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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 polystyrene-polybutadiene 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 ((2)) and perpendicular (((z - 2")))
to the interface on the basis of the “confined-chain
statistics” proposed by one of us'™ and then (ii) knowing
the results of (i), we calculate the orientational anisotropy
of the chains based upon the Kuhn-Griin theory.*® The
Kuhn-Griin 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 II-2.

tPresent address: Department of Polymer Science and Engi-
neering, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku,
Kyoto 606, Japan.

! Present address: Hyogo University of Education, Hyogo-ken
673-14, Japan.

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
phases® 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 Wiener® 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 III).

II. 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 1a). Their
end-to-end vectors orient uniaxially with respect to the
reference axis.

The molecular anisotropy of the jth chain in A domain
with its end-to-end vector R; oriented at the polar angle
f; with respect to the 2 axis is given by

Plj - ng = (71'1j - 7I'2j)(3 0052 0] - 1)/2 (II-].)

where P;; and P,; are the polarizabilities of a single chain
parallel and perpendicular to z, respectively, and ; and
7y, are the polarizabilities parallel and perpendicular to
the end-to-end vector R; (Figure 1b).

1. Application of Kuhn-Grin Statistics for the
Confined Chains. The molecular anisotropy of the single
chain A in the confined space, in turn, may be approxi-
mately given by Kuhn—Griin chain statistics.

Ty~ Ty = O'A(bl - bZ)Afs (11-2)
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Figure 1. (a) Coordinate system 0,,, fixed to an alternating
lamellar microdomain and a single block chain in the domain.
(b) Coordinates (z',0,0) and (z,r,¥) specifying the two ends of an
A block chain whose segments are between two walls at z = 0 and
z= TA"

o, is the number of segments per single A chain (mono-
dispersity of molecular weight distribution is assumed
here), (b; — by), 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 R;

fo=(3(cos?6,) -1)/2=1- 3[(R;/oala) / LTUR;/ 5la)]
(11-3)

where 6, is polar angle between the segment and R;, [, is
the length of the statistical segment for the A chain, and
L71(x) is the inverse Langevin function as given by

L(x) =cothx-1/x (II-4)
L7Yx) = 3x + (9/5)x® + (297/175)x% + ... (1I-5)

For a Gaussian chain with R; < o404 (where 0,1, is the
contour length of a chain), eq II-3 is given by

3 R}?

T 5 K

fs (I1-6)

If there are N block chains per unit volume, the molecular
anisotropy of A lamella (P, — P,), is given by

N
(Py—Pyp = Zl(‘n'lj — m)(38 cos® 0, - 1) /2 =
j=
N{(my; - m3,)(3 cos? 6, - 1) /2) (I17)

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 An, of the A
domain

(Py = Py)a (II-8)

where 71, is the average refractive index of the domain.

We can evaluate the average in eq II-7 on the basis of
confined-chain statistics in the domain space. Let
P,(R;z%0,) be the probability that an A chain with ¢,
statistical segments of length [, has one of its ends
(chemical junction) at 0’ (whose position is specified by
(2/,0,0) in cylindrical coordinates) and the other end at R
= (z,r,¥) (see Figure 1b). The probability P, should si-
multaneously satisfy the conditions that all chain segments
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be confined in the space between the two planes at z = 0
and z = T, 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 II-6) and noting that

cos? 0; = (z-2)%/[(z-2")* + r?] (11-9)

one obtains the molecular anisotropy of domain A, (P; -
Py)a

(bl - bz)

(P~ Ps =5 “NI((z - 2% - (%) /2] (I1-10)

oala?

wherein

((z-2")%) _
(r*)
(z—2')*
_I‘ _f IPA(Z,T,'!/;Z 04) 2 dy r dr dz (II-11)

for the chain with its junction at a fixed point z”. 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 problem reduces to that of evaluating ((z
—2")?) and (r?). The probability P, in eq II-11 was given
by Meier!

PA(z’r1¢;2 ’;GA) = 7 exp[—3r2/2crAlA2] X
’ﬂ'd’AlAZ TA

® ’ mir2a,l,2
2. sin MIZ_ in mar:z exp[u+“ ] (II-12)

m=w T4’ Ty 6T, 2

A similar equation holds for the B chain. The requirement
of uniform volume filling invokes a constraint that T’
depend upon chain dimension (41422 ‘

8§ = (UAIA2)1/2/TAI (II-13)

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

3AG /35 = 0 (I1-14)

For such equilibrium conformation it was shown by Meier?
that

((z—2")%) = Ty*/4 (I1-15)
The lateral dimension is simply given by
(r*) = (2/3)anly’ (I1-16)

since there are no chain perturbations in the lateral di-
rection. Consequently for the A-B diblock polymer the
anisotropy, (P; — Py)x (K = A or B), is given, from eq II-10,
1I-15, and II-16, by

3 (by - bk Tx®  oxly®
P, — P. == "N
Py Dk 5 oxly? 4 3

(K = A or B) (II-17)

N is given for an A-B diblock polymer by
N= (UA + UB)_I (II'18)

where vk (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 (II-19a)
(gt + 2)
Ang = %" —Kr_;x——( . -P)x (K=AorB)
(11-19b)

2. Validity of the Kuhn-Griin 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 1I-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 R;. Thus all the chain conformations as depicted
in Flgure 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 R; 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 II-12). How-
ever, for the chains with R; 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 R; vectors oriented parallel to the
walls, as in Figure 2¢, 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 R;.
However, since chains with their R; vectors oriented
normal to the interface are much more prevalent than
those with R/’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
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Figure 4. Loop and bridge conformations having identical mo-
lecular anisotropy. Note that the 2-3 portion (solid line) and the
2-4 portion (broken line) are mirror images with respect to the
plane at z = Tp'/2.

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 walls? (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

b, —b 12
(P, - Py)g = 5 &= by Ty? - 28 (11-20)
5 oglg? 3

where N is given by
= (2UA + I.)B)—1 (11'21)
On the basis of eq II-8, II-17, 11-20, and II-21, one can

estimate the orientational birefringence of A-B-A triblock
polymers

Anorient = ZAnK (K = A, B) (11-228.)
K
(Ax? + 2)*
Ang =X K T2 p Py (K=A B) (II-22b)
9 1574
where (P, — P,)g is given by eq I1-20 and (P, - Py), by
3 (b1 - bya Ta?  ouly’
(P, - Py, = A 2N 1 3 (I1-22¢)

It should be noted that one polymer chain has two A block
chains; thus 2N rather than N appears in eq 1I-22¢c.

III. Form Optical Anisotropy of Domain Systems

The form anisotropy or birefringence was first studied
by Wiener® for the ideal two-phase system with zero in-
terfacial thickness. It was also assumed that each phase
is optically isotropic. Recently, Franklin et al.” 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 Franklin’ developed a theory for a
system having an unlimited number of alternating lamellae
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Figure 5. Spatial distribution of dielectric tensor ¢ along the
lamellar normal 2. The interface is divided into M sublayers with
constant dielectric tensor ¢, (j = 1-M).

of arbitrarily anisotropic homogeneous materials. For a
special case where the principal axes of the dielectric
tensors ¢; in each lamella have the same orientation and
one of the principal axes is parallel to z, i.e., the lamellar
normal, the effective dielectric tensor ¢ of the system is
given by

€x 0 0
e=({0 & O (III-1)
0 0 €,

M M M
& = 2fie. & =2fie, &= Lfig,t (I1-2)
i=1 i=1 i=1

where ¢, is the dielectric constant of the ith lamella along
the x axis, for example, and f; is volume fraction of the ith
lamella.

The theory may be applied to the lamellar microdomain
system having the domain-boundary interphase as shown
in Figure 5. The domain structure has a repeating unit
that contains (i) the lamella of pure component A with
dielectric tensor ¢, and volume fraction f,, (i) the interface
of volume fraction fp where the dielectric tensor varies
from e, to ep, and (iii) the lamella of pure component B
with dielectric tensor ¢g and volume fraction fg. The in-
terface can be further divided into a finite number of
sublayers M, each layer having dielectric constant ¢ and
volume fraction fp.

Application of the theory to such a system immediately
gives

M
fatfetfo=1 o= I_zlij (I11-3)
w0 0
e;={0 e O (i=AorB)  (IlI-4)
0 0 €iz
Eij 0 0
¢jp =[O epx O (j=1-M) (III-5)
0 0 €Dz
and for the effective e
€x 0 0
e=[0 & 0 (111-6)
0 0 €y
€ = fa€a; + fren: + fpep: (II1-7)
Ez_1 = fAeAz—1 + fBeBz_1 + fDeDz"1 (III'S)

¢p, and ep, are given by
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M
€py = (1/fn)zlfm€jnx (I11-9)
i=
M
ep, ' = (1/fp) 'Z1f D€jDs (I11-10)
=

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

ep:(2) = (ear — €B)PA(2) + €g, (IT1-11)
and
en;(2) = (€a, — €p,)pa(2) + ep, (ITI-12)
where ¢,(2) may be given by
#a(2) = cos? (wz/2)\) (I11-13)
or by
#a(2) = [1 + exp(z/a)]! (I11-14)

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

t= |d¢(2)/d2|_1¢(z)=1/2 (III-].S)
t = 0.6366A or 4a (I11-16)

The calculation of the form birefringence for the case
where the density profile is given by eq III-13 was previ-
ously treated by Hashimoto et al.® In this case the ana-
lytical expression for ¢, and ¢p, can be obtained by re-
placing the summations in eq I11-9 and III-10 by integrals

A
ep: = (1/N) j; ens(2) dz (I11-17a)
A
et = (1/)N) _]; en,"1(2) dz (I11-17b)
One obtains
epx = (g, + €p.) /2 (I11-18a)
ep; = (easep,)'/? (I111-18b)

Using Maxwell’s equation, one can estimate the x and 2
components of the refractive indices

n, = (e)1/? n, = (¢,)1/? (I11-19)
Then the net birefringence An, of the lamellar microdo-
main is given from eq III-7, I11-8, and III-19

An,8n,-n, (I11-20a)

Any = (fana, ™ + fang,” + fpnp, /2 -
(fanas® + fgng,? + fonp,)Y/? (111-20b)

where n,, and n,, can be estimated from the average re-
fractive index 71 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

ﬁA = (nAz + 2nAx)/3 (III'21)
(I11-22)

Similarly ng, and ng, can be estimated from rig and Ang,
and hence one can estimate An, from eq III-20b. £, /5,
and fp can be converted into the measurable quantities

fo=2x/D
Ya=Ta/D = fs+ Yfp

Y8 = Tg/D = fg + Yfp
D=TA+TB

AnA = Na, — Nax

(I11-23)
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where D is the domain identity period, Tx (K = A or B)
is the thickness of the Kth domain, and fp is the volume
fraction of the interface.

Thus if Ty, Tg, and A are estimated from the statistics
of confined chains, one can estimate the net birefringence
An,. The total orientational birefringence A, and form
birefringence A, may be defined as

Aorient = AnA + AnB (111-248.)

(IT1-24b)

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

In the case where the density profile is given by eq I11-14,
one cannot really separate the domain and domain-
boundary interface as in eq III-3, ITI-7, and III-8, since with
eq III-14, ¢,(2) goes to zero only at z = «. In this case one
can directly calculate ¢ in eq 1II-6 by noting that

fa=fa=0 and fp=1 (I11-25)
Thus from eq III-9, III-10, and III-25, one obtains

Aform = Ant - Aorient

2 Tg/2
-l = —_—_— -1 _
o= et = I 0 @) dz (1-26)
2
€& = €y = T, + TBf er(z) dz (I1I-27)

By substituting eq III-11, III-12, and III-14 into eq I1I-26
and III-27, one obtains

2a
Gz_l = 0= EAZ_I X

D

leas T €p, exp(-Ty/2a)] exp(TB/2a))

98 \ Tew + <5, exp(T5/20)] exp(-T5/20)
g (;: :elizeflf((_?A//z;:)) (I11-28)
and
€ = %a(éAx eps) X
og (1 + exp(-T4/2a)] exp(Ts/2a) + ep, (I11-29)

[1 + exp(Tws/2a)] exp(-T,/2a)

In the limit of narrow interphase with T > 2a, and Ty
> 2a, eq I11-28 and ITI-29 become much simpler

-1 =

ez
dacat + dpep,t + (2a/D)(ea, ! — ep,7Y) log (ea,/€p,)
(I11-30)
and
€ = Pacar T Ppepy (I1I-31)

From eq I1I-28 and ITI-29, one can estimate An, and Agpp.

IV. Domain Size and Domain-Boundary
Thickness

From the results of the sections II and III, the bire-
fringence of a domain system can be estimated from the
parameters characterizing a microdomain (i.e., T, Tg, and
a or A). In this section we estimate these parameters based
upon a confined-chain statistics that is slightly modified
from the original version proposed by Meier.?? In general,
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the free energy of microdomain formation AG from mo-
lecular mixture is given by

AG = AEint - T(ASP + ASC) - NXAkBTd)B (IV-l)

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, ¢ the volume fraction of the B chain, and
kg 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
AE;, The unlike segments intermix at the interface,
contributing to the interfacial energy

XA B
AE int =

S [ oaeop@ dz  (IV-2)

where ¢,(z) and ¢g(z) are the segmental density profile
across the interface; ¢,(2) + ¢g(z) = 1. x4 is the interaction
parameter, defined by

(64 - 0p)? (34 - 0p)°

where 0y 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 =2Nv,/T, (IV-4)
In previous work, ¢,(z) was assumed to be given by eq
IT1-183, but in this work ¢,(2) as given by eq III-14 will be
used, based upon the statistical mechanical studies of in-
terfacial properties.!?"1® Substituting eq III-14 and IV-4
into eq IV-2, one obtains

A Y (IV-5)
where t is given by eq III-16 and y is defined as
y=t/T, (IV-6)

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

AS, . %t
Nkg Ty + Tg

where the chemical junctions are assumed to locate within
£t in the interface, £ 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 ¢,(z) is given by eq III-14,
one cannot really separate the interface from a domain,
and hence specification of the parameter £ is necessary.
The quantity q is defined as a ratio of molecular volume
of A and B and is equal to Tg/ T, for diblock polymer.

g=vg/va=Tg/Ty (IV-8)

(¢) Constraint-Volume Entropy AS .. Let Py(2,;24")
be the probably that the chemical junction of the A chain
locates at z,” within the interface of thickness £t and the
other free end of the A chain locates between z, and z,
+ dz,, with all the A segments lying between walls of

2
[ 4 -1 {dav-7n
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Figure 6. Spatial distribution of segmental densities (broken
line for A segments and solid lines for B segments) and definitions
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Figure 7. Locations of two chain ends and a chemical junction
for an A-B diblock polymer chain in a domain.

thickness T’ (see Figure 6). P,(z4;24’) is given from eq
I1-12 by

Pp(2p520) =
9 . . mmzy | mmz, m2na,l,?
E;;%sm v sin v exp —W dz,
(Iv-9)

A similar equation is obtained for the B block chain

P, B(ZB;ZB') =

mrzB’ nmwzg [ n27r20'Ble
—_—— zg

2 2_si sin e
—2> sin —— ex|
TB’ n TB’ TB’ P GTBI 2
(IV-10)
In the previous treatment the interface was assumed to
be narrow so that z,” << Ty’ and zp’ « Tg’. In this case
P,(z5;24") is given by

P(zp;2,") =~

2‘1I'ZA’ mmzp [ m27l'20'AiA2
exp| -———

Ty s Ty 6T, '? ] dea (VD
However, in the modified statistics presented here, this
assumption will not be used. From eq IV-9 and IV-10 one
can calculate the probability P(zs,25;24") that the chemical
junction of the A-B block polymer locates at z,’, free ends
of A and B locate respectively at z, and zg, and all A and
B segments lie respectively between walls of thickness T’
and Ty’ (see Figure 7)

P(zy,2p;24") = Pp(zp;24" ) PglzgiEt — z,") (IV-12)

The probability P(z,zg;tt) that the chemical junction is
somewhere in the interface, keeping other conditions un-
changed, is given by

Plepzmitt) = - [ Pleazgizy) dzy' (IV-13)
As<By Et o A By~ A A
One can further calculate the probability of the confined
chain, i.e., the probability P(T’,Tg";£t) that the free ends
z, and zg are somewhere in the domains T’ and Ty,
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respectively, keeping other conditions unchanged.

Ty T
P(Ty,Tystt) = [ [ Pleassitt) dza dzg ~
P((zp®)'2,(2p?)V/2%£t) dzy dzg (IV-14)
with '
(2pADV2/ Ty = (2gHV2/ T’ =Y,  (IV-15)

Equations IV-14 and IV-15 were obtained previously by
Meier??® 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

(K=AorB) (IV-16)

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

(IV-17)

dZK = I'TK

¢ = oglp?/oaly’
one obtains

46\:{3"2 Z(_]_)(m+n+2)/2 x
w(e — 1) m,n
odd

nw(a — 1)

4

m2|82 - n2a2

w2 oala? m?  cn?
exp[—E( T, )(; + F)] (IV-18)

where « and 8 are defined as
aBl+ty pB=q+iy=q+a-1 (IV-19)
AS./kgN = In P(Ty',Ty’;£t) (IV-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

P(Ty,\Tg'tt) =

ma(a — 1)

mp sin — na sin

X

AGpp
NkpT ~
XAY 2(@-1)
AT _ _ _1)im+n+2)/2 %
2 [ln 1+¢ 1] In aﬁmz,;( 1)
odd
- nm(a-1) ma(a — 1)
mg sin T - no sin —————

m232 - n2a2

_xf oala? M m? | en? o A
P\ e N\ " B (o —1)

Xaq
1+g¢

(Iv-21)

From eq IV-21, AG is a function of a set of independent
variables (y,04052/ Tx%£) or (a,050,%/ Tx%E). We treat here
& as an adjusting parameter. Then for a given set of mo-
lecular parameters such as 4l42% xa, ¢, and ¢, one can
estimate equilibrium values of a and c,l,2/ T, by mini-
mizing the free energy of the microdomain, that is, by
solving simultaneously the following equations.

BAGAB/E)a =0

OAG g/ 9(0ala®/Th% =0 (IV-22)
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Figure 8. Locations of two chain ends and two chemical junctions
for an A-B-A triblock polymer chain in a domain.

From the equilibrium values one can estimate D = T, +
Tg, t, and Tk (K = A or B).

2. A-B-A Triblock Polymers. (a) Interfacial En-
ergy AE;,,. From eq III-14 and IV-2, one obtains

AEi.nt = SaxAkBT/vA (W'23)
which is identical with AE,, for A-B diblock polymer. The

total interfacial area S for A-B-A triblock polymer is given
by

S= 2NUB/T3 = 4NUA/TA (W'24)
Noting that
TB/TA = UB/2UA = q/2 (IV'25)
and from eq IV-23 to IV-25
AE;;  xat xala = 1)
NeT =T, WS Ty @V

(b) Placement Entropy AS,. In a manner similar to
that used for an A-B diblock polymer, one can calculate
AS, for an A-B-A triblock polymer. Noting that for an
A—ﬁ—A polymer Ty and T, are mutually related by eq
IV-25 rather than eq IV-8 for an A-B polymer

2ty

ASP=1“1+q/2

~1=In[4a-1)/@+g)]-1
(Iv-27m)

(c) Constraint-Volume Entropy AS,.. A-B-A triblock
polymers have two possible conformations (bridges and
loops) as shown in Figure 3. Let us first estimate AS, for
bridges. Let us define the probability Paga(za;,2a0;£t) that
the A and B chains are confined in the A and B domains,
respectively, with the free ends of A at z,, and z,, and the
chemical junctions somewhere in the interface of thickness
£t for A-B-A block polymers. Py;q,, is given in terms of
Pp(zp13241), Pa(zag242"), and Pg(2g;2p’) defined in eq IV-9
and IV-10, where P,(z,;24;) (i = 1, 2) are the probabilities
for the two A chains and Pg(zg;z,’) is the probability for
the bridge chain B (see Figure 8).

1
Pirigge(zar,2anét) = 7 X

Bt Ty
f , ’ . Pa(za1:2a1")Pp(zg;28 ) PA(2p2;245) d2p’ dzp
zp'=0e zp=Ty'~£t
(IV-28)

It should be noted that, upon integration of eq IV-28,
junctions 1 and 2 (z,,” and z,,’ in Figure 8) are related to
zp’ and zg

Za' =&t - zp

2p =2g—Tg=25-Tg' + £t (IV-29)
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Table I
Effect of Choice of { on Domain Parameters for Sample L-6
at 293 Ko?
3 Tps, nm D, nm t, nm
1 33.6 58.0 2.08
2 32.1 55.4 1.84
3 30.6 52.9 1.68
4 29.6 51.2 1.56

2SI Diblock polymer with total number average molecular
weight 102 X 10° and 61 wt % polystyrene. ° Tpg is the thickness
of a polystyrene lamella and t is the characteristic interfacial
thickness.

The probability Pyga(T’,Tg';£t) that the free ends of
the A chains are somewhere in the interface, keeping other
conditions unchanged, is given by

Pirigge(Ta', Tg';t) = ffpbﬁdga(zm»zu:ft) dzy; dzyy =~
Pbridge((zAlz)llzv(zAzz)llz;Et) dz.Al dZAz (IV-30)

From eq IV-9, -10, -16, -17, -25, and -30, one obtains

Prraee T To'st) = P 5 5 1o+t
bridge\ £ A » BsE = 12(“_ 1)- P
integer odd
. prla-1) . mw(a-1)
mf sin _-E_ - pa sin ————
X
m2ﬁ2 - p2a2
. pr(a-1) . nm(a-1)
ng sin _ﬁ_ - pa sin ————
X
n?.ﬁZ - p2a2
72 [ ol m?+ n? cp?
—1)(m+n+2)/2 —— o+ —
e {2522

(IV-31)

Thus the constraint-volume entropy AS, 4 for bridges
is given by

AS, pridge = NbriageR In Phrigge( Ty, Tg';Et) (IV-32)

where Ny4.. is the number of A-B-A block chains having
bridge conformations.

Let us now consider the constraint-volume entropy for
loops, AS, .- In order to satisfy the requirement of
uniform filling of the space with the segments, a loop is
treated as two separate chains (A-B/2) with ends of the
chains corresponding to the center segment of the loop.
In this manner, one can estimate the probability P;,-
(T, Tg';£t) based on the statistics of A-B diblock poly-
mers. Noting that B in A-B diblock polymer should be
replaced by '/,B for an A-B-A triblock polymer

4r’af
Proop(T\ T'skt) = T 3 (~1)m+n+)/2 i
odd
. na(a-1) mw(a - 1)
mp sin ——— - na sin ———

]

m2182 - n2a2

X
2
2 1,2 2 2
exp[_E( “;A: )(”;L2 + ;—;‘2)] (IV-33)

Thus constraint-volume entropy AS,,,,, for loops is given
by

AS; = 2Ny,opkp In Py (T, Tg's6t)  (IV-34)
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where N, 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

AG 2 -1
ABA_XAy_ln[Ja_>]H_

NkgT 1+q/2
4riafB
2f1 In{ — Z (_1)(m+n+2)/2 X
7"(0‘ - 1) m,n
odd
. nrla-1) . ma(a—~1)
mg3 sin -—B—— - na sin —
X
m?8? - n2a?
72 [ oala? m?  cn?
expl -\ Ntz ) |
6 TA [23 26
foin {248 Cen
n{—— -
b 71'2(01 - 1)p: integer
m,n: odd
. pr(a—1) . mr(a—1)
m@ sin -T - pa sin —
X
m28? — pla?
. prla—1) o onr(a-1)
ng sin T - pa sin ——
X
n2s? - pa?
2 2
(_1)(m+n+2)/2 exp _7!'_2 G'AZA m2 + n2 + c_p—
2 2 2
6 TA [e4 6
Xaq
- ——— (IV-3
1+4q/2 ( 5)

where f; and f,, are the fractions of A-B-A forming loops
and bridges, respectively. Minimizing the free energy with
respect to a and to a,/,%/7T'4? and solving the resulting two
equations simultaneously

8AG JAG
ABA _ ABA o (IV-36)
da 8(oala?/ Ty

one obtains equilibrium values of a and 64,/ T2 for a
given &, from which D = T, + Ty, t, Tk (K = A or B) also
are estimated.

V. Results of Numerical Calculations

The molecular volume of the K polymer vg (K = A or
B) can be calculated from molecular weight My and mass
density dx of the K polymer

vg = My /(dgNy) (V-1)

where N, is Avogadro’s number. The mass densities!® of
polystyrene (PS) dpg and polyisoprene (PI) dp; are
dpg = 1.052 g cm™  dp; = 0925 g cm™?
The unperturbed chain dimensions of PS and PI are es-
timated from
(ol)ps = Kps®Mps  (al)p; = Kp?Mp;  (V-2)
where the following values for K’s are used:*°

Kps=67%X10%2nm  Kp;=72%X107% nm
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Table 11
Comparisons of Domain Parameters (nm) Estimated from
Modified and Original Statistics for SI and SIS Block

Polymers
SI? SIse
statistics Tps D t Tpg 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

3¢ is assumed to be 2. ?Polystyrene—polyisoprene (SI) diblock
polymer with M, = 10° and Wpg = 0.5 at 293 K. ¢SIS triblock
polymer with M,, = 2 X 10° and Wpg = 0.5 at 293 K.

In order to calculate x, one needs a value for (6, — 8g)?%/
kgT. Here the formula obtained by Rounds and McIntyre
is used

(55 - 8)2/kgT = =900 + 7.5 X 10°/T (mol/m?%  (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, f; and f,, were assumed to be equal to !/,.

In order to estimate the optical properties of the domain
system, one further needs parameters such as the average
refractive indices of polystyrene (fipg) and polyisoprene
(fipp and the segmental anisotropy of polystyrene ((b, -
by)ps) and polyisoprene ((b; — by)py). The following values
are used:®

ﬁ.ps = 1.59 ﬁ’PI =1.52

(b1 - bQ)PS = _145 X 10_4 nt
(by = by)p; = 50.6 X 10™* nm3 (V-4)

Table I shows the effect of the adjustable parameter £
on the polystyrene (PS) lamellar thickness Tpg, 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 10% and 61
wt % PS block. As £ increases, t decreases. This is rea-
sonable since AG g is a function of x,y, ¥, and 5ls?/ T,
and hence increasing { is qualitatively equivalent to de-
creasing t (or y). It should be noted that ¢ is not constant
because free energy depends not only on £t (or £y) but also
on xat {(or xay).

Table II 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 £ is assumed to be 2. The SI diblock
polymer has M, = 10° and the SIS triblock polymer has
M, = 2 X 105 Both polymers have weight percent of PS
(Wpg) equal to 50. Besides the fact that modified treat-
ment gives a much thinner interface, the two treatments
give almost identical results for Tpg and D. This is because
the narrow-interphase approximation is good enough for
these polymers.

Table 11T shows comparisons of calculated and experi-
mental domain dimensions for a series!® of SI diblock
polymers having lamellar microdomains. The calculated
values are obtained for £ = 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.!® It is clearly
seen that the modified statistics gives better agreement
with the experimental results,'® especially for the charac-
teristic interfacial thickness.
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Table III
Comparisons of Calculated and Experimental Domain
Parameters for a Series of SI Diblock Polymers

M, x 10°3 D, nm t, nm
polymers PS/PI  caled® exptl® caled®  exptl®

L-1 11.1/9.9 20.3 17.2 254 1702
(19.8) (3.4)

L-2 12.4/18.6 26.3 24.3 253 1.7£0.2
(26.2) (3.4)

L-3 22/27 35.9 31.9 217 19%0.2
(36.0) 3.3)

L-4° 25.3/29.7 38.3 34.0 218 2302
(38.7) (3.2)

L-5¢ 49.5/47.5 54.2 46.3 1.82 26=+0.2
(55.5) (2.8)

L-6 62.2/39.8 55.4 50.3 1.84 1.7£0.2
(56.9) (2.8)

3 Calculated values are obtained for £ = 2 at T = 293 K and the
values in parentheses are obtained from the original version of the
statistics.’® ®See ref 10. °“Tapered” block polymer.'°

Table IV shows calculated domain parameters Tpg, D,
t, and optical properties such as Anpg, Anpy, Agients Aforms
and An, for a series of SI diblock polymers and SIS triblock
polymers on the basis of the modified chain statistics with
¢=2and at T'= 293 K. N is the number of block polymer
chains per cm? as calculated with eq V-1 and with eq I1-18
for diblock polymers and eq II-21 for triblock polymers.
Ang (K = PS or PI) is the orientational birefringence of
K lamellae as calculated from eq II-19 for diblock polymers
and from eq I1-20 to II-22 for triblock polymers. A iS
the total orientational birefringence as calculated from eq
II-19a and II-22a. An, is the total birefringence of the
lamellar microdomains as calculated from eq ITI-19, -20a,
-28, and -29, and Ay, is the form birefringence as defined
by eq I11-24b.

It will be noted in Table IV that A, =~ An, or that
|Aorientl << |Any|. 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 Ag,, is negative; i.e.,
n, <n,=n,.

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 |Anpg| and |Anp;| 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 [Tk%/4 -
oxlx?] in eq I1-17 and [Tg? - oulg?/3] in eq II-20), but (ii)
the number of chains per unit volume N decreases ac-
cording to eq I1-18 for A-B and eq I1I-21 for A-B-A block
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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
().

The orientational birefringence of polyisoprene lamellae
in SIS triblock polymers, Anp;gs, is greater than that for
corresponding SI diblock polymers, Anpjg. 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 II-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-2I-S). From eq II-17 and II-18, the
anisotropy of the B lamellae in A-B diblock polymer is
given by

(by - by) Tg?
eI TR UB)-l[ _:_ - %GBlBZ

(V-5)

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

3
P _P = —
(P1— Pyl an 5 " onlg?

3 (b, - by)s [
P,-P =S L By, + 2vp) | T2 -
(Py — Py)p apa 5 Qoply? (2vs + 2vp) B
1 2| =3 (01— bos B D
3(203)13 ] "5 gl (va + vp) 1 " goBl

Thus by comparing eq V-5 and -6, it is clear that
(Py - Py)papa > (P -~ Pypas

and hence
Anpigrg > Anprg

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 A p 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 |A nclapa are smaller than
those of the corresponding diblock polymers |A ientlas
because of the greater Anp;gis compared with Anprg. 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

domain parameters,

M. X 10° nm optical properties
polymer S/IorS/I/S  Tpg D t N, nm™3 Anpg X 10t Anpp X 104 Aggene X 105 A X 108 An, % 108
SI-1 25/25 16.6 355 249 1.19x 1072 -2.62 1.09 -15.2 -1.44 -1.59
SI-2 50/50 25.5 545 2.07 593 x10° -1.82 0.734 -10.8 -1.49 -1.60
SI-3 100/100 38.1 81.4 1.67 2.97 x 1072 -1.10 0.439 -6.63 -1.52 -1.59
SI-4 250/250 63.1 1348 1.18 1.19 %X 1073 -0.513 0.202 -3.11 -1.55 -1.58
SIS-1 25/50/25 16.8 359 231 593 %107 -2.73 1.65 -10.8 -1.46 -1.57
SIS-2 50/100/50 25.8 55,1 1.93 297 x 1073 -1.89 1.02 -8.71 -1.50 -1.59
SIS-3 100/200/100  38.5 82.3 145 1.48 x 1073 -1.15 0.583 -5.62 -1.53 -1.59
SIS-4 250/500/250 623 1332 117 593 x 10™* -0.494 0.247 -2.48 -1.55 -1.57
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Figure 9. Form birefringence of a pseudo-two-phase system as
a function of interfacial volume fraction f, = 2A\/D. The form
birefringence relative to the ideal two-phase system Ag,, (fp =
0) is plotted for the case where ¢4(2) is given by eq ITI-13. A,
was calculated from eq ITI-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 III-13. In this
case Ag,, is equal to An, in eq ITI-20 with fy, = fg = (1 -
fp)/2, na, = ny, = Ay, and ng, = ng, = fig, where fp is the
volume fraction of the interface (fp = 2A\/D). It is clearly
seen that the absolute value of the form birefringence
decreases with increasing volume fraction of the interface.
When 2)\/D = 1, the form birefringence becomes as low

as half of the value with zero interfacial thickness, i.e.,
when 2\/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,/D,) is typically 1.001, while that for
the molecular weight distribution of the block polymers studied (M.,/M,) is typically 1.1 (D,, and D, are the
weight- and number-average domain identity periods and M., 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.,
D, /D, ~ 1.001 and M, /M, ~ 1.1; see eq 10 and 11) and
that the molecules are packed in the domain space so0 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.1®!! Incompressibility demands that the segments
uniformly fill all space of the microdomains and their

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 D, to D,,, the A block molecules also have
to expand their dimensions (with the root-mean-square
end-to-end distance from (Z,;2)'/2 to (Z,52)/?) 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 a, 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 (R,) and the identity period (D)
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