absence of 

anomalous kinetics. This expectation could be verified from 

kinetic data, since the high conversion copolymerization 

behaviour can be successfully predicted on the basis of the 

r-values determined at low conversions (see Figure 6).The 

results are given in Figure 7. It should be emphasized that in 

the case of nearly azeotropic copolymerization (here q0 = 
1.1) the instantaneous CCD mainly determines the total CCD, 

regardless of the degree of conversion. 

on the other hand, the total observed heterogeneity of a 

copolymer prepared at very high conversions (92 i. q0 = 1.1 
and q0 = 0.33) by means of the bulk process, differs 

significantly from the predicted heterogeneity (see Figure 8). 

This must be attributed to the occurrence of anomalous 

copolymerization kinetics. probably due to a shift in the 

value of the (apparent) kinetic parameters with the conversion 

(17). The results are presented in Figure 8. 
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Figure 7. Chemical composition distribution of two copolymers 

obtained at high conversion (98 male.,) in solution. 
a: q0 = 0.33; b: q0 = 1.1. (-) predicted and 
(---) observed CCD. 

- 60 -



10 50 
a b 

+..i 8 +..i ' 40 
..r:::. ..r:::. 
00 00 

'(jJ 
6 

'(jJ 
30 3 

' 
·3 

CL> 
I 

CL> I 
\ > I > 4 I \ 

20 'J:,l I 1 'J:,l 
C'tS I \ 

J2 ' \ 
"'öj , 

\ 

" 1 CL> 

°' " " \ '°' 2 " \ 10 . \ , / \ 
\ 
\ 

\ 

" \ 

00 
,,, 

0 
0.10 Q20 Q30 0.40 050 0.20 Q.30 OAO Q50 0.60 

Composition (xsty) Composition (xsty) 

Fiqure 8. Chemical composition distribution of two copolymers 

obtained at high conversion (92 mole.\) in bulk. a: 

.qo = 0.33; b: qo = 1.1. c-> predicted and 
(---) observed CCD . 

... 40 
..r:::. 
00 

'(j) 
. 3 30 

CL> 
> ·p 20 
C'tS 

(ij 

°' 10 

1 • ' . ' . ' \ 

QL.-~-'-~~L--...J.L....1-~.....:..l~-----' 

Q.20 030 OAO 050 060 070 

Composition (xsty) 

Fiqure 9. Chemical composition distribution of a copolymer 

obtained at high conversion (95 mole.\) in emulsion. 

q0 = ll. (-) predicted and (---) observed CCD. 
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For copolymers prepared in an emulsion process till very 
high conversions {95 \, q0 = 1.1), striking discrepancies 
are observed between observed and predicted product 

distributions. These copolymers exhibit a very broad or even a 
bimodal experimentally observed product distribution. The 

results are presented in Figure 9. From these results, it 

might be inferred that beside the expected polymerization in 

the bulk of the reaction loci, propagation reactions must also 
take place at other places within the intrinsically 

heterogeneous emulsion system. 

Any interference caused by emulsifier bounded to the 

polymer chains which during separation might lead to anomalous 

CCD's, must be ruled out in our case, since the overall 

compositions obtained by TLC and NMR are in full agreement. 

Furthermore, only a negligible amount of polymer remained on 

the starting level and no strong tail toward the starting 

level was observed. 

So it may be ~oncluded that the observed CCD practically 

coincides with the actual copolymer product distribution. 
These striking results presented in Figure 9, which cannot be 

predicted by means of conventional AM kinetics may provide 

important information to improve kinetic models describing 

high conversion bulk and emulsion polymerization. For. 

instance, the present results seem to indicate that a second 

mechanism is operative during the course of the batch emulsion 

copolymerization of sty with erna. 

S.4. Conclusions 

The results of the present investigation indicate that the 

calculation method. whicb takes into account both 

instantaneous CCD (extended Stockmayer model) and conversion 

CCD (analytica! expression compatible with improved curve 

fitting !-procedure), leads to a reliable estimation of the 

total CCD of copolymers prepared by means of radical solution 

processes exhibiting AM kinetics. It appears that even in the 
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case of non-azeotropic copolymerization till rather high 

conversions. the instantaneous CCD significantly affects the 

total CCD. 

Furthermore. the TLC/FID method proved to be a very 

powerful tool in determining the total CCD for the system 

styrene-ethyl methacrylate. 

A comparison of the experimentally observed and the 

theoretically expected total CCD's indicate that the product 

distrlbution strongly depends on the type of polymerization 

process applied in preparing the copolymers. 
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CHAPTER 6 

Determination 6f Molar Mass Chemical composition Distribution 

in Copolymers by Crossfractionation. based on SEC and TLC/FID 

The Molar Mass Chemical Composition Distribution (MMCCD) 

of poly(styrene-co-ethyl methacrylate) copolymers obtained 

till low and high conversion batch solution polymerization 

technique has been determined by a new crossfractionation 

method. In this method. the copolymers are first separated 

according to hydrodynamic volume by SEC (molar mass) and 

fractions are subsequently analyzed by quantitative TLC/FID 

according to composition. For the evaluation of the 
experimental MMCCD, a method was developed, which takes into 

account the various detector responses to the copolymers. 

The semi-quantitatlve model proposed for the prediction of 
the total MMCCD is based on the instantaneous and conversion 

kinetics. It was shown that for copolymers, even prepared 

under non-azeotropic conditions, the instantaneous MMCCD 

slgnificantly affects the total MMCCD. The predicted and 
observed MMCCD's were in favourable agreement for copolymers 

obtained by low and high conversion batch solution processes. 

confirming the reliability of the experimental techniques and 

semi-quantitative model. 
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6.1. Introduction 

Copolymers usually possess a very complex chain 

architecture. i.e. microstructure. Molecules of copolymers may 
differ in the configurational orientation of the side groups, 

in sequence length distribution. and in molar mass chemical 

composition distribution (MMCCD). The latter, a three 

dimensional distribution is caused by the simultaneously 

occurring molar mass (MM) and chemical composition 

distribution (CCD) (1) in copolymers. 

Revelation of the MMCCD of copolymers is important from 

two points of view. The process kinetics determines the MMCCD. 

which in turn determines the properties of the copolymers 

(2,3). so, fundamental knowledge about the MMCCD may sppply 

not only information about the kinetics but may also 

contribute to a better understanding of relations between 

.material properties and microstructure. This explaines why the 
experimental determination of MMCCD is increasingly recognized 

as a prime goal in copolymerization. 

Despite its paramount importance. a standard technique to 

characterize copolymers simultaneously according to molar mass 

as well as to chemical composition is not available. However, 

in some selected cases it appeared to be possible to 

fractionate copolymers separately according to molar mass (4) 

or chemical composition (5-8}. 

However. the most powerful method of revealing the 

combined MMO and CCD is crossfractionation. This procedure 

requires fractionation according to one property {"in one 

direction") and subsequent separation of the fractions 

according to the second property. while the separation 

characteristics should be as independent as possible. Several 

methods have been proposed to determine the molecular 

structure (MMCCD) of copolymers by means of crossfractionation 

e.g.: solvent/non-solvent fractionation procedures (9}, and 

crystallization f ractionation with subsequent analysis by 

means of size exclusion chromatography (SEC) (10). Using 
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classical techniques these experimental methods are laboreous 
and time consuming and require the often troublesome search 

for suited pairs of solvent/non-solvent. 
A significant improvement was achieved by application of 

chromatographic techniques. For instance Inagaki (11) carried 

out crossfractionation experiments by combining column 

adsorption chromatography with SEC. Taga (12) applied TLC with 

SEC. Especially a combination of SEC with subsequent analysis 

appeared to be very attractive. Hoffmann used SEC with 
turbidimetry (13), Balke (14) used 2 SEC's to reveal the 

MMCCD, Glöckner (15-19) successfully combined SEC with High 

Performance Precipitation Liquid Chromatography (HPPLC) and 

Belenkii (20) and Teremachi (21) used SEC with classical TLC. 
It became apparent that especially TLC bas specific 

advantages. i.e. the separation might be arranged in such a 
fashion as to occur exclusively according to composition. 

However. the quantification of chromatograms obtained by 
conventional plate TLC is accompanied with many difficulties 

(22). The visualization must be carried o~t very accurately 
and is adversely affected by inhomogeneities on the plate. 

Moreover. the components must absorb in the visible or uv 

reg ion. 

The TLC/FlD technique. as proposed by Padley (23), uses a 

detector based on the principles of flame ionization detection 

(FID). As a consequence. this technique avoids all drawbacks 
of the above mentioned classica! TLC quantification and 

supplies direct information about the CCD. 

As a result from earlier investigations (24), we have 

found that the copolymers of styrene and ethyl methacrylate 
could be successfully separated, practically exclusively 

according to composition. by application of TLC with a 

concentration gradient technique for development. Moreover. 

the TLC/FID method requires approximately 1 µg of copolymer. 

in contrast to classica! TLC quantification techniques that 
need nearly 15 times more. 
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These considerations as well as the expected capability of 

experimental MMCCD's to reveal relations between process 

kinetics and material properties, justify our investigation on 

the feasibility of SEC and TLC/FID as a crossfractionation 

method. 

6.2. Experimental 

6_,_2_,_l_,_ fur.ifiQa:!;.iQ.n_of g_hg_mlc.ä.l~ 

The specifications of the monomers styrene (sty), ethyl 

methacrylate (ema), and the radical initiators AIBN and 

potassium persulfate have been described elsewhere (24). 

6 _,_2_,_2_,_ f_r g_p.ä_r .ä. tion. Q.f _lQ.w_ cQ.nY.ef.S ion. ~o !.U:!;.iQ.n_s.ä_mQlg_s_i..:_e_,_ 

f.ef ef.egcg_ QOQo!.Ymef.s 
The synthesis of the reference copolymers bas been 

described in detail elsewhere (25). 

6_,_2_,_3_,_ frg_p.ä_rätion. Q.f _high Qon_vg_r~iQ.n_sämQlg_s 

The copolymer latex was prepared using a 1 l glass vessel. 

The monomers (300 g) in which 2.1 g n-dodecylmercaptan was 

dissolved were pre-emulsified by adding tbem to the emulsifier 

solution (3.9 g sodium laurylsulfate (SLS) (Fluka) in 700 g 

water distilled twice). Finally, the radical initiator 
potassium persulfate (2 g) dissolved in 20 g distilled water, 

was added to the monomer emulsion. The reaction mixture, 
stirred at 200 rpm was thermostated at 335 K ± 0.3. 

Total weight conversion was determined by solid content 
analysis. The product was immediately worked-up, according to 

a procedure described elsewhere (24). 

The preparation of the high conversion solution samples 

bas been described in detail in earlier work (26). 
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~·1·!·~--s~c 

Size exclusion chromatography (SEC} was performed on a 

Waters chromatograph (Waters Associates) connected to a 

differential refractometer and an ultraviolet (UV) detector 
. 2 3 4 s 

(254 nm). The SEC column set cons1sted of 10 , 10 , 10 , 10 A 
µ Styragel columns. Calibration was performed, using 10 

polystyrene samples with a narrow molar mass distribution 

(MMD). 

For crossfractionation experiments, a 1000 µl sample 

volume of 0.1% (w/v) concentration was injected onto the 

columns. The solvent flow rate was set at 0.9 ml min- 1 . THF 

was used as the mobile phase. All fractionation experiments 

were carried out at 292 K. 

The solvent (THF) of each fraction (1.5-3 ml solution) was 

evaporated by a nitrogen flow. Subsequently, the remaining 

polymer was redisso.lved under nitrogen in 40-150 µl toluene by 

shaking for at least 6 hours. 

~·1·!·1·_T~C 

In order to find the required conditions in the TLC/FID 

separations. preliminary experiments were carried out using 

conventional plate. After the appropriate conditions were 

established from plate experiments, the more advanced TLC/FID 
method was applied for direct quantitative analysis. Details 

on the spotting and elution procedures, that differ 

considerably from those used in the conventional separation of 

low molar mass components, have been described elsewhere 

(24,25). 

6~2~4~3~ ~aia_t~eAtmerrt 

All chromatograms were digitized using a Callcomp 100 

digitizer. The calculations were carried out on a Burroughs 

B7900 Main Frame computer. 
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6.3. Results and Discussion 

6~3~1~ ~v~l~a~i~n_of ~h~o~e~i~al MM~C~ 

During a copolymerization reaction, the MMD and CCD occur 

simultaneously resulting in a three dimensional distribution 

called MMCCD, i.e. molar mass chemical composition 

distribution. Stockmayer (1) derived differential weight 

distribution functions to describe the MMCCD of the 

instantaneously formed product, assuming equal molar masses of 

the monomeric units. We (27) have generalized this model, now 

including binary systems with unequal molar masses. 

However, during a high conversion batch solution 

copolymerlzation, the instantaneous MMCCD commonly changes as 

conversion increases. During our experiments, the 

instantaneous molar mass was kept constant by adjusting the 

initiator concentration. So, the MMCCD of the resulting 

copolymer. can be calculated by integration with respect to 

the conversion of the instantaneous MMCCD according to 

equation 1, assuming the degree of polymerization to be 

independent of conversion: 

Here, xi is the molefraction monomer 1 of an arbitrarily 

chosen composition and xi is the average composition of the 

instantaneously formed product. Similarly, P. is an 
1 

arbitrarily chosen degree of polymerization and Pn is the 

number average degree of polymerization. The total weight 

conversion is given by cw and e indicates final conditions. 

cwe may be regarded as a normalization factor and f's 
(x.,P.lx.P) is the extended (with respect to variations in 

1 1 n 

(1) 

molar masses of the monomeric units) Stockmayer differential 

weight distribution function given by equation 2: 
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(2) 

where f is the original differential weight distribution 
s 

derived by Stockmayer, y is the composition deviation from the 

average value and k is the ratio of molar masses of the 

monomers, i.e. M21M1 . 
It has been shown (24) that equation 1 can be rewritten as 

equation 3: 

Jf• (x .• P .lx.P }*l(dl /dq}*(dq/dx)ldx 
- s 1 n1 n w 

(3) 
x 

Here Iw is the inteqral weight fraction of copolymer, q the 
instantaneous molar feed ratio ([sty]/[ema]}. In this equation 3 

the product of ICdI,,/dq) * (dq/dx}I may be regarded as a 
statistical weight function indicating the relative weight of 

each instantaneously formed product. This function consists of 

a product of two derivatives, which can be expressed 

analytically (24). The first one is the derivative of the 

integral Alfrey-Mayo (AM) equation (28) and the second one is 

the derivative of the differential AM equation. some results 

of the calculations are presented in Figure la through c, in 

which distributions are presented of copolymers obtained at 

n .. 80't. and 98% conversion. The initial feed ratio was q0 " 
0.33, the r-values r 1 = 0.49 and r 2 = 0.40 and Pn 400. The 
fraction of radicals terminating by combination (p) was 

assumed to be zero. 

When those distributions have to be presented in a plane 

of xi and 10109 Mi' instead of xi and Pi' it is necessary to 
tranfor:m the distribution. This transformation (29) can be 

carried out by taking into account that an infinitesimally 

small volume (~xi' ~Pni' f t<xi,Pni)) contains the same 
relativa weight of 
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,. c 

Figure l. a through c. Predicted three dimensional 

distribution of sty-ema copolymers according to 

degree of polymerization and chemical composition 

obtained at 1% (a). 80% (b) and 98% (c) conversion. 

Parameters used: number average degree of 

polymerization Pn = 400, r 1 = 0.49; r 2 = 040. 
d through f. Same three dimensional distribution as 

in Figures a through c, successively, but presented 

according to log molar mass and chemical 

composition. 

g through i. Contours of the distributions d 
through f, successively. 
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copolymer as compared with the volume (6x .• 6logM .• f t(x .• 
l l l 

logM. )). the result being: 
l 

f t(xi.logMi) = f t(xi.Pi) * 

10 

(10 logMi * lnl0)/(M
2

+xi(M
1

-M
2

)) (4) 

In Figure ld through f the same distributions as presented 

in the series a-c are given on the logarithmic scale, whereas 

in Figure lg through i the contours of the distributions are 

presented. From these results it becomes immediately evident 

that the instantaneous distribution cannot be neglected even 

dt high conversion. Also, as a result of a shift of the feed 

ratio q toward lower values, the distribution becomes 

asymmetrie. These interesting results of the present 

s emi - quantitative model calculations will be a valuable tool 

in checking the validity of experimental techniques by 

comparing the predicted and observed MMCCD. 

6~3~2~ Qa~a_t~e~tfileQt 

In case of a homopolymer. the differential weight 

distribution function is calculated by measuring the elution 

time, and subsequent transformation to log molar mass by means 

of a calibration curve according to equation 5: 

dW 

d log M 

dW 
-- * 
dV e 

d log M 

where W is the weight of copolymer. V the elution volume. 
e 

(5) 

(dW/dV ) is the measured signal, which is proportional to the 
e 

weight of homopolymer and (dV /d log M) is the gradient of the e 
calibration curve. 

However, in case of a copolymer, the data treatment is 

much more complex. The measured signal (S) of the UV detector 

connected to the SEC columns is given by equation 6. assuming 

the law of Lambert-Beer to be valid: 
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(6) 

Here M is the molar concentration of absorbing monomeric 

units. 1 the optical path length of the cuvet and c. the molar 
l 

extinction coefficient of monomer i and x
1 

the molefraction 

styrene. By substituting (dM/dV) l/M (dW/dV ). in which M 
e e 

is the average molar mass of the monomers and W is the weight 

of monomers and hence polymer, in equation 6, in the case of a 

copolymer equation 5 becomes: 

dW/d log M S * (dVe)/(d log M) * 

( 7) 

The composition at any elution volume is calculated from the 

compositional data of each fraction obtained from TLC/FID. The 

calculation of the composition of each fraction from TLC is 

outlined below. 

The measured signal is related to the differential weight 

distribution (CCD) in a similar way as in the case of SEC. The 

CCD can be expressed according to equation 8: 

(dW) 
dx (8) 

were (dW/dx) is the unnormalized differential weight 

distribution and (dRf/dx) the gradient of the calibration 

curve. In the case of homopolymers (dW/dRf) is proportional to 

the measured signal (S). For copolymers the signal is also 

related to (dW/dRf) but in a more complex way. Assuming 

additivlty of the signals of both types of monomers. the total 

measured signal can be thought to consist of two signals s 1 
and s

2 
due to ionization of monomer 1 and 2, successively: 
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(9) 

where c 1 is the calibration 
the weight of monomer l and 

cewritten as equation 10: 

-1 constant expressed in g and w1 
2, successively. Equation 9 can be 

where w. is the weightfraction of monomer i. When the 
l • -1 

calibration constants are expressed in mol , the CCD is 

celated to the measured signal according to equation 11: 

S(M1x 1 + M2 (l-x 1 )) 

c
1

x 1 + c 2 (1-x1 ) 

The average composition is calculated according to 12 

N 

l: l:o. W. * * W. 
i=1 l. l. 

w 
N 
l: t.. 

i 
i=l 

(10) 

( ll) 

(12) 

Each fraction is collected between two successive elution 

times and hence two log molar masses. From the normalized 

molac mass distribution calculated according to equation 7 the 

relative weight of each fraction is known. In case of the 

three dimensional distribution, the molar mass interval as 

well as the CCD of each fraction are known. The height of each 

fractlon is now proportionally adjusted to such an extent that 

in case of the three dimensional distribution, the relative 

volume of each fraction has the same value as the relative 

area in the two dimensional case. This experimental set-up 

appeared to be necessary since quantitative spatting of the 

rods is not possible within the required limits of accuracy. 
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By means of the procedure presented a three dimensional 
distribution according to molar mass and chemical composition 

can be obtained from SEC and TLC/FID data. 

TLC separation exclusively according to chemical 

composition can only be achieved when the 

adsorption-desorption mechanism is operative. So, the 

developers have to be behave as true solvents in order to 
avoid other mechanisms. Previously, we (24) reported that the 

best separation results were obtained when applying a 

concentration gradient elution technique for development with 

toluene as the non-polar solvent and acetone or methyl ethyl 

ketone as the secondary polar solvent. 

In order to find suitable elution conditions. several 

gradients_were investigated. Some of the results are given in 

Figure 2. 

~ 30 
~ 
.8 24 

Ë 18 
in 
N 
~ 

Q) 12 

~ 6 
m 

1 
3 

1 

1 
2 

1 
1 

2 6 8 

Solvent front (cm) Composition ("sty) 

Figure 2. Effect of concentration gradient (ml acetone in 125 

ml toluene) versus distance of solvent front from 

starting level (cm), and shape of the calibration 

curve (molefraction styrene in copolymer versus Rr>· 
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From this figure it can be seen that the shape of the gradient 

significantly affects the shape of the calibration curve of 

the reference copolymers. It appears that when the initial 

concentration of polar solvent is enhanced. the copolymers 

having a relatively high erna concentration show up at higher 

Rf-values (concave calibration curve). Also. when the 
concentration is decreased or when the secondary polar solvent 

is added relatively "late•, some copolymers tend to remain at 

the starting level (convex calibration curve). All these 

observations are in agreement with a behaviour that might be 
expected, when assuming an adsorption-desorption mechanism to 

be operative. We generally applied the gradient that covered 

the widest range of separation (see Figure 2). 

6_,_3_,_4.!.. Q_eQend~n~e_of Rf_og_ !!!.Olaf. ma.§.S 
The required separation according to chemica! composition 

can most easily be achieved in the absence of any interference 

caused by molar mass variations. Recently, we (24) studied the 

effect of molar mass on the Rf values. This was achieved by 
the preparation and separation of copolymers with 

approximately the same composition (xsty = 0.69), but varying 
molar masses. It appeared that the Rf values are practically 

independent of molar mass with a possible minor exception in 

the very low molar mass region. 

In this study we investigated the dependency of Rf on 
molar mass in a somewhat more sophisticated way. We carried 

out the crossrractionation of an azeotropic copolymer of 
sty-ema. This copolymer was obtained from a low conversion 

solution process. It then may be expected that tbere are no 

deviations of average composition with molar mass. since the 
average molar mass is nearly constant during the low 

conversion experiment. and the conversion CCD is negligible as 

compared with the instantaneous CCD. So. in the absence of 
molar mass effects on the separation of sty-ema copolymers 

according to chemical composition, the average composition of 

each fraction calculated from experimental TLC/FID data. is 
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expected to remain constant with increasing fraction number. 

i.e. decreasing molar mass. The results of the 

crossfractionation of the azeotropic copolymer are summarized 

in Table 1. From this table it becomes evident that the 

average styrene content varies only ca. 2% about the mean 

value, while the molar mass ranges from 15.000 through 

280.000, which remains within the accuracy of the experimental 

method. 

Table 1. Effect of molar mass on the average composition of 

fractions, calculated from the chemical composition 

distribution. 

Fraction number 

1 

2 

3 

4 

5 

Number average 

molar mass 

285.000 

123.000 

55.000 

24.000 

15.000 

Average composition 

(mole % styrene) 

50.l 

50.9 

49.2 

49.l 

51.l 

Complementary to our earlier investigations {24), the 

present findings provide conclusive evidence that. under the 

proper conditions, sty-ema copolymers can be separated 

exclusively according to composition by TLC/FID. 

~-2·~·-Etf~c~ Qf_chemiQal QOfilPQSitio~ ~n_mQl~r_m~s~ 
our crossfractionatlon technique requires fractionation 

according to molar mass and subsequent analysis of the 

fractions according to composition. Both separation principles 

should be as independent as possible. From recent 

investigations (24) it was shown that the separation of 
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macromolecules according to chemical composition was affected 

by molar mass to a negligible extent. 
However, the first separation carried out by means of SEC 

is governed by the hydrodynamic volume. In case of copolymer 

this bydrodynamic volume may be a function of molar mass as 

well as composition. Unfortunately, there are no molar mass 

standards available for styrene-ethyl methacrylate copolymers. 

In order to investigate any possible influence of composition 

on the separation according to hydrodynamic volume. for 

various {co)polymers. the number average molar mass was 

determined by SEC (polystyrene calibration) and osmometry. If 

there would be a strong dependency of composition on the 

hydrodynamic volume. the molar masses as determined by the 

different methods should differ significantly. 

In Table 2 the results are sumarized. It appears tbat 
within experimental error, the determinations of the molar 

ruasses are not significantly affected by variations in 

composition. so. i~ is ~oncluded tbat one single calibration 

with polystyrene standards may serve as a correct 

approximation to transform an observed SEC chromatogram to a 

molar mass distribution. 

LO. 900 

69.000 

48.000 

58.000 

43.000 

Molar mass (M
0

) of sty-ema (co)polymers 

experimentally determined by SEC and osmometry. 

M
0 

(osmometry} 

10.100 

60.000 

55.000 

71.000 

4.8.000 

Polymer composition 
(male% styrene) 

0 

20\ 

sa 
65% 

100\ 

* Calibration with polystyrene standards 
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6~3~6~ Çr~s~f~a~tio~a~i~n 

The characteristics of the copolymers obtained by low 

conversion solution processes are mentioned in Table 3. Three 

samples with average compositions of 35, 52 and 65 mole\ sty, 

were analyzed by means of crossfractionation. Since these 

samples were obtained by low conversion solution processes, 

composition drift will be rather small. Hence, it might be 

expected that the average composition of all molar mass 

fractions is equal, and that the composition distributions of 

each fraction have a symmetrie shape. 

Table 3. Characteristics of copolymerizations performed till 

low and high conversion in batch solution processes 

Initial feed ratio 

(q0 ~ (sty)/(ema) 

Final mole

conversion (\) 

Low convers ion batch solution 

6.67 12 

2.38 14 

l.05 14 

0.34 15 

0.12 15 

High convers ion batch solution 

3.00 69 

l.12 98 

0.33 99 
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Average composition 

(mole\ sty) 

79.8 

64.8 

52.3 

35.l 

19.9 

69.8 

51. 7 

26.0 
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Figure 3. a. Experimentally observed three dimensional 

distribution according to chemical composition and 

log molar mass of copolymer having an average 

compositions of 20 mole% sty and obtained by low 

conversion solution process. 

b. Same distributions as in A but the point of view 

has been chosen from the opposite direction. 

c. Contours of the experimentally observed 

distribution. 

d. Contours of the predicted distribution. 
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distribution according to chemical composition and 
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compositions of 52 mole% sty and obtained by low 
conversion solution process. 
b. Same distributions as in A but the point of view 

has been chosen from the opposite direction. 
c. Contours of the experimentally observed 

distribution. 
d. Contours of the predicted distribution. 
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Figure 5. a. Experimentally observed three dimensional 

distribution according to chemical composition and 

log molar mass of copolymer having an average 

compositions of 65 mole% sty and obtained by low 

conversion solution process. 
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b. Same distributions as in A but the point of view 
bas been chosen from the opposite direction. 

c. Contours of the experimentally observed 

distribution. 

d. Contours of the predicted distribution. 
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Figure 6. a. Experimentally observed three dimensional 

distribution according to chemical composition and 

log molar mass of copolymer having an average 
compositions of 26 mole% sty and obtained by high 

conversion solution process. 

b. Same distributions as in A but the point of view 

bas been chosen from the opposite direction. 

c. Contours of the experimentally observed 

distribution. 

d. Contours of the predicted distribution. 
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Flgure 7. a. Experimentally observed three dimensional 

distribution according to chemical composition and 
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7 

b. Same distributions as in A but the point of view 

bas been chosen from the opposite direction. 

c. Contours of the experimentally observed 

distribution. 

d. contours of the predicted distribution. 
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Figure 8. a. Experimentally observed three dimensional 

distribution according to chemical composition and 
log molar mass of copolymer having an average 

compositions of 70 mole% sty and obtained by high 

conversion solution process. 
b. Same distributions as in A but the point of view 
bas been chosen from the opposite direction. 

c. Contours of the experimentally observed 

distribution. 

d. Contours of the predicted distribution. 
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Figure 9. a. Experimentally observed three dimensional 

distribution according to chemica! composition and 

log molar mass of copolymer having an average 

compositions of 20 mole\ sty and obtained by high 

conversion emulsion process. 

b. Same distributions as in A but the point of view 

has been chosen from the opposite direction. 

c. Contours of the experimentally observed 

distribution. 
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The results of the crossfractionation are graphically 

presented in Pigure Ja through Sa. The same distributions as 

in Pigure Ja through Sa are given in Figure 3b through Sb, but 

the point of view has been chosen from the opposite direction. 
The contours of the experimentally observed and theoretically 

predicted distributions are given in Figures 3c through Se and 

3d through Sd, successively. From a comparison of the observed 

and predicted contours and taking into account that each 

sample was divided in only s SEC fractions, it can be inferred 
that the agreement is good. It appears that the distribution 

according to composition within the fractions are symmetrical. 

The characteristics of the samples obtained from high 

conversion batch solution processes are given in Table J. 
These samples were also analyzed by crossfractionation. The 

resulting three dimensional distributions regarded from the 

front and back-side, as well as the contours of the observed 

and predicted distributions are presented in Figures 6 through 

8. 

As was expected on the grounds of the experimental set-up, 

no shift of average composition and peak shape are observed 

for the fractions as the molar mass increases. Furthermore, 

the distributions obtained under non-azeotropic conditions 
show significant assymmetric shape. In this case also, the 

predicted and observed contours are in favourable agreement. 

Por a copolymer prepared in an emulsion process till very 

high conversion (98\) striking discrepancies are observed 

between the predicted {based on solution kinetica} and 
observed distribution. The shape and the position of the tops 

of the distribution deviate significantly from that observed 

in the "solution samples". The results are presented in Figure 

9. Froro these results, it might be inferred that beside the 

expected polymerization in the bulk of the reaction loci, 

propagation must also take place at other places within the 
intrinsically heterogeneous system. 
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These results emphasize the validity of tbe 

crossfractionation method. Futbermore. these results may 
provide important information to improve kinetic models 

describing high conversion kinetics and may be applied as a 

powerful tool in understanding of relations between polymer 

structure and physical properties. 

6.4. Conclusions 

The results of the present investigation show that 

crossfractionation of sty-ema copolymers can be carried out 

successfully by SEC and subsequent analysis by TLC/FID. In SEC 

analysis, it appeared that the separation of the copolymers 

according to molar mass, is only slightly influenced by the 

polymer composition. also the separation by TLC appears to be 

nearly independent of molar mass. 

Three dimensional dist~ibutions and contours of these 

distributions ac~ording to molar mass and composition can be 

obtained from experimental data. Furthermore, a method is 

proposed to predlct the MMCCD of copolymers obtained by batch 

solution processes till high conversions. if desired. The 

observed and predicted contours of the distributions are in 
favourable agreement, proving the validity of the present 

flndings as a key in model studies on relations between 

copolymerization kinetics and copolymer microstructure. 
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CHAPTER 7 

Investigation of the Intramolecular Structure of Styrene-Ethyl 

methacrylate Copolymers by 1H and 13c-NMR. Reassignment of 
l H-NMR Spectra. 

Summary 

The compositions and sequence distributions of homogeneous 

styrene-ethyl methacrylate copolymers. obtained by low 

conversion solution polymerization have been studied by 1H 
and 13c-NMR. A new set of peak triad assignments was 

proposed for the 6 2.1-4.2 ppm region in the 1H-NMR 

spectrum. whereby the reactivity ratios of rs = 0.59 and 
rE = o.so were used to establish this new assignment. 

The EEE and sss blocks, present in these copolymers. have 

a high degree of syndiotacticity (oEE = 0.23, oss = 
0.39), whereas the ESE units are exhibiting a slight tendency 

toward isotacticity (oES = 0.66). 

7.1. Introduction 

Copolymer molecular structure is a very complicated 

matter. since on the one hand the molecules may differ in 

chain length and composition (intermolecular structure), while 

on the other hand monomer sequencing and tacticity in the 

chains may also differ (intramolecular structure). The 
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intramolecular structure of copolymers may supply information 

about the process of addition of monomers. during a radical 
copolymerization and also about the preference of monomers to 

add in a (co}iso- or (co}syndiotactic configuration. In 

addition, the intramolecular structure may strongly affect the 

physical and mechanica! properties of the copolymers (1-3). 

This explains the still increasing need to reveal molecular 

structures. 

One of the advanced methods of determining the 

intramolecular structure of copolymers is NMR. 1H-NMR has 
been used extensively 'to study the microstructure of 

styrene-methacrylate copolymers, especially 

styrene-methylmethacrylate (sty-mma). In various earlier 

studies (4 9), spectra have been shown (40-100 MHz 1H-NMR), 

displaying 3 major groups of peaks, representing the 

oxymethylene region. This fine structure was attributed to the 

differences in shielding eîfects of the styrene monomer. It 

was shown that the coisotacticity parameter (o) of styrene 

and methylmethacrylate and the number fraction of M-centered 

triads could be estimated from these relatively simple 
1H-spectra. 

However. spectra of styrene-methacrylate copolymers 

recorded at higher field strengths (270 and 600 MHz) display 

significantly more fine structure than reported in the earlier 

work (8.10.11). Five peaks could be distinguished in the 
oxymethylene region. From these recent publications it becomes 

clear that the original assignments were not correct. Por 
instance, the spectra of sty-mma. originally assigned by Bovey 

and lto (4-9) and p-tert-butylstyrene-methylmethacrylate were 

succesfully reassigned by Uebel and Dinan (10,11). 

Recently, we have studied the copolymerization behaviour 

of styrene and ethylmethacrylate in batch solution processes 

and the inter- and intramolecular structure of the resulting 

copolymers. From this study (12-15) it appeared that the 

copolymerization behaviour in solution processes could 
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succesfully be described by the classical Alfrey-Mayo (AM) 
model, even at high conversions (96\). The intermolecular 

structure (Chemical Composition Distribution (CCD)) of 

copolymers. obtained at low and very high conversions, could 

also be predicted by models, based on the classical AM model. 

As an important result, we found that the assignments by 

Bovey and Ito for styrene-methylmethacrylate copolymers in 
1H-NMR spectra certainly do not hold f or 

styrene-ethylmethacrylate copolymers also. Despite the 

improvements recently proposed by Uebel (11). his improved 

assignment appeared not to hold either. The possibility of the 

application of an invalid model or incorrect r-values must be 

ruled out, since the model and parameters obtained from low 

conversion kinetic data, could predict high conversion 

copolymerization behaviour and copolymer intermolecular 

structure very accurately. In order to correlate the observed 

resonance pattern with structural features we reassigned the 
1H-NMR spectra for sty-ema copolymers. The reassigment was 

con!irmed by data obtained from 13c-NMR. 

7.2. Experimental 

7~2~1~ fu~lti~a~iQn_ot ~h~micäl~ 

The monomers styrene and ethyl methacrylate (Merck) were 

distilled at reduced pressure under nitrogen. 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 AIBN (Fluka p.a.) was 

recrystallized once from methanol. The solvent toluene (Merck 

p.a.) was dried over sodium, degassed and distilled under 

helium. 

7~2~2~ ~r~~r~tioR Qf_CQPQlym~r~ 

The copolymers were prepared under high pressure (118 MPa) 

in a stainless steel autoclave (Autoclave Engineers) as 

described in detail elsewhere (16). The total monomer 
concentration was 1 mol dm- 3 in toluene, the initiator 

concentration was S Jlllllol dm- 3 . 
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Both conversion and feed ratio were calculated from 

guantitatively monitoring the entire course of the reaction. 

samples of two microliter were injected by means of a special 
sampling disk valve described previously (17). The GLC 

conditions were: stationary phase. carbowax 400 on poracil S 

100-120 mesh (Waters Associates INC); column length 1.20 mand 

column temperature 388 K: detector temperature 423 K: 
injection port temperature: 393 K; Total monomer conversions 

were generally less than 12%. 

All copolymers were isolated and purified by pouring out 
' in cold hexane. The final products were dried at 328 K in a 

vacuum stove for 6 h at 10-l T and finally for 8 h at 10-5 

T. The products contained less than 0.1% monomer or 

non-solvent as confirmed by GPC analysis. 

7~2~3~ ~x~eLimentäl_c~n~i~i~n~ foL Le~oLdln~ 1H ~n~ 
13 Q-liMR ~p~c~rä 

1H-NMR spectra were measured with 200 MHz (Varian 
XL-200) and 300 MHz (Bruker CXP-300) spectrometers at 298 K, 

using CDC1 3 (200 MHz) and cc1 4 (300 MHz) as solvents and 
(CD3 ) 2co as internal locking agent. 

The 200 MHz 1H-NMR spectra were obtained using a 

spectral width of 2600 Hz. acguisition time of 3 sec. a flip 

angle of 35° and a pulse delay of 10 sec. Spectra were 

generally obtained after accumulating 64 scans. using a sample 

concentration of 1% (w/v). The digital resolution amounted to 

0.17 Hz. corresponding toa data length of 16 K. Similar 

conditions were employed in recording 300 MHz 1H-NMR 

spectra, except a larger flip angle (75°) and a smaller pulse 

delay (5 sec) were used. 

The 50 MHz 13C-NMR spectra were obtained with a varian 

XL-200 spectrometer. eguipped with a V77-200 Sperry Univac 

computer. The sample concentration was 9% (w/v) in CDC1 3 . 

Using 10-mm tubes. 13C-NMR spectra were recorded at 298 K. 

The pulse widtb (10 µsec) corresponds to a flip angle of 

77°. and a pulse delay of 4 sec was found to be necessary. 
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Spectra were generally obtained after the accumulation of 
10000 FID's. where the digital resolution amounted to 0.687 
Hz, corresponding to a spectral width and a data length of 16 

K. Peak areas were determined via planimeter or electronic 
integration methods. Monomer sequence distribution and 

configurational sequence arrangements were determined by 

comparing relative peak areas of the protons or carbons 

involved. In performing quantitative NMR measurements, it is 

necessary to take differences in spin-lattice relaxation times 
(T1 ) into account. During the investigation, no proton or 
carbon T1

1 s have been measured. Only for the calculation of 

the composition of the copolymers. areas belonging to 

different types of protons were measured. The delay time (10 

sec) was considered to be adequate for quantitative purposes. 

Irrespective of this effect, no differential T1 •s have 
been considered to occur for the OCH2 resonances. Within 

these limits relativa peak areas are proportional to the 

number of protons involved. Similar arguments hold for the 
13c-NMR data. where it has been assumed that no different 
spin-lattice relaxation times or NOE's were present for 

different stereo isomerie or compositional sequences. 

7.3. Results and Discussion 

1.1.1._1ff-N.MR äP~c~r~--D~t~rfilina~i~n_ot ~o~o!Yfile~ ~omp~sition 
Figure 1 depicts the 200 MHz 1H-NMR spectra of two 

sty-ema copolymers. dissolved in CDC1 3 at 25°C, whereas in 
Figure 2 expanded 300 MHz spectra are shown f or f our 

copolymers. recorded in cc1 4 at 25°C. These 300 MHz 1H-NMR 
spectra only show the oxymethylene region. since this region 

in particular displays additional fine splittings due to 

combined configurational and compositional sequence effects. 
The average copolymer composition (molefraction styrene 

(Xsty>> can be readily obtained. using equation 1. 
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200 MHz 1H NMR spectra of (styrene (sty)) ethyl 

methacrylate copolymers in coc1 3 at 25°C. The 
mole fraction sty is indicated on the left. 
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Figure 2. 

A B+C D E 
1 1 1 1 

4.0 3.5 3.0 

F 

1 

2.5 2 

x. = 0.52 
S/E = 1.17 

x. = 0.65 
S/-E = 1.99 

x. = 0.72 
_SIE = 2.91 

l) ppm 

Expanded 300 MHz 1H NMR spectra of sty-ema 
copolymers, showing the oxymethylene region only. 

Spectra were recorded in cc1 4 at 2s 0 c. 
Copolymer compositions and molar feed ratios are 

indicated on the right. Area measurements have 

been performed for the regions A,----,F, using 

the dotted areas. 

where A1 and A2 represent the total peak areas of the 

aromatic and aliphatic proton resonances, successively. The 

initial feed ratio and copolymer compositions are summarized 

in Table l. 
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Table 1. Initial feed composition and final copolymer 

co~position (molefraction styrene) 

Feed composition Copolymer composition 

q0 "'[s ty]/[ema] [s ty]/ ([s ty]+[ema]) [s ty]/ {[s ty]+[ema]) 

2.91 0.74 0.72 

2.80 0.74 0.69 

1. 99 0.67 0.65 

1. 46 0.59 0.58 

1.17 o.~4 0.52 

0.66 0.40 0.42 

0.4~ 0.31 0.38 

7~3~2~ Qe~e~min~tion ~f_r~v~lge~ 

It should be emphasized that r-values are extremely 

important parameters in the prediction of the intramolecular 

structure. As a consequence. accurate and precise 

determination of both r-values is a prerequisite. There are a 

number of methods reported in literature (18-24) to estimate 

the reactivity ratios. The methods can be roughly divided into 

two classes. On one hand. there are methods based on the 

dif ferential Alf rey-Mayo (AM) model which require copolymer 

and initial feed compositional data. Such approximation 

methods have been proposed by Fineman and Ross (21), and Kelen 

et al.(22,23). on the other hand, there are some very 

sophisticated methods, e.g. Improved Curve Fitting !-Procedure 

(ICFIP), based on the integral AM-model. using GLC data. GLC 
analysis of the reaction mixture throughout a copolymerization 
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reaction in conjunction with the so-called ICFIP, which 
accounts for measurement errors in both variables. has been 

found to lead to a reliable estimation of monomer reactivity 

ratios (17-20,25). 

In this study, we compared 3 well-known calculation 

methods. Two methods (Kelen and Tüdos low conversion (KETL) 

and Fineman and Ross (FR)) are based on the differential AM 

model, using copolymer compositional data. The third one 

(ICFIP) is based on the integral AM model. The results of the 

estimations are summarized in Table 2. 

Table 2. 

Method 

FR (21) 

Results of estimation of r-values by means of 

different calculation methods (17-21). Styrene 

{l) and ethylmethacrylate (2) in toluene (62ÓC 

and 118 MPa) 

KETL (22,23} 

ICFIP (25) 

0.58 ± 0.09 

0.62 ± 0.06 

0.59 ± 0.03 

0.41 ± 0.2 

0.51 ± 0.1 

0.50 ± 0.02 

From this table it appears that the r-values. estimated by 

2 significantly differing methods (viz. KETL and ICFIP) are in 

very good agreement. However, the results of the FR method are 

somewhat different. From an extensive study on the comparison 

of various estimation procedures (18-20), it appears that. the 
FR method, although very rapid, lacks precision as compared 

with the ICFIP and KETL, under the present conditions. 
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In a separate study (14). we have found that the 
intermolecular structure {CCD) as well as the high conversion 
copolymerization behaviour could be predicted very accurately 

by means of the r-values obtained from low conversion data. 

From these results. it might be inferred that the 

copolymerization kinetica can be succesfully described by the 

first order AM model. The r-values as obtained by ICFIP 

(17,18,25) were applied for model calculations. 

Concentrating on the oxymethylene region (2-4.2 ppm}, 

these resonances display considerable fine structure, similar 
to the pattern observed in spectra of sty-mma copolymers (11). 

In comparison with recently published 1H-NMR spectra of 
sty-ema copolymers, recorded at 60 (26) and 100 MHz (27) 

respectively, our spectra display at least five peaks, 

therefore displaying more fine structure. 

The 10 theoretically possible ema centered triads are not 

resolved in distinct resonances, and up to now (26.27) the 

three peaks in spectra of sty-ema copolymers have been 

analysed in terms of Bovey and Ito's approach for sty-mma 

copolymers. breaking the oxymethylene region in three 

composite groupings. 

However, with the work of San Roman (28) and Uebel (11) a 

reassignment can be given for the resonances in sty-ema 

copolymers. In Table 3 the assignments of Ito (4-9). Uebel 

(10,11) and our final tentative assignments are summarized. 

The symbols A,-- ,F refer to Figure 2 and are similar to 

I,----,VI used for sty-mma copolymers (11). 

In Table 3, the parameter oSE (= a in short-hand 
notation) is defined as a measure of the probability that 

alternating ema and sty units adopt a coisotactic 

configuration (5) and EEE, EES and SES denote the three 

different kinds of compositionally erna centered triads. More 

details can be found in earlier work {4-11). 
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Table 3 Literature and new assignments of triads for sty-ema copolymers 

peak number A B+C D E F 

Chemica! shift 4.2-3.85 3.85-3.5 3.5-3.3 3.3-3.0 2.7-2.1 
reg ion (ppm) 

Ito/BOvey (4-9) (1-cr)EES 2 o ( 1-a ) SES 
2 ..... EEE oEES o SES 

0 2 w 
( 1-o) SES 

Uebel/Dinan (10,11) EEE 
2 

(1-o) SES oEES 2a (1-o) SES 
2 

o SES 

(1-o)EES 

This work EEE 2o(l-o)SES 
2 

(l-cr) SES oEES 
2 

o SES 

(1-o)EES 



Table 4. Normalized peak areas (A,---,F) of the oxymethylene 
resonances of seven sty-ema copolymers. feed ratio 
(q0 "' [sty]/[ema]). copolymer composition 
(molefraction styrene}. The predicted peak areas are 
calculated. using r1 = 0.59, r2 = 0.50, crsE 
= 0.66 

Feed copolymer Normalized Peak area Assignment 
ratio composition 

qo Xsty A B+C D E F 

2.91 0. 72 0.05 0. 31 0.07 0.35 0.22 Observed 
0.02 0.17 0.16 0.34 0. 31 Ito 
0.10 0.09 0.16 0.34 0.31 Uebel 
0.10 0.34 0.09 0.16 o. 31 cur.rent 

2.80 0.69 0.08 0.23 0.08 0.29 0.32 Observed 
0.07 0.17 0.17 0.32 0.32 lto 
0.11 0.08 0.17 0.32 0.32 Uebel 
0.11 0.32 0.08 0.17 0.32 Current 

l. 99 0.65 0.13 0.25 0.06 0.30 0.28 Observed 
0.04 0.20 0.20 0.29 0.27 lto 
0.15 0.09 0.20 0.29 0.27 Uebel 
0.15 0.29 0.09 0.20 0.27 current 

1.46 0.58 0.19 0.26 0.10 0.26 0.19 Observed 
0.07 0.19 0.25 0.24 0.24 lto 
0.20 0.06 0.25 0.24 0.24 Uebel 
0.20 0.24 0.06 0.25 0.24 Current 

1.17 0.52 0.24 0.18 0.07 0.27 0.24 Observed 
0.09 0.21 0.27 0.23 0. 20 lto 
0.24 0.06 0.27 0.23 0.20 Uebel 
0.24 0.23 0.06 0.27 0.20 current 

0.66 0.42 0.36 0.08 0.05 0.25 0.27 Observed 
0.21 0.20 0.31 0.15 0.14 lto 
0.37 0.04 0.31 0.15 0.14 Uebel 
0.37 0.15 0.04 0.31 0.14 Current 

0.45 0.38 0.48 0.03 0.04 0.25 0.20 Observed 
0.28 0.20 0.32 0.09 0.11 lto 
0.46 0.03 0.32 0.09 0.11 Uebel 
0.46 0.09 0.03 0.32 0.11 current 
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Table 4 summarizes the normalized peak areas experimentally 
determined for each of the 7 sty-ema copolymers, together with 

the copolymer and initial feed composition data. It should be 

realized that methine protons (- 2.1 ppm) may contribute to 

the area representing peak F, especially in spectra of 

copolymers, having a relatively high styrene content. In order 

to cope with this difficulty. appropriate smooth baseline 

corrections were made as indicated in Figure 2. 

Implicitely it has been assumed. that spin-spin coupling 

effects only contribute to the linewidth of the various peaks. 

This bas been verified for the homopolymer polyethyl 

methacrylate (pema). 
Assu~ing the AM model to be valid at any moment of 

reaction, the number fraction (F) of erna (E) and sty (S) 

centered triads can be predicted (28-31). The relation between 

intramolecular structure (number fraction of triads) and 

reaction kinetics is given by the set of equations 2: 

FEEE P(E) * P{E/E) * P(E/EE)/P(E) 

P2 (E/E) (l-P(S/E}) 2 

FEES 2P(S/E) * (1-P(S/E)) 

FSES P2 (S/E) 

Fsss (l-P(E/S}) 2 

FSSE 2P(E/S) * (1-P(E/S)) 

FESE P2 (E/S) 

where P(S/E) ~ (l+r 2/q)- 1 • P(E/S) = (l+r 1q)-l and q (= 

[sty}/[ema]) is the instantaneous feed ratio. Here F is 

(2) 

the normalized number fraction of triads, P(M1!M2 ) the 

probability of a growing chain, having an M2-type chain-end, 

to add monomer M1 . 
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All these triad fractions are predicted, using the initial 

feed ratios (q
0

, see Table 1) and r-values (see Table 2), 

estimated by means of the Improved Curve Fitting I Procedure. 

The results are summarized in Table 5. 

Table 5. Normalized erna (E) and sty (S) centered triad 

fractions, calculated with Alfrey-Mayo kinetics. 

reactivity ratios r 1 = 0.59 and r 2 = 0.50, and 

initial feed ratios (q
0 

= [sty]/[ema]) 

2.91 

2.80 

l. 99 

l. 46 

1. 17 

0.66 

o. 45 

x sty 

0.72 

0.69 

0.65 

0.58 

0.52 

0.42 

0.38 

0.02 !).25 

0.02 0.26 

0.04 o. 32 

0.07 0.38 

0.09 0.42 

0.19 0.49 

0.28 0.50 

0.73 0.40 0.46 0.14 

0.72 0.39 0.47 0.14 

0.64 0.29 0.50 0.21 

0.55 0.21 0.50 0.29 

0.49 0.17 0.48 0.35 

0.32 0.08 0.40 0.52 

0.22 0.04 0.33 0.63 

In order to predict the relative intensities of each peak, 

with the appropriate assignment, it is necessary to estimate 

the value of the coisotactic parameter o 5E. Three 

different sets of assignments have been investigated: Ito•s 

approach (4-9), Uebel's (11) and our tentative assignments to 

be discussed in detail shortly. 

The theoretically calculated values, using the triad 

f~actions (Table 5) and the different models (Table 3) are 

tabulated in Table 4. From comparison of the experimental 

results with the results of the first model (Bovey and lto) it 

is immediately clear that in this model, the area A (i.e. only 
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EEE triad) is severely underestimated. irrespective of the 

value of the parameter o
5

E. This leads to a similar 
conclusion for our sty-ema as compared with the sty-mma 

copolymers. i.e. the earlier assignments have to be 
reconsidered. According to Uebel's assignment and ours. the 

relative intensity of peak A is assumed to be caused by the 

EEE and (l-o5E)EES configurations. The value of o 5E is 

now easily estimated, using equation 3 (oSE is truncated 

as o) 

Area A = FEEE + (1-o)FEES (3) 

Both triád fractions can be predicted by the differential AM 

model, using r-values obtained from highly accurate and 

independent measurements. The area of peak A is obtained from 

experimental data. The parameter o5E now can be easily 
estimated. 

In general, this calculation procedure can be applied to 

more equations. However. application to other triad 

combinations represented by various peaks is limited, since 

those peaks are not highly resolved and don't cover such a 

wide range of values as compared with peak A. In addition, the 

baseline belonging to peak A is assumed to be straight without 

interference by various types of protons. Uebel's assignment 

and ours are in agreement when considering peak A. As a 

consequence, o5E is obtained as accurate as possible and 
has the same value in both Uebel's and our assignments. The 

results of the calculations are tabulated in Table 6. 

The o5E values obtained for q0 = 2.91 and 2.80 are 
probably the least reliable ones, owing to the difficulty of 

measuring accurately the small areas (cf. Figure 2). These 

values are omitted in the calculation of the average o5E 
value. the result being a 5E = 0.66 ± 0.05. This value is 
in very good agreement with the value obtained for sty-mma 

copolymers (oSM = 0.65). 
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Table 6: Predicted fraction FEEE and FEES triads, initial 
feed ratio (q0 = [sty]/[ema]) and calculated 

0 SE 

Area A 

2.91 0.05 0.02 0.25 0.88 

2.80 0.08 0.02 0.26 0.76 

1. 99 0.13 0.04 0.32 0.72 

1. 46 0.19 0.07 0.38 0.68 

1.17 0.24 0.09 0.42 0.65 

0.66 0.36 0.21 0.47 0.68 

0.45 0.48 0.28 0.50 0.60 

considering the assignments of Uebel (10,11) in greater 

detail now, serieus discrepancies show up between predicted 

dDd observed areas of peaks B + c, D and E. The values for 

dreas A and F are in reasonable agreement. The discrepancies 

can be easily verified comparing Figure 2 of ref. 11 with our 

Figure 2 (or alternatively Table 2 of ref. 11 with our Table 

4). Although the absolute values of peak areas I (A) and VI 

{F) agree reasonably well for copolymers having approximately 

the same composition, this does not hold for the respective 

areas 11 (B). ---, V (E). 

Via visual inspection of Table 4 one easily verifies that 
a cyclic permutation of the values for peak areas B + c, D and 

E of the model of Uebel (11) leads to significantly better 

results. Comparison of our new assignment with the one of 

Uebel leads to the conclusions that the 2o(l-o)SES triad 
apparently resonates at 3.5-3.8 ppm, whereas the (l-o) 2SES 

and aEES triads only shift to slightly higher field. 
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Several other possibilities have been considered e.g.: 

Partial overlap of the resonances of the a 2SES triad 
and styrene methine protons; 

Differences in measurement circumstances: 

Other triad reshufflings; 

Pentad analysis: 

Anomalous AM propagation kinetics. 

The first possibility is not likely, because the overlap 

of the a 2SES triad and the styrene methine centered 

resonances, would only result in a decrease of the a 2SES 

triad and an increase of all other triads, without affecting 

the value~ mutually. Differences or inaccuracies of 

measurement conditions must be ruled out, since the results of 
1 200 and 300 MHz H-NMR spectra, recorded on different 

spectrometers and under different conditions are almost 

identical. 

All other triad reshufflings have been investigated 

extensively. In addition an extension to pentad analysis has 

been tried, however both methods failed to give better results. 
Finally a non-AM statistics e.g. Coleman-Fox (31) is not 

considered to occur, since the low and high conversion 

copolymerization behaviour and the intermolecular structure of 

the resulting copolymers. could successfully be described by 

means of the classical AM model. 

Hence, we believe that for the system under consideration 

i.e. sty-ema, the new assignment is the correct one. but it 

should be emphasized that the calculation of the value of 

o5E is independent of the assignment (Uebel's or ours) and 
that the earlier model might still be valid for sty-mma 

copolymers. 

13 
2-~·~·- ~-tfMR §.P~c~rä._D~t~rmirra~i~n_of ~o~olYme~ 

~omp~s!tion 

Figure 3 shows the 50 MHz 13C-NMR spectra of the 

homopolymer polyethyl metacrylate (pema) and two copolymers 

with significantly differing styrene content. The assignments 
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F'igure 3. 50 MHz 13c-NMR spectra of polyethylmethacrylate 

{A) and two sty-ema copolymers (B,C) recorded in 

coc1 3 at 2S°C. Assignments are discussed in the 
text. 
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of all resonances have been depicted in the same Figure. For 

assignment purposes. we have applied shift additivity rules 
(32). earlier results reported on related sty-mma copolymers 

13 (33) and C-NMR spectra of various polymethacrylates and 
polystyrenes (34). 

The copolymer composition can be determined readily using 

the equation (4): 

where ACH represents the total peak area of the styrene 

methine resonances and AOCH2 the total peak area of the 
oxymethylene carbon resonance. 

(4) 

The results for the two depicted copolymers are Xsty 
0.40 and 0.73 successively. in favourable agreement with the 

results determined via 1H-NMR Xsty 0.38 and 0.72, 
respectively. 

From Figure 3 it appears that the majority of the 13c 

resonances shows additional splittings due to configurational 

effects or comonomer sequence distributions or a combination 

of both. The ethyl methacrylate centered triad splittings will 

provide information about the (co-)isotacticity parameters 

oEE (not accessible v~a 1H-NMR analysis) and oES' 
Styrene centered triads show also splittings for the 

quaternary aromatic carbon resonances (C1 , cf Figure 3) and 
the methine carbon resonances, giving information on 055 
and oEs· 

From Figure 3 it appears that the most environment-

sensitive and in the spectra the best resolved areas are the 

main-chain CH~ 3and the c1 aromatic resonances. In Figure 4 
the expanded C-NMR spectra are shown f or the two 

copolymers. focusing on the c1 and CH3 carbon regions only. 
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c, 

Xe =0.28 

® ® © @ 

150 147.5 145 142.5 25 22.5 20 17.5 

-+- ppm 

13 Figure 4. Expanded 50 MHz C-NMR spectra of two sty-ema 

copolymers. showing only the ca3 main chain carbon 
region (15-23 ppm) and the ~uaternary aromatic 

carbon region (142-147 ppm). Spectra were recorded 

in coc1 3 at 25°C. Copolymer compositions are 
indicated on the left. Area measurements have been 

performed on the indicated regions A-D and X-Z. 

Assignments for these selected spectral regions are 

discussed in the text. 

A comparison between experimentally observed and 

theoretically predicted spectra can now be made if the 

following prerequisites have been fulfilled: 

- 112 -



the assignments of the complex conf iguration and 
compositionally induced splitting of these selected 

resonances have to be known: 

the different (co-)isotacticity parameters have to be 

known: 
the propagation statistics can be described by the AM 

model. 

As an hypothesis we apply the same relative assignment 

order as was used previously by Katritzky and Weiss (33} for 
13 the C-spectra of sty-mma copolymers. Moreover. we treat 

the complex configurational and compositional patterns via 
triad analysis as was also done in the evaluation of 1H-NMR 

spectra. 

The coisotacticity parameters oES and o5E are 
assumed to be equal and have already been determined by 
1H-NMR, the value being oES = 0.66. Both other 
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rr 
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H C• O 
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CH:i(SC) 
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CH 
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Figure 5 50 MHz 13c-NMR spectrum of polyethylmethacrylate, 

recorded in CDC1 3 at 25°C. Tacticity induced 
splittings have been assigned. 
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isotacticity parameters 0 55 and oEE are assumed to be 

equal to the corresponding values in the homopolymers i.e. 

o 5s = 0.29 (35).Unfortunately the value oEE is not 

known for polyethylmethacrylate. Figure 5 shows the 13C-NMR 

spectrum of pema.The assignment of all resonances has been 

depicted in the same figure (cf Figure 3). Tacticity effects 

are observed for various carbon atoms. in a manner duplicating 
- 13 

the C-NMR spectrum of polymethylmethacrylate (36). The 

value crEE can be calculated using the triad splittings of 

the methyl main chain or quaternary carbons or even the pentad 

resolved carbonyl resonance. The combination of these 

independent calculations leads to oEE = 0.23. again in 

good dgreement with oMM for polymethylmethacrylate, 

oMM - 0.23 (33). 

Finally we assume that the propagation reactions can be 

described by the classical AM model. This assumption has 

already been verified (12-15). 

Now. the following set of equations has been used to 

analyse the c
1 

aromatic region: 

x 

y 

z -

<0 ss 0 Es>FssE + <1 - 0 ss> 0 Es 

FSSE + 20Es< 1- 0 Es)FESE (5) 

where X.Y.Z denote the normalized relative peak areas between 

the respective chemical shifts: 147.2-146.2, 146.2-144.8, 

144.8-143.4 ppm (Figure 4). A similar set of equations (A-D) 
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can be derived from the results for sty-mma copolymers to be 

valid for the ema centered main chain CH3 resonance: 

A 

B 

c 

D 

20EE(l-oE~).FEEE + 0 sE(l-oEE)FEES 

+ (l-oES) FSES + (l-oEE}(l-oSE)FEES 

2 
(l-oEE) FEEE 

where A,B,C,D are the normalized relative peak areas between 

the respective chemical shifts: 23.2-20.8, 20.8-19.4, 

19.4-17.S. 17.S-lS.S ppm. 

Table 7. Observed and predicted triad distribution. reflected 

on the values X-Z and A-D for two sty-ema copolymers 

with different compositions 

Mol ar 
Composition 

(via 1H-NMR} 

xsty"'0.72 

xsty"'0.38 

Resonance Area Resonance Area 

x y z A B c D 

6 57 37 6 64 29 1 
10 6S 2S 70 30 

27 Sl 22 11 20 52 17 
25 50 25 33 50 17 
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By substituting the various parameters of aSE' 
a55 • aEE and using the values for the ema and sty 
centered triads, calculated via the AM model (see Table 5) the 

X,Y.Z and A,B,C,D values can be predicted. In Table 7 the 
observed and predicted values are shown. 

From Table 7 it may be inferred that predicted and observed 

values for x.-- .z. A.----.D are in very good agreement, 

indicating the reliability of the parameters aEE' a 55 • 
0sE' Ll' r2. 

7.4. Conclusions 

The copolymerization behaviour of styrene (1) and ethyl 

methacrylate (2) could successfully be described by the 

classical AM model. The r-values have been evaluated by three 

different methods: FR; KETL; lCFIP. The r-values determined by 

the method leading to the most reliable estimation i.e. ICFIP, 

appeared to be r 1 = 0.59 and r 2 = 0.50. 
By correlating the observed resonance patterns of 

homogeneous sty-ema copolymers, exhibiting AM kinetics and 
predicted structural features, it appeared to be feasible to 

assign the 1H-NMR spectra in terms of triads. 
1 13 The H and C-NMR spectra of sty-ema copolymers show 

that the comonomer sequence placements can be described via 
the first-order Al!rey-Mayo model. The copolymers contain EEE 
and sss blocks exhibiting a high degree of syndiotacticity, 

whereas the ESE unit contains mainly isotactic sequences. 

In view of explaining differences in pbysical behaviour 

between copolymers. having heterogeneous or anomalous 

intra molecular structure due to high conversion or emulsion 

kinetics, it is of paramount importance to apply the 

appropriate assignment. 
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CHAPTER 8 

lnvestigation by 1H-NMR of the Intramolecular Structure of 

Styrene-Ethyl methacrylate Copolymers Obtained till High 

conversion by means of Various Polymerization Methods 

The intramolecular structure (triad distribution and 

tacticity parameter o 5 E} of poly(styrene-co-ethyl 

methacrylate} copolymers obtained till very high conversions 

by means of solution and emulsion batch processes, using 

non-ioiic as well as anionic surfactants, was determined by 
1H-NMR. 

A model is proposed for the prediction of the total triad 

distribution in case of high conversion solution 

copolymerization. The instantaneous distribution has been 

described by the classical formulas. A novel simple analytical 

expression is derived to describe the conversion distribution, 

which indicates how much of each instantaneous distribution is 

made. 

The agreement found between predicted and observed triad 

distribution was good for copolymers obtained by high 

conversion solution and azeotropic emulsion processes. For 

copolymers prepared according to non-azeotropic emulsion 

processes, anomalous effects were observed. 
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8.1. Introduction 

Determination of the intra-(triad distribution, tacticity) 

and intermolecular structure (Chemical Composition Molar Mass 

Distribution) is increasingly recognized as a prerequisite in 

copolymer characterization, since revelation of the molecular 

structure may supply not only information about the monomer 

addition process but also about the preference of monomers to 

add in a (co)iso- or (co)syndiotactic configuration (1-4). In 

addition, the knowledge about the inter- and intramolecular 

structur~ is of paramount importance for the understanding of 
relations between molecular structure and polymer properties 

(5-8). 

Recently, we were able to reveal the intermolecular 

structure (Molar Mass Chemica! composition Distribution 

(MMCCD)) of styrene ethyl methacrylate (sty-ema) copolymers by 

means of crossfractionation (9). This crossfractionation 
technique consisted of separation of macromolecules according 

to molar mass by means of Size Exclusion Chromatography (SEC) 

and subsequent analysis of SEC fractions according to 

composition by means of Thin Layer Chromatography (TLC). 

However, more detailed information can be obtained when the 

intramolecular structure is known. 

One of the advanced methods of determining the 

intramolecular chain structure is NMR. 1H-NMR has been used 

extensively to study the chain microstructure of styrene 

methacrylate copolymers (10-18), especially 

styrene-methylmethacrylate (sty-mma). Spectra, of sty-mma 
copolymers recorded at 60 MHz displayed three major peaks 

(10-13) representing the oxymethylene region. However. spectra 
of the same type of copolymers, recorded recently on 

instruments operating at least at 200 MHz displayed 

significantly more fine structure (14 17). At least s peaks 

could be distinguished in the oxymethylene region. Owing to 

the improved resolution. it appeared that the original 

assignments in spectra of sty-mma copolymers were not correct. 
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For instance. Uebel (14.15) assigned the spectra of sty-mma 
and t-butylstyrene-methyl methacrylate copolymers and Tacx and 

van der Velden reassigned the spectra of 

styrene-ethylmethacrylate (sty-ema) copolymers (17). 

Furthermore. from the work of Uebel and Tacx. it appeared also 

that the value of the coisotacticity parameter o was 0.66. 

However, the majority of publications concerning 

revelation of chain microstructure in styrene-methacrylate 
copolymers deals with copolymers obtained by means of low 

conversion {< 15%) bulk or solution processes. Little 

attention has been payed to determination of the chain 

microstructure of copolymers obtained by high conversion 

processes (4,18,19). eventhough high conversion is of great 
technological importance. 

From recent publications it becomes clear that under 
certain conditions even the integrated Alfrey-Mayo (AM) model 

is inadequate to describe high conversion copolymerization 

kinetics and copolymer microstructure. Disagreement between AM 

prediction and experiment has been observed by Kelen (20) in 

the copolymerization of vinylidene cyanide-maleic anhydride, 

Zil'Berman (21) in the copolymerization of 

methacrylamide-methacrylic acid. Tacx (22) in the 

copolymerization of styrene and ethyl metahcrylate in bulk and 

emulsion processes. and Johnson (23} in the copolymerization 

of styrene and methylmethacrylate. Furthermore, Mirabella (24) 

found for copolymers of vinyl chloride and vinylstearate 

prepared in bulk. that the variation in composition with molar 

mass was significantly greater than that calculated from 
theory. This phenomena was also observed by Teremachi (25) for 

styrene methyl acrylate copolymers. 

In other cases, however. the course of high conversion 

copolymerization processes and the inter- and intramolecular 

structure could successfully be predicted by kinetic 

pdrameters obtained from low conversion compositional data. 

For instance o•oriscoll (26) reported that the classical AM 

model is applicable in the high conversion copolymerization of 
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styrene and methylmethacrylate. Tacx et al. (27) found that 
experimental curves of monomer feed ratio versus conversion 

fitted the relationship to be expected on the grounds of the 

integrated AM model for the system styrene-ethyl methacrylate 

in solution. Moreover. it appeared that the observed Chemica! 

Composition Distribution (CCD) of these copolymers could be 

predicted by application of an extended Stockmayer model, 

integrated AM model and kinetic parameters obtained at low 

conversion. Also. the experimentally observed and 

theoretically predicted intramolecular structure of 

styrene-methyl methacrylate copolymers obtained from high 
conversion bulk copolymerization were in agreement as 

confirmed by lto (18). 

Recently, we (9,17,27) studied the copolymerization 

behaviour of styrene and ethyl methacrylate in dilute solution 

(l mol dm- 3 in toluene) at high pressure {118 MPa}. From the 

results it appeared that the kinetics and also the inter- and 

_intramolecular structure could succesfully be described by 

means of the classical AM model. 

In addition we studied the high conversion 

copolymerization kinetics in relatively concentrated systems 
(3 mol dm- 3 in toluene), as well as the intermolecular 

structure of the copolymers. From these studies it became 

apparent that the integrated AM model is still valid in case 
of solution copolymerization (3 mol dm- 3 in toluene). despite 

the relatively high polymer concentration at (moderately) high 

conversion. In case of emulsion copolymerization, significant 

anomalous kinetic behaviour and intermolecular structure were 

observed. 

In order to reveal a more complete and detailed chain 

structure of the high conversion products, it is also 

necessary to determine experimentally the intramolecular 

structure and to compare these results with the expected 

intramolecular structure. This investigation, leading to novel 

findings is described in the present work. 
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8.2. Experimental 

8~2.!..l.!.. ~u~ifi~a.t.i.Q.n_of ~h~micäl~ 

The monomers styrene and ethyl methacrylate (Merck) were 

distilled at reduced pressure under nitrogen. The middle 

fraction of the distillate was collected and used. In all 

.Cdses the distillate was found to be > 99.5% pure by GLC 

analysis. The free radical initiator A~BN (Fluka p.a.) was 

recrystallized once from methanol. The solvent toluene (Merck 

p.a.) was dried over sodium, degassed and distilled under 

helium. 

8_,_2..:2_,_l_,_ §.olu!.i.Q.n_p.Q.lym~rizätion. .t.e~h!li!lU~ 
These reactions were carried out in a stainless steel SFS 

reactor, flushed with nitrogen before use. The total monomer 
. -3 concentrat1on was 3 mol dm • the solvent was toluene and the 

initial initiator concentration S mmol dm- 3 . The reaction 
mixtures were thermostated at 335 K ± 0.2 and stirred at 100 

rpm. The entire course of the reaction was continually 

monitored by GLC. The GLC conditions have been described in 

detail elsewhere {27). 

s _,_2_,_2-'-2_._ ~my l.§.i.Q.n_p.Q.lym~r izg_tion l:_e,9.h!li9..u~ 

The copolymer latices were prepared using a 1.5 l glass 

vessel. The monomers {300 g in which 1.9 g n-dodecyl mercaptan 
was dissólved) were added dropwise to the soap solutions (40 g 
cosso (GAF) dissolved in 1000 g water distilled twice). 

Subsequently, a potassium persulfate (Merel\: p.a.) solution (zg 

dissolved in 25 ml distilled water) was added to the reaction 

mixture. thermostated at 337 K ± 0.5. 

Total weight conversion was determined by solid content 

analysis. The feed ratio was calculated from monitoring the 

monomer concentrations, during the entire course of the 

reaction. The GLC conditions are described earlier (27). 
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8~2~3~ ~oLkin~-!!P_pLo~eguLe_of ~r~d~c~s 

All copolymers prepared by means of the solution technique 

were isolated and purified by pouring out in cold hexane. The 

final products were dried at 328 K in a vaccuum stove for 6 h 
-1 5 at 10 T and finally for 8 h at 10- T. 

The copolymers obtained by emulsion copolymerization were 

purified from emulsifier, unreacted initiator and residual 
monomers by pouring out in methanol or careful coagulation 

with aluminium nitrate solution (0.001 M), subsequent 

decantation and filtration of water and coagulant. The final 

product was thoroughly washed with boiling water (distilled 

twlce) and dried at 10-5 T for at least 8 h at 353 K. 

8~2~4~ ÄX~e~imerrt~l_c~n~i~i~n~ to~ Le~o~din~ 1tl-NMR ~p~c~r~ 
l d . H-NMR ,spectra we re measure w1 th a Bruker CXP-300 

spectrometer at 2s 0 c, using cc14 as a solvent and (CD3) 2co as 

internal locking agent. Sample concentration was 1% (w/v). 

Other experimental details have been described earlier (17). 

8~2~5~ ~a!c~l~tion Qf_the~r~tic~l_t~i~d_f~a~tiorrs 

All calculations were carried out on a Burroughs B7900 

mainframe computer. 

8.3. Results and Discussion 

8~3~1~ ~v~l~atiQn_of th~o~eti~al tria~ fr~ctiQn~ 

During the course of most batch copolymerization 

processes, the monomer feed ratio inevitably shifts as 

conversion increases (28). This well known phenomenom gives 

rise to a shift of triad fractions and composition of the 

copolymer. The total triad distribution of copolymers, 

exhlblting AM kinetics can be calculated by taking into 

account both conversion and instantaneous triad distribution. 
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For the calculation of conversion triad distribution. a 
simple analytical expression is presented in which formulas 

are derived, compatible with the estimation of r-values by 

means of the improved curve fitting l procedure (ICFIP) 

(28-30). The instantaneous triad fraction may be calculated by 

meäns of the classicäl formulas (1,2): 

PEEE 

PEES 

FSES 

F'sss 

PSSE 

F·ESE 

P(E)*P(E/E)*P(E/EE)/P{E) 
2P(S/E)*(l-P(S/E)) 

P
2 (S/E} 

(l-P(E/S)) 2 

2P(E/S)*(l-P(E/S)) 

P2 (E/S) 

(E/E)=(l-P(S/E}} 2 

-1 -1 where P(S/E) = (l+r2 /q) , P(E/S) = (l+r 1q) and q (= 

(sty)/(ema)) the instantaneous feed ratio. Here F is the 

normälized number fraction of triads, PCM1 /M2 ) the probability 
of a growing chain, having an M

2
-type chain-end, to add 

monomer M
1

• 

The total triad fraction of a copolymer obtained at high 

conversion can be described by the following equation: 

F 
_ _!._ t F(r l' r 2' q) dCM (1) 
CMe M 

Here F is again the normalized tri ad fraction of the 

instantaneously formed product and F the avarage number 

fraction of triads of the cumulative copolymer, CM is molar 
fractional conversion, e indicates final conditions. CMe may 

be regarded as a normalization factor. 

Equation (1) may be rewritten to equation (2) by 

introducing: d(CM/CMe) = dIM and fc = (dlM/di): 

F - ! F(r 1• r 2• q) .lf J'X>ldx 
x 
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Here IM is the integral molar fraction of copolymer and fc the 
dif ferential weight distribution function, describing the 

conversion kinetics. This function may be regarded as a 

statistical weight function. indicating the relativa amount of 

each instantaneously formed product. The function fc(x) can be 
rewritten as equation (3): 

and (:~M) and (~) can be expressed analytically (27), the 
result being: 

dIM 
dq = ,-z + + • ~

l-x2 x2 (l+X1 +x2 ) _!__) 
2 q qx2-x1 l+q 

2 - (<r1q+l}+(r2/q+l)) 

(3) 

(4) 

(5) 

Now, fast numerical integration of equation (2) is possible 
since the integrant is analytically expressed as a product of 

3 functions. 

In Figure l, the feed ratio (q) is given as a function of 

conversion at three different initial feed ratios i.e. q0 
3.0, 1.1, 0.33, using the kinetic parameters of the binary 

combination of sty-ema i.e. r 1 = 0.49, r 2 = 0.40. The average 
composition of the instantaneously formed and cumulative 

copolymer as a function of conversion is presented in Figure 

2a at 2 different initial feed ratios: q0 = 3 and q0 = 0.33. 
One initial feed ratio is omitted, i.e. the azeotropic one 

(q~l.l). In Figure 2b and 2c the triad fractions of the 

instantaneously formed as well as the cumulative copolymer are 

shown. 
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Figure l. Molar feed ratio versus total molar conversion. Feed 

ratio (q0 = (sty)/(ema)) is 3.0. 1.1. 0.33. Kinetic 
parameters: r 1 = 0.49, r 2 = 0.40. 
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Figure 2 a. Average composition of instantaneously (1,4) and 

cumulative (2,3) formed product at feed ratios 

q0 = 3.0 (1,2) and q0 = o.33 (3.4) versus 
convers ion. 
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Figure 2 b. Triad fractions of instantaneously (l) formed 

and cumulative (2) copolymer versus conversion 

at feed ratio q0 = 3.0. 

c. Triad distribution of instantaneously (l) formed 

and cumulative (2) copolymer versus conversion 

at feed ratio q0 = 0.33. 

The initial feed ratio q0 (= [sty]/[ema] belonging to 
azeotropic conditions is approximately l.l. The non-azeotropic 

feed ratios chosen deviate significantly from the azeotropic 

one. Despite this discrepancy, significant shifts from initial 

feed ratio do not occur before moderately high conversions are 

reached. This effect must be attributed to the similarity of 

the reactivity ratios of both monomers. As a consequence, the 

changes in the instantaneously formed triad fractions only 

deviates significantly at moderately high conversion. So, the 

changes of cumulative triad distribution are expected to be 

relatively small. 
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Figure 3. 300 MHz 1H-NMR spectra of 3 copolymers obtained by 

solution (a). emulsion (b) using non-ionic 

surfactant and (c) using anionic surfactant. Initial 

feed ratio q0 = l.l. 
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Figure 4. 9 expanded spectra of 3 copolymers obtained by high 

conversion solution (a-c), 3 copolymers obtained by 
high conversion emulsion, using non-ionic i;;urfactant 

(d-f) and emulsion using anionic surfactant (g-i). 

Details about reaction conditions can be found in 

Table l. 
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In Figure 3, 300 MHz spectra of sty-ema copolymers. 

obtained in high conversion azeotropic solution and emulsion 
processes, are represented. Furthermore, Figure 4 depicts 9 

expanded spectra of copolymers. obtained from solution and 

emulsion processes. These spectra only display the 

.oxymethylene region, since particularly this region displays 

addltional fine splittings. due to combined configurational 

and compositional sequence effects (3). 

The copolymer composition can be readily obtained. using 

formula (11): 

where A1 and A2 represent the aromatic and aliphatic proton 

resonances respectively. 

In Table l the initial feed ratio (q0 ). final conversion. 
expected and observed copolymer compositions are indicated. 

From this Table it appears that expected and observed 

compositions are in very good agreement. 

(11) 

It should be realized that r-values are important 

parameters in the prediction of th~ instantaneous as well as 

the cumulative triad distributions. Hence, accurate estimation 

of the kinetic parameter is a necessity. one of the methods 

that has been found to lead to a reliable estimation of 

reactivity ratios is GLC analysis of the reaction mixture in 

conjunction with the Improved curve Fitting l Procedure 

(ICFIP) (28.30). This procedure accounts for measurement 

errors in both variables. Therefore. this procedure was also 

applied in the present investigation. The results are given in 

Table 2 and are used to predict triad distributions. 
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Table 1. Initial feed ratio g0 (= (sty)/(ema)). observed and 
predicted copolymer composition (x t molefraction s y 

Process 

Sol ut ion 

E:mulsion 

styrene and final conversions of 9 sty-ema 

copolymers. A through c obtained by solution. d 

through f obtained by emulsion (nonionic emulsifier) 

and g through i obtained by emulsion (anionic 

emulsifier) processes. 

Initial Composition Composition Final 
feed ratio observed predicted (conversion 

<go ) (mole\ sty) Cmole\ sty) (total mole\) 

a 3.00 69.8 70 69\ 
b 1.12 51.7 51 98\ 
c 0.33 26.0 25 99\ 

d 3.00 72 .o 74 99% 
C0-880 Non- e 1.11 47.7 50 99% 
ion ic 
emulsif ier 

Emulsion 
RE-610 
Anionic 
emulsifier 

Table 2. 

Pressure 

0.1 MPa 

0.1 MPa* 

118 MPa 

f 0.33 23.0 25 99\ 

g 3.01 70.1 73 98% 
h 1.12 49.7 50 99% 
i 0.33 24.5 25 99% 

Reactivity ratio of the binary monomer combination 
sty (1) and ema (2) at 62°C and at different 
pressures as determined by the Improved Curve 
Fitting I Procedure (28). 

Monomer rl r2 
Concentration 

1 mole dm- 3 0.49±0.02 0.40±0.03 

3 mole dm -3 0.49 o. 40 
l mole dm -3 0.59±0.03 0.50±0.02 

* r-values obtained at 0.1 MPa and l mole dm- 3 monomer 
concentration fitted experimental curves of feed ratio (g) 
and conversion according to the integrated AM model. So, 
it might be concluded that r-values are not strongly 
affected by the concentration within the range l through 3 
mole dm- 3 
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In Figure 4 a through c the expanded spectra of the 

copolymers obtained by high conversion batch solution 
polymerization are presented. From a comparison of these 

spectra with spectra of sty-ema copolymers obtained at low 

conversion (17) it appears that these spectra display a 

similar resonance pattern and fine structure in the 

oxymethylene region. 

Owing to an improved resolution of the NMR spectrometers. 

it appeared that the original assignments in spectra of 

sty-mma copolymers were not correct. As a result, San-Roman 

(16) and Uebel (15) reassigned part of the resonances in the 
oxymethylene region. 

Unfortunately, the irnprovements of Uebel valid for sty-mma 
cop~lymers, appeared to be inapplicable to sty-ema copolymers. 

In order to explain this anomaly, Tacx et al. proposed a new 

assignment (17). A surnrnary of the assignrnents of Ito, Uebel 

and Tacx is glven in Table 3. In this table, the parameters 

a 5E is defined as a measure of the probability that 

alternating sty and erna centered units adopt a coisotactic 

configuration. EEE, EES, SES denote the three different kinds 

of cornpositionally erna centered triads. In Table 4 the 

predicted number f raction of ema centered triads are shown, 

using the calculation method, r-values and conversions as 

mentioned in Table l and 2. 

In order to compare the experirnentally observed and 
theoretieally predicted peak areas, each having the 

appropriate assignment, it is necessary to estimate the 

coisotacticity parameter asE· This calculation is outlineà. 
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Table 3 Literature and new assigrunents of triads for sty-ema copolymers 

peak nwnber A B+C D E F 

Chemica! shift 4.2-3.85 3.85-3.5 3.5-3.3 3.3-3.0 2.7-2.1 
reg ion (ppm) 

Ito/Bovey (4-9) (1-o)EES 2o(1-o)SES 
2 ..... EEE oEES ü SES w 

01 2 
{1-o) SES 

Uebel/Dinan (10,11) 
2 

2o(1-o)SES 
2 

EEE (1-o) SES oEES o SES 

(1-o) EES 

This work EEE 2o(l-o)SES (1-o) oEES 

(1-o)EES 



Predicted cumulative number fraction of ema (E) 
centered triads, using initial feed ratio (q0 ) as 
indicated and kinetic parameters as given in Table 

2. i.e. r 1 = 0.49 and r 2 = 0.40 

Initial feed 
r:atio (q0 ) 

3.00 

1.10 

0.33 

0.01 

0.07 

0.46 

-----------------

0.18 

0. 39 

0.41 

0.81 

0.54 

0.13 

Since the value of the coisotacticity parameter a 5E may be 
dependent on the type of assignment used, it is worthwhile to 

investigate the reliability of the three current assignments 

of lto, Uebel and Tacx. From Table 5, it appears that 

according to the. model of lto the predicted area A (i.e. only 

assumed to be caused by EEE triad) is severely underestimated, 

irrespective of the value of a 8E. Similar discrepancies were 
also observed in the assignments of triads to peaks in spectra 

of sty-mma (15) and sty-ema (17) both types of copolymers 

obtained at low conversion. So, it might again be inferred 

that the original assignments of Ito (10-13) have to be 

reconsidered. According to Uebel's and our reassignments peak 

A is assumed to be caused by a twin resonance of EEE and 

(1-o)EES triad. Now, calculation of the value of a 5E is 
possible independent of the type of model used (Uebel's or 

ours). The number fraction of triads of the resonances (i.e. 

EEE and EES) can be predicted, using our model, valid for high 

conversion batch solution AM copolymerization. The area A is 

obtained from experimental 
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Table 5. Normalized peak areas (A.---,F} of the oxymethylene 
resonances of 3 sty-ema copolymers obtained by high 

conversion batch solution processes. Predicted 

intensities calculated using the model valid for 

high conversion and r
1 

= 0.49, r
2 

= 0.40, a = 0.67 

and initial feed ratio q
0 

(= (sty)/(ema)) 

Feed 

ratio 

3.00 

1.1 

0.33 

copolymer 

composition 
molefraction 
sty 

0.70 

0.52 

0.26 

Relative intensities 

A B+C D 

0.06 0.27 0.10 0.23 

0.01 0.15 0.12 0.36 

0.07 0.09 0.12 0.36 

0.07 0.36 0.09 0.18 

0.20 0.17 0.09 0.23 

0.07 0.19 0.26 0.24 

0.20 0.06 0.26 0.24 

0.20 0.24 0.06 0.26 

0.60 0.03 0.08 0.14 

0.46 0.15 0.25 0.06 

0.60 0.02 0.25 0.06 

0.60 0.06 0.02 0.25 
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Assignment 

F 

0.34 Observed 

0.36 Ito 

0.36 Uebel 
0.36 Tacx 

o. 31 Observed 

0.24 Ito 

0.25 Uebel 

0.25 Tacx 

0.16 Observed 

0.09 lto 

0.09 Uebel 
0.09 Tacx 



data. The coisotacticity parameter a 58 is now easily estimated 
according to equation (12): 

Area A FEEE + (1-o)FEES (12} 

F being the cumulative number fraction of a certain kind of 

triad. 
This calculation procedure may also be applied to other triad 

resonances. This extension is feasible, but less reliable, 

since the other peaks are not as highly resolved as peak A 
(e.g. B+C, D} or do not cover such a wide range (e.g. E and 

F). Moreover. the results of the calculation of a 5E may become 
dependent on type of assignment. So, it might be concluded 

that calculation of a5E according to equation (12) leads to 

the most reliable estimation of oSE' provided the AM model is 
valid up to high conversion and peak A is ~orrectly assigned. 

The results are summarized in Table 6. 

Predicted EEE and EES triad fractions (F). used 

initial feed ratio (q0 ), observed intensity of peak 

A and calculated a 5E 

Feed ratio q0 Area A 

3.00 

1.10 

0.33 

0.07 

0.20 

0.60 

0.01 

0.07 

0.46 
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0.18 

0.39 

0.41 

0.67 

0.67 

0.66 



From this Table it appears that the value of a 5E for 
copolymers of sty-ema obtained at very high conversion and low 

pressure (1 bar) does not deviate significantly from the value 

of a 5E for copolymers obtained at low conversion and high 
pressure (1200 bar) (17). As an important result. it might be 

concluded that the a 5E is nearly independent of pressure 
within the range of l through 1200 bar. 

Considering observed relative intensities of peaks B+C. D 

and E and the predicted ones according to the assignment of 

Uebel. significant discrepancies show up. This can be verified 

from the results of Table 5. These discrepancies resemble the 

ones observed in spectra of sty-ema copolymers obtained at low 

conversion (17). The observed and predicted relative 

lntensities of peaks A and F are in reasonable agreement. 

In order to cope with the discrepancies between predicted 

and observed relatlve intensities. a reassignment was proposed 

for sty-ema copolymers (17). This new reassignment. in which 

the 2a(l-a)SES. (1-a) 2SES, and aEES triads have been changed 
as compared to the assignment of Uebel, leads also in the case 

of high conversion sty-ema copolymers to the best fit, that 

might be achieved between integral resonance pattern and 

copolymer structural features. This can be verified from the 

results of Table 5. 

Other suggestions failed to lead to a significant better fit 

or were unlikely to occur for the same reasons as discussed in 

detail in earlier work (17). 

Hence, we believe that the proposed reassignment, valid 

for spectra of low conversion sty-ema copolymers. is also the 

best one to assign the spectra of high conversion batch 

solution processes. The calculation of the a 5E is also in this 
case independent of the type of assignment used (Uebel's or 

ours). although it should be realised that the AM model has to 

be valid even at high conversion. Moreover, the r-values have 

to be determined very accurately. since the model in 

conjunction with the kinetic parameters are applied to predict 

the twin resonance of EEE and EES triads. 
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In previous work (17}, in which we used the initial feed 

ratio (q
0

) as a tool to obtain relations between kinetics and 

structure, we proposed a reassignment of 1H-NMR spectra of 
sty-ema copolymers. In this investigation, in which we used 

the conversion as a tool to correlate high conversion solution 

kinetics and structure of the resulting copolymers, this new 

assignment was again confirmed. This reassignment can be used 

to investigate the intramolecular structure of copolymers, 

obtained by processes, exhibiting anomalous AM kinetics. 

One of those processes is emulsion copolymerization, in 

which a non polar monomer (sty) reacts with a polar monomer 

(ema}. Ina batch emulsion copolymerization. there exists a 

pdrtition of monomers. over at least 3 phases i.e. monomer 

droplets, water phase and growing latex particles. The 

relevant partitlon coefficients may significantly differ. 

Hence, the triad distribution of the resulting copolymers may 

deviate f rom the triad distribution expected on grounds of the 

high conversion AM solution kinetica. 
1 In Figure 4d through f, expanded H-NMR spectra, 

representing the oxymethylene region are shown of sty-ema 

copolymers obtained by high conversion emulsion processes, 

using the non-ionic emulsifier C0-880 (GAF). In Figure 4g 

Figure 5. Chemical structures of surfactants used 

in emulsion processes 
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through i. the spectra are shown of products obtained by high 

conversion emulsion processes using anionic emulsif ier RE-610 

(GAF}. 

The chemical structure of both surfactants is presented in 

Figure 5. The long chains of both emulsifiers are showing a 

certain resemblance but one chain-end differs significantly. 

By means of this experimentai set-up, the effect of the nature 
of the surfactant on the kinetics and resulting copolymers may 

be investigated. 
In Table 7 the experimentally observed relative 

intensities of the peaks A,---,F in the copolymers obtained by 
solution and both emulsion batch processes are presented. 

Taking into account the accuracy of the area measurements, it 

appears that discrepancies between the intensities of peaks 

A,---,F of products obtained by various processes only show up 

in the case of non azeotropic conditions. 

In case of emulsion products obtained at a initial feed 

ratio q0 ~ 3, the peak B+C decreases whereas F increases as 

compared with the solution products. In case of a feed ratio 

of q0 ~ 0.33, the intensity of peak A decreases and of peak F 
increases as compared with the solution products. These 

differences in triad distribution may be caused by a combined 

effect of on one hand a deviating tacticity parameter a8E and 
on the other hand a deviating local feed ratio and apparent 

r-values. In order to discriminate between those 2 effects, 

the o8E must be estimated. 
Unfortunately, the parameter aSE' which was successfully 

calculated using predictions of the high and low conversion AM 

kinetica and the experimentally observed intensities of the 

twin resonance of peak A, cannot be estimated in this way in 

case of emulsion copolymers. Since this requires an a priori 

knowledge about the kinetic model. As a consequence, the 

tacticity parameter a5E bas to be estimated independent of the 
type of model. This can be achieved by solving two independent 

equations and substituting experimental data according to 
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Table 7. Type of process, initial feed ratio q0 (= (sty)/(ema)) 
and observed normalised intensities of peak A.---.F 
representing the oxymethylene region. Emulsion 1,2 
indicates emulsion process, using nonionic and 

anionic surfactant successively. 

Process Feed Ratio Observed relative intensities 

A B+C D E F 

Solution 3.00 0.06 0.25 0.10 0.25 0.34 

Emulsion 1 3.00 0.07 0.12 0.10 0.26 0.44 

Emulsion 2 3.00 0.09 0.13 0.10 0.24 0.44 

Solution 1.00 0.20 0.17 0.09 0.23 0.31 

Emulsion 1.00 0.21 0.12 0.10 0.22 0.35 
Emulsion 2 1.00 0.23 0.12 0.08 0.23 0.35 

Solution 0.33 0.60 0.03 0.08 0.14 0.16 

Emulsion 1 0.33 0.48 0.03 0.10 0.18 0.22 

Emulsion 2 0. 33 0.57 0.04 0.08 0.13 0.18 

2 
a FSES J}rea F 
2a(l-a)FSES ~ Area B+C 

in which FSES is the normalised number f raction of SES triad 
and area F and B+C are the observed intensities of peaks F and 

B+C. 

lt should be realised that this method is less reliable 

owing to the relatively large errors of measurements. The 

results are summarized in Table 8. Comparing the value of 
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a 5E calculated in this way with the method using the intensity 
of peak A for copolymers obtained by high conversion solution 

processes, it becomes clear that this a 5E (= 0.67) is shifted 

towards higher values. This shift may be attributed to the 

increased inaccuracy. Comparing this value (oSE = 0.75) with 
the parameters of products obtained by emulsion processes 

using nonionic surfactant (osE = 0.86) and anionic surfactant 

(oSE"' 0.87); it is immediately clear that these values are 

slightly higher. From these results it might be concluded that 

the shift in o5E is not the only factor determining the 
deviating tria_d distribution. So. the local feed ratio. due to 

differing partition coefficlents, and apparent r-values may 

contribute both to the anomalous distribution. 

Table 8. Tacticity parameter o5E of sty-ema copolymers 

obtained by high conversion solution and emulsion 

processes. Emulsion 1.2 indicates emulsion process, 

using nonionic and anionic successively. a 5E 

calculated from area B. c and F. 

Type of proces 

Sol ut ion 

Emulsion 1 

Emulsion 2 

Parameter o5E 

0.75 

0.86 

0.87 
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Properties, e.g. the glass transition temperature of 
copolymers, depend on the molecular structure of copolymers. 

This structure is determined by the r-values of the comonomer 

pair and the performance of the polymerization process. 

Despite the fact that copolymers, prepared till high 

conversion cover a wide range of compositions. phase 
separation is not aften observed. Molau (31) discussed this 

problem and observed also that copolymers of styrene and 

acrylonitril were clear despite the absence of compatibilizing 

effects due to chemical heterogeneity. This inability to phase 

separate was explained ~Y the fact that each chemical 

composition was present in a very low concentration. As a 

consequence, it will be impossible to phase separate even at a 
microscopie level. Several other authors have investigated 

other systems. For instance, Kollinsky and Markert (32) 
studied copolymers of Methylmethacrylate-Butylacrylate 

prepared till high conversion and observed that copolymers 

having a number average molar mass (M
0

) of approximately 

60.000 were optically clear and that copolymers having Mn ~ 

200.000 showed phase separation. Obviously, the molar mass 

plays a very important role in conjunction with the width of 

the CCD (intermolecular structure). From recent investigations 

(33), it becomes clear that phase separation can also be 
influenced by the sequence distribution (intra-molecular 

structure). For example. a theoretica! treatment of this 

subject was given by Ballazs et al. (33). Thus. properties of 

copolymers depend on inter- as well as intramolecular 

structure. 

The dependency of T
9 

on molefraction styrene of products 
prepared by low conversion solution processes are presented in 

Figure 6. 
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Figure 6 
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In this figure a minimum is observed. These results are 

qualitatively in agreement with the ones observed for the 

system styrene-methylmethacrylate (34). Such behaviour 

indicates that simple models taking only into account the 

contribution of the homopolymers (i.e. sty-sty and ema-ema 

interactions) cannot hold and that at least sty-ema 

interactions have to be considered also. 

In Figure 6, the T
9

1 s of the 3 copolymers obtained at very 
high conversion solution processes are also given. It appears 

that these T
9

1 s are significantly higher than the T
9

•s of 
copolymers obtained at low conversion. This apparent 

contradiction might be explained by the existence of 
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compatibilizing effects. which account for better chain 

interactions. 

As an important result, we observed that products, 

prepared by high conversion emulsion polymerization exhibiting 

a deviating microstructure. show also significantly deviating 

T
9 

as compared with copolymers obtained by high conversion 

solution processes. 

Although the complete explanation of the cause of the 

anomalous T
9

•s is not completely clear, the results certainly 

indicate that revelation of the inter- as well as 

intramolecular structure can be used in revealing relations 
between process conditions and polymer properties. 

B.4 .. Conclusions 

The results of the present investigation indicate that a 

calculation model proposed leads to a reliable prediction of 
triad distribution in case of high conversion solution and 
even azeotropic emulsion processes. The tacticity parameter 

(oSE ~ 0.67) of copolymers obtained by high conversion 
solution processes did not deviate signif icantly from the one 

obtained at low conversion. However. the o5E of emulsion 
products appeared to be slightly but significantly higher. 

A comparison of the experimentally observed and the 
theoretically expected total triad distribution indicates that 
the distribution is dependent on the polymerization conditions. 
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SUMMARY 

Polymers are being used in many applications where 

specific properties are required. An important method of 

preparing "tailor-madeu polymers is copolymerization. i.e. the 

formation of polymers containing two different monomeric units 

within each macromolecule. Often, copolymers have advantages 

over blends of homopolymers. 

However, it is a recurring problem that copolymers. having 

the same average composition and molar mass, exhibit different 

properties. The study of these and related phenomena in the 

copolymerization of styrene (sty) and ethyl methacrylate (ema) 

is the aim of the present investigations. 

The key to the solution of these problems appears to be a 

thorough investigation of the macromolecular microstructure. 

Copolymerization conditions (degree of conversion, properties 

of reaction medium, homogenous solution or heterogeneous 

emulsion systems, ratio of monomers in the feed. etc.) may 

strongly affect the microstructure. which can be characterized 

in terms of a three dimensional Molar Mass Chemical 

Composition Distribution (MMCCD) {i.e. intermolecular 

structure) and triad fractions and tacticity parameters (i.e. 

intramolecular structure). 

Until now, theories only valid for infinitesimal 

conversion intervals are available to describe relations 

between ideal, solution-process conditions and molecular 

structure (MMCCD and triad fractions). Furthermore. 

application of those theories is strongly hampered by various 

simplifying assumptions, e.g. equal molar masses of the 
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monomeric units. Moreover. reliable and flexible methods to 
verify the structure. were lacking. which so far has 
prohibited a thorough verification of the theoretical models 

developed. 

In order to cope with these difficulties. in this 

investigation. semi-quantitative models have been developed to 

predict the three dimensional MMCCO, and quantitative models 
to pcedict various diad and triad fractions of copolymers 

prepared by means of solution copolymerization till high 

convers ion. 

For the evaluation of experimental MMCCD's a new and very 

promising crossfractionation method has been developed in our 

laboratory. First. the copolymers are being separated 

according to molar size by means of Size Exclusion 
Chromatography (SEC), and subsequently s or more fractions of 
different molar size are separated according to composition by 

means of gradient elution quantitative Thin Layer 

Chromatography (TLC/FID). The experimental determination of 

the intramolecular structure was carried out by means of 1 H 

d 13 d h h . . 1 an C-NMR. It appeare t at t e ass1gnments in H-NMR 

spectra. valid for styrene-methyl methacrylate copolymers 

could not hold for sty-ema copolymers. In this investigation. 
the 1H-NMR spectra were successfully reassigned. 

From crossfractionation, NMR data and model calculations, 
it appeared that the observed MMCCD and triad fractions of 

"solution products" are well in agreement with the predicted 
MMCCD's and triad fractions, indicating the validity and 
applicability of our experimental methods and theoretical 

models. The "high conversion" products exhibited significantly 

different T •s as compared with "low conversion" products 
g 

having approximately the same composition and molar mass due 

to differences in (predictable) product distributions. 

On the other hand, the products obtained by means of 

emulsion copolymerization exhibited a significantly anomalous 

intra- and intermolecular structure. As an important result, 
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we have found that these anomalies also show up in the 
properties (T ) of the emulsion products. 

g 
These and other results indicate an interesting line of 

progress in the prediction of relations between process 

kinetics. microstructure and properties of copolymers. These 

investigations will also contribute to the elucidation of the 

most complex emulsion copolymerization kinetics. A detailed 

study on those kinetics. aimed at the prediction of copolymer 

microstructure and properties forms the subject of future 

research. 

- 151 -



SAMl::NVA1'1' ING 

Polymeren worden gebruikt in veel toepassingen waar spe

ciale eigenschappen vereist zijn. Een belangrijke methode om 

~g11. "ta\lot-made" polymeren te bereiden is copolymerisatie, 

d.w.z. vorming van polymeerketens, die 2 verschillende monome

re f!enheden bevatten, die chemisch gebonden zijn. Vaak hebben 

deze copolymeren voordelen t.o.v. mengsels van homopolymeren. 

Echter, het blijkt een steeds terugkerend probleem dat 

copolymeren, alhoewel ze dezelfde gemiddelde samenstelling en 

molmassa bezitten, deze toch andere eigenschappen vertonen. De 

bestudering van deze en gerelateerde phenomenen in de copoly

merisatie van styreen (sty) en ethylmethacrylaat (ema) is het 

doel van dit onderzoek. 

De sleutel tot de oplossing van deze problemen blijkt een 

fundamentele bestudering van de microstructuur van de macromo

leculen. Copolymerisatie condities {omzettingsgraad. eigen

schappen reactie medium. homogene solutie of heterogene emul

siesystemen, monomeer voedingsverhouding etc.) kunnen de 

microstructuur sterk beïnvloeden. De structuur wordt gekarak

teriseerd in termen van een driedimensionale Molaire Massa 

Chc~mische Sàmenstel l ingsverdeling (MMCCD) { intermoleculaire 

~tructuur} en triad fracties en tacticiteitsparameters (intra
moleculaire structuur). Tot nu toe zijn er slechts theorieën 

beschikbaar die geldig zijn voor infinitesimaal kleine conver

sie intervallen en relaties beschrijven tussen ideale solutie

proces condities en moleculaire structuur (MMCCD en triad 

fracties). Verder wordt toepassing van deze theorieën belem

merd door vereenvoudigende aannamen, bijv. gelijke molmassa•s 
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van de monomeren. Tenslotte betrouwbare en flexibele methodie
ken om deze molecuulstructuren te verifieren, ontbraken, het

geen een grondige verificatie van de ontwikkelde theorieën 

heeft verhinderd. 

Om deze moeilijkheden het hoofd te bieden werden in dit 

onderzoek semi-quantitatieve modellen ontwikkeld om de drie

dimensionale verdeling MMCCD te voorspellen en kwantitatieve 

modellen ontwikkeld om diad en triad verdelingen te voorspel

len. De modellen bleken geldig voor copolymeren gemaakt tot 

hoge conversie in solutieprocessen. 

Voor de evaluatie van experimentele MMCCD's werd een 

nieuwe veelbelovende crossfractioneringsmethode ontwikkeld in 

ons laboratorium. Eerst worden de macromoleculen gescheiden 

naar molecuulgrootte met behulp van Size Exclusion Chromato

graphy (SEC) en vervolgens worden 5 of meer fracties van 

verschillende molmassa•s gescheiden naar samenstelling met 

behulp van gradient elutie kwantitatieve dunne laag Chromato-

graphy (TLC/FID). De experimentele bepaling van de intramole

culaire structuur werd uitgevoerd m.b.v. 1H en 13c-NMR. 
1 Het bleek dat de piek toekenningen in H-NMR spectra, geldig 

voor styreen-methylmethacrylaat copolymeren niet juist bleken 

voor sty-ema copolymeren. In dit onderzoek werden de toeken

ningen in 1H-NMR spectra met succes herzien. 

Uit gegevens van crossfractionering, NMR en modelbereke

ningen bleek dat de waargenomen MMCCD en triad fracties van 

"solutie produkten" in goede overeenstemming waren met de 

voorspelde MMCCD's en triad fracties, hetgeen de 

betrouwbaarheid en de toepasbaarheid van de ontwikkelde 

modellen en technieken aantoont. De hoge conversie produkten 

vertoonden een significant verschillende glastemperatuur 

(Tg) vergeleken met lage conversie produkten, alhoewel 
beiden dezelfde samenstelling en molmassa maar wel 

verschillende (voorspelbare) produktdistributies bezaten. 
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Aan de andere kant, produkten verkregen met behulp van 

batch emulsiecopolymerisatie vertoonden significant anomale 
intra- en intermoleculaire structuur. Als belangrijk resultaat 

hebben we gevonden dat deze anomalien ook naar voren kwamen in 

de eigenschappen (T ) van de emulsieprodukten. 
g 

Deze en andere resultaten tonen een belangrijke voort-

gang aan in de voorspelling van relaties tussen proceskine

tiek, molecuulstructuur en produkteigerischappen. Dit soort 

onderzoeken zullen ook een belangrijke bijdrage leveren in de 

opheldering van de zeer complexe emulsiecopolymerisatie 

kin~tiek. Een gedetailleerde studie van deze kinetiek, gericht 

op de voorspelling van de microstructuur van copolymeren en 

eigenschappen vormt het onderwerp van verder onderzoek. 
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Errata 

Page 38 2lth line: Add (All amounts indicated in grams) 

Page 61 7th line: qo " 1.1 

Page 110 2nd line: (C) and two sty-ema copolymers (A,B) 

Page 14S lst line: o: low conversion solution 



stellingen 

1. Copolymeren met dezelfde gemiddelde samenstelling en 

molmassa kunnen desalniettemin verschillende eigenschappen 

vertonen als gevolg van verschil in inter- en 

intramoleculaire structuur. 

2. De do.or Nunes berekende copolymeersamenstelling {mol.\ 
methyl methacrylaat) die als functie van de conversie 
aanvankelijk daalt, vervolgens stijgt en daarna weer 
afneemt. is onmogelijk onder de door hem gedane aannamen. 

R.W. Nunes, S.J. Huang, J.F. Johnson, Polymer Engineering 
and Science, 11. (1983) l 

3. De empirische regel dat de glasovergangstemperatuur (Tg) 
van alternerende copolymeren respectievelijk groter, 

gelijk, kleiner is dan de Tg van overeenkomstige random 
{l:l) copolymeren indien het verloop van de Tg met de 
samenstelling convex, lineair en concaaf is, wordt in een 

der gevallen ten onrechte gesteund door een vergelijking 

van Tg's bepaald m.b.v. DSC, met die bepaald m.b.v. DMA. 

M. Hirooka, T. Kato, J. Pol. Sci., Pol. Let. Ed .• 12 
(1974) 31 

4. De door Ogawa toegepaste gradient in TLC scheidingen 

alsmede de berekeningsmethode ter bepaling van chemische 
samenstellingsdistributies (CCD) van styreen-acrylonitril 

(SAN) copolymeren. lijken niet in staat de verwachte 
bimodale verdeling nauwkeurig te bepalen en te berekenen. 

T. Ogawa, M. Ishitobi. J. Pol. Sci., Pol. Chem. Ed,, 21 
(1983) 781 



5. Stabilisatoren gebruikt in emulsiecopolymerisatie 
processen lijken chemisch ingebouwd te kunnen worden in 

het polymeer. waardoor een quasi-terpolymeer ontstaat. 

Door inbouw van dergelijke componenten kunnen 
fractioneringsresultaten sterk worden beinvloed. Daarom 

verdient het aanbeveling om in publicaties het type 
polymerisatieproces met toegepaste stabilisatoren, 

initiatoren en andere componenten te vermelden, alsmede de 

gevoeligheid van de fractioneringsmethode voor de "derde" 

component. 

6. De bewering van Kratochvil (1) dat op dit moment geen 

betrouwbare methoden voorhanden zijn om molaire massa 

chemische samenstellings distributies (MMCCD) te bepalen 
lijkt in tegenspraak met methoden die reeds ontwikkeld 

zijn (2). 

(1) o. Prochazka. P. Kratochvil. J. Pol. Sci., Pol. 
Phys. Ed .• 22 (1983) 501 

(2) G. Glöckner. Pure and Applied Chemistry, 55 (1983) 
1553 
H. Inagaki, T. Tanaka, Pure and Applied Chemistry, 
54 (1983) 309 

7. Ondanks het feit dat copolymeren van lijnolie, een 
goedkope en haast onuitputtelijke bron van monome'er. met 

vinylacet.aat. (1) en acrylonitril (2) reeds langer bekend 
zijn en de eigenschappen van drogende olien en 

synthetische verven hierin goed gecombineerd lijken te 
kunnen worden (3). wordt hieraan te weinig onderzoek 

verricht. 

(1) A. Eibner et al .• US Patent, 1,342,097 (1923) 
(2) F.R. Mayo. c.w. Gould, J. of American Oil Chemists 

Soc., !l (1964) 25 
(3) J.C.J.F. Tacx, Afstudeerverslag TH Eindhoven (1982) 



8. De door Uebel en Dinan voorgestelde nauwkeurigheid in een 

vergelijk van voorspelde en experimenteel gevonden triad 
fracties van styreen-methyl methacrylaat copolymeren is 
aan twijfels onderhevig daar de piek deconvolutie van 
overlappende pieken ook voor hen onbekend is. 

J.J. Uebel, F.J. Dinan. J. Pol. Sci .• Pol. Chem. Ed .• 21 
(1983) 2427 

9. De algemene conclusie, dat de verandering van het axiale 
ligand in de transpositie ten opzichte van het water
molecuul in cobaloxims slechts de activeringsenthalpie 
voor substitutie van het watermolecuul beïnvloedt, blijkt 
alleen toepasbaar te zijn op alkyl cobaloxims. 

R. Dreos-Garlatti. G. Tauzher, G. Costa. M. Green, 
Inorganica Chimica Acta, 50 (1981) 95 

10. Toepassing van complexe optimaliseringsmethoden (zgn error 
in all variables methods) teneinde nauwkeurig parameters 

te schatten is alleen zinvol indien de verhouding van de 
meetfouten van de diverse variabelen bekend zijn. 

ll. Recente ontwikkelingen op het gebied van cont(r)act 
onderzoek tussen hogeschool en industrie dienen te worden 
gestimuleerd, daar zo mogelijkheden gecreëerd worden om 
ervaringskennis vanuit theoretisch oogpunt te begrijpen en 
om fundamentele kennis toepassing te laten genieten. 

12. In landen met een eenpartijstelsel kunnen verkiezingen 
alleen uitgesteld worden als de uitslag vooraf op het 
partijbureau zoekgeraakt is. 

J.C.J.F. Tacx 
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