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ABSTRACT: Self-consistent field theory is applied to study the ordering behavior of triblock copolymer
solutions. A unit cell approximation is used that provides information about individual micelles but does not
provide information about the 3-dimensional packing of the micellar aggregates. Information obtained from
this approach includes the preferred micellar geometry (spheres, cylinders, or lamellar), the aggregation
number, bridging fraction, osmotic pressure, and form factor for a scattering experiment. A variety of general
conclusions are obtained with regard to the relationships between these quantities and the polymer
concentration, end block solvent quality, and relative molecular weights of the different copolymer blocks.

Introduction

Since the first observation of the self-assembly of triblock
copolymers, the scientific community has recognized the impor-
tance of this class of polymer. The study of multiblock polymer
systems has led to a wide variety of applications in everything
from car bumpers to new nanolithography techniques.1-3 Inter-
est in gels formed from triblock copolymers has also increased
with the recognition that soft polymeric materials can play an
important role as matrix materials in the fields of biomaterials
and regenerativemedicine. The key feature of triblock copolymer
gels thatmakes them so interesting is their ability to assemble and
form elastic solids from viscous liquids in a controlled manner.4

Thesematerials can be viewed as a subset of “telechelic” polymers
with associating end groups,5 but with end groups having a finite
volume that determines the structure of the gel itself.

This paper focuses on applying self-consistent field theory
(SCFT) tomodel the behavior of symmetricABAacrylic triblock
copolymers in a selective solvent. The calculations are closely
coupled to a model acrylic system that has been studied exten-
sively in recent years.4,6,7 These materials undergo a rapid,
thermally reversible transition from a liquid to an elastic solid
in midblock selective solvents. This transition is driven by the
aggregation of polymer end blocks as the solvent-end block
interaction parameter increases as the temperature decreases
from ∼80 �C to room temperature. End block aggregates are
bridged by solvated midblocks, resulting in the formation of a
physically cross-linked network. Modeling this process with
SCFT provides insight into the details of the experimentally
observed gelation phenomenon, which is controlled by a combi-
nation of thermodynamic and kinetic factors. For example,
coupling between solvent composition of the micelle core and
the local glass transition temperature determines the temperature
dependence of the relaxation times for the polymer gel.8 In
addition, the distribution of solvent within the gel will affect
the temperature dependence of the scattering function. An
incorrect or incomplete understanding of these effects can cause
experimental results to be misinterpreted.

Self-consistent field theory is a powerful method for modeling
the equilibrium behavior of polymer melts and concentrated
polymer solutions. The basis of SCFTwas developed byEdwards
in 1965.9 Since then, SCFT has been used to describe many

features of polymer systems, including the density profiles of
polymer brushes,10,11 the complex phase behavior of block co-
polymer melts,12-20 and the dilute solution behavior of micellar
block copolymers.21,22 Modern computational capabilities have
extended the application of SCFT by allowing increasingly com-
plex problems to be addressed.23-28

In many cases it is appropriate to reduce the full 3-dimensional
SCFT simulation to one dimension, using the appropriate sym-
metry of the system of interest. This practice is known as the unit
cell approximation.29-32 When collapsed to one dimension, the
modified diffusion equation derived by Edwards in 1965 is9
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where C is dependent on system symmetry; C=0 for planar
symmetry,C=1 for cylindrical symmetry, andC=2 for spherical
symmetry. The distribution function, q(r,n), is related to the
probability that polymer a segment, n, is located at a particular
position, r, in space. The mean field, w(r,n), is a function of both
the local chain composition, dependent on n, and the composition
of the surrounding environment. The variable, a, is the polymer
statistical segment length.

Detailed descriptions of the use of SCFT techniques for the
determination of phase transformations and structural features
of block copolymers have been well documented in the references
given above. In order to clearly define our own terminology
and clarify our use of the unit cell approximation, we briefly
summarize our own implementation in the following section.
Specific results are then presented for a system that has been
well-characterized experimentally.

Theoretical Formulation

The specific self-consistent field theory formulationused in this
study is a modified version of the formulation used by Nunalee
andShull for use inpolymermelt systems.20The startingpoint for
this theoretical formulation is theFlory approximation of the free
energy per unit volume, fgel, of a polymer gel:

fgel

kbT
¼ 1

Vt

Z
V

ΦsμsþΦp

μp
Np

-Δw

( )
-fsolution ð2Þ

*Corresponding author. E-mail: k-shull@northwestern.edu.



8514 Macromolecules, Vol. 42, No. 21, 2009 Bras and Shull

where T is the absolute temperature temperature, Vt is the
reference volume (defined as the solvent molecular volume),
Np is the length of the polymer (polymer molecular volume
normalized by the solvent molecular volume), and Φ are
the volume fractions as a function of radial distance from
the aggregate center of either copolymer (p) or solvent (s).
The terms μs and μp represent the chemical potentials of
the solvent and polymer, while the term Δw enforces the com-
pressibility constraint. The terms φs, φp, and Δw are spatially
dependent. Additionally, all component degrees of polymeriza-
tion are normalized by the reference volume so thatN=1 for the
solvent. The free energy of the gel is normalized using the free
energy of a homogeneous solution of polymer, fsolution, as
a reference. In the reference caseΔw=0. The chemical potentials
for this homogeneous reference case are given by the following
expression:29
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The subscript k refers to a particular component, either polymer
(k=p) or solvent (k=s). The first three terms of this expression
represent the entropy of component k, while the last term
represents the contributions due to thermodynamic interactions
between different chemical species:
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The subscripts m and n refer to the actual chemical species:
solvent (s), copolymer end block (a), and copolymer midblock
(b). Thus, χmn represent the various Flory-Huggins interaction
parameters. This treatment assumes regular solution behavior,
where these interaction parameters are independent of polymer
composition. The functions gm(j) describe the average composi-
tion of segment j in component k, where j is an index for each
polymer segment going from j=1at one endof a polymer chain to
Nk. The use of this function enables the examination of copoly-
mers with general architectures including multiblock copolymers
and gradient copolymers.33,34

The incompressibility of the system is enforced by Δw(i)
according to

ΔwðiÞ
kbT

¼ ζf
X
k

φkðiÞ-1g ð5Þ

where ζ is inversely proportional to the bulk compressibility. The
incompressibility parameter, ζ, is chosen to be large enough so
that the results obtained are indistinguishable from the fully
incompressible limit where ζ is infinity.

To proceed further, it is necessary to find expressions for the
spatially dependent volume fraction in eqs 2-5. This is accom-
plished by self-consistently solving for the volume fractions of the
various components as a function of the system size, which in our
case is determined by the location of a reflecting boundary
condition. The system size that gives the lowest free energy
corresponds to the equilibrium system. During calculations for
the volume fractions of the individual components, the overall
volume fraction of polymer,Φp, is fixed at a desired value. This is
achieved by adjusting the solvent chemical potential (μs) and
polymer chemical potentials (μp). There are multiple values for
μs and μp that satisfy these constraints. However, the difference
between μs and μp/Np for the possible solutions is constant, so
that these chemical potentials are uniquely defined from the
additional requirement that

R
vΔw=0.

One of the results obtained from SCFT calculations is the
bridging fraction. The bridging fraction, fb, is defined as

fb ¼ φbridges

Φp
¼ 1-

φloops

Φp
ð6Þ

whereφbridges is the volume fraction of triblock copolymerswhose
end blocks are in separate endblock aggregates andΦp is the total
volume fraction of triblock chains. The alternative configuration,
quantified by φloops, locates both end blocks in the same aggre-
gate, causing the polymer midblock to form a loop. Calculation
of the bridging fraction is achieved by adding an additional step
to the recursive SCFT algorithm, which determines the volume
fraction of copolymers with only one end block in the same
domain.13,14

The input parameters used were chosen to correspond to a
system for which there is extensive experimental data.4,6-8

Specific values for the ABA triblocks modeled in this paper are
summarized in Table 1. These two polymers have similar end
block (A block) lengths, but differentmidblock (B block) lengths,
and are referred to as the “long-midblock” and “short-midblock”
polymers throughout this paper.

The temperature-dependent properties of polymer solutions
were captured by specifying a temperature dependence for the
three χ parameters: χab, χas, and χbs. We again use values
corresponding to the experimental system, where A is poly-
(methyl methacrylate) (PMMA), B is poly(n-butyl acrylate)
(PnBA), and the solvent (S) is butanol. For χbs we use the
following temperature dependence:

χbs ¼ 1

2
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where T is the absolute temperature, A=0.25, and the theta
temperature (Θ) is 303 K. This gives χbs ranging from 0.50 to
0.41 as the sample is heated from 30 to 95 �C. Values for
χas correspond to published data for PMMA in butanol:35

χas ¼ 4:59-0:0115T ð8Þ
and range from 1.11 at 30 �C to 0.50 at 83 �C. Distances are
normalized by the copolymer radius of gyration, Rg:

Rg ¼ a

ffiffiffiffiffiffi
Np

6

r
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where a the statistical segment length, which is assumed to be
equal for the A and B repeat units.

Results and Discussion

SCFT results were obtained using themethods described in the
previous section for both the long-midblock and short-midblock
architectures. Calculations were carried out for overall polymer
volume fractions of 0.10, 0.15, and 0.20. Values for the
χ parameters used in the calculations correspond to temperatures
ranging from 30 to 80 �C (T from 303 to 353 K in eqs 7 and 8). In
the unit cell approximation that we have employed, spherical
symmetry is assumed with r representing the radial distance from
the center of a core of the A component of the block copolymer.

Table 1. Number of Segments per End Block and Midblock for the
Symmetric ABA Triblock Copolymers Used in SCFT Calculations

polymer A block length B block length

long-midblock 231 1225
short-midblock 212 328



Article Macromolecules, Vol. 42, No. 21, 2009 8515

The micelle size is specified by a surface of mirror symmetry at
r=R. In this treatment all information about the ordering of the
micelles is lost. However, this is not an important limitation for
the problems of interest to us because we are interested in
properties of the gel that do not depend on the crystalline order
of the micelles. Also, by comparison to published 3-dimensional
SCFT results for block copolymer melts,14 we have verified that
the unit cell approximation accurately captures the location of
order/disorder and order/order transitions between disordered,
spherical, and cylindrical domainmorphologies. In the following

subsections we describe results pertaining to the fundamental
structure of the polymer gel, the fraction of bridging midblock
chains, the osmotic properties of the gel, and the X-ray scattering
structure factor.

Gel Structure. For each temperature, SCFT calculations
were iterated for a range of micelle sizes. Figure 1 is a
representative plot of the free energy as a function of R.
Arrows indicate the location of free energy minima, which
define the equilibriummicelle sizes,Req, and the correspond-
ing equilibrium free energies. The equilibrium free energy
increases toward the value of zero for a homogeneous
solution as the temperature increases, while Req decreases.
The temperature dependence of the micelle size for a
representative case is shown in Figure 2, where we plot
the temperature dependence of the volume per micelle,
Vm, defined as follows:

Vm ¼ 4

3
πReq

3 ð10Þ

As temperature increases, the equilibrium volume per
micelle decreases, as does the aggregation number, M, the
number of A end blocks in each micelle core. The aggrega-
tion number is linearly related to Vm by the following
expression:

M ¼ 2FΦpNav

Mn
Vm ð11Þ

where F is the density of the triblock copolymer, Φp is the
overall volume fraction of polymer in solution, Mn is the
triblock molecular weight, and Nav is Avogadro’s number.

It is clear from Figure 2 that the aggregation number
decreases more rapidly with temperature in the short-
midblock polymer system than long-midblock polymer sys-
tem. To understand why this occurs, it is helpful to compare
the volume fraction profiles of the two chemical compo-
nents, A and B, of both systems. Figure 3 shows the volume
fraction profiles for long and short-midblock polymer
micelles for Φp=0.15 at 50 �C. At 50 �C, we see that each
micelle consists of a core of end block surrounded by
a corona of midblock.

The difference in midblock content between the two
polymers studied is apparent in the volume fraction profiles
for the B midblocks. For the short-midblock φB(r) in the
coronal region drops off to almost zero nearReq. In contrast,
the long-midblock system shows only a slight decrease in
φB(r) in the coronal region. As a result, the bridging fraction
is much lower in the short-midblock copolymer gel than in

Figure 1. Free energy as a function of micelle size for the short-
midblock polymer for Φp = 0.15 and T = 50 �C. The arrows
correspond to R = Req.

Figure 2. Equilibrium micelle volume as a function of temperature for
the short-midblock and long-midblock systems atΦp = 0.15.

Figure 3. Representative volume fraction profiles for each component in short-midblock and long-midblock gels.
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the long-midblock copolymer gel, a fact that is quantified in
more detail below.

The temperature dependencies of the overall polymer
volume fraction for gels with Φp=0.15 are compared in
Figure 4. Several trends are observed. First, the aggregation
number and overall volume fraction of A in the micelle core
decrease with increasing temperature. Also, at any given
temperature the short-midblock and long-midblock gels
both have similar polymer fractions in themicelle core.More
substantial differences are observed in the coronal regions of
the gel structure. Because the midblocks are less strongly
stretched in the long-midblock copolymer, the midblocks in
this system can more easily fill the space between micelle
cores.

This difference in the behavior of the two different copoly-
mers leads to a variety of important consequences with
regard to the concentration dependence of the aggregation
number and bridging fraction. These concentration effects
are demonstrated in Figure 5 for the short-midblock and
long-midblock copolymers. For both polymers the variation
in the total copolymer volume fraction has very little impact
on the solvent content of the micelle cores. Apart from
this similarity, we observe very different behavior for the
long-midblock and short-midblock copolymers. For the
long-midblock copolymer the average micelle size, given by
Req is roughly independent of polymer concentration. For
this polymer the size of the micelle is determined largely by
the chain stretching of the midblocks, and the aggregation
number is proportional to the overall polymer concentra-
tion. For the short-midblock copolymer, the opposite situa-
tion is observed, with the aggregation number remaining
independent of the overall polymer concentration. Because
the equilibrium polymer concentration at the midpoint
between adjacent micelles is quite low in this case, the

bridging fraction is also low, and the aggregation number
is close to the value obtained in the low-concentration limit
where all of the midblocks are in looping configurations.

Bridging Fraction. The equilibrium bridging fraction is
plotted as a function of temperature for both polymers in
Figure 6 for gels with Φp =0.15. Because of the greater
importance of chain stretching for the short-midblock sys-
tem, the bridging fraction for this system has a higher
temperature dependence than it does for the long-midblock
system. At 30 �C less than 5% of the short-midblock chains
form bridges, while more than 50% of the chains form
bridges in the long-midblock gel.When comparing to experi-
mental data, it is important to remember that true equi-
librium will not be obtained when the relaxation time
associated with end block exchange between micelle cores

Figure 4. Temperature dependence of the overall polymer volume fraction profiles for the short-midblock and long-midblock copolymers.

Figure 5. Concentration dependence of the overall polymer volume fraction profiles for the short-midblock and long-midblock copolymers at 50 �C.

Figure 6. Temperature dependence of the bridging fraction for gels
withΦp = 0.15.
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is longer than the experimental time scale. In these cases the
bridging fraction and aggregation number may become
frozen at values corresponding to the equilibrium values at
higher temperatures. The ability to freeze the gel structure
into nonequilibrium states is an important factor in the
design of gels with the desired properties.

Osmotic Properties. The swelling properties of the poly-
mer gels can be obtained by consideration of the solvent
chemical potential. The link to our calculations is through
the osmotic pressure Π, which is directly related to the
solvent chemical potential:

Π ¼ -Δμs
V0

ð12Þ

Here Δμs is the chemical potential of the solution relative to
pure solvent andV0 is the solventmolecular volume. In order
to remove detailed effects associated with the model used to
describe the polymer/solvent interactions, it is useful to
introduce the concept of an equivalent polymer volume
fraction when describing osmotic pressure. We define this
equivalent volume fraction as the volume fraction of infinite
molecular weight polymer that gives the same osmotic
pressure as the value obtained from the SCFT calculations.
Two different equivalent volume fractions, φa

μ and φb
μ, are

defined by the following Flory-Huggins expressions for the
solvent chemical potentials:

μs ¼
lnð1-φμ

aÞþφμ
aþχasðφμ

aÞ2
or

lnð1-φ
μ
bÞþφ

μ
bþχbsðφμ

bÞ2

8>><
>>: ð13Þ

Furthermore, the equivalent volume fractions where μs=0,
that is, when the chemical potential of the solution is at
equilibriumwith pure solvent, are defined asφa

0 andφb
0. These

quantities only exist when the corresponding polymer/
solvent interaction parameter is greater than 0.5 and in our
case only applies to the A component. In addition to the
conceptual utility of the equivalent volume fractions, they
are also of practical significance when interpreting experi-
mental osmotic pressure data for block copolymer solutions.
Methods such as vapor pressure osmometry require that
calibration solutions be used. By presenting our results in
terms of these equivalent volume fractions, we facilitate
direct comparisons to experimental results that use homo-
polymer solutions as calibration standards.

Figure 7 shows the values of φa
μ and φb

μ for gels made from
both copolymers, withΦp=0.15. For all temperatures except
for those very close to the ordering transition, φa

μ is very close
to φa

0, indicating that the volume fraction of solvent in the
core is nearly identical to the solvent fraction in a high
molecular weight polymer that is equilibrated with pure
solvent. The result appears to be very general and suggests
a useful procedure for estimating the solvent fraction in
micellar aggregates. This procedure was previously assumed
to be valid8 but has not been rigorously tested until now.

Values for φb
μ are also instructive and relate more directly

to the swelling behavior of the gels. A value of 0 for φb
μ is

obtained when the gel is in equilibrium with pure solvent, so
thatΠ=0.Negative values forΠ are not thermodynamically
stable, since the gel will undergo syneresis, ejecting solvent
until Π and φb

μ are both zero. This situation is not observed
for any of the data plotted in Figure 7. Again, the situation
changes if the gels are not completely at equilibrium. For
example, “constrained equilibrium” calculations, where the
aggregation number of the gels is fixed to correspond to the

equilibrium values at 55 �C, give values for φbμ that reach zero
at lower temperatures. The situation is actually quite difficult
to handle within the context of SCFT theory. It is simple to
keep the aggregation number constant by keeping R fixed at
the value of interest, but it is much more difficult to add a
constraint that the bridging fraction also remains constant,
as it must in a true experimental system where end block
exchange between aggregates is kinetically prohibited.

X-ray Scattering Intensity. SCFT calculations can also be
used to simulate small-angle X-ray scattering results. Small-
angle X-ray scattering is a useful tool for studying the
structure of polymer melts and gels. The intensity of scat-
tered X-rays in reciprocal space, I(q), is the square of the
scattering amplitude, A(q), which can be expressed as the
Fourier transform of the scattering length density, F(r), over
the illuminated volume:

IðqÞ ¼ jAðqÞj2�j
Z
V

FðrÞe-iqrj2 ð14Þ

where q is the scattering vector. Assuming incompressibility
and no volume change upon mixing, it is a simple process to
convert volume fraction profiles of the various chemical
components to scattering length densities. ForX-rays, which
scatter primarily from electrons, the relevant quantity is the
electron density in the sample:

FðrÞ ¼ re
X

m¼a, b, s
nmðrÞ ð15Þ

where re is the electron scattering length and nm(r) is the local
electron density of component n. The specific expression for
average electron density is related to the volume fraction of a
component by

nmðrÞ ¼ φmðrÞ
NavFmem

Mw
ð16Þ

where Nav is Avogadro’s number, Fm is the component
density, em is the number of electrons per repeat unit, and
Mw is the repeat unitmolecular weight. For the acrylicmodel
system that we are fitting, the end-block-rich regions domi-
nate the scattering length density profiles as PMMA is
significantly more electron dense than the solvent. In this
case the electron scattering length density profiles are similar

Figure 7. Temperature dependence of the equivalent polymer volume
fractions for polymer gels withΦp=0.15.Data for short-midblock and
long-midblock copolymers are included, as indicated in the legend.
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in shape to the volume fraction profiles for the core forming
shown in Figure 4.

In situations where the characteristic size of the scattering
centers is substantially smaller than their average separation,
it is convenient to express the scattered intensity as the
product of a form factor, f(q), that is determined by the
shape of the scattering center and a structure factor, S(q),
that describes the interference of radiation interacting with
these different centers.36 In this case eq 14 is written as

IðqÞ�Njf ðqÞj2SðqÞ ð17Þ
whereN is the number of scattering centers, each with a form
factor f(q). The previous use of the unit cell approximation in
these SCFT calculations provides a good estimate of the
average nearest-neighbor distance, but further information
as to the aggregate organization is lost. Therefore, calcula-
tions of the expected SAXS results are limited to the calcula-
tion of the form factor, which for a single spherical
symmetric object is given by the following expression:

f ðqÞ ¼
Z ¥

0

FðrÞ 4πr
2 sinðqrÞ
qr

dr ð18Þ

In the SCF calculations the integral extends from r=0 to
r = R, the location of the reflecting boundary condition.
Because scattering methods are only sensitive to differences
in electron density, we subtract the scattering length density
at r=R to obtain the following for fscf(q), the form factor
calculated from SCF theory:

fscfðqÞ ¼
Z R

0

ðFðrÞ-FðRÞÞ 4πr2 sinðqrÞ
qr

 !
dr ð19Þ

Because the scattering is dominated by the micelle cores
which have a nearly uniform composition, it is possible to
approximate the form factor by approximating the scatter-
ing centers as spheres of radius r0 and a constant scattering
length density:

FðrÞ-FðRÞ ¼ F0 rer0
0 r > r0

(
ð20Þ

This step function form for the scattering length density
profile results in the following expression for the form factor,
which we refer to as the hard-sphere form factor, fhs:

36

fhsðqÞ ¼ F0Vc
3

ðqr0Þ3
½sinðqr0Þ-qr0 cosðqr0Þ�

( )
ð21Þ

where Vc is the volume of a micelle core, i.e., Vc=4πr0
3/3.

At this point we are in a position to obtain values of r0 and
F0 from the SCF theory and to compare this value of fhs to the
form factor obtained using the detailed electron density
profile from the SCFT calculations. Values of r0, taken as
the point of maximum slope in a plot of F(r), are shown in
Figure 8 for both long- and short-midblock polymers as a
function of temperature. Corresponding values of F0, defined
as the average scattering length density between r=0 and r=
0.9r0, are shown in Figure 9. Because we are primarily
interested in the temperature dependence of the scattering
intensity, values of F0 are normalized by the values at 30 �C.
Values of χas, the interaction parameter between the solvent
and the end blocks (obtained from eq 8), are included in
Figures 8 and 9 as well.

Using either the numerical integration or step func-
tion approximations to compute the scattering intensity
gives similar results as illustrated in Figure 10, which shows
calculated values of the form factor at 30 �C for both
short- and long-midblock copolymers. Values of fscf were
obtained from eq 19, using the full radial dependence of the
electron scattering length as calculated from the SCF
theory. Values of fhs correspond to eq 21, using the values
for the scattering length density contrast plotted inFigure 9.
This information can be used to estimate the temperature
dependence of the scattering intensity. The temperature
dependence of the scattering amplitude can be estimated
by taking the q = 0 limit, which is determined by the
temperature dependence of the form factor. The number
of aggregates, N, is inversely proportional to the aggrega-
tion number, which is in turn proportional to the micelle
volume, Vm. In addition Vc � r0

3, so using the hard-sphere
version of the form factor, eq 17 reduces to the following for
the Ihs(0), the scattering intensity for the hard-sphere model
at q=0:

Ihsð0Þ�NF0
2Vc

2�F0
2r0

6=Vm ð22Þ
Each of the quantities in eq 22 has been determined from the
SCF theory, with F0 plotted in Figure 9, r0 in Figure 8, and
Vm in Figure 2. The temperature dependence of Ihs(0)
obtained from these data and from eq 22 is plotted
in Figure 11a, normalized to the value at 30 �C. Values
for Iscf(0) are shown in Figure 11b. In this case the form
factor obtained from the full SCF calculation is used,

Figure 8. Temperature dependence of the radius of the micellar cores.

Figure 9. Temperature dependence of the scattering length density
contrast, normalized to the contrast obtained at 30 �C.
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so that the low-angle scattering is given by the following
expression:

Iscfð0Þ�fscf 2ð0Þ=Vm ð23Þ

Several important conclusions can be drawn from inten-
sity data shown in Figure 11. The first is that the hard-sphere
approximation works very well and captures the essence of
the temperature transition.More importantly, the results are
in good agreement with experimentally determined tempera-
ture dependence of the scattering amplitude in these types of
polymers.4 These results are also consistent with the assump-
tion made in this previous experimental work that the
observed intensity increase is not due to an increase in
fraction of block copolymers that were in micellar form.
This observed temperature dependence can be attributed to
the temperature dependence of micellar structure, and the
effect this structure has on the scattering intensity from an
isolated micelle. In the experimental system the scattered
intensity is roughly constant at temperatures below about
55 �C. This result can be understood by the fact that at these
low temperatures the relaxation time of the micellar cores is
high enough so that they can no longer equilibrate. The total
number of micelles, and the aggregation number of each
micelle, remain constant as the temperature is reduced
further. The micelle cores get denser, but the quantity
F0Vc remains roughly fixed. This situation can be accounted
for in the SCF calculations by running a series of calculations
at a fixed value of R. Calculations of this sort confirm our
expectation under this “constrained equilibrium” situation:

the form factor of the micelles becomes temperature inde-
pendent.

Conclusions

Self-consistent field theory can be a very useful tool in model-
ing complex polymeric systems. Appropriate choice of input
parameters allows comparison to experimental results and pro-
vides structural information that is very difficult to obtain by
other theoretical means. We have utilized a unit cell approxima-
tion that is able to provide information about individual micelles
but which does not provide information about preferred
3-dimensional packing of the micellar aggregates. In situations
where the micelles are not organized on a crystalline lattice, as is
often the case experimentally, this unit cell approximation is all
that is required in order to provide information about the
preferred micellar geometry (spheres, cylinders, or lamellar),
the aggregation number, bridging fraction, solvent osmotic
pressure, and form factor for a scattering experiment.

The specific calculations performed here are motivated
by experimental data that exist for two closely related tri-
block copolymers. When dissolved in appropriate solvents,
these block copolymers form thermoreversible gels. The data
have been presented in terms of temperatures that are experi-
mentally relevant for this system and also in terms of thermo-
dynamic chi parameters describing the interactions between the
solvent and the end blocks. From these results we were able to
arrive at a number of more general conclusions, including the
following:

• The solvent in the micelle cores is distributed quite
homogeneously at a volume fraction nearly identical

Figure 11. Temperature dependence of the scattered intensity at zero angle from the hard-sphere approximation (eq 22, part a) and from the full SCF
electron scattering length distribution of (eq 23, part b).

Figure 10. Form factors calculated from the hard-sphere model (eq 21) and from the full SCF calculation (eq 19) for gels withΦp=0.15 and T=30
�C.
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to the corresponding value for a pure, high molecular
weight homopolymer in pure solvent.

• As the solvent quality for the end blocks decreases
and solvent is expelled from the micelle cores, the
equilibrium aggregation number increases and the
equilibrium bridging fraction decreases. The increased
aggregation number is primarily responsible for the
observed increase in the scattering intensity from a
small-angle X-ray scattering experiment.

• As the polymer concentration is decreased, the brid-
ging fraction also decreases. This decrease occurs
at higher concentrations for the short-midblock
polymers, where the midblocks must be highly
stretched in order to adopt bridging conformations.
As the bridging fraction becomes very small, the
aggregation numbers approach value corresponding
to the dilute limit that is nearly independent of the
concentration.

• The osmotic properties of the gel were expressed in
terms of an equivalent solution of high molecular
weight midblock homopolymer that has the same
solvent chemical potential. The polymer concentra-
tion of this equivalent solution initially decreases as
the solvent quality for the end blocks is decreased but
increases again as the bridging fraction begins to
decrease substantially.
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