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ABSTRACT: 
corresyonded to approximately 90% of the initiating radical (CH3)2&OO- and 10% of the propagating radical 
RCH2C(CHa)COO-. The total radical yield at - 196" increased linearly with radiation dose up to 1 Mrad, corre- 
sponding to G(radica1s) = 4.7 i 0.5: but deviated increasingly from linearity at higher doses. On warming 
above - IOO', the spectrum changed to that of the propagating radical, without any change in the total radical con- 
centration. This radical transformation was temperature and time dependent and was attributed to the reaction 
(CH,)d?COO- + CH,=C(CH,)COO- -f (CH&C(COO-)CH2C(CH,)C0O-. The kinetics of the reaction were 
studied in the temperature range -90 to -60'. It proceeded rapidly at first, followed by a much slower reaction. 
Both stages showed first-order dependence on the concentration of the initiating radical and gave Arrhenius activa- 
tion energies of 2.6 i 0.1 and 4.3 + 0.4 kcal, respectively. At 50" polymerization to long-chain polymer occurred. 
This was accompanied by a marked decrease in radical concentration. The kinetics of the decrease were studied 
and the decay was attributed to the mutual interaction of short-chain. propagating radicals. 

The electron spin resonance spectrum of y-irradiated barium methacrylate dihydrate at - 196 

here have been numerous studies by electron spin T resonance (esr) of the reactions of radicals pro- 
duced in solids by y irradiation. However, these have 
almost all been concerned with decreases in radical 
concentration on warming, including rapid reac- 
tions at phase changes. 4--6 Such decreases occur by 
mutual interaction of pairs of radicals and are there- 
fore diffusion-controlled reactions. Hence little in- 
formation can be obtained about chemical parameters. 

The productio:n of a high concentration of radical I- 
(CH:3)rCCOO---in y-irradiated barium methacrylate 
dihydrate a t  - 196" has been e~tabl ished.~ It has also 
been shown that the propagation reaction involving 
addition of monomer molecules proceeds on warming. 
Long-chain polymer is formed at +50",% but addition 
of the first monomer unit occurs a t  temperatures as 
low as -100". This step, corresponding to  reaction 1, 
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CHIC. + CH?=C -+ CH,C-C-C. (1 )  
I ' I  

( 3 0 0 -  COO- H COO- 
I coo- 

I 11 

can be followed by observation of the changes in the esr 
spectrum. The spectrum of the initiating radical (I) 
consists of seven lines with a binomial intensity dis- 
tribution and a hyperfine splitting (hfs) of 23 G, whereas 
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the spectrum of the dimeric propagating radical (11) 
at  -80" contains nine lines with an increasing inten- 
sity distribution and hfs of 11.5 G.Y 

Such a radical-molecule reaction should not be 
controlled by the diffusion parameters which are para- 
mount in radical-radical reactions. A radical formed 
in the solid monomer would be surrounded by a shell 
of monomer molecules, and even assuming that the 
reaction is topochemically controlled,$ diffusion would 
only have to  occur over a distance of a few 8ngstrbms. lo 

The first part of this paper describes a detailed in- 
vestigation of reaction 1 at  various temperatures in the 
range -90 to  -60". Polymerization to  long-chain 
polymer, i.e., repeated addition of monomer molecules 
to  the propagating radicals, occurs at temperatures 
greater than 25" .  Termination of these long-chain 
propagating radicals by mutual interaction should be 
negligible in the solid state and the radical concentra- 
tion would be expected to  remain constant. This has 
been observed in the y-radiation-induced polymeriza- 
tion of octadecyl methacrylate.4 In barium meth- 
acrylate dihydrate a marked decrease in the concentra- 
tion of propagating radicals was observed during poly- 
merization at  temperatures from 40 to  5 5 " .  There- 
fore kinetic studies were made of this decrease at  40, 
50, and 55" and are reported in the second part of the 
paper. 

Experimental Section 

Baricm methacrylate was prepared and the dihydrate re- 
crystallized as described previously.7 Powder samples were 
sea!e;l under vacuum in Spectrosil tubes and irradiated with 
y-rays at - 1963. 
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1. Radical yield at - 196" 

Esr measurements were made with a Varian V4502 in- 
strument using a liquid nitrogen dewar and variable tem- 
perature and dual sample cavities. Actual sample tem- 
peratures were obtained by calibration with a standardized 
thermocouple. Kinetic runs in the range -90 to -60" 
were carried out in the esr cavity, where temperature control 
throughout a kinetic run as 10.5".  For the studies at 
40-55" samples were kept in  a constant-temperature bath 
between measurements. 

Relative radical concentrations were obtained by double 
integration of the recorded first differential spectra using a 
computer, Absolute values were obtained by comparison 
with standard samples of cu.cc-diphenylpicrylhydrazyl 
(DPPH)-KCI mixtures.l' The DPPH (Light and Co.) was 
recrystallized four times from carbon disulfide and dried 
in a vacuum oven for 10 hr at 70'. Standard samples were 
prepared by grinding and mixing weighed amounts of DPPH 
and KCI in  a vibratory ball mill; or in an agate mortar. 
They were then sealed under a vacuum of torr. 

The proportions of initiating and propagating radicals in  
each sample were derived by three methods: (1) by measur- 
ing the decrease i n  height of the outermost lines due to 
radical I. (2) by measuring the increase in height of the 
intermediate lines due to radical 11. and (3) by comparing 
computed spectra containing various proportions of I and 
I1 with the observed spectra. The computed spectra were 
calculated using t h t  C.S.I.R.O. CDC 3600 computer and 
drawn on a Calcomp plotter.'j Methods 1 and 2 could be 
used since there was no significant change in line width, or 
overlap of the two spectra at these positions. Method 3 
is effectively an average of methods I and 2, taken over the 
whole spectrum, and is therefore the most satisfactory tech- 
nique. The error resulting from using the computed spectra 
to determine the relative radical concentrations was esti- 
mated to be about = t 3  %. 

Results and Discussion 

Radical Yield at -196". The total radical yield at  
- 196: increased linearly with 7-radiation dose up to  
1 Mrad as shown in Figure 1. The radiation chemical 
yield (G) was calculated from the slope to  be 4 . 7  & 

0 05 radicaIs,'lOO eV. This is a n  abnormally high 
value for the production of trapped radicals in an or- 
ganic solid and is one of the features of barium metha- 
crylate dihydrate which makes it attractive for esr 
studies. On energetic grounds G(scission) of about 10 
would be expected. However, in rigid media radical- 
radical recombination occurs very readily-the Franck 
Rabinowitch cage effect-thus accounting for the low 
C(trapped radical) values usually observed. 1 2 - 1 1  At 

(11) IC. H. Bar-Eli and I<. Weiss, J .  P h j . ~ .  Chem., 70, 1677 
(1966). 

Figure 2. Esr spectra of (A) pure initiating radical (Rl . ) .  
(B) pure propagating radical (Rn.), (C) a mixture of 10% 
Rz. and 90% R1., (D) a mixtureof50z RP. and 50% R1.. 
These spectra apply to the temperature range -196 to 
-60" and for the short-chain propagating radical.9 

higher radiation doses the plot of radical concen- 
tration L-s. dose deviated increasingly from linearity. 
At high doses (>6 Mrad) it approached a saturation 
yield of radicals of about 1 . 7  x lo-* M (10'9 spinsjcc 
or a mole fraction of 4 . 5  X 10-3). This deviation 
from linearity is t o  be expected, particularly if the 
radicals are formed in spurs. Overlapping of the spurs 
a t  high doses then accounts for the deviation from lin- 
earity. 

After all doses the main radical species was the 
initiating radical I but some propagating radicals (11) 
were always present. We have previously showng 
that the esr spectrum of the propagating radical de- 
pends on three factors: (1) the environment of the 
radical, (2) the temperature, and (3) the degree of 
polymerization, and that at - 196" the propagating 
radical would most probably be a dimer radical in a 
monomer matrix. Therefore, the spectrum of the 
propagating radical in irradiated monomer at -196" 
was calculated assuming a 58-62' conformation of the 
P-methylene C-H bonds in the radical. Comparison 
of experimentally observed spectra with computed 
spectra synthesized from differing proportions of the 
initiating and propagating radicals showed that the two 
radicals were present in the approximate proportions 
of 90% I and 10% I1 after all radiation doses. The 
calculated esr spectra of the initiating radical (I), the 
propagating radical (11), and mixtures of I and I1 con- 
taining 10 and 50% of I1 are shown in Figure 2. The 
small amount of propagating radical must arise during 
irradiation since no further conversion of radical I to 
radical I1 was observed at  - 196". It may be attributed 
to  reaction 1 occurring as a result of the excitation 
energy of some of the initiating radicals overcoming the 
activation energy barrier, Le., "hot" radical reactions, 

(12) I .  Norman and G .  Porter, Proc. Roy.  Soc. (London), 
A230, 399 (1955). 
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Figure 3. 
trations during warming. 

Temperature dependence of the radical concen- 

or  t o  the formation of some of the radicals in defects 
which favor particularly high reactivity. 

Radical Transformation above - 100 '. Temperature 
Dependence. When irradiated samples were warmed 
above -100" the seven-line spectrum of the initiating 
radical disappeared and the nine-line spectrum of the 
propagating radical appeared. There was n o  change 
in the total radical concentration. Figure 3 shows the 
effect of temperature on the proportions of the two 
radicals. In these measurements the sample was 
warmed to  the required temperature, allowed to  attain 
thermal equilibrium (approximately 2-7 min), then 
cooled back to -150" and the spectrum recorded. 
Since the total radical concentration remained constant 
and the observed spectrum could always be quantita- 
tively accounted for by a mixture of radicals I and 11, 
we conclude that reaction 1 proceeded on warming 
above -100". 

Time Dependence. The transfo:mation was also 
time dependznt at any temperatur-. The disappear- 
ance of radical I and the appearance of radical I1 were 
followed as a function of time at szlected temperat~irts 
in the range --90 to -60". Res~iits obtained by 
measuring (1) the disappearance of the outer lines of 
the spectrum of radical I, or (2) the increase in intensity 
of the intermediate lines of the spectrum of radical 
11. or (3) comparing computed spectra containing I 
and I1 in various proportions with the observed spectra 
containing I an'd I1 in various proportions with the 
observed spectra gave similar kinetic curves. The coni- 
puted spectra of radicals I and I1 are the same from 
- 196 to -50" and are as shown in Figure 2. 

The change in the concentration of the initiating 
radical with time: at a series of constant temperatures is 
shown in Figure 4. At each temperature the rate of 
disappearance of radical I was initially very high, but 
then decreased to a relatively low value. At higher 
temperatures this decrease occurred after greater pro- 
portions of the initiating radical concentration had 
reacted. If  the reaction followed normal kinetics, 
then 

where [Rl ' 1  is the concentration of the initiating radical 
and [MI is the concentration of monomer. Assuming 
the monomer concentration to  remain unchanged by 
the first addition 

0 20 40 60 80 100 120 
Time, min. 

Figure 4. Time dependence of initiating radical concentra- 
tion (R1.] at constant temperatures: 0 ,  -60'; A, -70"; 
B, -80" ;  +, -90". 

0 20 40 60 80 100 120 
Time, min. 

Figure 5. Kinetic plots for reaction of initiating radical 
(RI.): 0 ,  -60"; A, -70"; B, -80"; +. -90". 

where k l  = kr[M]; one would expect first-order kinetics 
with respect to  the initiating radical concentration. 
Plots of log [R,.] against time are shown in Figure 5.  
Initially the plots are curved: but after ii certain time 
they obey a linear relationship. 

The experimental results can be explained by con- 
sidering the over-all reaction to be due to  two parallel, 
first-order reactions, both producing the dimeric 
propagating radical R ? .  . Consideration of the reac- 
tion scheme 

I ,  
R , * ,  + PI + R i ,  (2) 

R I ,  + M + R,.  (3)  
1.1, 

leads to the rate equations 

-d[R1* .]:dr = k.,l[R,*.] 

and 

-d[Ri . ] ,dt  = ki,'[Ri.] 

which integrate to 

[Rl* . ]  = [Rl* .]o,-",!lt 

and 

[R, . ]  = [Rl.]oe-""" 

Since the reaction is followed by measuring [R,* + 
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TABLE I 
KINETIC PARAMETERS FOR THE REACTION Ri. + M + R2. 

~~ ~ 

7 
I Temperature, "C -- 

- 60 - 70 - 80 - 90 

Fast Reaction 
k l ,  sec-' 3.77 + 0.07 X 2.62 + 0.16 X 1.98 i 0.05 X 10-3 1.38 f 0.03 X 10-3 
kz,  I. mol-lsec-l 10.20 + 0.19 X 7.10 f 0.43 X 5.36 1 0 . 1 3  X lo-' 3.74 f 0.10 X 
E,, kcal mol-' 
A ,  I. mol-' sec-' 

2.6 f 0.1 
0 . 4  =t 0.1 

Slow Reaction 
0.73 + 0.02 X lo-' 
1.98 f 0.06 X 10-5 
4.3 i 0 . 4  
0 .9  i 0 . 1  

k ,  sec-1 
k2,1. mol-lsec-' 
E,, kcal mol-' 
A ,  1. mol-' sec-1 

1.33 i 0.07 X 
3.60 f 0.19 X 

0.39 I 0.03 X lo-' 
1.06 i 0.10 x 10-5 

0 .25  f 0.02 X 10-4 
0.15 i 0.06 X 10-j 

organic compounds by y irradiation may be oriented 
in the lattice, whereas others are not. Moreover, the 
oriented radicals are usually less reactive and remain 
after careful warming, when the other radicals react. 
Presumably the oriented radical is in a relatively non- 

h defect site and the unoriented radical must be in a de- 
Y fect site, which may be produced during crystal growth x 1 . 0  - or by the irradiation. Unfortunately, the isotropic 

nature of the initiating radical spectrum prevents dis- 
tinction between these two cases by single crystal 
studies. Although two types of initiating radical (I) 
with markedly different rates of reaction with monomer 
can be distinguished, this is an oversimplification and 
there must be a range of trapping sites with a spectrum 
of energies for detrapping and subsequent reaction. li 

0 20 40 60 80 100 120 Observation of the esr spectrum with time has been 
shown to be a method of studying the kinetics of a 
radical-molecule reaction (reaction 1) in the solid state 
at low temperatures. The slopes of kinetic plots of 
the changes in radical concentrations give quantitative 
measures of the rates. If first-order kinetics are con- 
sidered to  be applicable, rate constants can be derived 
without the actual radical or monomer concentrations 

1 . 5  

% 

4 

5 

Time, min. 

Figure 6. Kinetic analysis of Figure 4 in terms of two par- 
allel first-order reactions: 0 ,  -60'; 4 -70"; m, -80"; *: 
-90". 

R1.], the sum of the concentrations of the two reactants, 
then the above equations predict that 

Further, provided k ,  # k,, a plot of log [R1*. + R1.]  
cs. time should be curved (cf., Figure 5 ) .  If k ,  >> kb, 
then the more reactive component R1*. would be ex- 
pected to disappear after a certain interval, when the 
expression for log [Rl* + R, . ]  would become 

i.e., the curve should become linear, as is observed in 
Figure 5 .  From the slope and intercept of this line, 

and kI,l may be determined and [R1.] found at  
any time. With this information [R1* , ]  may be calcu- 
lated, and hence the rate constant of the first reaction 
may be determined from the slope of log [Rl*.] cs. 
time. l 6  Figure 6 shows the plots of log [R,* ' 1  and log 
[R1.] cs. time. 

We suggest that R1.  and R1*. represent the same 
chemical radical species-initiating radicals (1)- 
trapped in two basically different environments. These 
may be (a) oriented in the crystal lattice, and (b) not 
oriented. It has been well established by many work- 
ers that some radicals produced in single crystals of 

(16!, A.  A. Frost and R .  G. Pearson in  "Kinetics and Mechq- 
nism, 2nd ed, John Wiley Br Sons, Inc., New York, N .  Y . ,  1961, 
p 162. 

being required. These are listed for the fast and slow 
reactions in Table I. The temperature dependence 
of the rates indicates Arrhenius activation energies for 
the fast and slow reactions of 2.6 i 0.1 and 4.3 + 0 . 4  
kcal, respectively. 

Second-order rate constants can be calculated from 
these first-order rate constants, if a value can be as- 
signed to the monomer concentration, since k l  = k?- 
[MI. We have taken this to  be the bulk concentration 
of the monomer in the solid. The results (Table I) 
indicate that the rate constant in the solid at - 7 5 "  is 
about lo-$ of the hypothetical value for the propagation 
step in the polymerization of methyl methacrylate in 
the liquid phase at that temperature (calculated from 
A and E,, values for the above-ambient reaction1*). 

When irradiated samples 
were warmed to  40-55" and maintained at constant 
ternperaturc the total radical concentrations decreased 
with time t 3  apparent limiting concentrations of ab3ut 
30-50z of the initial values. The decreases in radical 
concentration with time at 40, 50 and 55 O are shown in 
Figure 7 (curves A, B and C). Measurements were 

(17) J. M .  Flournoy, L. H. Baum, and S. Siegel, J .  Chem. 
Phj,s., 36, 2229 (1962). 

(18) A.  M. North in "Kinetics of Free Radical Polymeriza- 
tion," Pergamon Press Ltd., London, 1966, p 5 8 .  

Rad'cal Decay at  40-55". 
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Figure 7 .  Radical decay at 40-50": H, 40" (A); 
V, 50' (B);  0 .  55"  (C). 

A and 

also made at times considerably in excess of the 240 
hr shown. but no further decreases in radical concen- 
trations were observed. It seems quite definite that 
the radical concentrations reach limiting values. The 
rate of decay wiis greater and the limiting concentra- 
tion lower at higher temperatures. Limiting values of 
48, 30 and 27z were obtained at 40> 50 and 5 5 " ,  re- 
spectively. 

The kinetics of the radical decay were examined in 
detail at all three temperatures. The  analysis is dis- 
cussed for 50", similar results being obtained for 40 
and 5 5 " .  We will consider several possible methods of 
analyzing the kinetic data and the mechanistic feasibil- 
ity in each case. 

When irradiated barium methacrylate dihydrate 
is warmed to 40-55" all the radicals are methacrylate 
propagating radicals. RCH?C(CHa)COO-, and the 
decrease in total radical concentration might be ex- 
pected to follow first- or second-order kinetics. The 
appropriate plot!; are shown in Figure 8 (curves D and 
E). There is an appreciable deviation from first- 
order, but good agreement with second-order kinetics 
up to  about 200 hr. However, beyond this time there 
is no significant further decrease in radical concen- 
tration. 

2. An assumption that can be made is that there are  
two types of dimeric propagating radicals present from 
the beginning: l(a) those capable of further propaga- 
tion, and (b) those unable t o  propagate any further- 
perhaps due to the nature of their trapping site in the 
lattice. There are then two possibilities: either ( 1 )  
only type a can terminate, o r  ( 2 )  only type b can ter- 
minate. For eil.her case. the concentration of the 
radicals which can terminate may be found at any time 
by subtracting I.he limiting concentration from the 
total concentration. The time dependence of this 
concentration was then tested for first-order and sec- 
ond-order decay (curves F and G in Figure 8). There is 
good agreement with first-order, but no correlation 
with second-order kinetics. However, there is no 
direct evidence to  support the concept of two different 
radical populations in the temperature range 40-5.5". 

3. A further possibility can also be considered. 
The probability of termination may decrease as the 
length of the chain increases. Radicals which are 
finally trapped must then be long-chain radicals. This 
is supported by 1.he difference between the initial and 
final esr spectra, which we have attributed t o  the in- 
crease in chain length.9 The restricted mobility of the 
long chains and the statistical improbability of their 

1. 

0 50 100 150 200 
Time, hr. 

Figure 8. Kinetic plots for radical decay at 50": D, 
first order; E. second order plots for total radical concentra- 
tion; F, first order; G, second order plots for concentration 
of radicals which can terminate. 

0 50 100 150 200 250 
Time, hr.  

Figure 9. 
of radicals which can terminate. 

Functions for time dependence of concentration 

radical ends meeting would also suggest this. There- 
fore, initially all radicals will have the possibilities of 
terminating or propagating, and finally they will have 
zero probability of doing either. An arbitrary func- 
tion for the relative concentration of radicals able to  
terminate, cs. time. can be drawn, and three cases are 
shown in Figure 9. These are (1) linear (H), (2) logarith- 
mic (I), and (3) hyperbolic (J). 

For  each case the concentration of radicals which 
(a) can terminate and (b) cannot terminate can then be 
obtained as functions of time, and are shown in Figure 
10. The logarithmic and hyperbolic functions lead 
to  impossible curves for concentrations of radicals 
which cannot terminate, therefore functions 2 and 3 
must be rejected. We have considered one further 
case (4) in which the concentration of radicals which 
cannot terminate follows a curve of similar shape to 
that frequently obtained for the conversion in post- 
irradiation polymerization (curve P in Figure 10). 

The time dependence of the concentration of radi- 
cals which can terminate (R , . )  fits first-order kinetics 
for both cases 1 and 4, as shown in Figure 11. At any 
time, the radicals which are able to  terminate can par- 
ticipate in either of two reactions 

R .  T M --f R,,. 
rate = kU[M][R.] (4) 

rate = kr'[R.]? ( 5 )  

R .  - R .  --+ R R  or RH + R'C=CH, 

Both reactions are bimolecular, but it would be ex- 
pected that reaction 4 would be first order because the 
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Figure 10. Calculated time dependence of radical con- 
centrations at 50". B is the experimental total radical con- 
centration; ., experimental concentrations of short-chain 
radicals from esr spectra: i, radials which can terminate; 
ii: radicals which cannot terminate. 
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Figure 11. 
50": A. case 1 ; 0. case 4. in  text. 

First-order kinetic plots for radical decay at 

monomer (M) concentration is effectively constant. 
Since the over-all reaction is first order when allow- 
ance is made for the limiting radical concentration, 
it therefore appears that reaction 5, the radical decay, 
must also be first order. From the kinetic plots in 
Figure 11 only a combined rate constant for the two 
reactions can be determined and the individual rate 
constants cannot be resolved. 

Further information on the reactions can be obtained 
from the nature of the esr spectra. The shape changes 
with time, as shown in Figure 12, from increasing to 
alternating line intensities. This change is initially 
very rapid, and can be attributed, before appreciable 
conversion to polymer, to  a change from short-chain 
to medium-chain propagating radicals. The relative 

Figure 12. Esr spectra of propagating radical during 
polymerizationat 50": Ua,O hr; b, 5 hr; c, 96 hr; d, 180 
hr. 

proportions of short-chain and medium-chain radicals 
can be determined from the relative peak heights in 
the spectra and the decrease in short-chain radical 
concentration with time is shown in Figure 10. It is 
much more rapid than the decrease in the concentra- 
tion of radicals which can terminate. 

The picture which emerges is that of a rapid de- 
crease in the concentration of short-chain radicals, 
Repeated addition of monomer molecules produces a 
progressively increasing average chain length. The 
rate of mutual termination decreases with increasing 
chain length and also as radicals in close proximity to  
one another, which are probably formed in spurs, com- 
bine. 

The temperature dependence of the decrease in total 
radical concentration is probably best derived from 
first-order plots of type F in Figure 8, a value for the 
Arrhenius activation energy of 14 t 4 kcal being ob- 
tained. 

The possible effects of the water molecules on the 
reaction should not be disregarded. They comprise 
two out of every three molecules, or about 10z of the 
volume, in the crystal. First, they probably provide 
the hydrogen atoms which add to  the double bond of the 
monomer to produce R, '  Second, as we have shown 
previously,g the radical end of the groLving chain adopts 
an increasing twist away from the symmetrical con- 
formation, which is probably due, in part. to plasticizer 
action by the water. The involvement of the water 
in the propagation reaction is under further investiga- 
tion. 

Conclusions 

It has been shown that in barium methacrylate di- 
hydrate the addition of the first monomer molecule to  
the initiating radical occurs at a much lower tempera- 
ture than the subsequent repeated addition of monomer 
molecules to  the propagating radical t o  form long- 
chain polymer. The rate of the first addition is tem- 
perature dependent with a n  Arrhenius activation en- 
ergy suggesting possible chemical control. The reac- 
tion occurs with a fast and a slow stage indicating-a 
variation in the energy of the trap for the initiating radi- 
cal. A marked decrease in the radical concentration 
during polymerization t o  long-chain polymer at 50" 
has been observed, which can be explained by diffusion 
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Interactions in Solutions of Block and Statistical Copolymers of 
Styrene and Methyl Methacrylate 
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ABSTRACT: Intrinsic viscosities of block and statistical copolymers of styrene (S) and methyl methacrylate (M) 
are analyzed as a function of molecular weight and composition by means of relations recently applied to styrene- 
butadiene block polymers. The unperturbed dimensions of the block polymer are entirely determined by those 
of the individual blocks and the composition. In the statistical copolymers they depend on the placement proba- 
bilities of the various pairs along the chain, but the departure from the relation for block copolymers turns out to be 
small. The long-range interaction parameter can be expressed for both types of copolymers as a quadratic form 
in the composition. The polymer-polymer interaction factor varies with the polymerization conditions of the 
PMMA block, and a correlation with the heterotacticity index is shown to exist. In a series of samples with similar 
indices for heterotacticity the interaction parameter is independent of molecular weight, composition and number 
of blocks. ,4lso, no systematic differences are observed between benzene and toluene at 25 and 30". 

he solution properties of block copolymers have T been investigated for a number of years and the 
poly(methy1 methacrylate) (PMMA)-polystyrene (PS) 
combination has been a preferred object of study. 
Frequently contradictory findings have been summarized 
at  various occasions. 

We have recently measured the intrinsic viscosities 
and second virial coefficients of polystyrene-polybuta- 
diene block copoLymerslO and given a description of 
the molecular weight and composition dependence. 
It is based on the concept of a 0 temperature a t  which 
all long-range interactions vanish separately rather 
than on  a mutual compensation which would make the 
0 temperature dependent on  molecular weight and 
composition for a given solvent.*, 11*12 The purpose 
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of this paper is to examine available experimental data 
on  PS-PMMA di- and triblock copolymers on the 
basis of the relations developed previously. 

Method of Analysis 

Consider a block copolymer composed of a series 
of chemical species i = 1, 2 . .  .n.  Let Mt be the mo- 
lecular weight of species i ,  with a repeat unit of mo- 
lecular weight Mot (per one carbon bond of the back- 
bone chain), unperturbed dimensions (rg2)2, and short- 
range interaction parameter A t 2  = uL2/Mi l>  = (rO2)JM2. 
If xt is the mole fraction and Bt = /3z /Mo,2  the long- 
range interaction parameter, we write for the copoly- 
mer the averageslO given in eq 1, where the subscript c 
refers to the copolymer. The second equation 

expresses the Gaussian character of the chain a t  T = 
0, where all Pu vanish. The third assumes that the 
fraction of i-j configurations characterized by a n  inter- 
action parameter p i j  can be represented as a product of 
mole fractions. This, of course, is strictly valid only 
for a random distribution of segments, and should not 
be expected to  hold if all the p's are sufficiently different 
from each other. In the styrene-butadiene system, 
eq 1 proved to  be valid in solvents which are good for 
a t  least one of the components.1° Equation 1 extends 
any two-parameter (A,B) relation developed for ho- 
mopolymers to  block copolymers by the introduction 
of additional quantities Pu. 


