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ABSTRACT The conformational properties of a triblock copolymer molecule with different kinds of 
interactions between units from the same or different blocks are studied as functions of the molecular weights 
of the three blocks. The analysis is based on calculations done about the critical dimension d = 4, where 
first-order perturbation theory is used. We calculate the end-to-end mean-square distances and the radii 
of gyration of the three blocks, the two subdiblocks, and the whole molecule, and from them we deduce the 
mean-square distances between the centers of mass of the blocks. Beyond the power law dependence of these 
properties on the molecular weight, which is the same as that of a homopolymer, their prefactors are determined 
at the various macroscopic states of the triblock copolymer. They depend both on the specific values of the 
interaction parameters at the fixed points and the ratios of the lengths of the blocks. The knowledge of the 
sizes of the parts of the macromolecule permits a comparison with the results from other methods as well 
as with experimental results of dilute solutions. A comparison between the behaviors of an AB diblock and 
that of an ABA triblock, special cases of the general ABC molecule, is included. 

1. Introduction 

Multiblock polymers, which can be obtained from the 
chemical junction of different homopolymers, have a richer 
spectrum of properties than those of the constituent ho- 
mopolymers, and their study is interesting from both a 
theoretical and a technological point of When 
the inter- and intrablock interactions of copolymers in 
solutions are varied by changing solvents or the temper- 
ature, different macroscopic behavior can be obtained. In 
the class of experiments on the special ABA type of 
t r i b l o c k ~ , ~ ' ~  the effects of the interactions between the 
end blocks are manifest and distinguish them from the 
AB diblock analogues.12J5J8 A large influence on the size 
of the middle block is observed in the ABA case.12J5 The 
variation of the molecular weights of the blocks affects 
the macroscopic properties of these species as well. It is 
characteristic, for example, that differences in the mo- 
lecular weights of the blocks or the interactions between 
them cause differences in the morphology of films of these 
copolymers cast from their s o l ~ t i o n s . ~ ~ ~ J + ~  Differences in 
the solubilities of the AB and ABA molecules in the same 
solvent systems have also been reported.13J6 Theoretical 
studies have been made on the special ABA type triblocks 
by means of analytical t h e ~ r i e s , l ~ J * ~ ~  and Monte Carlo 
technique@ and quantitative relations have been found 
to depend not only on the intensity of the unit-to-unit 
interactions but also on the relative lengths of the 
blocks.16J+21 With comparison of the properties of the 
ABA triblock with those of the AB diblock22 of the same 
molecular weight, it has been found that the effects of the 
intramolecular interactions (repulsive or attractive) are 
more pronounced in the case of the ABA triblock. For 
repulsive intramolecular interactions larger expansion 
factors have been found for the ABA case, indicating that 
the triblock ABA has a larger mean size than the equi- 
molar AB diblock under similar conditions. Association, 
on the other hand, between the side blocks of the ABA 
triblocks under certain conditions of attractions causes 
the collapse of these macromolecules; such behavior is not 
found in the case of the AB diblocks under similar 
conditions. 19120 

Though a variety of experiments have been made on 
the triblock macromolecules of the general ABC type, a 
systematic theoretical description of the role of the 
molecular weights of the blocks and the various pair 
interactions on the conformational behavior of this large 
class of macromolecules has not yet been done. We present 
in this work such a systematic study in an effort to give 

the general characteristics of these macromolecules in 
solutions. First-order calculations are done a t  the critical 
dimension d = 4,23-28 and the solution about d = 4 is used 
to describe the general effects of the chain behavior. The 
macroscopic states of the macromolecule can be found, 
and by means of first-order perturbation theory, the critical 
exponents and the prefactors of the various macroscopic 
properties can be determined to order t = 4 - d.29 We 
extend our previous work concerning diblock copolymers 
of equal block lengths27 to the study of triblock copolymers 
of different block lengths, in order to include effects coming 
from the variation of the sizes of the three blocks as well. 
The relations of the present study concerning the ABC 
macromolecule can both predict the behavior of this large 
class of block copolymers and prescribe interesting ex- 
periments. From these general relations, the correspond- 
ing relations of the special ABA and AB block copolymers 
are obtained as well and explain the main experimental 
behavior of these systems. They are an extension of 
previous renormalization group calculations21-22c and are 
in accord with other theoretical r e ~ u l t s . ' ~ J ~ J * ~ ~  

Generally, three different molecular weights NA, NB, 
and Nc of the three blocks and six different kinds of 
interactions between pairs of similar or dissimilar monomer 
units can exist. We use the previous n 0 t a t i o n ~ 3 ~ ~ ~  and write 
for the probability distribution of the positions (fiA, QB, 
ric) of all units the expression 

with 
Nb 

the probability distribution of the ideal chain of length N, 
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and uc or to two different blocks for the interblock 
excluded-volume interactions UAB, uw, and UAC. Approx- 
imating the i and j summations with integrations, we end 
up with functions of 1 and k. In a diagrammatic language, 
we take for the case with both k and 1 in the A block the 
expression 

<&,A2> I k 
I 1  

y. : I \ p , & k  : ,." : ,e./ : I 
( I - k )  - 2uA[-!d.f + j-i.J-1- + ..L*.- + j-i-.;-L 1 - 

t 
k 

equal to the sum of the lengths of the three blocks N = 
N A  + N B  + N c e 3 0  The first three exponential terms 
represent intrablock excluded-volume interactions while 
the last three represent excluded-volume interactions 
between different blocks. The macroscopic properties are 
determined as averages over the probability distribution 
q r i A , r i B , r i C ) ,  by means of first-order perturbation theory 
with respect to the u's. In the next section we determine 
the mean-square distances between any pair of polymeric 
units and use them in the following sections to determine 
the end-to-end mean-square distances and the radii of 
gyration of the three blocks, the subdiblocks, and the whole 
macromolecule; from them, the mean-square distances of 
the centers of mass of the blocks are deduced. An analysis 
concerning the macroscopic states represented by the fixed 
points of the system is included. 

2. Unit-to-Unit Mean-Square Distances 
Starting quantities for the calculations that follow are 

the unit-to-unit mean-square distances, where the two 
units may belong to the same or different blocks, quantities 
that are also important in the evaluation of hydrodynamic 
properties. We use them here for the evaluation of con- 
formational static properties. Though generally nine 
different combinations can be realized where the first and 
the second unit may belong to one of the three A, B, or 
C blocks, only four of them need to be calculated; the rest 
of the cases can be recovered from these four with 
symmetrical changes. If we denote the unit-to-unit mean- 
square distances as (Rx,?) with the X and Y letters 
standing for two of the A, B, or C blocks where the two 
units belong, the four unit-to-unit distances needed are as 
follows: that with both units on an end block like (RA,A') 
or ( R c , $ ) ,  that with both units on the middle B block 
(RB,B'), the case with one unit on the central block and 
the other on an end block like ( R A , ~ ' ) ,  or ( R B , ~ ' ) ,  and 
finally where the two units belong to the two end 
blocks. These mean-square distances are defiied by means 
of the probability distribution q r i A , r i B , r i C }  (eq 1.1) as 

s ?TddFiA?rddFiB?TddriCPfriA,riB,Fi~J, 

X, Y = A, B, C (2.1) 
and are functions of the positions of the two units on the 
blocks. These positions are determined by means of their 
contour lengths k and I, which are defined to be measured 
from the two junction points. If we denote the A block 
with a dashed line, the B block with a solid line, and the 
C block with a dotted line, the way of measuring the k and 
1 distances is shown in the following examples: 

For first-order calculations in the six u's, the probability 
distribution P(r iA , r iB , r iC)  is needed up to first order in the 
U'S. The ideal part of q r i A , r i B , r i C I  yields the ideal term of 
(Rx,?), which is proportional to the length of the segment 
between the two points, that is, proportional to 1 - k for 
the cases where both units belong to the same block, equal 
to 1 + k when the units belong to adjacent blocks, and 
equal to k + NB + 1 when the units belong the two end 
blocks. The rest of the terms with a 6 function, bring in 
contact two chain units from the i and j positions on the 
chain, which can belong either to the same A, B, or C block 
for the intrablock excluded-volume interactions U A ,  U B ,  

The diagrams represent intersected chains from the action 
of the 6 functions while the 1 and k points are denoted on 
the A block. Diagrams where the ( l ,k )  segment has not 
any part in common with the loop vanish and are not 
included. The forms of the surviving diagrams come from 
the simple rule of being equal to -(the length of the part 
of the (1,k) segment in the loop)2/(length of the 
10op)l+(~/~) 31 and are further explained in section A of the 
supplementary material. Their values for d = 4 found 
after the integrations over i and j are quoted in Table A.l  
in the supplementary material. By means of these values, 
the evaluation of (RA,A') is possible. I t  is given by 

and depends on both the molecular weights of the blocks 
and the excluded-volume interactions and also on the 
positions 1 and k of the two points in the A block. A 
symmetrical expression can be taken for (Rc,c') if we 
replace A of @!,A') with C. In a similar way, (RB,B') 
where the two units are in the central block can be written 
as 

(2.4) 
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Figure 1. UAC contributions to the (a) y( ( R A ~ ) )  ratio (eq 3.1) 
and the (b)  SA*)) ratio (eq 4.3) as a function of the reduced 
variable x = Nc/NA. L NB/(NA i- NB) increases with the 
length NB of the middle block. 

Going to the second category of unit-to-unit distances 
coming from positions at  two adjacent blocks, we take for 
( R A , B ~ )  the expression 

I 

' k  k 
n 

2(Ne - k )  In ?+)I (2.5) 

with the values of the diagrams written in Table A.l in the 

supplementary material. With a symmetrical change of 
A with C, ( R B , ~ ~ )  can be recovered from (RA,B~) .  The last 
combination (&,c2) for positions on the two end blocks 
becomes 

I) I n ( b + / )  +2& In b + 2 /  In I - ~ ( N A - / )  In - + (";") 
rug(NA- 02] - ug;[-2(Ng + k )  h (&+ k )  + 2Ne In & + 2k In k - 

NA(NA+ b) , 

2(k + NB + /) h ( k  + & + I )  + 2(k + NB) In ( k  + Ne) + 2(/  + 

N hie) In ( /  +NB)  - 2 %  h b  - 

Equations 2.3-2.6 describe all possible unit-to-unit mean- 
square distances, and they can be employed for the 
evaluation of the macroscopic properties. We proceed and 
evaluate in the next sections the end-to-end mean-square 
distances and the radii of gyration of the three blocks, the 
two subdiblocks, and the whole molecule, and we deduce 
from them the mean-square distances between the centers 
of mass of the blocks. 

3. End-to-End Mean-Square Distances 
3.A. End-to-End Mean-Square Distances of the 

Blocks. By means of eq 2.3 of the unit-to-unit mean- 
square distances in the A block, we can find putting 1 = 
NA and k = 0 the end-to-end mean-square distance ( R A ~ )  
of the A block. 

( R p )  = NA 1 + 2uA[ln NA - 11 + 2 ~ ,  I 

In this way the study of the behavior of the extension of 
the A block is possible. The UA term of eq 3.1 is the most 
dominant in the limit of large molecular weights, and it 
represents the intrablock excluded-volume interactions 



1344 Sdranis and Kosmas Macromolecules, Vol. 24, No. 6, 1991 

Table I 
7 Ratios at T w o  Characteristic Macroscopic States and the Expansion Factors d at the State with UA* = ue* = 0 and 

um* e/& for the ABA Triblock and AB Diblock with Equal Length Fractions Xof A and Ba 

Y((RA~))  1.119 [--1.09 (IS)] 1.061 
Y( ( R B ~ )  1 1.191 [1.17 (16)] 1.106 ' 
Y( (SA2) ) 1.059 (-1.02 (IS)] 1.030 
Y( ( SB2)) 1.090 [1.07 (16)] 1.050 
Y( (RAB*) ) 1.064 1.042 

Y( ( GAB2)) 1.014 1.016 
a2( 1.119 [ -1.09 (16)] 
a2( ( R B ~ ) )  1.191 [1.17 (IS)] 
a2( (RAB2)) 1.223 
at( ( R 2 ) )  1.239 [1.36 (IS)] 
a2(( SA2)) 1.059 [--1.02 (16)] 
a'( ( s B 2 )  1.090 (1.07 (16)J 
at( @ABS) 1 1.186 
a2((S2)) 1.227 [1.28 (IS)] 
a2( (GAB2)) 1.314 [1.42 (16)] 
a*( (SAA')) 1.264 
~ ( G M ' ) )  1.315 
a The values in brackets are taken from the references in parentheses. 

Y ( (SAB2) ) 1.026 1.019 

been given in ref 21. 

familiar from the study of  homopolymer^.^^^^^ What it 
does is to expand the block and yield a power law with 
respect to NA. The U A  In N A  term together with the fixed 
point value UA* = t/16 determines the critical exponent 
to order t, which comes out identical with the critical 
exponent v of the homopolymer case: ( R A ~ ) N ~ - ,  - N A ( ~  
+ 2 U A  In N A )  - N A ~ + ~ U A *  = N A ~ + ( / * ,  with 2v = 1 + t/S. The 
rest of the um and UAC terms come from the AB and AC 
interactions, respectively, and determine the overall size 
of the A subchain. Their effects are more pronounced on 
the ratio ~ ( ( R A ~ ) )  = ( R A 2 ) / ( R A 2 ) h o m ,  expressing the 
relative expansion of the A block compared to that of the 
A homopolymer of molecular weight NA. It is equal to 

and its value for various molecular weights and interaction 
parameters can be compared with the results from other 
methods (see section 6 and Table I). The um contribution 
to y ( ( R ~ 2 ) )  depends on ratios of molecular weights, 
including both N A  and NB, but is independent of Nc. In 
the limit N B  - 0 it vanishes because the B block that 
causes the expansion vanishes, while it increases on 
increasing N B ,  tending to the limit 1. In the limit of a 
large B block the A block attains its greatest expansion 
for repulsive AB interactions (UAB > 0). When we study 
the UAC term of eq 3.1, which represents the AC interac- 
tions, similar conclusions are derived. In the limit Nc - 
0 the expansion of the A block due to the UAC interactions 
also vanishes while it increases by increasing Nc, reaching 
a limiting state of a large C block where the A block obtains 
its maximum expansion. The difference now is that this 
maximum expansion of the A block depends on the length 
NB of the middle B block, being smaller for larger Ne. The 
reason is that increasing NB the A and C blocks get on 
average further apart, they mix less, and therefore the 
expanding UAC effects reduce. This is shown in Figure l a  

*1.111 [ 1.09(22a)] 
*1.111 [1.09(22a)] 
1.054 [1.02(22a)] 
1.054 [1.02(22a)] 

'1.055 
*LO55 
'1.027 
*1.027 

1.111 [ 1.09(22a)] 
1.11 1 [ 1.09( 22a)J 

1.173 [1.22(22a)] 
1.054 [1.02(22a)] 
1.054 [1.02(22a)] 

*1.189 [1.22(22a)] 
1.324 [1.43(22a)] 

The values with an asterisk concerning the AB diblock have first 

u 
4 - ' .OI 3 a L:O. I 

N 
L-0.2 m 
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\\ \\' 
Figure 2. UAC contributions to the (a) y ( ( R g * ) )  ratio (eq 3.4) 
and the (b) y((S~2)) ratio (eq 4.4) as a function of the reduced 
variable x = NA/(NA + Nc). L = NB/(NA + Nc) increases with 
the length NB of the middle block. 

where the UAC contributions to the ~ ( ( R A ~ ) )  factor are 
plotted against the reduced variable X = Nc/NA,  for 
various values of L = N e /  ( N A  + NB) ,  which increases with 
the length N B  of the middle block. For larger values of 
L the curves and the limiting expansions obtain smaller 
values. The case with NB = 0 (L = 0) corresponds to a 
diblock, and it is equivalent to the case of the um 
interactions studied above. Similar is the behavior of the 
size of the other end block expressed by the symmetrical 
end-to-end mean-square distance (Rc2) .  
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Figure 3. UAC (solid line) and UBC (dotted line) contributions to 
the ratios (a) ~ ( ( R A B ~ ) )  (eq 3.51, (b) Y((SAB*)) (eq 4.6), and (4 
y((G,&)) (eq B.l) as a function of the reduced variable X = 
Nc/(NA + Ne). L = NA/(NA + NE) for the UAC and L = NB/(NA + NB) for the UBC interactions, respectively. 

The end-to-end mean-square distance of the middle B 
block can be obtained from eq 2.4 if we put 1 = NB and 
k = 0. It goes as 

(3.3) 

The UB In N B  term represents the intrablock excluded- 
volume interactions, and it is the same as that of a B ho- 
mopolymer of length NB,  yielding the critical exponent Y 
of the B homopolymer. The effects of AB, BC, and AC 

interactions on the corresponding y( ( R B ~ ) )  factor 

are expressed by means of the UAB, UBC,  and UAC terms, 
respectively. The u, and UBC terms are symmetrical and 
give the effects of the two side blocks on the middle B 
block. They increase on increasing the lengths N A  and 
Nc, respectively, reaching the limits of large A and C blocks 
where the extension of the B block becomes maximum. 
The UAC term is positive, meaning that an extension of the 
B block also takes place due to the repulsions between the 
A and C blocks, which are joined with the two ends of the 
B block. The AC interactions get reduced by increasing 
the length NB, since A and C blocks get further apart. 
These effects are shown in Figure 2a where for larger values 
of L = N B / ( N A  + Nc)  indicating larger values of NB,  we 
take smaller values of the UAC coefficient. The UAC 
interactions are symmetrical with respect to N A  and Nc,  
which is also illustrated in Figure 2a where we plot the UAC 
contributions with respect to the reduced variable X = 
N A / ( N A  + Nc) ,  expressing the length fraction of the A 
units. 

3.B. End-to-End Mean-Square Distance of the AB 
Subdiblock. From the unit-to-unit mean-square dis- 
tances of the two adjacent blocks A and B, (RA,B') (eq 
2.5), we can find the end-to-end mean-square distance 
(Rm2) of the AB subdiblock, if we put 1 = N A  and k = NB 

The coefficients of UBC and UAC represent the effects of 
the third C block on the expansion of the AB subdiblock, 
and they are positive, indicating that the presence of the 
third C block causes an expansion of the subdiblock. 
Increasing the molecular weight Nc of the third block 
causes this expansion to increase and reach the state of 
large C where the AB subdiblock attains its maximum 
expansion, like in the cases of the single blocks. We can 
compare the contributions of the BC and AC interactions 
by studying the UBC and UAC terms of eq 3.5. For small 
finite Nc the UBC term due to its In (NBINc) is larger than 
the UAC term, indicating stronger BC effects. This happens 
because the distance between the B and the C block is 
smaller than the distance between the A and the C block. 
In the limit Nc - this difference smooths out. The C 
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block because of its enormous length forgets its beginning 
at  the end of the B block and sees both A and B blocks 
in the same way. This is shown in Figure 3a where though 
the coefficient of UAC obtains smaller values than that of 
U B C ,  in the limit X = N c / ( N A  + NB) - m, both of them 
tend to the same limit for equivalent L's, equal to N A /  ( N A  
+ NB) for the UAC and N B / ( N A  + N B )  for the UBC 
interactions. 

3.C. End-to-End Mean-Square Distance of the Tri- 
block. The end-to-end mean-square distance (R2) of the 
whole molecule can be found by putting 1 = N A  and k = 
Nc in eq 2.6. 

Macromolecules, Vol. 24, No. 6, 1991 

2ucx( ln  NC Nc - 1) + 2um [ N A + N B  In (NA + NB) - 

(3.6) 

The U A ,  U B ,  and uc terms are the contributions from the 
intrablock interactions and together with the respective 
parts of the ideal term are equivalent to the end-to-end 
mean-square distances of the three independent homopoly- 
mers. The effects of the interblock interactions are 
represented by the other three u m ,  UBC, and UAC terms, 
the first two of them being symmetrical. They are positive, 
indicating extra expansions. These expansions are larger 
when the two interacting blocks are of equal length. 
Increasing NB, the UAC contributions decrease because the 
A and C blocks get further apart and interact less. This 
decrease appears in Figure 4a, where the plot of the UAC 
contributions against X = N A /  ( N A  + Nc)  for various values 
of L = Ne/  ( N A  + Nc)  is shown. Larger values of L, which 
means larger values of NB,  yield smaller contributions. 
The same plot shows that the effects get less for the 
asymmetrical cases with X # l / ~ .  

4. Mean Radii of Gyration 
The unit-to-unit mean-square distances analyzed in 

section 2 are used now for the evaluation of the various 
radii of gyration of the parts and the whole triblock 
molecule. These evaluations are based on the general 
formula30 

(4 .1)  

where M is the molecular weight of the molecule or the 
part and the summations of 1 and k run over all units of 
the molecule or the part under study. 

4.A. Radii of Gyration of the Blocks. In analogy to 
the end-to-end mean-square distances, section 3A, we find 
in this section the radii of gyration of the three blocks. 
The radius of gyration   SA^) of the A block can be defined 
in terms of the unit-to-unit mean-square distances ( R A , A ~ )  
in the A block, eq 2.3, if we sum over all 1 and k in the A 
block 

. NA NA 

The replacement of the summations with integrations 

yields for   SA^) the expression 

The behavior of (SA') goes as that of (RA') (Figure 1 ) .  
The larger expansion of (RA') compared to that of  SA^), 
which includes the expansions of all segments in the block, 
indicates that the interior of the block expands less than 
its exterior. Similar behavior can be obtained for the 
symmetrical radius of gyration ( Sc2) of the C block. 

The radius of gyration ( S B ~ )  of the middle block can be 
found by means of the unit-to-unit distances ( R B , B ~ )  (eq 
2.4) as 

(8~') (Figure 2b) behaves like (RB') (Figure 2a). The 
fact that the expansion of ( RB' ) is larger than the expansion 
of ( SB') means aIso that the interior of the middle block 
is less sensitive to the UAC interactions than its exterior. 

4.B. Radii of Gyration of the Subdiblocks and the 
Mean-Square Distances of the Centers of Mass of 
Adjacent Blocks. For the evaluation of the mean radius 
of gyration (Sm2) of the AB subdiblock, we sum 1 and k 
over all units of the subdiblock, which is equivalent to 
three summations over the A and B blocks: 

By means of eqs 2.3-2.5 for (RAA'), (RB,B'), and ( R A ~ ~ ) ,  
respectively, and upon replacement of the summations 
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Figure 4. UAC contributions to the expansion factor (a) aZ( (R2))  (eq 3-61, (b) a2(( Sac2)) (eq 4.9), (c) a2( ( G A C ~ ) )  (eq B.2), and (d) a2((S2))  
(eq B.3) as a function of the reduced variable X = N A / ( N A  + Nc),  for various values of L = N B / ( N A  + Nc). 

with the straightforward, to be performed, integrations 
we get: 

The contributions to the expansion of (SA+?) from the 
various u terms behave as those of the expansion of the 
end-to-end mean-square distance of the diblock ( R A B ~ )  as 
discussed in section 3B. The influence of the C block on 
the radius of gyration of the AB subdiblock through the 
UBC and UAC interactions is shown in Figure 3b. The mean 
radius of gyration ( SAB~)  has two components. The first 

one consists of the radii of gyration  SA^) and ( S B ~ )  of the 
two blocks and the second of the mean-square distance 
 GAB^) between the centers of mass of the two blocks. It 
can be written as 

where XA = NA/(NA NB)  and XB = NB/(NA + NB)  are 
the mole fractions of the blocks in the subdiblock. 
Increasing either the mean radii of gyration of the two 
blocks or the mean-square distance between them increases 
(Sm2). By means of eq 4.6 and the expressions of  SA^) 
(eq 4.3) and (SB~) (eq 4.4), we can find from eq 4.7 and 
analyze the second component (  GAB^), the expression of 
which is given in section B of supplementary material. 
The U A  and U B  terms of (Gm2) have large positive values, 
indicating that the expansion of the two blocks get their 
centers of mass further apart. The positive um term is 
a segregation term expressing the repulsions of the centers 
of mass of the two blocks, and it is symmetrical with respect 
to N A  and NB. Finally, the positive UAC and UBC terms 
express the expansion of the subdiblock AB caused by the 
presence of the C block. Of some interest is the detailing 
study and the comparison of these last two terms in both 
properties (Sm2) and (Gm2). We plot the UAC and UBC 
terms in parts b and c of Figure 3 as functions of X = 
N c / ( N A  + NB) for various values of L N A / ( N A  + NB) 
andL = NB/(NA + NB) ,  respectively. The general behavior 
is that for NC - we take limiting values of these terms 
showing the approach to the limit of large C. The UAC 
terms are generally larger than the UBC ones, and this looks 
like a paradox since the AC chain distance is larger than 
the BC one. It is easy to understand the effect if we realize 
that the AC interactions both expand the A block and also 
push it away from the C block, causing an indirect 
expansion of the overall AB subdiblock. On the contrary, 
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given by 
NA NA 

- m < a r 
p 
Y 
N 
U 

0.0 ' X 0.5 

I b  
1 .o 

L = O S  \\ // - 
0 
0.0 X 0.5 1 .o 

Figure 5. um contributions to the expansion factor (a) a2( ( G A ~ ) )  
(eq B.2) and (b) a2( (S2) )  (eq B.3) as a function of the reduced 
variable X = NA/(NA + NB), for various values of L = Nc/(NA 
+ NB). 

I 

0.0 P 0.5 1 .o 
Figure 6. U M  interblock effects on the radii of gyration for the 
case of the ABA triblock copolymer, as functions of the length 
fraction p = NA/N of the total number NA of the A units. 

the BC interactions cause only an expansion to the B block 
but not a pushing since the two interacting blocks are 
joined. Although the contribution to the enlargement of 
the subdiblock from the expansion of the B block is larger 
than that of the A block, the double effect of AC 
interactions dominates. A residual difference of these 
effects remains for Nc - (Figure 3b,c), contrary to what 
happens to the positions of the two ends A and B expressed 
by (Rm2) (Figure 3a). This result indicates a distortion 
of the AB subdiblock caused by the presence of the C 
block. 

4.C. System o f  the Two Side Blocks A and C and 
the Radius of Gyration of the Triblock. The radius of 
gyration  SAC^) of the system of the two end blocks is 

where the summations are taken over all units of the two 
end blocks A and C. By means of the expressions of ( R u 2  ) 
and (Rc,c2) (eq 2.3) and (R&) (eq 2.6), we find for the 
radius of gyration of the system of the two end blocks the 
relation 

[ [-N;N + 2Nc(N: + NANB + N:)] In (7) NA + NB - 

Increasing NB,  the ideal part (SAC~)O = (NA + Nc) /6  + 
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blocks and decrease on increasing the lengths of the other 
blocks. The um contributions symmetrical with the UBC 
ones are shown in Figure 5a. Increasing NA, a maximum 
is reached for comparable sizes of NA and NB of the two 
interacting blocks. Similar behavior is observed for the 
UAC interactions, which obtain their maximum for NA = 
Nc (Figure 4c). The latter reduce on increasing NB since 
the two interacting blocks get further apart. 

The radius of gyration (S2) of the whole molecule is 
related to the radii of gyration  SA^), (SB'), and (Sc2) of 
the three blocks and the three mean-square distances 
( Gm2), ( G B c ~ )  and (GAc~)  of the centers of mass of the 
three blocks in the triblock 

\ I / 

0.0 P 0.5 1 .o 
Figure 7. UB effects on the radii of gyration for the cases of the 
AB (dotted line) and the ABA (solid line) block copolymers as 
functions of p = N A / N .  

0.0 Q 0.5 1 .o 
Figure 8. U A  and UB intrablock effects of order In N on the 
radius of gyration of the whole molecule for the cases of the AB 
(dotted line) and the ABA (solid line) block copolymers as 
functions of p = N A / N .  

NANBNc/ ( N A  + N c ) ~  increases because the two end blocks 
get further apart. The three U A ,  U B ,  and uc terms, 
representing intrablock excluded-volume effects, increase 
with the enlargement of the corresponding blocks, and 
they decrease when the lengths of the other blocks increase. 
The three UAB,  U B C ,  and UAC terms obtain their maximum 
values for comparable sizes of the interacting blocks, and 
the UAC term representing interactions between the two 
end blocks reduces with the increase of the size of the 
middle B block (Figure 4b).  SAC^) has also two com- 
ponents. The first comes from the radii of gyration of the 
two A and C blocks while the second comes from the end- 
to-end mean-square distance (GAc~)  of the centers of mass 
of the two end blocks. It can be written as 

(SAC2) = x A ( S ~ )  + xc(SC2) + ZAXC(GAC') (4.10) 

where XA = N A /  ( N A  + Nc) and xc = Nc/ (NA + Nc) are 
the mole fractions of the A and C units, respectively, in 
the subdiblock. By means of the expressions of (S&) 
(eq 4.9) and of   SA^) and (Sc2) (eq 4.3), ( G A c ~ )  can be 
found. Its form is given in the section B of supplementary 
material (eq B.2), and graphs of it are shown in Figures 
4c and 5a. The ideal center-to-center mean-square dis- 
tance ( G A C ~ ) ~  = (NA + ~ N B  + Nc)/3 increases on increasing 
both NA and NC since larger blocks mean also larger 
distances between their centers of mass. It also increases 
on increasing NB since the enlargement of the length of 
the middle block takes the two end blocks further apart. 
The intrablock excluded-volume effects represented by 
its U A ,  U B ,  and uc terms (eq B.2 of supplementary material) 
increase on increasing the lengths of the corresponding 

(s') = x A ( s , ~ )  + x B ( s , ~ )  + x C ( S , ~ )  + XAXB(G,~) + 
xBxC(GBC') + xAxc(GA;) (4.11) 

where XA = NA/N, XB = NB/N, and xc = Nc/N are the 
length fractions of the three blocks. All quantities have 
been found so ( S2) can be calculated, and it is given in the 
section B of supplementary material (eq B.3). The 
behavior of (S2) is similar to those of ( R 2 ) ,   SAC^), and 
(GAc~)  as it is shown in Figures 4d and 5b where the 
dependence of its expansion due to the interblock effects 
and the molecular weights of the blocks are shown. 

5. ABA and AB Block Copolymers 
Many efforts have been devoted to the study of the 

special block copolymers of the ABA and AB type and a 
comparison between the properties of equimolar molecules 
of the two kinds shows the effects that different archi- 
tectures can cause on species made of the same 
monomers.8~10~12~13~15-21 Once the expressions of the general 
ABC triblock copolymer have been found, expressions for 
all special cases of block copolymers up to three blocks 
can easily be produced. The relations of the ABA and the 
AB molecules for example come straight from those of the 
ABC molecule, putting U A  = UAC = uc and um = UBC for 
the former and uc = UAC = UBC = 0 for the latter. Some 
of the relations taken in this way have already been given 
in refs 21 and 22c (see also ref 27), and a check on the 
correctness of the present general results can be done by 
recovering these known results. From eq 3.5 we can take 
for example the end-to-end mean-square distance ( R2)m 
of the AB diblock, putting UBC = UAC = 0. The ratio then 
(R2)AB/[(RA2)hom + (RB2)hom1 1 - 2uAB[xA In %A + x B  
In XB], with XA and XB the mole fractions of the two blocks 
(XA + XB = l), can be found, and it is identical with that 
of ref 21 (eq 4.8), with our u's defined half to those of ref 
21. As far as the radii of gyration are concerned, the ratio 

(12 - ~ X A  - X A ~ )  + 3(XB2/XA2) In xB] taken from eq 4.3 is 
the same as that of eq 28 of ref 22c. Similarly, the same 
expression as that of eq 22 of ref 22c for 61 = [ ( S2)m - 
concerning the radius of gyration (S2)m of a diblock is 
taken by means of (S2)m from eq 4.6 with UBC = UAC = 
0 and the radii of gyration of the isolated blocks ( Si')hom 

In the relations of the ABA and AB macromolecules 
taken from those of the ABC triblock, the length fraction 
p of all the A units equals to p = NA/(NA + Ne). For 
symmetrical AB and ABA species of the same chain length, 
N A  in the case of the ABA stands for the sum of the lengths 
of the two A side blocks each of length N A / ~ .  Previous 
theoretical studies comparing the radii of gyration of the 
one A block ( S A ~ ) ~ A  and  SA^ )AB for the two cases16J9 
find that for large NB (small p )  they are of comparable 
size, ( S A ~ ) ~ A  - ( SA~)AB. This is seen to be true from the 

?( ( S A 2  )AB) = ( SA2)AB/ (SA2 ) hom = 1 + (2uAB/xA) [(xB/4xA)- 

XA(SA2)hom - X B ( s B 2 )  homl/ [2XAXB((SA2)hom + ( s B 2 )  h o d ]  

= (Ni/6)[1 + 2ui(ln Ni - (13/12))] (i = A, B). 
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graph of Figure 6, where the extra interblock UAA excluded- 
volume component of the expansion factor a2(( SA~)ABA) 
= (SA2)ABA/(N.4/12) isdrawnasafunctionofp. For small 
p it is negligible so that ( SA~)ABA is close to ( SA~)AB. For 
larger values of p the u u  interblock interactions become 
important and expand more the size of the A blocks in the 
ABA case; thus the equivalence breaks and (SA')ABA 
becomes larger than (SA')AB. The more pronounced 
excluded-volume effects on the B block in the case of 
ABA16J9 can also be explained. Indeed, as is shown in 
Figure 6, the uuinterblock contributions to the expansion 
factor of ( SB~)ABA are positive, proving that the middle B 
block is larger in the ABA triblock than in the AB diblock. 
Increasing p (decreasing NB), the interblock UAA interac- 
tions become stronger and the expansion of the middle B 
block increases. The UAB effects are also stronger on 
( SB~)ABA than on ( SB~)AB (Figure 7) because, though the 
amount of the A units is the same for the two cases, their 
symmetrical distribution from the two ends of the B block 
in the ABA case brings them on average closer to the B 
block. In the same Figure 7 the size of the A system of 
the two end blocks as is expressed by means of ( SAA~)ABA 
is seen to be larger than the corresponding (SA~)AB, 
expressing the size of the A block in the AB molecule, 
because of the insertion of the B block in the former case. 
Of some interest is the study of the effects of the intra- 
block U A  and UB interactions of order In N ,  on the overall 
radius of gyration ( S2)  as a function of p (Figure 8). We 
see that in the case of the ABA the U A  interactions become 
less effective while the UB ones appear stronger in 
agreement with previous findings.16J9 The reason for this 
is that every A monomer interacts mainly with only half 
of the total amount of A units coming from the same block 
of length N A / ~ ,  while in the case of AB it interacts with 
all N A  units of the A block. Furthermore, the U B  
interactions appear stronger in the ABA case because they 
do affect not only the size of the B subchain but also the 
system of the two A blocks by pushing them away in space; 
such a distinction does not happen in the case of the AB 
diblock. 

On the basis of the above analysis, the explanation of 
the experimental peculiarities found for the AB and ABA 
copolymers is straightforward. The dependence of 
(SB')ABA on the UAA (Figure 6) representing the AA 
interactions between the two end blocks, which are positive 
for repulsions ( u u  > 0) and negative for attractions (UAA 
< 0), reveals that the solubility of the A component affects 
the dimensions of the B block. This explains the results 
of the experimental measurements on the size of the B 
block found in the ABA case, significantly smaller than 
those of the parent B homopolymer in A unfavorable 
solutions (uusmall  negative). Such a thing is not observed 
at  the respective measurements of the AB diblock mol- 
e ~ u l e . ' ~ J ~  It has been observed experimentallygJo that 
the ABA molecule of almost equimolar components ( p  = 
0.5) gives larger intrinsic viscosities and second virial 
coefficients in B selective solvents than in A selective ones. 
These two properties increase with the average size of the 
macromolecules in the solution, and their behavior can be 
explained from the fact that the UB intrablock effects on 
(S)ABA are significantly greater than those of the U A  ones 
for p up to 0.6 (Figure 8). Furthermore, since the UB effects 
are larger than the U A  ones, triblocks of the same total 
molecular weight are expected to give larger values of 
viscosity in good solvents when they are richer in the B 
component, and this is in accord with previous theoretical 
and experimental results.9JOJ6J9 
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6. Fixed Points and the Values of the  Various 
Universal Ratios 

One of the achievements of renormalization group (RG) 
theories is to produce correctly the characteristics of the 
macroscopic states at which the macromolecules can exist. 
Such features can be the values of the critical exponents 
that determine the dependence of the macroscopic prop- 
erties on the molecular weights, as well as the values of the 
universal ratios like the y ratios or the expansion factors 
a2. The various macroscopic states are described by the 
fixed points of RG theories where the interaction param- 
eters obtain specific values. For a homopolymer like A, 
B, or C isolated chains, for example, the two fixed point 
values ux* = 0 and u,* = €116 ( X  = A, B, C) describe the 
ideal and the expanded states, respectively. For a diblock 
like the AB or BC isolated diblocks further macroscopic 
states are possible. The values of the three interaction 
parameters ux*, uy*, and uXy* ( x ,  y = A, B or B, C) at the 
fixed points are related by means of uxy* = €18 - 112 (u,* 
+ uy*), which permits uXy* to obtain larger values than 
6/16 as well.22bv27 While for two expanded blocks (u,* = 
uy* = t / l6 )  uXy* can be either 0 or take the value €116, it 
can obtain the larger values of 3 ~ 1 3 2  or €18 when the one 
block or both blocks are in their ideal states, respectively, 
indicating that the segregation state with positive uXY* is 
reached more when the blocks are hardly in their ideal 
s t a t e ~ . 2 ~ b * ~ ~  For the general ABC triblock the fixed point 
equation for the UAC interaction parameter obeys the 
equation UAC* = €18 - 1/2(UA* + uc*) and it is identical 
with those of the two subdiblocks. The reason for this is 
the universal character of the fixed points. The values of 
the interaction parameters a t  the fixed points do not 
depend on the specific details of each macromolecule. They 
do not change for example if we change the molecular 
weights of the three blocks. Since the middle B block can 
vary from the limit of very small values (limit of AC 
diblock) to the limit of large values (ABC triblock), UAC* 
has to obey the same equation for both limits. So generally 
the following equations determine the fixed points of the 
ABC triblock 

uxy* = f - -(u,* 1 + uY*), X ,  y = A, B, C (6.1) 8 2  

and describe all macroscopic states a t  which a triblock 
can exist. Although eq 6.1 has been given before for the 
homopolymer and the diblock copolymer molecules, as 
far as the general ABC triblock is concerned, they include 
the new result UAC* = €18 - 1 / 2 ( U A *  + uc*) for the fixed 
point value UAC* of the interaction parameter between 
the two end blocks. 

From the expressions of the macroscopic properties that 
have been studied, many characteristic ratios independent 
of the molecular weights and depending only on ratios of 
them can be found. These universal quantities obtain 
different values at the various macroscopic states and 
depend on the values that the u's obtain at  these states. 
In what follows, we will concern ourselves, following the 
literature, with only two such ratios. The one kind is the 
y ratios denoting the ratio of a quantity to the similar 
quantity of the homopolymer under the same conditions. 
In the case of y ratios of subdiblocks of the triblock, the 
property is divided by the same property of the corre- 
sponding isolated diblock under similar conditions. The 
second category of ratios are the expansion factors a2, 
which denote the ratios of properties to their ideal values 
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with all interaction parameters equal to zero. In all these 
states the y ratios or the expansion factors a2 can be 
determined to order e, simply by putting in their expres- 
sions taken from the relations of the previous sections the 
values of the interaction parameters of eq 6.1. As an 
example of the way this can be applied, we find the ratio 
~ ( ( S B ~ ) ) ,  taken from eq 4.4, for an ABC triblock with NB 
= 2N.4 and Nc = N A / ~ ,  and for the macroscopic state with 
UA* = e/16 (expanded A block), UB* = 0 (ideal B block), 
uc* = 6/16 (expanded C block), u-* = 36/32 (A and B 
blocks in segregation), UBC* = 0 (B and C blocks not in 
segregation), and UAC* = e116 (A .and C blocks in 
segregation). Once the ratios of the lengths of the blocks 
are specified, the coefficients of the u terms can be found, 
and after using the values of the interaction parameters 
as they are given for the specific state, the ratio can be 
calculated, and to order t( t=l) ,  it is equal to y((Se2)) = 
1.036. 

The expansion factors of the various properties for the 
AB and ABA macromolecules have been estimated by 
means of Monte Carlo methods,16v22a for the case of zero 
intrablock excluded-volume interactions and self-avoid- 
ance between dissimilar units, for XA = X B  = l / 2  for the AB 
case and XA = l/4, XB = l / 2 ,  and XA = '14 for the ABA case. 
Their values are quoted in Table I. We can also find these 
expansion factors from our general relations. The self- 
avoidance condition between different ideal blocks (UA* 
= UB* = 0) corresponds to the fixed point value UAB* = 
6/8.27129 The values of the y ratios and the expansion 
factors a2 are written in Table I for two macroscopic states 
and for 6 = 1. We see that the general trends of the first- 
order t calculations go as those of the results from computer 
calculations. Both sets of results agree for example in 
that the expansion factors of the end-to-end mean-square 
distances are larger than the expansion factors of the cor- 
responding radii of gyration. This applies to the whole 
molecule or to parts of it. Also, the middle block in the 
ABA triblock, according to both methods, is more ex- 
panded than the end ones. A thing to mention at  this 
stage is that, though better numerical agreement is 
expected from second-order t calculations, closer results 
to those of Monte Carlo calculations can be achieved by 
reexponentiating the first-order t results. This has been 
done in refs 21 and 22c and found for example that the 
expansion factor a2( ( S 2 ) ~ ~ )  = 1.23 for the state UA* = UB* 
= 0, UAB = t/8, closer to the Monte Carlo result 1.22 than 
the value 1.19 of first-order t calculations. For the ratio 

UBC = 0, the first-order e results yield the value 1.32 for 
the state UA* = UB* = 0, um* = e/8, while the result given 
in ref 22c is 1.36 and closer to the Monte Carlo value 1.43. 

7. Conclusions 
The dilute-solution behavior of the triblock copolymers 

of the general ABC type is described in terms of the 
intensity of the intra- and interblock interactions and the 
molecular weights of the three blocks. Starting with the 
unit-to-unit mean-square distances, the end-to-end mean- 
square distances, and the mean-square radii of gyration 
of the three blocks, the two subdiblocks and the whole 
molecule are evaluated, and from them the mean-square 
distances between the centers of mass of the blocks are 
deduced. Limiting states of maximum expansions, created 
by parts of the molecule for the rest of the molecule when 
the sizes of the former grow enormously are detected. 
Maximum effects between interacting blocks are found 
for comparable molecular weights of these blocks. The 
critical exponent v = (1/2) + (t/l6) characterizing the size 
of the various parts of the triblock is the same as that of 
homopolymers, but the prefactors depend on both the 

(CAB2)/2[(RA2)hom + (RB2)h0,] from eq B.l with UAC = 
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intensity of the interactions and the ratios of the molec- 
ular weights of the three blocks. The macroscopic states 
at  which the triblock can exist have been found by finding 
the fixed points of the system and determining the values 
of the interaction parameters a t  the fixed points to order 
t. All prefactors and characteristic ratios of the ABC tri- 
block can be found at  these states. The y ratios and the 
expansion factors a2 of the various properties of equimo- 
lar ABA and AB molecules, special cases of the general 
ABC molecule, are given to order e. These results are 
compared and found to be consistent with the results of 
Monte Carlo enumerations. 
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