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ABSTRACT: A simplified confined-chain model for AB diblock copolymers in the lamellar microphase-
separated state is presented. Block end-to-end distances and segment distribution functions are calculated
by random flight statistics in one dimension without solving the diffusion equations as in the traditional
approach. A simple expression to evaluate lamellar domain periods is obtained in terms of polymer pure
density data and molecular weights. Numerical results are in close agreement with experimental data
on domain sizes. A simple criterion for determining the equilibriummicrodomain morphology is presented
and compared with other theories and data from the literature.

1. Introduction

Melts of AB diblock copolymers comprised of incom-
patible block segments generally form a microdomain
structure as a consequence of microphase separation of
the constituent blocks. At high temperatures, A and B
blocks mix homogeneously forming a randomly-mixed
state, but as the temperature is decreased, they separate
on a microscopic scale, forming a microphase-separated
state. The latter is characterized by A- and B-rich
domains separated by a diffuse boundary caused by the
mixing of incompatible segments at the interface. Three
main microdomain structures have been found experi-
mentally: the lamellar structure, the hexagonally ar-
ranged cylinders, and the body-centered cubic ordered
spheres. The morphology and dimension of the domains
are mainly determined by the relative length of the
constituent blocks. They are also influenced by the
thermodynamic interactions and the temperature. When
both blocks have similar lengths and densities, a flat
interface occurs, and the lamellar morphology is the
equilibrium morphology, since a planar boundary gives
equal properties on each side of it. However, when the
block lengths become appreciably different, the system
prefers to form a curved interface with the large block
on the convex side and the smaller one on the concave
side. This change in morphology is a consequence of
the system tendency of having a uniform segment
density in order to keep a minimum free energy.1 In
this way, the domain formed by the minor component
changes from lamellae to cylinders and, finally, to
spheres when the asymmetry between the A and B
blocks is increased. Other domain morphologies, as the
bicontinuous microstructures, have been identified re-
cently between the lamellae and the hexagonally ar-
ranged cylinders.2-4

The development of theoretical models for microphase
separation in block copolymer systems began about a
quarter of a century ago. Researchers have used
different approaches to elaborate theories that can
answer basic questions such as when microphases are
formed, which morphologies are stable, and what the
domain dimensions are. They have also developed

models to study block copolymers in solutions with
solvents, homopolymers, homopolymer blends, and other
block copolymers. These models have been based
mainly on two different theoretical frameworks: confined-
chain theories and mean-field theories. Meier5,6 devel-
oped the first AB diblock copolymer model based on
confined chains. In his theory, the copolymer blocks are
modeled by random flight chains of segments that are
constrained by boundaries. These boundaries are cre-
ated by the incompatibility between unlike segments
and they restrict segments of the same type to segre-
gated regions of the space. The confined-chain model
has been modified to include diblock copolymer solutions
with selective and nonselective solvents7,8 and ho-
mopolymers.9 Zielinski and Spontak10,11 have extended
the confined-chain model for (AB)n and ABC multiblock
copolymers. Helfand and co-workers12,13 developed a
mean-field theory for AB diblock copolymers in which
the chain statistics are obtained by a random flight
approximation in the presence of a potential field. This
potential field is created by the energetic interactions
of the A and B segments, and it is associated with
Flory’s interaction parameter øAB. Ohta and Kawasa-
ki14 developed a mean-field theory for determining the
equilibrium morphology of diblock copolymer melts
based on a random phase approximation proposed
initially by Leibler.15 This theory has been extended
and applied to ABC triblock copolymers by Nahazawa
and Ohta16 and Zheng and Wang.17 A different formu-
lation of a mean-field theory has been introduced by
Semenov18 by using an electrostatic analogy. All the
theories mentioned above have been mainly used to
study the equilibrium morphology of the microphase-
separated state in the strong-segregation limit, where
the interface thickness dividing the A-rich and B-rich
domains is sufficiently small compared to the dimen-
sions of the microstructure.
Determination of equilibrium microdomain morphol-

ogies and sizes in the previous theories requires the
minimization of the system total free energy. The
diblock copolymer system must attain the equilibrium
morphology and microdomain size that give the mini-
mum total free energy. In general, both determinations
include the manipulation of rather complex mathemati-X Abstract published in Advance ACS Abstracts, April 1, 1997.
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cal formulas that may require computer calculations
even for the simple lamellar microstructure.13 Holten-
Andersen19 developed some basic ideas for a simplified
confined-chain model that allows the prediction of
microdomain sizes in a simple and straightforward way.
His model is basically a simplification of Meier’s theory
and retains the physical aspects of microphase separa-
tion in the strong-segregation limit. In this work,
Holten-Andersen’s ideas are presented and extended to
calculate domain dimensions in lamellar microstruc-
tures. A and B blocks are modeled by random flight
statistics in one dimension. The number of block
configurations, block end-to-end distances, and segment
distribution functions are obtained for two model
blocks: a free block and a restricted block. The first
one represents a block in a randomly-mixed state, and
the second one is an approximation to a block in a
microphase-separated state. In a restricted block, the
interface phenomenon is modeled by an absorbing
barrier close to the place where the junction between
the A and B blocks is located. The theoretical develop-
ment begins with the introduction of the basic assump-
tions of the model. Then, the number of possible
configurations is evaluated for each model block and the
density distribution of segments is obtained. The latter
is used to calculate domain dimensions based on a
uniform segment density criteria throughout the domain
microstructure. A simple expression is obtained in
terms of pure polymer density data and molecular
weights. This expression is used to predict lamellar
periods, and the results are compared with experimental
data for different diblock copolymer systems. Results
show that the simplified confined-chain model provides
an alternative method for calculating lamellar micro-
domain dimensions by using a simple approach and
experimental data that can be easily found in the
literature. Although this model is an approximation of
an AB diblock copolymer melt, it gives meaningful and
simple expressions for representing block copolymer
molecules in randomly-mixed and lamellar microphase-
separated states. Furthermore, it provides basic con-
cepts for estimating the entropy loss associated with
chain confinement in microdomains. Future refinement
of this approach must include a more detailed model to
represent the interfacial phenomenon. In the last
section of this work, a criterion to determine the
equilibrium microdomain morphology is derived in
terms of the block volume fractions. This criterion gives
accurate information on the morphology transitions, and
it is compared to other theories and experimental
results.

2. Chain Statistics for Free and Restricted
Blocks

An AB diblock copolymer molecule in a randomly-
mixed state (homogeneous solution) does not have any
restrictions on the placement of its segments throughout
the volume of the system. In contrast, the same
molecule in a microphase-separated state does have
segment placement constraints as a consequence of the
repulsion of the different constituent blocks. A certain
degree of mixing of unlike segments occurs at the
microdomain interface, and practically no mixing at all
occurs inside each A or B microdomain. The develop-
ment of a simplified confined-chain model for AB diblock
copolymers is based on the ideas given by Meier5 and
Holten-Andersen.19 The basic assumptions of the model
are described in the following list:

1. Each block in the AB diblock copolymer molecule
is comprised of pi segments of length li (i ) A, B) joined
in sequence.
2. Segment distributions and block configurations are

described by random flight statistics in one dimension.20
This dimension corresponds to a projection axis of a
three-dimensional chain. In a microphase-separated
system, the direction of the projection axis is normal to
the surface of the microdomain.
3. The interface between A and B domains is repre-

sented as an absorbing barrier which contains the
junction between the two blocks. The distribution of A
segments inside A-rich microdomains is independent of
the distribution of B segments inside B-rich micro-
domains. The distributions are a direct result of the
absorbing barrier condition at the interface.
4. The microdomain dimensions are only determined

by the diblock copolymer conformations that give a
uniform segment distribution throughout the domain.
As a consequence of the segment placement restric-

tions in the microphase-separated state, there is a
reduction in the number of possible block configurations
compared with the same number in the randomly-mixed
state. By using random flight statistics in one dimen-
sion and a simple counting procedure, the number of
block configurations for both states can be easily evalu-
ated. Furthermore, the segment density distribution
functions can be also obtained. In order to get the
number of possible block configurations, two model
blocks will be studied: a free block, equivalent to a block
in a randomly-mixed state, and a restricted block,
equivalent to a block in a microphase-separated state.
Schematic representations of both blocks are shown in
Figure 1. The main goal of the following sections is to
determine the number of block configurations for the
two model blocks when the distance along the projection
axis and between the block end segments is x. Each
segment contributes to distance x with a finite length
equivalent to the projection of the segment length, li,
on the projection axis. This length can be found
statistically considering that each segment is capable
of choosing any direction in the space with equal
probability20

where the left-hand side of the equation is the root-
mean-square of the projection of a segment on the x-axis.
A nondimensional end-to-end distance q is defined as

Figure 1. Free and restricted blocks.

xlix2 )
li
x3

(1)
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A. Free Block: Randomly-Mixed State. The
number of configurations for a free block with pi
segments and end-to-end distance q is obtained through
the following combinatorial number:

Equation 3 is the result of a random walk of pi steps in
one dimension, and it has been solved by several authors
in the past. In this work, an alternative procedure for
obtaining eq 3 is presented in order to introduce later
the effects of constraints on segment position in a
restricted block.
When the end-to-end distance on the projection axis

is q, segment pi will be found at distance q from the
first segment. Then, segment (pi - 1) can be found at
either distance (q - 1) or (q + 1). Consequently, the
number of block configurations,N(pi,q), can be obtained
as the contribution of two (pi - 1) segment blocks with
end-to-end distances (q - 1) and (q + 1), respectively

Equivalently, segment (pi - 2) can be found at either
distance (q - 2) or q, if segment (pi - 1) is at distance
(q - 1), or at either distance q or (q + 2), if segment (pi
- 1) is at distance (q + 1). If this procedure is
continued, the number of possible occurrences of a given
segment in a certain position is given by the binomial
coefficients shown in Table 1, and the number of block
configurations is given by applying eq 4 recursively r
times

where r ) pi - n, n is the order number of the considered
segment (0 e n e p), and s is the normalized segment
position on the projection axis. Equation 5 is valid for
any 0 e r e pi; i.e., the study of segment locations can
proceed until the order number of the considered
segment, n, is zero. The combinatorial numbers in eq
5 correspond to the binomial coefficients of row r in
Table 1. Furthermore, the number of configurations,
N(pi,q), satisfies the following conditions:

When r ) pi, eq 5 becomes

All the terms for s * 0 are zero because they satisfy
condition 6.3. Then, the number of configurations for
a pi segment block with end-to-end distance q is reduced
to eq 3. If the Laplace-DeMoivre theorem21 is applied
for large values of pi compared with the end-to-end
distance q, eq 3 gives a Gaussian distribution

Equation 8 can be expressed in terms of dimensional
distance x by using eq 2 and dividing by a factor 2. This
factor avoids an overcounting of configurations as a
consequence of considering invalid segment positions.
A given segment can only occupy even (or odd) positions
as can be seen in Table 1. Then

Finally, the total number of configurations for a block
with pi segments and all possible end- to-end distances,
NT(pi), can be obtained by integration of eq 9

This number corresponds to the number of configura-
tions for a block in the randomly-mixed state when there
is no restriction on the placement of segments and a
block projection on one axis is considered.
B. Restricted Block: Microphase-Separated

State. In the microphase-separated state, the A and
B segments are segregated into their respective do-
mains. An A block keeps most of its segments inside
the A-rich domain, and the A segment forming the joint
with the B block is located in the interfacial region. The
same happens for a B block. As a consequence, a
considerable number of conformations are lost compared
with the same number in the randomly-mixed state. In
order to get the number of feasible conformations for a
pi segment block (of type A or B) when there is an
interface which cannot be touched or crossed by any
segment, it is assumed that the interface can be
represented as an absorbing barrier close to the location
where the first segment is attached on the projection
axis. The counting procedure presented above is used
again but, in this case, disregarding all the configura-
tions with segments that touch or cross the absorbing
barrier. This is located one position to the left of the
first block segment. If this segment is at s ) 0, then
the absorbing barrier is at s ) -1, and all the positions
for s < 0 are forbidden for segment placement. Figure
1 shows allowed and forbidden configurations for a
restricted block in one dimension. The absorbing bar-
rier condition at the interface has been discussed by
DiMarzio.22 This is a necessary assumption in order to
generate conformations with equal a priori probability
and satisfy one of the basic assumptions of statistical
mechanics.
For a restricted block, Table 2 shows the binomial

coefficients associated with the number of possible
occurrences of a given segment in a certain position. If
the free end segment is at position s ) q, then the first
segment is attached at the interface at position s ) 0.
When analyzing the possible positions for segment n )
q - pi - 1 (r ) q + 1), all the configurations with
segment n ) q - pi - 1 at positions s < 0 must be

q ) x

xlix2
) x

li/x3
(2)

N(pi,q) )( pi
pi - q
2 ) (3)

N(pi,q) ) N(pi - 1,q - 1) + N(pi - 1,q + 1) (4)

N(pi,q) ) ∑
s)q-r

q+r ( r
s + r - q

2
)N(pi - r,s) (5)

N(pi,pi) ) 1 ∀ pi g 0 (6.1)

N(pi,q) ) N(pi,-q) (6.2)

N(pi,q) ) 0 ∀ |q| > pi (6.3)

N(pi,q) ) (pi0 )N(0,q - pi) + ... + ( pi
(-2 + pi - q)/2 ) ×

N(0,-2) + ( pi
(pi - q)/2 )N(0,0) + ( pi

(2 + pi - q)/2 ) ×
N(0,2) + ... + (pipi )N(0,q + pi) (7)

N(pi,q) ) ( pi
pi - q
2 )= 2pi+1

x2πpi
exp(- q2

2pi) (8)

N(pi,x) ) ( 32π)1/2 2pi

pi
1/2li

exp(- 3x2

2pili
2) (9)

NT(pi) ) ∫-∞

∞
N(pi,x) dx ) 2pi (10)
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discarded because they cross or touch the absorbing
barrier (located at s ) -1). Consequently, all the
binomial coefficients for positions s < 0 are zero. For r
g q + 2 and s e r - q - 2, modified binomial coefficients
are obtained as a result of the forbidden s positions (see
gray shaded numbers in Table 2). These new coef-
ficients are calculated by adding up the two immediate
numbers in the row above. Then, the number of
configurations for a restricted block with pi segments
and end-to-end distance q is obtained as

Applying eq 11 for r ) pi, where s can only take the
value 0, the following simple expression is obtained for
N+(pi,q):

Equation 12 is the result of random flight statistics
in one dimension for a restricted block. This result
agrees with the expression obtained by DiMarzio.22 The
number of block configurations for a restricted block is
reduced by a factor of 2(q + 1)/(pi + q + 2) compared

with the same number for a free block (eq 3). This factor
is less than unity (q , pi) and this is an important result
that will be used in the following developments. For 1
, q , pi, eq 12 gives a Rayleigh distribution

Then, the distribution N+(pi,x) in dimensional variable
x is

Finally, the total number of configurations for a re-
stricted pi segment block with all possible end-to-end
distances, NT

+(pi), can be found by integrating eq 14
from 0 to ∞

The result of eq 15 differs by the (2/πpi)1/2 factor from
that obtained in eq 10. When the projection of a block
in one dimension is considered, that factor accounts for
the loss of configurations of a block that changes from
free to restricted space. The restricted space is created
by a plane perpendicular to the projection axis. Results

Table 1. Number of Possible Occurrences of a Given Segment in a Certain Position along the Projection Axis for a Free
Block of pi Segments and End-to-End Distance qa

s

n r q - 6 q - 5 q - 4 q - 3 q - 2 q - 1 q q + 1 q + 2 q + 3 q + 4 q + 5 q + 6

pi 0 1
pi - 1 1 1 1
pi - 2 2 1 2 1
pi - 3 3 1 3 3 1
pi - 4 4 1 4 6 4 1
pi - 5 5 1 5 10 10 5 1
pi - 6 6 1 6 15 20 15 6 1
a Key: n, segment number; s, normalized segment position; r ) pi - n.

Table 2. Number of Possible Occurrences of a Given Segment in a Certain Position along the Projection Axis for a
Restricted Block of pi Segments and End-to-End Distance q

N+(pi,q) ) ∑
s)0

q+r[( r
s + r - q

2
) - ( r

-s - 2 + r - q

2
)] ×

N+(pi - r,s) (11)

N+(pi,q) )

( pi
pi - q
2 ) - ( pi

pi - q
2

- 1 ))
2(q + 1)
pi + q + 2( pi

pi - q
2 )

(12)

N+(pi,q) )
2(q + 1)
pi + q + 2( pi

pi - q
2 ) =

x2
π
2pi+1 q

pi
3/2
exp(- q2

2pi) (13)

N+(pi,x) ) 3
(2π)1/2

2pi+1

pi
3/2 li

2
x exp(- 3x2

2pili
2) (14)

NT
+(pi) ) ∫0∞N+(pi,x) dx )x 2

πpi
2pi (15)
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of eqs 10 and 15 can be used to calculate the total
number of configurations for AB diblock copolymer
molecules having pA and pB segments. By applying
those equations to both blocks, A and B,

where NTAB(pA,pB) and NTAB
+(pA,pB) are the numbers

of configurations for free and restricted AB diblock
copolymer molecules, respectively.
Meier5 identified the contributions to calculate the

total free energy change associated with microphase
separation from a randomly-mixed state. One of these
contributions, the entropy loss caused by the segregation
of segments to the microdomain regions, can be ap-
proximately calculated by using eqs 16 and 17

where ∆Sc only accounts for the entropy loss resulting
when constraints are applied to keep the A and B
segments within their respective domains.

3. Domain Size: Lamellar Microstructure
The equations obtained in the previous sections for

the projection of a block in one dimension are valid for
describing lamellar microstructures. In these types of
microphases, there is planar symmetry and the domain
sizes are determined by the segment distributions in
the direction normal to the interfacial area. Segment
distributions in the other two Cartesian directions do
not affect the domain size because they are not re-
stricted. A constant density distribution of segments
throughout the domain will be taken as the criterion to
evaluate the domain sizes. This criterion is justified by
the fact that very large stresses are required to create
regions of low density for highly incompressible materi-
als. These materials will try to create any block
perturbation in order to maintain a uniform density.1
The probability of finding the last segment of a

restricted block at distance x, when all segments are at
x g 0, can be found by normalization of eq 14

Then, the density distribution of segments for a re-
stricted block, F+(x), can be obtained by solving the
following expression:

Here, Pxg0
+(pi - k,x) is the probability of finding all the

pi - k segments in the restricted space, x g 0, when
the kth segment is at x. Hesselink23 derived an expres-
sion for Pxg0

+(pi - k,x). He also studied the effect of
considering Pxg0

+(pi - k,x) ) 1. A slightly more
compressed density distribution of segments was ob-
tained compared to the case when the correct expression
for Pxg0

+(pi - k,x) was used. No major differences in

the shape of the distributions could be observed. For
simplicity and based on Hesselink’s results, it is as-
sumed that the density distribution for a restricted block
can be calculated by setting Pxg0

+(pi - k,x) ) 1

Equation 21 gives the density distribution of segments
as a summation of Rayleigh distributions. The sum-
mation on k can be transformed into an exponential
integral as shown also by Hesselink.23 In order to avoid
the use of an exponential integral function and keep the
simplicity of the expressions, the summation of Rayleigh
distributions is approximated to a unique Rayleigh
distribution in the following way:

Constant a is determined by making the second moment
of the approximate distribution equal to the second
moment of the distribution given by eq 21. Then, the
density distribution of segments of a restricted block is
given by

If an AB diblock copolymer molecule is isolated in a
very poor solvent media and, at the same time, the A
and B segments repel each other sufficiently, the density
distribution of segments for each block will be given by
eq 23. Now, if the solvent is evaporated and the A and
B blocks are about the same size, the blocks of the same
type will tend to approach and form lamellar domains.
In the context of this simplified theory for diblock
copolymers, it is assumed that the domain size will be
determined by how close two blocks of the same type
can approach each other in order to keep a uniform
density distribution throughout the domain. This is
illustrated in Figure 2 in which a lamellar domain is
represented in one dimension perpendicular to the
interfacial area. The domain size is characterized by
length Li on the x axis, and one block is placed on each
domain border. In order to get the domain size, the two
blocks are brought closer until the distance Li that gives

NTAB(pA,pB) ) NT(pA) NT(pB) ) 2pA+pB (16)

NTAB
+(pA,pB) ) NT

+(pA) NT
+(pB) ) 2pA+pB+1

π(pApB)
1/2

(17)

∆Sc ) Nk ln
NTAB

+(pA,pB)

NTAB(pA,pB)
) Nk ln 2

π(pApB)
1/2

(18)

P+(pi,x) )
N+(pi,x)

∫0∞N+(pi,x) dx
) 3
pili

2
x exp(- 3x2

2pili
2) (19)

F+(x) ) ∑
k)1

pi

P+(k,x)Pxg0
+(pi - k,x) (20)

Figure 2. Density distribution of segments in a lamellar
domain: dashed lines, density for each block attached to the
domain borders; solid line, total density distribution.

F+(x) ) ∑
k)1

pi

P+(k,x) ) ∑
k)1

pi 3

kli
2
x exp(-

3x2

2kli
2) (21)

F+(x) =
pi
a2
x exp(- x2

2a2) (22)

F+(x) ) 6
li
2
x exp(- 3x2

pili
2) (23)
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the most uniform density distribution is obtained. This
requirement can be approximately satisfied by the
following simple condition on the total density

where FT+(x) is the total density, i.e., the density
obtained by adding the contributions of the two blocks.
By solving condition 24, the domain length is obtained
as

The total density distribution of segments for this
domain length is shown in Figure 2. Equation 25 gives
the domain length in terms of the unperturbed block
dimension, lipi1/2. For a lamellar domain, Meier6 ob-
tained Li ) 1.40 lipi1/2 by solving the diffusion equations
analytically. The result of eq 25 is very close to Meier’s
result, considering the approximations assumed in the
present simplified model.
The dimension of regular microstructures is given in

terms of a characteristic length generally known as the
domain period. For a lamellar microstructure of an AB
diblock copolymer, the domain period is defined as the
length that goes from the center of a lamella A to the
center of the next lamella A (Figure 3). Equation 25
can be used to predict the lamellar period by adding the
length contribution of both blocks and assuming that
the interface length contribution is negligible in the
strong segregation limit. Then, an approximation to the
lamellar period, LAB, can be calculated as

In fact, eq 26 may overpredict the domain period
because no mixing at all is considered in the interface
as can be seen in Figure 3.

4. Prediction of Lamellar Periods
Prediction of lamellar periods by using eq 26 requires

one physical parameter for each block: the unperturbed
block dimension, lipi1/2. This parameter is available for
a great variety of polymers, and it is given in terms of
the polymer molecular weight and an experimentally
determined constant.24 In this work, a simpler ap-
proach is applied to calculate the unperturbed block
dimension by using only pure polymer density data.
Defining a segment as being a polymer repetitive unit
(a monomer), the number of segments, pi, can be
calculated by

where Mi and mi are the molecular weights of the
polymer and the polymer repetitive unit (a monomer)
respectively. By considering that each repetitive unit
can be represented by a sphere, the volume of a segment
can be obtained from pure polymer density data by

where vi is the volume of a segment, Fi is the density of
the polymer, and NA is Avogradro′s number. Then, the
length of a segment can be calculated by using the
following equation:

Calculated values of li are shown in Table 3 for some
homopolymers. Finally, eqs 26, 27, and 29 can be used
to predict lamellar domain periods in terms of density
and molecular weight data.

Figure 3. Lamellar microstructure in terms of the simplified
confined-chain model.

FT
+(Li/4) ) FT

+(Li/2) (24)

Li ) 1.52lipi
1/2 (25)

LAB ) LA + LB ) 1.52(lApA
1/2 + lBpB

1/2) (26)

pi )
Mi

mi
(27)

Figure 4. Predicted and experimental lamellar periods for
the styrene (S)-isoprene (I) diblock copolymer. Predictions:
(s). Experimental data: (b);25 (2);26 (4);27 (9);28 (0);29 (1);30
(3).31-50

Table 3. Polymer Segment Lengths from Density Data
and Unperturbed Dimensions

segment li(density data) (Å) li(unperturbed dimensions) (Å)

styrene 6.8 6.7
isoprene 6.2 6.7
butadiene 5.8 6.4
methyl methacrylate 6.5 5.8
ethylene 4.9 5.7
2-vinylpyridine 6.6 6.5

vi )
Mi

FiNApi
)

mi

FiNA
(28)

li ) (6πvs)1/3 ) (6π mi

FiNA
)1/3 (29)

2780 Pretel et al. Macromolecules, Vol. 30, No. 9, 1997



Several experimental techniques with angstrom-level
resolution have been used to reveal the relations
between microstructure and molecular parameters in
microphase-separated block copolymers. Techniques
such as small-angle X-ray scattering (SAXS), small-
angle neutron scattering (SANS), and transmission
electron microscopy (TEM) give accurate information on
microdomain symmetries, periodicities, and dimensions.
Experimental data from recent publications have been
collected in order to compare predicted and experimen-
tally determined lamellar periods.

The styrene-isoprene diblock copolymer has been the
most studied system in the literature. Figure 4 shows
a comparison between predicted and experimental
results for all the data analyzed in this work for that
system. Numerical values for some of the data are
presented in Table 4. Prediction results are close to the
experimental values in the region where most data have
been obtained. However, the simplified confined-chain
model cannot reproduce the correct line slope of the
experimental behavior with respect to molecular weight
as can be seen in Figure 4. The data lie below the
predictions before the logarithmmiddle molecular weight
range, and above them, after. The number of segments
at low molecular weights (1000-10000) may not be
enough to guarantee the long block requirement of the
random flight approximation. Consequently, deviations
as seen in Figure 4 may be expected. In the strong
segregation limit, the theories of Meier,1 Helfand and
Wasserman,13 Ohta and Kawasaki,14 and Semenov18
predict that the dependence of the lamellar domain
period on the block copolymer molecular weight, MAB,
is given by

This 2/3 exponential behavior has been confirmed ex-
perimentally by several authors.25,51 For symmetric
diblock copolymers (pA = pB), eq 26 is unable to
reproduce that behavior and it gives an exponential
molecular weight dependence of 1/2. This is an immedi-

Figure 5. Predicted and experimental lamellar periods for
the styrene (S)-methyl methacrylate (MMA) diblock copoly-
mer. Predictions: (s). Experimental data: (b);52 (2);53 (0).54

Table 4. Predicted and Experimental Lamellar Periods
for Styrene (S)-Isoprene (I) Diblock Copolymer

MSI wS pS pI LSI-pred (Å) LSI-exp (Å) % error ref

21 000 0.53 107 145 220 172 28 25
31 000 0.40 119 273 267 240 11 25
49 000 0.45 212 396 337 319 6 25
55 000 0.46 243 436 357 340 5 25
97 000 0.51 475 698 473 463 2 25
102 000 0.61 597 584 479 503 5 25
27 000 0.50 130 197 250 203 23 26
51 000 0.50 247 371 344 321 7 26
72 000 0.49 342 535 409 414 1 26
98 000 0.52 491 688 477 595 20 26
181 000 0.49 852 1355 649 860 25 26
185 000 0.49 862 1399 656 943 30 26
57 000 0.61 336 323 359 371 3 31
31 600 0.48 146 241 270 267 1 33
48 700 0.55 255 325 335 387 13 35
120 000 0.50 576 881 528 514 3 37
31 600 0.48 146 241 271 280 3 27
81 400 0.63 492 442 428 461 7 27
534 000 0.49 2513 3998 1115 1443 23 27

1 030 000 0.52 5143 7259 1546 1545 1 27

Figure 6. Predicted and experimental lamellar periods for
the ethylene (E) containing diblock copolymers. Predictions:
(s). Experimental data: (b),55 X ) ethylethylene; (2),56 X )
ethylethylene; (4),57 X ) ethylpropylene; (9),32 X ) styrene.

LAB ∝ MAB
2/3 (30)
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ate consequence of the approximations followed in the
development of the simplified confined-chain model.
While, in the theories mentioned above, the calculation
of lamellar domain dimensions includes the minimiza-
tion of the total free energy, in the present model that
is done by evaluating the unperturbed block dimensions
in a simple and straightforward way.
Results for other diblock copolymer systems are

presented in Figures 5-8. Predictions are in good
agreement with experimental data for the styrene-
methyl methacrylate and the ethylene-containing diblock
copolymers, as shown by Figures 5 and 6. Results are
not so good for the styrene-2-vinylpyridine and the
styrene-butadiene diblock copolymers (Figures 7 and
8). While the first system shows the 2/3 exponential
molecular weight dependence,51 the second system
shows a different dependence that cannot be established
from the scarce data shown in Figure 8. For the
styrene-2-vinylpyridine system, Matsushita and co-
workers51 showed that even when the more complex
theories can reproduce the experimental molecular
weight dependence, the predicted and measured values
of lamellar domain periods can differ by the same order
of magnitude as they do in the present model.

5. Microdomain Morphology
In the previous sections, the characteristic size of

lamellar microdomains has been discussed in terms of
the simplified confined-chain model. In this section, the
attention is focused on finding a simple criterion to
determine the volume fraction range at which the

lamellar microdomain morphology occurs. This crite-
rion assumes that the thermodynamically stable state
in the strong segregation limit is given by the morphol-
ogy that minimizes the interfacial contact of the two
incompatible segments. The interfacial contact is quan-
tified by calculating the interfacial area contribution of
a microdomain located inside a reference volume V.
Figure 9 shows this situation for the three classical
morphologies: lamellae, cylinders, and spheres. If fA
is the volume fraction of the minor component A, and
V is a cube of volume equal to unity, the interfacial area
contribution of each morphology can be calculated by

where AS, AC, and AL are the interfacial areas of the
spherical, cylindrical, and lamellar microstructures
respectively, R is the radius of the sphere or the
cylinder, and L is the side length of the cube (L ) 1). In
eqs 32 and 33, the ends of the cylinder and the lamella
have been neglected.
Figure 10 shows the interfacial area contribution of

each morphology (eqs 31-33) as a function of fA. For
fA > 0.5, interfacial areas are given by the mirror image
of Figure 10. Now, the most stable morphology can be
predicted for the complete volume fraction range. Lamel-
lae are predicted to be the stable morphology at medium

Figure 7. Predicted and experimental lamellar periods for
the styrene (S)-2-vinylpyridine (2VP) diblock copolymer. Pre-
dictions: (s). Experimental data: (b);58 (2).51

Figure 8. Predicted and experimental lamellar periods for
the styrene (S)-butadiene (B) diblock copolymer. Predic-
tions: (s). Experimental data: (b);59 (2):60 (4).32

AS ) 4πR2 ) (4π)1/3(3fA)
2/3 (31)

AC ) 2πRL ) x3πfA (32)

AL ) L2 + L2 ) 2 (33)
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volume fractions (0.32 < fA < 0.68), cylinders at inter-
mediate composition ranges (0.16 < fA < 0.32 and 0.68
< fA < 0.84), and spheres at low and high composition
ranges (fA < 0.16 and fA > 0.84). Although the criterion
presented here does not account for the more complex
bicontinuous morphologies,2-4 it easily predicts the
composition ranges where the three classical micro-
structures can be found. A comparison between these
results and previous theories is presented in Table 5.
The cylindrical/lamellar change is predicted at about the
same volume fraction as in previous theories. The
spherical/cylindrical change is predicted at a composi-
tion that is an average of the values obtained with the
other theories.
Figure 11 shows a comparison between morphology

predictions and experimental data for the styrene-
isoprene diblock copolymer system. The agreement is
very good for all volume fractions. The morphology
transitions are predicted correctly, except for the iso-
prene cylindrical/spherical transition at high fA. Ex-
periments evidence spherical microdomains at lower fA
values than predicted by the simplified criterion pre-
sented here. This disagreement can be attributed more
to experimental uncertainty than to a criterion defi-
ciency. For spherical and cylindrical microdomains, it
is difficult to guarantee that experimental samples are
in their thermodynamic equilibrium morphology. Dif-

fusion barriers may preclude morphology changes and
fix structures in real quasi-equilibrium states.1

6. Conclusions

A confined-chain model for AB diblock copolymers
based on simple principles have been developed. Sta-
tistical distribution functions for blocks representing the
randomly-mixed state and the microphase-separated
state have been obtained by using random flight analy-
sis in one dimension. These functions have been applied
to evaluate the entropy losses caused by block segrega-
tion in lamellar microstructures and to determine
lamellar domain periods. Results are in close agree-
ment with experimental data for different AB diblock
copolymer systems. Although the present theory cannot
reproduce the experimental domain dimension depen-
dence on molecular weight, it provides a simple frame-
work to describe microphase separation and gives
quantitative predictions with the same error levels as
other more complex theories. Finally, a simple ap-
proach has been presented to determine the microphase
morphology transitions and their region of stability.
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