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ABSTRACT: Optical anisotropy of block polymer chains in lamellar microdomains has been calculated on 
the basis of a modified confined-chain statistics. The results show that the anisotropy associated with molecular 
orientation is an  order of magnitude smaller than that associated with form anisotropy for polystyrene-po- 
lyisoprene and polystyrenepolybutadiene A-B type diblock and A-B-A type triblock polymers. Compared 
with the statistics originally proposed by one of us (D.J.M.), the modification involves elimination of the 
narrow-interphase approximation and use of a different functional form for the segmental density distribution 
across the interface. The  modification is shown to give a better agreement with the experimental results. 

I. Introduction 
A-B and A-B-A type di- and triblock polymers form 

microdomain structure as a consequence of microphase 
separation of constituent block chains A and B under the 
strong segregation limit where they have a strong repulsive 
interaction. In this paper we will estimate the “intrinsic” 
optical anisotropy of block polymers forming lamellar 
microdomains, a special type of the microdomain mor- 
phology that is formed when the molecular volume of A 
(in the case of A-B diblock polymers) or of 2A (in the case 
of A-B-A triblock block polymers) is about equal to that 
of B. 

We will restrict our treatment here to the case where 
both A and B are amorphous. The estimation of the in- 
trinsic optical anisotropy involves the calculation of both 
molecular anisotropy and form anisotropy. The molecular 
anisotropy is the anisotropy due to molecular orientation 
of A and B chains in the domain space. The chemical 
junction points between A and B are localized somewhere 
in the interface, and the end-to-end vectors of A and B 
chains are statistically oriented normal to the interface. 
In this paper we will estimate this anisotropy based on an 
approximate method that involves two steps: (i) first we 
calculate the mean-square end-to-end distance of each 
block chain parallel ( (  r 2 ) )  and perpendicular (( (z  - z ’ ) ~ ) )  
to the interface on the basis of the “confined-chain 
statistics” proposed by one of us1-3 and then (ii) knowing 
the results of (i), we calculate the orientational anisotropy 
of the chains based upon the Kuhn-Grun t h e ~ r y . ~ , ~  The 
Kuhn-Grun theory, which interrelates the anisotropy of 
a chain with its end-to-end displacement, is  valid for the 
chains in free space but not for the block chains A and B 
in the confined space. Thus the second step involves an 
approximation, as will be discussed in section 11-2. 
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The form anisotropy is the anisotropy arising from the 
distortion of the electric field strength of the incident light 
wave at the phase boundaries between the two coexisting 
phases6 when there is a difference in their refractive ind- 
ices. The greater the difference of the refractive indices 
and the greater the asymmetry in the shape of each phase, 
the larger is the form anisotropy. The form anisotropy 
(birefringence) was studied by Wiener6 for two-phase 
systems in which each phase is optically isotropic and the 
boundary between the two phases is sharp, with the re- 
fractive index varying stepwise across the interface. Thus 
the estimation of the form anisotropy for the block polymer 
systems involves generalization of the theory to account 
for the finite thickness of the domain boundary region as 
well as for molecular anisotropy (see section 111). 

11. Molecular Anisotropy of Block Polymer 
Chains in the Domain Space 

Let us take a reference axis z perpendicular to the in- 
terfaces between A and B lamellar domains. The A and 
B chains in the A-B diblock polymer are joined somewhere 
in the interface (chemical junction), and all their segments 
are restricted in the A and B domains (Figure la). Their 
end-to-end vectors orient uniaxially with respect to the 
reference axis. 

The molecular anisotropy of the j th  chain in A domain 
with its end-to-end vector Rj oriented at the polar angle 
S j  with respect to the z axis is given by 

Plj - P2j = (TU - ~ 2 j ) ( 3  cos2 6’j - 1)/2 (11-1) 

where P,  and P, are  the polarizabilities of a single chain 
parallel and perpendicular to z ,  respectively, and iru and 
7r2, are the polarizabilities parallel and perpendicular to 
the end-to-end vector Rj (Figure lb). 

1. Application of Kuhn-Griin Statistics for the 
Confined Chains. The molecular anisotropy of the single 
chain A in the confined space, in turn, may be approxi- 
mutely given by Kuhn-Grun chain statistics. 
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be confined in the space between the two planes at  z = 0 
and z = TA' and that the segment density be uniform 
everywhere in the domain space, the latter condition re- 
sulting from incompressibility of polymeric liquids. Using 
Gaussian statistics (eq 11-6) and noting that 

(11-9) 

one obtains the molecular anisotropy of domain A, (PI - 
cos2 8, = (2 - 2 ' ) 2 / [ ( z  - z')2 + 91 

p2)A 

k" 
A - domain 

B - domain 

A 

B-domain 

I Y A-domain 

I bl  
Figure 1. (a) Coordinate system Ox ~ fixed to an alternating 
lamellar microdomain and a single blbck chain in the domain. 
(h) Coordinates (z',O,O) and (z,r,+) specifying the two ends of an 
A bloek chain whose Segments are between two walls at z = 0 and 
z = TA'. 

uA is the number of segments per single A chain (mono- 
dispersity of molecular weight distribution is assumed 
here), (b, - b2)A is the segmental anisotropy for A, and f. 
is the second moment of the orientation distribution of the 
segments with respect to the end-to-end vector Rj  

f, E (3(C0S2 8,) - 1)/2 = 1 - 3 [ ( ~ j / u ~ l A ) / L - ' ( R j / u A l A ) ]  
(11-3) 

where 8, is polar angle between the segment and Rj, lA is 
the length of the statistical segment for the A chain, and 
L-Vx) is the inverse Langevin function as given by 

(n-4) L(x) = coth x - l / x  

L%) = 3x + (9/5)x3 + (297/175)xb + ... (11-5) 

For a Gaussian chain with Rj  << uAIA (where uAIA is the 
contour length of a chain), eq 11-3 is given by 

(11-6) 

If there are N block chains per unit volume, the molecular 
anisotropy of A lamella (PI - P.JA is given by 

N 
(PI - P2)A = Z(ru - 4 ( 3  cos2 sj - 1)/2 = 

j=1 

N ( ( r u  - 7r~)(3 ~ 0 9 0 j  - 1)/2) (11-7) 

where the angular brackets indicate an average over all 
possible molecular conformations. Using the Lorentz- 
Lorenz equation, one can relate the anisotropy of the A 
domain to the orientational birefringence AnA of the A 
domain 

where tiA is the average refractive index of the domain. 
We can evaluate the average in eq 11-7 on the basis of 

confined-chain statistics in the domain space. Let 
PA(Rz';uA) be the probability that an A chain with uA 
statistical segments of length lA has one of its ends 
(chemical junction) a t  0' (whose position is specified by 
(z',O,O) in cylindrical coordinates) and the other end at  R 
= (z,r,$) (see Figure lb). The probability PA should si- 
multaneously satisfy the conditions that all chain segments 

wherein 

. l l l P i ( z , r , n ) ; z t ; u A ) (  ( 2 - z')2 ) d$ r dr dz (11-11) 

for the chain with its junction a t  a f i e d  point a'. In the 
case when the junction can be anywhere in the interface, 
the integration has to be performed with respect to dz'over 
the narrow interfacial region. A similar equation is ob- 
tained for the molecular anisotropy of the B domain. 
Therefore the Droblem reduces to that of evaluatine ( ( z  
- z ' ) ~ )  and (9;. The probability PA in eq 11-11 was &en 
by Meier' 

, exp[-3r2/2uAlA2] x 3 1  PA(z,r,n);z';uA) = - - 
~ J A I ~ ~  TA 

A similar equation holds for the B chain. The requirement 
of uniform volume filling invokes a constraint that TA' 
depend upon chain dimension (uA~A~)'/ '  

s (uA1A2)1/2/TA' (11-13) 

Among a number of possible values for 8,  the equilibrium 
value of s is the one that minimizes free energy of the 
microdomain AG 

aAG/as = 0 (11-14) 

For such equilibrium conformation it was shown by MeieP 
that 

( ( z  - z ' ) ~ )  u TA2/4 (11-15) 

The lateral dimension is simply given by 

(9) = (2/3)0A1A2 (11-16) 

since there are no chain perturbations in the lateral di- 
rection. Consequently for the A-B diblock polymer the 
anisotropy, (PI -PJK (K = A or B), is given, from eq II-10, 
11-15, and 11-16, by 

N is given for an A-B diblock polymer by 

N = (0, + (11-18) 

where uK (K = A or B) is molecular volume of the K chain. 
TK should be calculated in terms of the confined-chain 
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Figure 2. Forbidden chain conformations in the confined space. 
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Figure 3. Loop (a) and bridge (b) conformations of central B 
block chains in A-B-A triblock polymers. 

statistics (section IV). Thus total intrinsic birefringence 
An, is given by 

An, = AnA + AnB (11-19a) 

(11- 19b) 

2. Validity of the Kuhn-Grun Statistics for the 
Confined Chains. Before we advance our arguments for 
the A-B-A triblock polymer, it may be useful to discuss 
here the validity of the Kuhn-Griin chain statistics for the 
chain in confined domain space. Kuhn-Griin chain sta- 
tistics, leading to eq 11-3, were originally derived for chains 
in free space and assumed cylindrical symmetry for the 
orientation of the segments with respect to the end-to-end 
vector Rp Thus all the chain conformations as depicted 
in Figure 2 are allowed in the Kuhn-Griin theory. On the 
other hand, in the confined chains all the segments must 
lie in the space between the walls, and hence all the con- 
formations as shown in Figure 2 should be rejected. 

In the calculation we present here, we could properly 
estimate the optical anisotropy for a chain with its end- 
to-end vector Rj oriented normal to the interface (as in 
Figure 2a), since (a) the cylindrical symmetry of the seg- 
mental orientation is valid for this type of the confined 
chains and (b) the confinement of the segments in the wall 
is taken into account in the calculation (eq 11-12). How- 
ever, for the chains with Ri inclined to the walls (as in 
Figure 2 parts b and c), the segmental orientation is no 
longer cylindrically symmetric, and hence the Kuhn-Griin 
Statistics cannot be used for these chains. This is especially 
true for chains with the Rj vectors oriented parallel to the 
walls, as in Figure 2c, where the segments can be on only 
one side of space. Thus the validity of the approximation 
of cylindrical symmetry depends on the orientation of Rp 
However, since chains with their Rj vectors oriented 
normal to the interface are much more prevalent than 
those with Rj's parallel to the interface, the approximation 
of Kuhn-Grun statistics for this problem will be rather 
good. It seems intuitively obvious that the approximation 

u I 3 Z.0 

1 - 2 - 3  loop : 1 - 2 - 4  bridge 

Figure 4. Loop and bridge conformations having identical mo- 
lecular anisotropy. Note that the 2-3 portion (solid lime) and the 
2-4 portion (broken line) are mirror images with respect to the 
plane at z = T B ' / ~ .  

underestimates the molecular anisotropy of the chains. 
3. Estimation for the A-B-A Triblock Polymers. 

The molecular anisotropy of the A domain in A-B-A 
triblock polymers can be calculated similarly to that in 
A-B diblock polymers. 

The center block chain B can take either loop (a) or 
bridge (b) conformations as shown in Figure 3. The most 
probably position of the center of the B block chains has 
been shown to be in the middle of walls2 (see Figure 4). 
For those chains whose centers lie in the middle of walls, 
a given loop conformation (1-2-3 in Figure 4) has a cor- 
responding bridge conformation (1-2-4 in Figure 4). These 
bridge and loop conformations should have identical mo- 
lecular anisotropy since the portion 2-3 of the chain is a 
mirror image of the portion 2-4. Thus from a physical 
point of view, the bridges and loops may have identical 
molecular anisotropy. Keeping this fact in mind, one ob- 
tains for the B chain 

where N is given by 
N = ( 2 u A  + LIB)-' (11-21) 

On the basis of eq 11-8, 11-17, 11-20, and 11-21, one can 
estimate the orientational birefringence of A-B-A triblock 
polymers 

Anorient = ZAnK (K = A, B) (11-22a) 
K 

where (PI - P 2 ) B  is given by eq 11-20 and (PI - P J A  by 

It should be noted that one polymer chain has two A block 
chains; thus 2N rather than N appears in eq 11-22c. 

111. Form Optical Anisotropy of Domain Systems 
The form anisotropy or birefringence was first studied 

by Wiener6 for the ideal two-phase system with zero in- 
terfacial thickness. It was also assumed that each phase 
is o p t i d y  isotropic. Recently, Franklin et generalized 
the theory for multiphase systems in which each phase has 
its own optical anisotropy due to the molecular orientation. 
In this section we apply the Franklin theory to the lamellar 
microdomain with finite thickness of the domain boundary 
region. 

Cvikl, Moroi, and Franklin7 developed a theory for a 
system having an unlimited number of alternating lamellae 
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M 

j = l  

M 

€Dx = ( l / f D )  E f l D t j D x  (111-9) 

(111- 10) 

A sigmoidal density variation across the interface would 
cause a variation of the dielectric constants as given by 

and 

6Dz-l = ( l / f D )  j=1 CfjDCjD;' 

~D~(z) = (CA, - c B x ) $ A ( z )  + t B x  

d z )  = (e& - C B ~ ) $ A ( Z )  + CB, 

(111-11) 

(111-12) 

$A(%) = cos2 (az/2X) (111-13) 
where may be given by 

or by 

$A(%) = [1 + exp(z/a)l-' (111- 14) 

where X and a are the parameters associated with the 
interfacial thickness and are related to the characteristic 
interfacial thickness as defined by 

t E Id$(z)/dzl-ls(z)=lp (111-15) 

t = 0.6366X or 4a (111-16) 

The calculation of the form birefringence for the case 
where the density profile is given by eq 111-13 was previ- 
ously treated by Hashimoto et ala8 In this case the ana- 
lytical expression for tDx and ED, can be obtained by re- 
placing the summations in eq 111-9 and 111-10 by integrals 

h 
= (l/X)S 0 ~ D ~ ( z )  dz (111-17a) 

CD,-' = ( l / X ) l ' ~ D ; ' ( z )  dz (111-17b) 
0 

One obtains 

EDx = (€Ax  + E B x ) / 2  (111-18a) 

EDz = (E&EBz) ' /~  (111-18b) 

Using Maxwell's equation, one can estimate the x and z 
components of the refractive indices 

n, = n, = ( ~ , ) l / ~  (111-19) 

Then the net birefringence An, of the lamellar microdo- 
main is given from eq 111-7, 111-8, and 111-19 

Ant n, - n, (111-20a) 

An, = (fAn&-' + f B n B F 2  + fDnD,-')-''* - 
( f A n h 2  + f B n B x 2  + fDnDX2) ' / '  (111-2Ob) 

where nkr and nAr can be estimated from the average re- 
fractive index fiA of an A domain and from the orienta- 
tional birefringence of an A domain, the latter being cal- 
culated by the procedure described in the previous section 

f i A  = (nAz + 2nAr)/3 (111-21) 
AnA = nh - nAr (111-22) 

Similarly n B r  and n B ,  can be estimated from AB and AnB, 
and hence one can estimate Ant from eq 111-20b. f A ,  f B ,  
and f D  can be converted into the measurable quantities 

f D  = 2X/D 

$A T A / D  = f A  + 7 2 f D  

$B E T B / D  = f B  + 7 2 f D  

D = T A  + T B  (111-23) 
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where D is the domain identity period, TK (K = A or B) 
is the thickness of the Kth domain, and fD is the volume 
fraction of the interface. 

Thus if TA, TB, and X are estimated from the statistics 
of confined chains, one can estimate the net birefringence 
Anp The total orientational birefringence brient and form 
birefringence Afo, may be defined as 

Aorient E AnA + AnB (111-24a) 

Aform I Ant - Aorient (111-24b) 

These quantities can also be estimated from confined-chain 
statistics. 

In the case where the density profile is given by eq 111-14, 
one cannot really separate the domain and domain- 
boundary interface as in eq III-3,III-7, and 111-8, since with 
eq 111-14, ~ A ( z )  goes to zero only at z = OD. In this case one 
can directly calculate e in eq 111-6 by noting that 

fA = fB = 0 and fD = 1 (111-25) 

Thus from eq 111-9, 111-10, and 111-25, one obtains 
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By substituting eq 111-11,111-12, and 111-14 into eq 111-26 
and 111-27, one obtains 

and 

In the limit of narrow interphase with TA >> 2a, and T B  
>> 2a, eq 111-28 and 111-29 become much simpler 
€,-I = 

4 ~ ~ k r - l  + ~BG‘ + (2a/D)(tkr-’ - ~ B L ~ )  log ( c ~ ~ / E B , )  
(111-30) 

and 

E, = 4 ~ t ~ x  + 4 ~ 6 ~ ~  (111-3 1) 

From eq 111-28 and 111-29, one can estimate Ant and Afom. 

IV. Domain Size and Domain-Boundary 
Thickness 

From the results of the sections I1 and 111, the bire- 
fringence of a domain system can be estimated from the 
parameters characterizing a microdomain (i.e., TA, TB, and 
a or X). In this section we estimate these parameters based 
upon a confined-chain statistics that is slightly modified 
from the original version proposed by Meier.2*3 In general, 

the free energy of microdomain formation AG from mo- 
lecular mixture is given by 

where the last term of right-hand side of eq IV-1 is the 
enthalpy of demixing (N being the number of block 
polymer chains, 4B the volume fraction of the B chain, and 
kB Boltzmann’s constant). The first term represents the 
interfacial energy, and the second and third terms are 
respectively the free energy associated with placement 
entropy and with the entropy of confining the A and B 
segments in their respective domains. 

1. A-B Diblock Polymers. (a) Interfacial Energy 
AEint. The unlike segments intermix at the interface, 
contributing to the interfacial energy 

where $A(z )  and $&) are the segmental density profile 
across the interface; ~ A ( z )  + 4B(~)  = 1. xA is the interaction 
parameter, defined by 

where 6K is the solubility parameter of the K polymer and 
pAo is the number density of the K polymer. S is the 
interfacial area given by 

s = ~NVA/TA (IV-4) 

In previous work, $ I ~ ( z )  was assumed to be given by eq 
111-13, but in this work 4 A ( ~ )  as given by eq 111-14 will be 
used, based upon the statistical mechanical studies of in- 
terfacial properties.12-16 Substituting eq 111-14 and IV-4 
into eq IV-2, one obtains 

where t is given by eq 111-16 and y is defined as 

’j E t/TA (IV-6) 

(b) Placement Entropy AS,. Loss of entropy in 
placing the chemical junctions somewhere in the interface 
is given by 

- ASP = In [ TA 2tt + T B ]  - 1 = In [E ]  - 1 (IV-7) 
NkB 

where the chemical junctions are assumed to locate within 
(t in the interface, 5 being an adjustable parameter char- 
acterizing the greater space available for the junctions in 
the interface than is given by the characteristic interfacial 
thickness t. In the case when $ A ( z )  is given by eq 111-14, 
one cannot really separate the interface from a domain, 
and hence specification of the parameter 5 is necessary. 
The quantity q is defined as a ratio of molecular volume 
of A and B and is equal to T B / T A  for diblock polymer. 

q E v B / v A  = TB/TA (IV-8) 

(c) Constraint-Volume Entropy ASc. Let PA(zA;zA’) 
be the probably that the chemical junction of the A chain 
locates a t  zA’ within the interface of thickness .$t and the 
other free end of the A chain locates between zA and zA 
-t dZA, with all the A segments lying between walls of 
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respectively, keeping other conditions unchanged. 

P(TA’,TB’;[~) = & T A ’ S T B P ( ~ A , ~ B ; [ t )  0 dZA d z g  e 

P((zA2)i/2,(zB2)ij2;[t) dzA dzB (IV-14) 

with 

(zA2)’Iz/TA’ = ( Z ~ ~ ) ’ / ~ / T ~ ’  = y2 (IV-15) 

Equations IV-14 and IV-15 were obtained previously by 
Meier2” and suggest that the most probably positions of 
the free ends are in the middle of the respective domains 
when segmental densities are uniform. Noting that 

dzK = rTK (K = A or B) (IV-16) 

where r should be a constant, and defining a parameter 
c associated with the asymmetry of the block polymer 

c = U&/UAlA2 (IV-17) 

one obtains 

Figure 6. Spatial distribution of segmental densities (broken 
line for A segments and solid lines for B segments) and defmitions 
of D, TA. TB, TA’, TB’, and Et. 

2;i 

Figure 7. Locations of two chain ends and a chemical junction 
for an A-B diblock polymer chain in a domain. 

thickness TA‘ (see Figure 6). PA(zA;zA’) is given from eq 
11-12 by 

A similar equation is obtained for the B block chain 
pB(zB;zT%’) = 

In the previous treatment the interface was assumed to 
he narrow so that zA‘ << TA‘ and zB’ << TB’. In this case 
PA(zA;zA’) is given by 
P(Z&ZA’) N 

2UZA‘ muzA m2&AlA2 
-% sin 7 exp[ - 
TA’2 TA 6TAf2 

] dz, (IV-11) 

However, in the modified statistics presented here, this 
assumption will not be used. From eq IV-9 and lV-10 one 
can calculate the probability P(zA,zB;zA’) that the chemical 
junction of the A-B block polymer locates at zA‘, free ends 
of A and B locate respectively at zA and zB, and all A and 
B segmenta lie respectively between walls of thickness TA’ 
and TB‘ (see Figure 7) 

P(ZA,ZB;ZA’) = PA(zA;zA’)PB(z&t - zA’) (IV-12) 

The probability P(zA,zB;[t) that the chemical junction is 
somewhere in the interface, keeping other conditions un- 
changed, is given by 

1 f t  
P(zAJB;@) g& P(ZA.zB;zA’) &A’ (IV-13) 

One can further calculate the probability of the confined 
chain, Le., the probability P(TA’,TB’;[t) that the free ends 
zA and zB are somewhere in the domains TA‘ and TB‘, 

odd 
nu(a - 1) mr(a  - 1) 

- na sin 
R n 

mp sin 
P - 

X 
m2B - n2a2 

exp [ -- ;(,JAY)( - 5 + $)I (IV-18) 

where a and p are defined as 

a 1 + [ y  p =  q + & = q + a- 1 (IV-19) 

AS,/k$V = In P(TA’,TB’;Et) (N-20) 

From eq IV-1, -5, -7, -18, and -20, one finally obtains the 
expression for AG, the free energy of the microdomain of 
the A-B diblock polymer 

I 

n r (a  - 1) 

B 
mx(a - 1) 

a 
- na sin 

X 

mp sin 

m2p2 - n2a2 

(IV-21) 
l + q  

From eq IV-21, AG is a function of a set of independent 
variables Cy,aAlA2/TA2,[) or (a,uAlA2/TA2,[). We treat here 
[as an adjusting parameter. Then for a given set of m e  
lecular parameters such as uAIAz, xA. q, and e, one can 
estimate equilibrium values of a and uAlA2/TA by mini- 
mizing the free energy of the microdomain, that is, by 
solving simultaneously the following equations. 

aaa,/aa = o 
aAG,/a(oA1A2/TA2) = 0 (IV-22) 
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where NlmP is the number of A-B-A block polymer mol- 
ecules with loop conformations. 

From eq IV-26, -27, -32, and -34, one obtains the free 
energy of microdomains for A-B-A triblock polymers 

nn(a - I) 

P 
ma(& - 1) 

- ncy sin 
CY 

X 

mp sin 

m2P2 - n2a2 

8r2a2p C (-l)p+' x 
a2(a - 1 ) p :  integer 

m,n: odd 

f b  In ( 
pnia - 1) 

P 

pa(a  - 1) 

mn(a - 1) 
- p a  sin 

a 
X 

mp sin 

m 2 p 2  - Za2 P 
na(a - 1) 

- p a  sin 
B CY 

np sin 
X 

n2p2 - p2a2 

(-l)(m+n+2)/2 exp[ 3( %)( !y + 91) 
where f i  and f b  are the fractions of A-B-A forming loops 
and bridges, respectively. Minimizing the free energy with 
respect to a and to aA1A2/ TA2 and solving the resulting two 
equations simultaneously 

one obtains equilibrium values of a and aA1A2/TA2 for a 
given f ,  from which D = TA + TB, t ,  TK (K = A or B) also 
are estimated. 

V. Results of Numerical Calculations 
The molecular volume of the K polymer U K  (K = A or 

B) can be calculated from molecular weight MK and mass 
density dK of the K polymer 

UK = M K / ( ~ K N A )  (V- 1) 

where NA is Avogadro's number. The mass densities'O of 
polystyrene (PS) dPS and polyisoprene (PI) dpI are 

dPS = 1.052 g cm-3 dpI = 0.925 g cm-3 

The unperturbed chain dimensions of PS and PI  are es- 
timated from 

(a12)ps = Kps2Mps (a12)p1 = KP12MPI (V-2) 

where the following values for K ' s  are used:'O 
KPS = 6.7 X nm KPI = 7.2 X lo-' nm 

Table I1 
Comparisons of Domain Parameters (nm) Estimated from 

Modified and Original Statistics for SI and SIS Block 
Polymers 

SIb SIS' 
statistics TpQ D t TPQ D t 
modified" 25.5 54.5 2.07 25.8 55.1 1.93 
original 25.5 55.1 2.75 23.8 54.8 3.42 

" E  is assumed to be 2. bPolystyrene-polyisoprene (SI) diblock 
polymer with M,, = lo5 and Wps = 0.5 at  293 K. 'SIS triblock 
polymer with M ,  = 2 X lo5 and Wp, = 0.5 at 293 K. 

In order to calculate XA one needs a value for ( 6 ~  - 6B)2/ 
kBT. Here the formula obtained by Rounds and McIntyre 
is used 

( 6 A  - 6B)'/kBT = -900 + 7.5 X 105/T (mol/m3) (V-3) 

These parameters are sufficient to estimate the domain 
size TK (K = A or B), the domain identity period D ,  and 
the characteristic interfacial thickness t. 

In the calculations of domain properties of A-B-A tri- 
block polymers, fi and f b  were assumed to be equal to lI2. 

In order to estimate the optical properties of the domain 
system, one further needs parameters such as the average 
refractive indices of polystyrene (aps) and polyisoprene 
(apI) and the segmental anisotropy of polystyrene ( ( b ,  - 
b2)PS) and polyisoprene ( (b ,  - b2)PI). The following values 
are used:9 

iips = 1.59 iipI = 1.52 

( b ,  - bJPS = -145 X nm3 

(b ,  - bJPI = 50.6 X nm3 07-4) 

Table I shows the effect of the adjustable parameter C; 
on the polystyrene (PS) lamellar thickness Tps, the domain 
identity period D ,  and the characteristic interfacial 
thickness t at 293 K for sample L-6,1° which is a poly- 
styrene-polyisoprene diblock polymer (SI) with total 
number-average molecular weight M,, = 102 X lo3 and 61 
wt  % PS block. As C; increases, t decreases. This is rea- 
sonable since AGAB is a function of xu, y ,  and ffA1A2/TA, 
and hence increasing C; is qualitatively equivalent to de- 
creasing t (or y ) .  It should be noted that ft is not constant 
because free energy depends not only on f t  (or [y )  but also 
on X A t  (or xu). 

Table I1 shows comparisons of the domain parameters 
obtained from the present modified statistics and from the 
original version for SI and SIS block polymers. In the 
modified statistics f is assumed to be 2. The SI diblock 
polymer has M, = lo5 and the SIS triblock polymer has 
Mn = 2 X lo5. Both polymers have weight percent of PS 
( Wps) equal to 50. Besides the fact that modified treat- 
ment gives a much thinner interface, the two treatments 
give almost identical results for Tps and D. This is because 
the narrow-interphase approximation is good enough for 
these polymers. 

Table I11 shows comparisons of calculated and experi- 
mental domain dimensions for a series'O of SI diblock 
polymers having lamellar microdomains. The calculated 
values are obtained for 4 = 2 and at T = 293 K. The values 
obtained from the original version of the statistics are also 
included in parentheses in the table. The specimens L-4 
and L-5 may have tapered block structures.1° It is clearly 
seen that the modified statistics gives better agreement 
with the experimental results,1° especially for the charac- 
teristic interfacial thickness. 
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Table I11 
Comparisons of Calculated and Experimental Domain 

Parameters for a Series of SI Diblock Polymers 
D, nm t, nm M, x 10-3 

polvmers PS/PI  calcdn exptlb calcdo exptlb 
L-1 11.119.9 20.3 17.2 2.54 1.7 i 0.2 

L-2 12.4118.6 26.3 24.3 2.53 1.7 i 0.2 
(19.8) (3.4) 

(26.2) (3.4) 

(36.0) (3.3) 

(38.7) (3.2) 

(55.5) (2.8) 

(56.9) (2.8) 

L-3 22/27 35.9 31.9 2.17 1.9 i 0.2 

L-4' 25.3129.7 38.3 34.0 2.18 2.3 i 0.2 

L-5' 49.5147.5 54.2 46.3 1.82 2.6 i 0.2 

L-6 62.2139.8 55.4 50.3 1.84 1.7 i 0.2 

Calculated values are obtained for [ = 2 a t  T = 293 K and the 
values in parentheses are obtained from the original version of the 
statistics.1° See ref 10. ''Tapered" block polymer.1° 

Table IV shows calculated domain parameters Tps, D, 
t ,  and optical properties such as An,,, An,,, Aorient, Aform, 
and Ant for a series of SI diblock polymers and SIS triblock 
polymers on the basis of the modified chain statistics with 

= 2 and at T = 293 K. N is the number of block polymer 
chains per cm3 as calculated with eq V-1 and with eq 11-18 
for diblock polymers and eq 11-21 for triblock polymers. 
A ~ K  (K = PS or PI) is the orientational birefringence of 
K lamellae as calculated from eq 11-19 for diblock polymers 
and from eq 11-20 to 11-22 for triblock polymers. Aorient is 
the total orientational birefringence as calculated from eq 
11-19a and 11-22a. An, is the total birefringence of the 
lamellar microdomains as calculated from eq 111-19, -20a, 
-28, and -29, and 40m is the form birefringence as defined 
by eq 111-24b. 

It will be noted in Table IV that Aform N An, or that 
lAorientl << lAn,l. That is, the intrinsic birefringence of the 
lamellar microdomains can be attributed primarily to form 
birefringence, with the orientational birefringence making 
an almost negligible contribution to An, (equal to or less 
than about 10% of An,). This conclusion supports the 
experimental observation of Folkes and Keller on extruded 
SBS triblock polymers." Note that Afom is negative; i.e., 

The orientational birefringence of polystyrene lamellae 
is negative because of the negative segmental anisotropy 
(eq V-4) used in the calculation. The absolute value of 
birefringence lAnpsl and lAnpI( decreases with increasing 
molecular weight of the block polymers. As the molecular 
weight increases, (i) the absolute value of the birefringence 
of a single chain increases because of the increased chain 
stretching involved in domain thickening (see [TK2/4 - 

in eq 11-17 and [TB2  - aB1B2/3] in eq 11-20), but (ii) 
the number of chains per unit volume N decreases ac- 
cording to eq 11-18 for A-B and eq 11-21 for A-B-A block 

n, < n, = ny. 

polymers. The orientational birefringence is proportional 
to a product of these two factors, which have an opposite 
molecular weight dependence. Therefore, the birefringence 
decreases because the latter factor (ii) outweighs the former 
(i). 

The orientational birefringence of polyisoprene lamellae 
in SIS triblock polymers, AnpI,SIs, is greater than that for 
corresponding SI diblock polymers, AnpI,sI. This is a 
consequence of the polyisoprene chains in SIS being con- 
strained at both ends, while those in SI are constrained 
only at  one end. This difference is clearly seen by com- 
paring eq 11-17 and -20. It should be noted that the SIS 
triblock polymers under consideration have molecular 
weights twice as large as those of the SI diblock polymers 
and have chemical compositions identical with those of the 
diblock polymers (i.e., in this regard the triblock polymers 
may be written as S-21-S). From eq 11-17 and 11-18, the 
anisotropy of the B lamellae in A-B diblock polymer is 
given by 

From eq 11-20 and -21, the anisotropy of the B lamellae 
in the corresponding A-B-A triblock polymer is given by 

(V-6) 
Thus by comparing eq V-5 and -6, it is clear that 

(pl - P2)B,ABA > (pl - P2)B,AB 

and hence 
A~PI ,S IS  > A ~ P I , S I  

The orientational birefringence of polystyrene lamellae 
in the diblock polymer is about equal to that for the 
corresponding triblock polymer. The small difference is 
attributed to small differences in the domain parameters 
(TPs, D, and t ) .  

The total orientational birefringence Aorient is negative 
since the negative birefringence of the polystyrene lamellae 
outweighs the positive birefringence of the polyisoprene 
lamellae. Absolute values of the orientational birefringence 
of the A-B-A triblock polymers IAorientJABA are smaller than 
those of the corresponding diblock polymers lAorientlAB 
because of the greater A n p ~ , s ~  compared with Anp1,sp The 
opposite signs of birefringence for the two kines of lamellae 
cause the total orientational birefringence to be small. It 
is conceivable that the total orientational birefringence 

Table IV 
Calculated Domain Parameters and Birefringence for SI and SIS Block Polymers 

polymer 
SI-1 
SI-2 
SI-3 
SI-4 

SIS-1 
SIS-2 
SIS-3 
SIS-4 

M, x 10-3, 
S / I  or S/I/S 

domain parameters, 
nm optical properties 

TD, D t N. nm-3 
25/25 
50150 

2501250 
100/100 

25150125 
501 100/50 
100/200/100 
250/500/250 

16.6 35.5 2.49 
25.5 54.5 2.07 
38.1 81.4 1.67 
63.1 134.8 1.18 

16.8 35.9 2.31 
25.8 55.1 1.93 
38.5 82.3 1.45 
62.3 133.2 1.17 

1.19 x 10-2 
5.93 x 10-3 
2.97 x 10-3 
1.19 x 10-3 

5.93 x 10-3 
2.97 x 10-3 
1.48 x 10-3 
5.93 x 10-4 

Anps x lo4 AnpI X lo' Aorient X IO5 AfOm X lo3 Ant x lo3 
-2.62 1.09 -15.2 -1.44 -1.59 
-1.82 0.734 -10.8 -1.49 -1.60 
-1.10 0.439 -6.63 -1.52 -1.59 
-0.513 0.202 -3.11 -1.55 -1.58 

-2.73 1.65 -10.8 -1.46 -1.57 
-1.89 1.02 -8.71 -1.50 -1.59 
-1.15 0.583 -5.62 -1.53 -1.59 
-0.494 0.247 -2.48 -1.55 -1.57 
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I 2A/D;. f D  
0 

Figure 9. Form birefringence of a pseudo-two-phase system as 
a function of interfacial volume fraction f D  = 2X/D. The form 
birefringence relative to the ideal two-phase system Aform (rD = 
0) is plotted for the case where is given by eq 111-13. Afom 
was calculated from eq 111-20b. 

may become quite large for systems in which the two block 
chains have large segmental anisotropies with same sign. 

Figure 9 shows the effect of the interface on form bi- 
refringence for the case where the polystyrene and poly- 
isoprene lamellae are optically isotropic and the density 
profile across the interface is given by eq 111-13. In this 
case Aform is equal to Ant in eq 111-20 with f A  = f B  = (1  - 
f D ) / 2 ,  nAr = nk = E A ,  and nBx = nBz = fiB, where f D  is the 
volume fraction of the interface (fD = 2X/D). It is clearly 
seen that the absolute value of the form birefringence 
decreases with increasing volume fraction of the interface. 
When 2XID = 1, the form birefringence becomes as low 

as half of the value with zero interfacial thickness, i.e., 
when 2X f D = 0. 
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ABSTRACT The uniformity of the microdomain sizes of polystyrene-polyisoprene block polymers is found 
to be much higher than the uniformity of molecular weights of the block polymers comprising the microdomains; 
the heterogeneity index for the distribution of microdomain size_(D,lD,) is typically 1.001, whil? that for 
the molecular weight distribution of the block polymers studied (M,/Mn) is typically 1.1 (b, and D, are the 
weight- and number-average domain identity periods and and M, are the corresponding average molecular 
weights). This implies that the molecules are packed in the domain space so as to compensate their molecular 
weight distributions. 

Introduction 
In this paper we are concerned with uniformity of the 

microdomain sizes of typical block polymers such as 
polystyrene-polyisoprene block polymers as compared with 
that of the molecular weights of the polymers comprising 
the microdomains. We wish to emphasize that the uni- 
formity of the former is higher than that of the latter (e.g., 
Dw/Dn = 1.001 and &Iw/&In 1.1; see eq 10 and 11) and 
that the molecules are packed in the domain space so as 
to compensate for the molecular weight and compositional 
distributions. 

It is well-known that block polymers exhibit microdo- 
main structures in the strong segregation limit. The size 
of these microdomains has to be closely related to the size 
of individual molecules,'+ the physics of which originates 
from the incompressibility of polymeric liquids and sol- 
ids.lOJ1 Incompressibility demands that the segments 
uniformly fill all space of the microdomains and their 
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densities in the respective microphases should be equal to 
those in the corresponding homopolymers. Thus the 
molecules in the domain space have to adjust their di- 
mensions and conformations according to the size of the 
microdomains as schematically shown in Figure 1. For 
example, if the domain space composed of A molecules 
expands from DA1 to DM, the A block molecules also have 
to expand their dimensions (with the root-mean-square 
end-to-end distance from (ZA,') 'I2 to ( z A 2 2 )  1/2) in the 
direction perpendicular to the interface in order to satisfy 
the demands of uniform space filling with the segments. 
The expansion of the molecules has to be accompanied by 
a decrease of the average intermolecular distance from a, 
to a2 in order to satisfy the demands invoked by incom- 
pressibility. The equilibrium domain size is the one which 
minimizes the free energy of the system. 

It has been found both theoretically and experimentally 
that the microdomain size (RA) and the identity period (0) 
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