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ABSTRACT: Direct nonradiative energy transfer (DET) experiments were carried out on a series of labeled
polyisoprene-poly(methyl methacrylate) (PI-PMMA) and polystyrene-poly(methyl methacrylate) (PS-
PMMA) diblock copolymers spanning a range of molecular weights and compositions. In all samples
with spherical or cylindrical morphology, PMMA represents the major component, with PI or PS
microdomains dispersed within the PMMA phase. These DET experiments yield the ratio of the
microdomain size R to the interface thickness δ. We relate the R/δ ratio to the volume per junction vj at
the block copolymer interface and show that vj does not depend upon the microdomain geometry or the
overall block copolymer molecular weight, but only on the length NB of the shorter component. We derive
an expression which accommodates the observed dependence of vj on NB

1/3.

Introduction

Diblock copolymers are composed of two different
polymers, A and B, connected at a junction point. In
the experiments to be described here, each chain
contains a single dye at this junction. We prepared
matched pairs of polymers, nearly identical in chain
length and composition, one labeled at the junction with
phenanthrene (Phe), the other, with anthracene (An).
These are the donor and acceptor dyes, respectively, for
direct nonradiative energy transfer (DET) experiments.
These polymers phase separate in bulk to form periodic
structures. Since the morphology of the system formed
by diblock copolymers in the bulk state depends only
upon chain length and composition, we can vary the
acceptor-to-donor ratio and maintain the morphology of
the system by preparing various mixtures of these Phe-
and An-labeled polymers.
In recent experiments, we have shown how DET

measurements on diblock copolymers labeled at the
junction point can be used to obtain information about
the thickness δ of the interface between the A-rich and
B-rich polymer phases.1-3 Because the dyes are at-
tached to the block copolymer junction, they become
localized in the interface between the two polymer
domains. DET occurs between pairs of dyes confined
to the interface. The simplest way to think about how
information is obtained is that the experiment measures
the local concentration of dyes within the interface. Data
analysis provides quantitative information about the
interface thickness1-3 through the term RB/δ, where RB
refers to the size of B-rich microdomains.
This paper addresses two independent issues related

to diblock copolymers in bulk as studied by DET. The
first, pertinent to the structure of the block copolymer
system, concerns the effective volume per junction for
each chain at the boundary between the microdomains.
We show, for example, that the magnitude of this
volume does not depend upon whether the system self-
assembles into spheres, cylinders, or lamellae, but does
depend upon the length of the minor chain in the block
copolymer. The second, related to the theory of energy
transfer in restricted dimensions, examines the conse-
quence on the energy transfer kinetics of confining the
donor and acceptor dyes to interface volumes of different

sizes. While we obtain both sets of information from
the same type of experiment, we find that information
about the effective volume per junction is obtained for
samples in which the acceptor-to-donor concentration
ratio is greater than unity and that new insights into
the energy transfer process itself come from samples in
which the acceptor-to-donor ratio is less than unity.
Interface Volume per Junction. Among the most

important parameters characterizing the structure of
a block copolymer system are the number of the chains
Ñ per microdomain, the interface thickness δ, the
interfacial area σ occupied by a single chain at the
domain boundary, and the interface volume vj per
junction. These parameters, which depend upon the
interfacial free energy, can be very sensitive to mor-
phological rearrangements induced by changes in tem-
perature, by external fields, by varying the chain length
or compositional polydispersity of the block copolymer
sample, or by the addition of homopolymer or small
molecules to the sample.4-8 The magnitude of these
parameters is usually estimated from the size of the
microdomains or from the interdomain distance (i.e., the
lattice constant), as determined from transmission
electron microscopy (TEM) or from small-angle scatter-
ing (SAXS, SANS) or specular neutron reflectivity (SNR)
experiments. One normally treats the data under the
assumption that the interface thickness is much smaller
than the microdomain size. Under these circumstances,
each single block is considered to be grafted to the
surface of the microdomain.
Since these are fundamental parameters character-

izing block copolymer systems at the molecular level,
new experimental techniques which provide alternative
methods to determine their magnitude will serve a
valuable function. This will be particularly true if the
assumptions made in analyzing these data are different
from those made in obtaining these values from TEM
and scattering experiments.
We are interested in the relationship between vj or σ

and the molecular characteristics of the polymer chains
as well as the morphology of the system. To proceed,
we arbitrarily take the B-chain as the shorter block and
assume that the number of B-chains comprising a
microdomain is equal to the ratio of the microdomain
volume Vdomain to the molecular volume of a B-chain,
vB. Then, the area σ at the surface of the microdomainX Abstract published in Advance ACS Abstracts, May 1, 1996.
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occupied by a single block copolymer chain is given by

where Sdomain is the microdomain surface separating the
phases rich in A- and B-polymers.
For typical microdomains arising from the block

copolymer self-assembly (spheres, cylinders, lamellae),
one can show (Figure 1) that the surface-to-volume
ratio23 is related to the microdomain size RB (the radius
of the sphere or cylinder, or the half-length of the
B-lamella) through a single expression in which changes
in morphology affect only the magnitude of a numerical
coefficient R. From geometrical considerations, eq 1 can
be rewritten as

with R ) 1, 2, 3 for lamellar, cylindrical, and spherical
microdomains, respectively (see Figure 1).
We define the effective volume vj per junction at the

interface as σδ, where δ is the interface thickness.
Then, the expression relating the vj to the length of the
B-chain and the morphology of the system is given by

Equation 3 is important to us because the ratio (δ/
RB) is obtained directly from DET experiments, allowing
direct calculation of vj. In strongly seggregated systems,
where δ can be considered to be invariant with a change
in morphology, eq 3 also allows us to obtain σ once the
value for δ is known. One needs a value for R, thus
information on sample morphology is also required.
Morphologies can be determined experimentally by

TEM, SAXS, or SANS. If this evidence is not at hand,
morphology can often be inferred from the composition
of the block copolymers. The parameter of greatest
uncertainty in eq 3 is the molecular volume vB of a single
B-chain in its microdomain. This parameter is usually
estimated from the molar massMB of the B-chain under
the assumption that the density of the polymer FB inside
the microdomain is equal to the density of the B-
homopolymer in the bulk state

where NAv is Avogadro’s number. This implies equal
packing coefficients of the polymer chains in micro-
domains of different geometry. In the general case,
there is little evidence for this assumption. Thus, the

concept of the molecular volume per chain is still a
model parameter that depends upon assumptions about
the system.
Fluorescence Decay Analysis. To analyze the

fluorescence decay profiles, we rely on developments in
the area of reaction dynamics in restricted geometry (in
this case, the block copolymer interface) and fit the
donor decay profile ID(t) to the Klafter-Blumen equa-
tion 9-11

Here, the A1 term represents the contribution of DET
to the donor decay, and the A2 term represents the
independent fluorescence of donors located outside of
the interface. The lifetime of the donor in the absence
of the acceptor τD is obtained from independent experi-
ments in which no acceptor-labeled polymer is present.
The most difficult parameter in this expression to
understand is the term â. It is a concentration-
independent parameter sensitive to the details of the
local geometry of the donor-acceptor distribution. In
the case of DET on fractal lattices, 6â is equal to the
fractal or Hausdorff dimension of the lattice. In re-
stricted geometries, which by definition do not conform
to self-similarity, â loses this meaning. Within the
jargon of the field, 6â is sometimes referred to as the
“apparent dimension” of a system. Simulations suggest
that the magnitude of â is sensitive to edge effects in
the restricted geometry. One contribution of this work
is to examine in detail a crossover in â observed as the
ratio of acceptor-to-donor becomes less than unity.3
In the context of the Klafter-Blumen model, the term

P is proportional to the global acceptor concentration
CA,0

where R0 is the characteristic (Förster) distance of the
DET for the donor-acceptor pair chosen for the experi-
ment, ΦΒ is the volume fraction of the minor phase, Γ-
(1-â) is the complete gamma function, and g is the
orientation factor, which for a random orientation of
immobile dyes takes the value of 0.711.1
The parameter of greatest interest is the ratio of the

volume of the interphase to that of the minor phase.
This parameter, denoted as λ, is related to the RB /δ
ratio

where R has the same meaning as in eq 2.
To obtain RB/δ, we prepare a series of samples

comprised of different mixtures of donor- and acceptor-
labeled polymers of the same chain length and composi-
tion. By analyzing their fluorescence decay curves, we
obtain values of P, which are then plotted as a function
of CA,0. These plots should be linear and pass through
the origin. For each set of samples, we obtain λ from
the slope of the plot and then calculate RB/δ by means
of eq 7. By reference to the theory of Ohta and
Kawasaki,12 we can obtain values of the interface
thickness δ directly from the fluorescence decay data.
Experiments of this type, applied to PS-PMMA and
PI-PMMA have recently been reported.1-3 Now we

Figure 1. Drawings indicating the relationships between the
surface area and the volume of spheres, cylinders, and lamellar
solids.
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carry out a reanalysis of the DET data obtained for
these block copolymers to estimate the volume per
junction at the block copolymer interfaces and to analyze
its dependence upon the chemical structure of the block
copolymer.

Experimental Section

Polymer Synthesis and Characterization. The synthe-
sis of the labeled diblock copolymers, the fluorescence mea-
surements, and the data analysis have already been de-
scribed.1-3 Here we briefly repeat the most important experi-
mental information. Both block copolymers PI-PMMA and
PS-PMMA were synthesized by anionic polymerization. The
microstructure of the PI block was formed largely through 1,2
(40%) and 3,4 (55%) additions. In these polymers, the PS or
PI minor component varies from 7 to 50 vol %. Sample
morphology (spheres, cylinders, lamellae) was inferred from
the composition of the block copolymer, although in three
samples, confirming evidence for the morphology was obtained
by SAXS measurements in the laboratory of T. Hashimoto in
Japan. The molecular and morphological characteristics of the
block copolymers are listed in Table 1.
Block copolymer films were prepared by casting solutions

(1-3 wt %) in toluene onto quartz plates. The films were air-
dried at room temperature and then dried under vacuum for
8 h at 50 °C for PI-PMMA and at 100 °C for PS-PMMA. Film
thickness was typically 3-6 µm. Films were prepared from
various mixtures of phenanthrene- and anthracene-labeled
block copolymers of nearly identical composition and chain
length. The acceptor-to-donor composition ratio ranged from
0 to 3.
Fluorescence decay profiles were obtained by the single

photon timing technique,13 as described previously.3 According
to our estimates, the uncertainty of the fitting parameters for
each individual donor decay was less than 2%. The uncer-
tainty in RB/δ (obtained from the linear dependence of P on
CA,0) was in most cases less than 3-5%.

Results and Discussion

The key feature of data analysis of DET experiments
based upon the Klafter-Blumen model of energy trans-
fer in restricted geometry is the separation of the
variables P and â. The parameter P is predicted to be
proportional to the global acceptor concentration CA,0,
and â is predicted to be independent of concentration.
Indeed, for all experiments with acceptor-to-donor com-
positions of [CA/CD] > 1, â is independent of CA,0, P is
proportional to CA,0, and the plots of P vs CA,0 all pass
through the origin. Thus, the general features of the
Klafter-Blumen model for DET in restricted geometry
are satisfied, and from the slope of the experimental
dependence of P on CA,0, we can determine the ratio RB/

δ. Two examples of the experimental dependence of P
and â upon the global acceptor concentration, for
spherical and lamellar PI domains in a PMMA matrix,
are presented in Figure 2. An unusual feature of this
data, the crossover in â observed in the transition from
[CA/CD] < 1 to [CA/CD] > 1, will be examined in more
detail below.
Interface thickness values were obtained from these

various samples by reference to the molecular weight
dependence of RB/δ as predicted by the theory of Ohta
and Kawasaki.12 In this way, we obtained values of
interface thickness of 5.1 nm for PS-PMMA1 (compared
to the value of 5.0 nm obtained by SNR14) and 2.6 nm
for PI-PMMA.2 The uncertainty in interface thickness
determination was estimated to be on the order of 10%.
Values of the interface volume per junction vj were

evaluated from eq 3. This calculation requires knowl-
edge of the molecular volume vB of a single B-chain (i.e.,
for the PI or PS block). Here we assume (cf. eq 4) that
the density of a polymer microdomain is similar to the
density of PI or PS homopolymer, with values of 0.913
and 1.06 g/cm3, respectively. Calculated parameters for
PI-PMMA and PS-PMMA are presented in Table 1.
Much of the remainder of this paper will be devoted to
establishing that vj depends upon the length NB of the
shorter block but does not depend upon the sample
morphology. First we need to examine the crossover in
â observed in Figure 2.
Crossover in the â-Parameter. Equation 5, which

has four fitting parameters, is in fact a phenomenologi-
cal equation proposed for the study of direct energy
transfer in restricted geometries. In the context of this
expression, the parameters A1, A2, and P are well
defined, but the meaning of the parameter â remains
obscure. The magnitude of this parameter seems to be
particularly sensitive to edge effects, i.e., the number
and distribution of donors and acceptors at the edges
of the confining space. For example, in simulations of
DET kinetics for donors and acceptors distributed
randomly inside a sphere, we found â ) 0.5 when the
sphere was large, identical to the value predicted for
DET in infinite three-dimensional media. As the radius
of the sphere was made smaller and approached the
characteristic (Förster) radius R0 in size, the magnitude
of â decreased.
In the case of DET for dyes confined to block copoly-

mer interfaces, the behavior of â is somewhat different.

Table 1. Molecular and Morphological Characteristics
for PI-PMMA and PS-PMMA Diblock Copolymers

sample structure N NB/NPMMA fBa RB/δ
vBb
(nm3)

vj
(nm3)

PI-PMMA sphere 193 15/178 0.07 1.12 1.8 4.9
lamella 304 132/172 0.43 1.62 16.4 10.1
lamella 367 147/220 0.40 1.98 18.2 9.2
lamella 544 279/265 0.51 2.88 34.6 12.0
sphere 656 147/509 0.21 6.04 18.2 9.0

PS-PMMA sphere 319 29/290 0.09 0.94 4.7 14.9
cylinder 366 106/260 0.29 1.42 17.2 24.2
cylinder 536 106/430 0.25 1.51 17.2 22.9
lamella 794 394/400 0.50 1.72 64.2 37.3
sphere 1005 96/909 0.096 2.43 15.7 19.4
cylinder 1543 394/1149 0.26 3.47 64.2 37.0
sphere 1623 115/1508 0.07 2.63 18.8 21.4

a fB ) mole fraction of the minor B-component (B: PI or PS).
b The molecular volume of the B-chain was calculated with
densities FPI ) 0.913 g/cm3 and FPS ) 1.06 g/cm3.

Figure 2. Variation of the fitting parameter P, and the
exponent â versus CA,0 for two block copolymer samples with
spherical (0) and lamellar (]) microdomain morphology. The
samples are of PI-PMMA labeled at the junction with
phenanthrene (donor) and anthracene (acceptor) and with
degrees of polymerization N ) 656 (spherical) and 305 (lamel-
lar).
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For values of [CA/CD] > 1, all samples of PI-PMMA
yield the same value of â, independent of the acceptor-
to-donor ratio. Similar behavior was observed for the
PS-PMMA samples. At lower acceptor concentrations,
i.e., at [CA/CD] < 1, a crossover in â , as seen in Figure
2, was observed for all samples. They exhibit values of
â1 for [CA/CD] < 1 that vary from sample to sample
(Figure 3). Since â is predicted to be concentration
independent, the origin of the crossover and the varia-
tion of the low â1 values among samples is a fascinating
problem which needs a deeper understanding. In
Figure 3 we show that there is a strong correlation of
the magnitude of â1 with the size vj of the interface
volume per junction. We did not anticipate this result,
but having made the observation, we can now clarify
in part some of the features that contribute to the
magnitude of â1.
DET experiments operate over relatively short length

scales, and the maximum distance sampled in an
experiment, Rmax, can be defined in terms of Ro for the
donor-acceptor pair.9d Here Ro has the value 2.3 nm,
and Rmax is on the order of 3.5 nm. In block copolymer
interfaces, the distribution of the joints is peaked in the
center of the interface. At high values of [CA/CD], the
mean separation between donor and acceptor dyes is
smaller than δ and also much smaller than Rmax. Since
most donors are located near the center of the interface,
they on average see a spherical distribution of acceptors,
biased, of course, by the detailed shape of the acceptor
distribution function (Figure 4). At low acceptor con-
centrations, the mean donor-acceptor separation be-
comes comparable to or larger than the interface
thickness δ. This means that most donors see acceptors
which are far removed (∼Rmax) and are confined to a

space resembling an oblate ellipsoid. This situation is
depicted in Figure 4.
In infinite media, â is connected with the dimension-

ality ∆ of the medium, ∆ ) 6â. Yang et al.15 simulated
DET kinetics in thin cylindrical pores. They found that
â values decreased as the width-to-length ratio de-
creased, from a value of 1/2, corresponding to ∆ ) 3, to
the value 1/6 predicted for one-dimensional DET in the
limit of infinitely thin cylinders. In our experiments,
the analog of the “width” of the confining space is the
interface thickness δ, which is constant for all of the
samples, irrespective of the sample morphology. By
analogy, the “length” must be related to the mean
donor-acceptor (junction) separation. It is in this way
that â1, in the range of small values of [CA/CD], becomes
sensitive to the interface volume or the area occupied
by a chain.
More specifically, the relationship between â1 and vj

can be explained in the following way: Expansion of the
interfacial volume per junction leads to relaxation of
chain stretching in the block copolymer interface. Ac-
companying this relaxation, the dye-junction distribu-
tion becomes more random. The randomization of the
junction distribution is reflected by an increased value
of â1, whose absolute magnitude depends upon the
details of the donor-acceptor (junction) distribution in
the interface.
Interface Volume per Junction. To understand

how the microdomain geometry is related to the inter-
face volume per junction vj, we analyze its variation with
block copolymer composition, which can be considered
as the main feature determining block copolymer mor-
phology. One can see from the data presented in Table
1 that vj values do not depend upon either the sample
morphology or the overall diblock copolymer length, but
only on the length, NB, of the shorter block. We find a
linear increase of ln vj with ln NB for both PI-PMMA
and PI-PMMA, as shown in Figure 5, with a slope
whose magnitude is close to 1/3 for both polymers.
Theoretical Considerations. The power-law be-

havior seen in Figure 5 can be derived from eq 3. One
begins by recognizing that the molecular volume per
B-chain is related to the volume per link aB

For strongly segregated systems, it has been estab-
lished6,8a that the microdomain size RB of the B-rich
domain follows an expression of the form

Figure 3. Variation of the volume per junction vj and the
value of â1 at [CA/CD] < 1 for the PI-PMMA samples as a
function of the fraction of PI in the block copolymer.

Figure 4. Representation of the acceptor (O) distribution
around a donor (b) located at the center of the interface for
the case (left) of a high acceptor-to-donor ratio and (right) of a
low acceptor-to-donor ratio. Note that for the choice of Phe as
the donor, the probability of donor-donor energy transfer is
very small. The drawing indicates that the confining space is
defined by the interface thickness.

Figure 5. Dependence of the volume per junction vj at the
PS-PMMA (upper line) and PI-PMMA (lower line) interfaces
upon the degree of polymerization NB of the shorter (PS or
PI) block for microdomains of spherical (4), cylindrical (O), and
lamellar (3) geometry.

vB ) aBNB (8)
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where ø is the Flory-Huggins interaction parameter.
Combining eqs 3, 8, and 9, we obtain the result that
the interface volume per junction vj depends NB

1/3.
Thus, our main result is consistent with theoretical
predictions for strongly segregated block copolymer
systems.

A curious feature of eqs 3 and 10 is that the param-
eter R changes its value abruptly with a change in
sample morphology as, for example, when the length of
the A-chain is increased. On the other hand, we see
from the data in Figure 5 that the magnitude of vj
depends upon the magnitude of NB, but does not alter
with a change in sample morphology. Thus for a series
of block copolymers with constant NB but with different
microdomain geometry, we obtain

where R and (R + 1) are indexes which refer to the
geometry of the minor phase: R takes the value of 1 for
lamellae, 2 for cylinders, and 3 for spheres. When R )
1, (R + 1) ) 2, and here (R + 1) refers to cylinders.
Clearly, (R + 1) can take a maximum value of 3.
If the interface volume per junction is constant for

different morphologies, eqs 3 and 10 imply that a change
in morphology corresponds to a discontinuous increase
in the value of the microdomain size RB. Thus if there
are offsetting changes in the values of R and RB with a
change in sample morphology, eq 3 will accommodate
vj remaining constant if the radius of curvature at the
interface is relatively large, since the interface thickness
δ is not sensitive to the global morphology. Under these
circumstances, for block copolymers with NB constant
and with increasing NA, the jump in RB/δ should follow
the rule

Results of this type are observed experimentally for
both PI-PMMA and PS-PMMA (see Table 1). One can
see from the data obtained for two PI-PMMA samples
with NPI ) 147 with spherical (R ) 3) and lamellar (R
) 1) morphologies that the RB/δ values increase by a
factor of 3: (RB/δ)3 ) 3(RB/δ)1. For the two PS-PMMA
samples with NPS ) 394, one sees that the change of
morphology from cylindrical (R ) 2) to lamellar (R ) 1)
leads to a doubling of the RB term: (RB/δ)2 ) 2(RB/δ)1,
in accordance with eq 12. Finally, for the PS-PMMA
samples with NPS ) 96, 106, and 115, close enough for
comparison, which have spherical (R ) 3) and cylindrical
(R ) 2) PS microdomains, we find that (RB/δ)3 = 1.5-
(RB/δ)2, again in accord with eq 12.
Birshtein and Zhulina have examined the behavior

of domain size with a change in sample morphology and
predict theoretically this kind of discontinuous transi-
tion.6,7 From an experimental point of view,16 a jump
in domain length accompanied by a smooth continuous
change in interface area per chain has been observed
for a concentration-induced cylinder-to-lamella transi-
tion in a block copolymer sample.

It would be useful to find an analytical expression
which can describe the entire set of data presented in
Figure 5. To proceed, we have to clarify the meaning
of the intercept at ln NB ) 0 for the two lines corre-
sponding to the data obtained for PI-PMMA and PS-
PMMA. We have found that the intercept can be
expressed as the product of ø and aB. The ø-parameter
dependence enters through the RB/δ term in eq 3,

This expression is obtained by combining eq 9 with the
Helfand approximation for the interface thickness17

where b is the statistical segment length. Finally, from
eqs 3, 8, and 13, we find

To calculate the interfacial volume per junction, we
use a value of 0.124 nm3 for aB(PI) and 0.163 nm3 for
aB(PS). These values can be calculated as

where MB-link is the molar mass of the polymer repeat
unit (MPI-link ) 68.12 andMPS-link ) 104.15). We use a
value ø ) 0.079 for PI-PMMA obtained by us from DET
measurements,2 and ø ) 0.028 for PS-PMMA obtained
by small-angle X-ray scattering.18
We find that eq 15 can describe all of our experimen-

tal data for PI-PMMA and PS-PMMA if we introduce
a coefficient of (π2/4) as the proportionality constant. The
difference between experimental and theoretical values
is in most of cases less than 10%. Thus, we believe that
a proper phenomenological expression for the interfacial
volume per junction as a function of the shorter B-block
length is given by the equation

An analogy exists between eq 17 and current theo-
retical descriptions of the surface area σ per chain at
the interface. We can express equations for the area
per chain in terms of the effective volume per junction,
vj ) δσ. We combine Helfand’s approximation for the
interface thickness (eq 14) with the equation reported
by Zhulina and Semenov19 for interface area per chain
originally derived for lamellar geometry. This leads to
the expression

where C is the proportionality constant and a is the
mean volume per link. Here we find the same power-
law dependence as in eq 17.
To check the validity of eq 17, we calculate vj and σ

values for PS-PI, a widely investigated block copoly-
mer.5 For a PS-PI with overall chain length N ) 582
and composition NPS/NPI ) 259/323, we obtain vj ) 12
nm3, identical to the value (12 nm3) obtained for PI-
PMMA with a similar overall chain length and composi-

RB ≈ NB
2/3ø1/6 (9)

vj ≈ R
aBNB

NB
2/3ø1/6

δ ≈ NB
1/3 (10)

(vj)R+1 ) (vj)R (11)

(RB

δ )
R+1

) R + 1
R (RB

δ )
R

(12)

RB

δ
≈ NB

2/3ø2/3 (13)

δ ) 2b
(6ø)1/2

(14)

vj ≈ aBø2/3NB
1/3 (15)

aB )
MB-link

FNAv
(16)

vj ) π2

4
aBø-2/3NB

1/3 (17)

vj ) δσ ) Caø-2/3N1/3 (18)

Macromolecules, Vol. 29, No. 12, 1996 Volume per Junction in Block Copolymer Interfaces 4245

+ +



tion (see Table 1). For this calculation, we use ø ) 0.09,
as reported by Hashimoto20 for PS-PI with the micro-
structure of a PI block rich in 1,4 additions. To obtain
the value of the interface area per chain for PS-PI, we
use the value δ ) (2.0 ( 0.5) nm cited by Bates,5 to
obtain σ ) 6 nm2. This result is in relatively good
agreement with the value reported by Thomas 21 (σ =
4.5 nm2), particularly since we need to take into account
the range of experimental values reported for the
interface thickness of PS-PI. It should be emphasized
that the σ value for PS-PI was obtained by Thomas
through the magnitude of the lattice constant, i.e.,
through the interdomain spacing, which is dominated
by the major component of the matrix. The present
results are based on analysis of the minor domain
characteristics.

Summary
Direct nonradiative energy transfer experiments on

labeled block copolymers yield the ratio of the micro-
domain size RB to the thickness of the domain-boundary
interface δ. We show that RB/δ is related to the effective
volume per junction at the interface through a depen-
dence of vj on NB

1/3. The fact that the volume per
junction is determined by the length of the shortest
block, and not by the composition or overall length of
the block copolymer, suggests that the major driving
force determining the density of chain packing in the
interface is the competition between the surface energy
and entropy loss of the shortest block. The size of the
minor domain depends, of course, on the length of the
minor component, but the details of the size, particularly
in terms of the number of chains per microdomain,
depend in principle on the length of both the long and
the short components. In other words, one expects some
mutual influence between the blocks.
The dependence of the microdomain size upon the

block copolymer length for the case of spherical and
cylindrical micelles was considered in detail by Birsh-
tein and Zhulina.22 Analysis of block copolymer state
diagrams shows that the microdomain size and the
number of polymer chains per microdomains should be
a strong function only of the shorter block length when
the longer chains are nonoverlapping or weakly over-
lapping in the external matrix. Whether this situation
exists or not was shown to depend on the length of the
A-component. This type of weak interaction within the
A-polymer phase should occur when the radius of the
B-sphere or cylinder is larger than the unperturbed
radius of gyration of the A-chain, RB > RG(A). This
situation seems to apply to the PI-PMMA and PS-
PMMA samples for the range of the molecular weights
we examine. We estimate for both block copolymers
(with the PMMA as the major component) that RG of
the PMMA blocks is always less than the radius RB
found for our samples with spherical or cylindrical
domains. For these calculations, we estimate RG-
(PMMA) from RG ) b(NPMMA/6)0.5, where b is the
statistical segment length with 0.67 and 0.63 nm as the
mean segment length value for PS-PMMA and PI-
PMMA, respectively.
The weak influence of the A-block length on the

volume per junction (or on the interface area per chain)
can be seen in the data for two PS-PMMA samples with
a similar length of the PS-block (NPS ) 106) and
different lengths of the PMMA blocks (NPMMA ) 260 and
430). Both block copolymers have a cylindrical mor-
phology. Increasing the PMMA length by almost a
factor of 2 leads to negligible (ca. 5%) decrease in the

magnitude of vj. Thus, in the range of composition and
molecular weights examined here, mutual influence of
the blocks on domain structure does not change the
interface volume per junction. The recent theory of
Birshtein and Zhulina cites limits where this simple
behavior may no longer operate. Analysis of the mutual
influence of the blocks on the structure of the block
copolymer interfaces will be an interesting topic for
future investigation.
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