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ABSTRACT: The phase behavior of ABA triblock copolymers in aqueous solutions is studied theoretically,
using both continuum and lattice mean-field theories. A variety of lyotropic liquid crystalline phases is
found for the Pluronic family, and the effects of temperature, copolymer concentration, overall molecular
weight, and block sizes are investigated. The theoretical scheme incorporates “internal” monomeric states
as well as the effects of the spatial arrangement of the molecules and may be viewed as a generalization
of the traditional theory of ordered phases in block copolymers. The interaction parameters determined
for poly(oxyethylene) and poly(oxypropylene) homopolymers in aqueous solutions are found to give good
agreement for the theoretically predicted ordered structures when compared with measurements on
different Pluronic polymers using 2H NMR of deuterated water and small-angle X-ray scattering.

I. Introduction

An unusual feature of EO—PO—EO (EO, ethylene
oxide; PO, propylene oxide) triblock copolymers (trade
name Pluronic) in water is the variety of liquid crystal-
line phases that can form over a relatively narrow
temperature range (~50 °C).1=3 These copolymers,
which are denoted by (EO)n(PO)m(EO),, where nand m
represent the number of EO and PO units, respectively,
consist of a central hydrophobic block (PO) and two
hydrophilic end blocks (EO). The lengths of the EO and
PO blocks as well as their relative sizes have a marked
effect on the mesomorphic behavior of the block copoly-
mers in aqueous solution. In addition, the rapid de-
crease of the hydrophilic nature of the EO and PO blocks
with increasing temperature and the concentration
dependence of the copolymer in solution are important
factors affecting the phase behavior.

Over the last few years, the effects of temperature
on the phase equilibria and structure of poly(ethylene
oxide) copolymers in water have been extensively stud-
ied using 2H NMR,* and more recently SAXS,> to
characterize the nature of the lyotropic liquid crystalline
phases. This work has been paralleled by detailed
studies of the homopolymer—water binary phase dia-
grams for both the ethylene oxide and propylene oxide
homopolymers in order to determine the monomer—
monomer and monomer—solvent interaction parameters
and to provide a quantitative description of the change
in hydrophobic/hydrophilic behavior of the homopoly-
mers with changing temperature.® The micellar struc-
ture of a dilute solution of the triblocks in water has
been well described by a theoretical model”2° based in
part on the analysis of the binary homopolymer—water
phase behavior.

In this paper we apply a self-consistent mean-field
theory (in both the lattice and continuum versions) to
calculate the relative stability of the self-assembled
liquid crystalline phases (cubic, hexagonal, lamellar) for

® Abstract published in Advance ACS Abstracts, July 15, 1996.

some representative systems and a range of external
parameters. This work draws heavily on earlier theo-
retical and experimental studies dealing with homopoly-
mers and micelle.” However, for triblock copolymers,
the connectivity of the molecules, the subtle interplay
of the entropic changes due to chain stretching and
localization, the free energy cost of forming interfaces,
and the selective partitioning of the solvent into the
ordered domains add a new dimension to the challenge
of predicting the phase behavior and understanding the
main tendencies that underlie the complexity of the
experimental observations.

Although triblock copolymer surfactants of ethylene
oxide and propylene oxide have a wide range of uses as
emulsifiers, wetting agents, solubilizers, etc.,® we do not
focus on any particular application in this paper.
However, the theoretical analysis developed here, and
its extensions to include organic solvents® and interac-
tions with surfaces, should be of value for predicting
thermodynamic behavior in specific practical situations.
In addition, the theoretical infrastructure should be
helpful in developing more detailed models for nonionic
polymeric systems with hydrophobic and/or hydrophilic
modifications, and one can make use of analogous
theoretical studies!®!! relating to mixtures of random
copolymers, homopolymers, and block copolymers with
and without selective organic solvents.

The paper is organized as follows. Section Il contains
a summary description of the theoretical model, with
separate descriptions of the continuum and lattice
approaches to the self-consistent mean-field theory. It
is evident that there is a close connection between the
two descriptions, which become formally equivalent for
long chain lengths. The micelle model as used by Linse”
within the lattice description is also summarized, and
a translation table for some equivalent quantities in the
two theories is given. Section Il presents the calculated
phase diagrams for a selection of Pluronic polymers for
studying the effect of changing the weight percent of
poly(ethylene oxide) while keeping the molecular weight
of poly(propylene oxide) constant, as well as changing
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t'=Z,

Figure 1. Schematic of a space curve implicit in the expres-
sion for the Green function Qu(r, t|ro) (eq 1 in text) representing
the configuration of a homopolymer with one end (t' = 0) at
ro, total length t' = Z,,, and the contour length corresponding
to t passing through point r.

the molecular weight of poly(propylene oxide) while
keeping the weight percent of poly(ethylene oxide)
constant. The density profiles for one system (P94) are
studied in detail for two different temperatures and
three different morphologies (hexagonal, lamellar, in-
verse hexagonal), and the junction distributions are
calculated and related to the expected change in the
shear modulus for P94 as a function of temperature.
Section IV contains the conclusions with respect to the
systems studied, as well as some comments about the
theoretical approaches.

Il. Theoretical Model

We use a mean-field description of inhomogeneous
polymeric systems and apply the theory in two different
versions, the continuum model as derived from the
functional integral formalism of Edwards!? and the
lattice model as extended and developed by Scheutjens
and Fleer®® from the earlier work by Flory.* The
common element in both cases is the mean-field as-
sumption, and the two models are formally equivalent
in this respect. The micelle model as developed by
Scheutjens and co-workers (subsection C) is applied only
within the lattice framework. The ordered block co-
polymer phases are studied using both the continuum
and lattice models. We begin with a description of the
continuum model.

A. Continuum Description. The partition function
for a multicomponent polymer blend, including a sol-
vent, is given as a functional integral over all space
curves representing the polymer chains. As shown by
Hong and Noolandi,'® the mean-field approximation is
obtained by performing the functional integral using the
saddle function method (taking the maximum of the
integrand) with the constraint of local incompressibility
of the polymer mixture. The result of this procedure is
a modified diffusion equation for the primary quantity
of interest, the Green function Qu(r, t|ro), which repre-
sents the distribution function of a polymer p with one
end at ro and the position along the chain corresponding
to the contour length t at r, while the rest of the chain,
from the contour length t to the full contour length Z,,
is elsewhere.1® The mean field in the modified diffusion
equation is given in terms of integrals over the distribu-
tion functions of all the components of the system
(including the solvent), and the problem must be solved
self-consistently using a numerical method described
previously.1®> The labeling scheme of the space curves
for the Green function Qy(r, t|ro) is shown in Figure 1.

In what follows we will obtain the new result that a
polymer model with internal degrees of freedom!’ can
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be described in terms of an effective mean-field potential
derived from the partition function of the internal states
embedded in an external field. This model, in which
the internal degrees of freedom are populated according
to a Boltzman distribution independently of the physical
arrangement of the polymer chains, has previously led
to a successful description of the inverse temperature
behavior of homopolymers in homogeneous®17-19 and
heterogeneous systems.”20=22 For the specific case of
interest here, the model takes into account that different
conformations of the ethylene oxide groups differ in their
dipole moments and that the more polar conformations
are less numerous. The conformations are divided into
two classes or states, one being more polar with a lower
energy and a lower statistical weight and one being less
polar (referred to as nonpolar), having a higher energy
and higher statistical weight. This categorization is also
consistent, e.g., with 13C chemical shift measurements.23
At low temperatures, the former class dominates and
the effective polymer—solvent interaction is favorable,
whereas at higher temperatures the latter class domi-
nates, rendering the polymer—solvent interaction less
favorable. Furthermore, the effective polymer—solvent
interaction becomes more unfavorable as the polymer
concentration increases. The formalism is also applied
to propylene oxide groups. Poly(propylene oxide) dis-
plays similar inverse temperature behavior as poly-
(ethylene oxide).

In order to include the internal degrees of freedom,
as described above, into the continuum mean-field
model for homopolymers, it is most expedient to start
from the formal expression for the Green function,

Qp(r, tirg) =
fr :E'ét)):oé ro(e)P{r,(»)}) exp{— LZP dt'w,[r, ()]} (1)

where the functional integral is over all the space curves
r(s) which represent the possible configurations of the
macromolecule consistent with the constraints indicated
in Figure 1, where one end (t' = 0) of a homopolymer is
at ro and the contour length corresponding to t is at r.16
As usual for flexible polymers, the probability functional
for a given space curve P({ry(e)}) is assumed to be the
Wiener form,2

PUr, () O exp{ - dt'zibzrpz(t')} @)

where b is taken to be the Kuhn statistical length of a
single segment of the polymer chain. The “potential”
wp[rp(t)] is introduced formally (through the integral
representation of the spatial 6 function for the chain
contours) as a conjugate field for the density of polymer
p. Although Q(r, tiro) satisfies a modified diffusion
equation in the “potential” wp[ry(t)], the analysis be-
comes tractable only when the mean-field approxima-
tion is made, and wp can be written as an explicit
function of all the polymer densities, taking into account
the local incompressibility of the polymer mixture.1>
Considering the internal states of a segment of
polymer p, the state partition function becomes

ngu expf _ﬁEpa} )

where E, is the internal energy and gy, the statistical
weight of the segment in state o. These parameters
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Table 1. Internal State Parameters (Eag and gag) and
Flory—Huggins Interaction Parameters (ysg’) of the
Theoretical Model (Energy in kJ mol-1)

species state state no. Eas gaB

water 1 0 1
EO polar 2 02 12
nopolar 3 5.0862 8a
PO polar 4 Qb 1b
nopolar 5 11.58 60P

kTXBB'
state no. 2 3 4 5

1 0.65082 5.5682 1.7b 8.5b

2 1.2662 1.8° 3.0¢

3 0.5¢ —2.0¢

4 1.4b

a From the fit to the experimental data of the binary PEO/water
phase diagram.17:24 b From the fit to the experimental data of the
binary PPO/water phase diagram.18 ¢ From the fit to the experi-
mental data of the ternary PEO/PPO/water phase diagram.®

have been determined from an independent analysis of
the experimental data for the corresponding homopoly-
mers!7:1824 and are displayed in Table 1. Including this
partition function in the overall partition function for
the system, we exponentiate the expression given by eq
3 %nd include the new terms in an effective potential
e . -
w, [ry(t)], given by

05 (1) = =In{’Y gpo eXP[—BEp, — 0N} ()

Note that in so doing we have enlarged the set of
conjugate fields to include every polymer component in
its particular internal state, wpo(r). Although the
internal degrees of freedom of the polymer chains are
independent of their spatial arrangement, they are
imbedded in an inhomogeneous mean field which rep-
resents the average local arrangement of all the chains.
The resulting effective mean field, given by eq 4,
represents the statistically weighted thermal distribu-
tion of the internal states in an “external” mean field,
wpa(r), which reflects the local arrangement of the
molecules. The modified diffusion equation for
Qp(r, tiro) then follows the standard form

2
2Qur, tirg) = 270, tirg) — 0 (NQy(r, tirg) (5)

and the introduction of the mean-field approximation
by the evaluation of the functional integral by the
method of steepest descents at the saddle point gives

ps(r) = %:exp[—ws(r)] (6)

Ppa(1) = Ppo(r)pp(r) (@)

g o exp[_ﬁE o a(r)]
Pou(r) = — pe ®)

z Ypa exp[_ﬁEpa - wpa(r)]

where ps(r) and pp(r) are the solvent and polymer
densities, Py, is the probability of a polymer segment
in the internal state o, and eqs 7 and 8 are obtained by
the application of the chain rule in the differentiations
with respect to the polymer densities.

Phase Behavior of PEO—PPO—PEO Triblock Copolymers 5909

The expressions for the homopolymer densities in
terms of the distribution functions are the same as in
earlier work?s

N
po(N) = o2 fo " da(r, Dar. Z,— 0 ()
p

Q,= [ dr [ drQur, Z,Iry) (10)
qp(r, ) = [ drgQy(r, tiry) (12)
and the expressions for the mean fields are given by
0pU ({p})
o (r) = '8(3;7)" + (1) (12)
6ﬁupot({ r})
o) =———~—tn(r) (13)
e NG

where Upai({ p}) is the potential energy of the system and
the function 7(r) is chosen to satisfy the incompress-
ibility conditions. Under the assumption of short-range
interactions, the interaction potential Upq({ p}) has the
form

Upot({ P}) = f dl"{ Zus,kaps(r)pka(r) +

1

- Uka,k’a'pka(r)Pk'a’(r)} (14)
2 ko, Ko’

where Us i IS the contact interaction energy between
solvent molecule and monomers and Uik IS the
contact interaction energy between different monomers.
The interaction parameters of the various polymer
components in their different internal states have also
been determined from experimental data of homopoly-
mers in solution and are given in Table 1.

For our system of solvent (water) molecules and
PEO—PPO—PEO (A;—B—A)) triblock copolymers con-
tained in a volume V, the free energy of the system in
the mean-field approximation is given by

i - d (NPio(r) +
- == r r r
kBTPOSV vV ;Xs,kagbs ¢ka
1
5 Xka,k’a’¢ku(r)¢k’a'(r) + d)s(r) In ¢s(r) -
ko, Ko _ _
Pok ¢ [P
— 0 (NP (N + — In|—] (15)
a Pos tc C,

where we have introduced the local volume fractions
@s(r) = ps(r)/pos, Pep(r) = pep(r)/pop, etc., and the solvent
density, pos, is taken as the reference density in defining
the Flory—Huggins parameters

Xkak'ar — pU ka,k’a’pOkpok’/ Pos (16)

The effective degrees of polymerization t¢, are ¢, =
(pos!/pop)Zep, and t¢ = Tca, + 7cg + Tea,- _The overall volume
fraction of copolymer is denoted by ¢.. For the triblock
copolymers the chain conformation contribution to the
partition function, Q, is given by?®
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Q.= f dr,drydradr,Qp (ry, Z I72)Qp(ra Zglrs)Qa,
(ra, Zp Iry) (17)

where the propagators Qg(r, t|r’) individually satisfy
the biased diffusion equation, with the initial condition
Qcp(r, OJr") = o6(r — r'). The volume fractions (densities)
of the different monomers are given by eqs 9—11,
normalized by the integrals of the appropriate Q¢. The
computational algorithm used for solving the self-
consistent mean-field equations with the incompress-
ibility constraint has been described earlier.2

B. Lattice Description. We now describe the
lattice model for multicomponent mixtures of copoly-
mers with internal degrees of freedom occurring in
heterogeneous systems.1® The theory is based on the
lattice theory by Scheutjens and Fleer® and the specific
developments for describing micellization.?62” Here we
provide a shorter account of the general theory adapted
to the calculations of the ordered block copolymer
phases. The presentation is slightly reformulated to
facilitate a comparison with the continuum description.

The space between the two reflective surfaces (planar
geometry) and the space within the reflective curved
boundaries (cylindrical or spherical geometry) is divided
into M layers. The parallel, or concentrical layers
starting from the center, are numbered i = 1, 2, ..., M,
each layer containing L; lattice sites; the number of sites
increases with i and is not necessarily an integer. Since
within each layer the Bragg—Williams approximation
of random mixing is applied, all the lattice sites in a
layer are equivalent. The number of nearest-neighbor
sites, z, the fraction of these sites in the same layer, i,
and the fraction of these in adjacent layersi' =i £ 1,
Aiir, are dependent on the lattice topology. In the case
of a planar hexagonal lattice as used here, z = 12 and
Aii = 0.5. We consider the case in which each site is
occupied by one solvent molecule or by one polymer
segment. Since there are no nearest neighbors in
nonadjacent layers, i.e., Ajy = 0 if |i — i'| > 1, and since
the flux constraint implies Liliy = Lidii, i' =i £ 1, the
A matrix describing the lattice topology is fully deter-
mined.

The lattice is completely filled by a mixture of two
components (polymer and solvent). There are nyx mol-
ecules of component x, each molecule consisting of 7y
segments. Since we are dealing with triblock copoly-
mers, two types of polymer segments are involved. The
segment types, which will be referred to as species, are
generically labeled A, A’, etc.

The various conformations of the polymer chains are
distinguished in terms of the different ordering of their
segments with respect to the layer numbers. A confor-
mation ¢ of component x is described by an ordered set
of layer numbers k(x,s,c); s = 1, ..., x where Kk(x,s,c) is
the number of the layer in which the segment of rank s
(the sth segment in the chain) of the component x in
the conformation c is located. The degeneration of a
component x in conformation c, neglecting self-exclusion,
becomes wy.z"™®~1 where

Tx

Wye = I—k(xc,l) I_!)‘k(x,c,sfl),k(x,c,s) (18)
5=

and Lk, 1) indicates the number of possibilities for the
position of the first segment, consistent with conforma-
tion ¢, and the product of A elements representing the
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probability of the remaining s — 1 segments likewise
being consistent with conformation c.

The derivation of the internal state and of the
segment distributions starts with the partition function
of the model system. After replacement of the partition
function with its largest term, the Helmholtz free energy
of the system, relative to a reference state involving its
separate amorphous components, may be expressed as’8

BA = A%) = B — Af) — N S+ H(U— U%) (19)

where 8 = (kT)™1, k being Boltzmann’s constant and T
the absolute temperature. The first term denotes the
contribution arising from the internal degrees of free-
dom, the second term is the mixing entropy, and the
third is the mixing energy.

Each state of a species is characterized by an energy
term, Eag, and a degeneration factor, gag, where in both
cases A denotes the species and B the state of species
A. The total internal free energy arising from the
internal states becomes

Pagi
BAine = ZZnAiZPABi BEag +In gA_B (20)
1 AB

where Y ; denotes the sum over layers, Y o the sum over
species (segment types), and ) g the sum over the states
of species A, na;j is the number of sites in layer i occupied
by segments of type A, and Ppgi is the fraction of species
A in layer i which is in state B. There are three
contributions to the internal free energy, namely, Eag,
which is the internal energy of state B of species A; —kT
In gas, Where gag is the degeneration factor of state B
of species A; and KT In Pagj, an entropy term arising
from the mixing of the states. In the case of EO (or PO),
Eag and gag describe the equilibrium between the polar
and nonpolar states of EO (PO). Since the nonpolar
state has a higher internal energy and greater degen-
eracy, Eeononpolar > EEo,polar 8N 9eo nonpolar > JEO,polar-
Finally, Az, may be set to zero by a suitable choice of
the reference state.

The mixing entropy arises from the difference be-
tween the configurational degeneracy of the system and
of the reference state. When self-exclusion at a mean-
field level is taken into account, and the contributions
of all the conformations of all the components are
included, the mixing entropy of the system can be
expressed as’8

In—=-— Zancln (21)

Q* X ¢C Wye
where ny. denotes the number of chains of component x
in conformation ¢ and where wy., which is related to the
degeneracy of component x in conformation c, is given
by eq 18.

Finally, within the mean-field approximation the
interaction energy is given by!8

puU = %:ﬂ LiZZZZ¢AiPABiXBB’EPA’B’i¢A’iD (22)

when ;0= E:Z'f' Aiixi and ¢ is the volume fraction of
species A in layer i. In the case of nearest-neighbor
interactions only, the sum over i’ in the definition of
Xilcontains at most three terms. Ineq 22, ygs denotes
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the Flory—Huggins interaction parameter,'4 tradition-
aIIy defined as XBB = ﬁZ[EBB' — (GBB + GB'B')/Z], where
epp' IS the interaction energy on a site-volume basis
between species A in state B and species A’ in state B'.
In expressions such as eq 18, the state summation
variable B is always associated with the species sum-
mation variable A, B' summed with A’, etc. The
reference interaction energy U* becomes nonzero in the
presence of two different species in the separated-
polymer reference system as given by eq A.5.2 in ref
18. Since we have a periodic system, we apply reflective
boundary conditions, i.e., gai=m = @a,i=m+1 and also Pa i=1
= ¢a,i=o for the planar geometry.

The state equilibrium distribution {Pagi} and the
conformational equilibrium distribution {ny;} are ob-
tained by selecting the most important term in the
partition function which fulfills the constraints Y gPagi
= 1 and Yy> NxcTxi = Li, where 1y is the nubmer of
segments in component x and in conformation ¢ which
are in layersi. In the following we will give the relevant
expressions of the state equilibrium distribution { Pagi}
and of the segment equilibrium distribution {ny}, the
latter being uniquely determined by the conformational
equilibrium distribution {ny}.

Thus, {nyi}, the number of sites in layer i occupied
by segments of rank s belonging to component x, is
obtained by generating all possible chain configurations
with appropriate weights. By a matrix representation,
it can be expressed as!®

s+1 S
N = CAATL[T W) IsHAT[[TW*“-p(x, 1)}
S’ =Ty s= (23)

where Cy is a normalization factor related to the amount
of component x (canonical ensemble which is used for
the calculations of the ordered phases) or the bulk
volume fraction of component x with which the system
is in equilibrium (grand canonical ensemble which is
used for the micelle calculations), W9 a tridiagonal
matrix comprising elements that contain factors de-
scribing the lattice topology and the factors containing
the potential for segments of rank s belonging to
component x, and p(x, 1) a vector describing the
distribution of the first segment of component x among
the layers, A and s being elementary column vectors.
The potential ua; for segment s of the type A in layer i
entering W is given by

Bup; = —In{ ZPXB exp[—Buag;l} (24)

In the grand canonical ensemble, the weighting factor
PXB of state B of species A is given by

Opp EXP[—BEs — ZA'ZB’XBB’PR’B’(P};’]
Pag = (25)
Z Onp EXP[—BEs — ZA’ZB’XBB'PbA'B'¢2']

and the state specific potential uagi by
BUpg; = pu;i + ZZBB’(EPA’B'i(pA’iD_ Pg’a‘ﬁbA') (26)

The corresponding expressions in the canonical en-

semble are formally obtained by setting ¢2, = 0. The
species-independent potential u;' in eq 26 ensures that
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Table 2. Equivalence of Notation for Continuum and
Lattice descriptions of Self-Consistent Mean-Field

Theory
continuum lattice
Ypa JdaB
Epa EAB
w:ﬁ(r) Buai
wpo(r) Buasi
Ppa(r) Pagi
P25 = das exp(—BEag) (fixed amount)
a(r, 9 A M5, W1-p(x, 1)
eq9 eq 23 with additional summation over s
eq4 eq 24
eq8 eq 27

the space is completely filled at layer i and is related to
the lateral pressure in the continuous description. The
other term involves the nearest-neighbor interactions
and consists of the mixing energy for species A in state
B in layer i being diminished by the corresponding
mixing energy in bulk. Again ¢3 = 0 in the canonical
ensemble. The state distribution Pag; can be expressed
in terms of the state potential and weights P5; accord-
ing to

PgB exp[—Aupg;l
Pagi = (27)

Z PKB exp[—pupgil

Finally, the species volume fraction ¢ai needed in eq 26
is simply related to ny according to

1 x
Gai = EZ 6A,t(x,s)nxsi (28)

iX s=

where L; is the number of sites in layer i. The Kro-
necker o selects only segments of rank s of component
x if they are of type A. Since uagi is needed to obtain
Nysi through egs 23 and 24 and uagi depends itself on
Nxsi through eqs 26—28, eqs 23 and 24 and 26—28 have
to be solved self-consistently. For the purpose of
facilitating comparisons between the continuum and
lattice descriptions of the self-consistent mean-field
theory, Table 2 summarizes some equivalent notations
used in both versions of the theory.

C. Micelle Model within the Lattice Descrip-
tion. At low polymer volume fraction, a solution of
polymer micelles may be formed by the block copoly-
mers. The calculation of the critical micellar concentra-
tion, the lowest concentration at a given temperature
where micelles are formed, is carried out as described
earlier.??

Briefly, the micellar solution is (hypothetically) di-
vided into spherical subsystems (cells), each of which
contains one micelle and its accompanying solution. The
volume of the subsystem Vs is simply the inverse
micellar number density. The excess free energy As of
a subsystem contains two parts: A?, which is the free
energy associated with the formation of a micelle fixed
in space in contact with the bulk solution, and the
mixing entropy, as given by

g Vm
ﬂAs =pA° + In v (29)
s

where V, is the volume of the micelle. A necessary
requirement for stable micelles at equilibrium is that
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the positive A’ be balanced by the favorable mixing
entropy of the micelle, implying that As = 0. Given that
the equilibrium state and the segment distributions are
determined, A? is obtained from

A’ = (A - A*) - an(/’tx - ;ux*) (30)

where A — A* is given by eq 19 and ux — u} denotes the
difference between the chemical potential of component
x in bulk and in the reference state given by eq 15 in
ref 7.

An important quantity is the excess number of seg-
ments of component x in the subsystem, defined as

FﬁzﬁHKi@J—¢ﬂ (31)

where ¢ysi = nysi/Li, and the excess number of polymer
molecules is the aggregation number of the micelle, Nagg
= I'polymer/Tpolymer. Given T'poiymer, the micellar volume is
approximated by

V. = Iﬂpolymer (32)

m

- b
¢po|ymer,i=1 - ¢po|ymer

where @polymer,i=1 represents the polymer volume fraction
in the core (any layer within the core would do since
dpolymer 1S Nearly constant in the core). Finally, the total
volume fraction of component x in the subsystem, ¢x
(equal to the stochiometric concentration of x in the
micellar solution), is the sum of the excess and bulk
volume fractions according to

- I b
b=y + N (33)
S

Thus, on the basis of a selected bulk composition and
the equilibrium state and segment distributions, the
excess free energy of the subsystem is obtained from eq
30. Equation 31 is then used to compute the amount
of excess polymer, eq 32 to obtain the micellar volume,
and eq 29 to obtain the volume of the subsystem,
whereas the total composition is finally obtained from
eq 33. Any change in the bulk composition leads to a
change in the total concentration, with concomitant
changes in the micellar structures, or possibly to no
micelles formed at all. The lowest total polymer con-
centration at which stable micelles exist (which requires
A? > 0 and 9dA%/0Nagg < 0) will be referred to as the
critical micelle concentration (cmc).

I1l. Ordered Phases

In this section we present the calculated phase
diagrams of EO—PO—EO triblock copolymers in water,
as a function of polymer volume fraction, ¢., and
temperature. From the Pluronic grid (Figure 2) we
chose a triplet series (P103, P104, P105) to study the
effect of changing the weight percent of poly(ethylene
oxide) while keeping the molecular weight of poly-
(propylene oxide) constant, and one system (P94) to
study the effect of changing the molecular weight of the
poly(propylene oxide) while keeping the weight percent
of poly(ethylene oxide) constant. It has been shown
experimentally, using 2H NMR, SAXS, and polarizing
microscopy, that cubic, hexagonal, and lamellar lyotro-
pic liquid crystalline phases may self-assemble, depend-
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ing on the polymer molecular weight, chemical compo-
sition, temperature, and concentration. In addition,
micellization and cloud point formation can take place,
depending on the specifics of these variables. Here we
are mainly concerned with identifying the trends en-
countered by changing these factors, and in discovering
the underlying principles, utilizing the theoretical mod-
els, which are responsible for the trends.

We first recall that the formation of ordered phases
in block copolymer melts (without a selective solvent)
has been studied in great detail, both experimentally28-33
and theoretically.10.1516.3435 Most of the work has
centered around diblocks instead of triblocks, but the
physical principles of mesophase formation are the same
in both cases. For diblocks, the incompatible A and B
blocks (yas > 0) segregate to reduce the enthalpy of
mixing, at the expense of reducing the entropy (thereby
increasing the free energy) because the necessity of
filling the ordered domains uniformly requires chain
stretching. The equilibrium domain size and shape can
be determined by balancing the entropic changes due
to chain stretching with the free energy of formation of
the domain boundaries to give the lowest overall free
energy. The minimum block sizes (both relative and
absolute) and interaction parameters for the formation
of the different ordered phases from the disordered melt
can also be determined in this way.

The physical picture described above can be trans-
lated into simple scaling laws, complemented by the self-
consistent mean-field calculations. Near the order—
disorder phase boundary, however, fluctuations must
be included in the mean-field description to give mean-
ingful description of the self-assembled structures. With
a strongly selective solvent to the system, the simple
scaling picture becomes less general due to the number
of limiting cases and complementary mean-field calcula-
tions are again important for obtaining insight into the
behavior of the system.
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A. Phase Diagrams. The determination of the
PEO—PPO—-PEO block copolymer—water phase dia-
grams containing up to five ordered phases and one
disordered phase was carried out in the same way for
both the continuous and discrete (lattice) models. That
is, for each temperature and overall composition, the
free energies of six phases were calculated, and more-
over, for each ordered phase the domain spacing was
also optimized. We have here simplified the procedure
by disregarding the two-phase regions around the one-
phase boundaries (our main aim was to examine the
approximate locations of the one-phase regions and to
study their shift with composition as well as the
structure of the repetitive domains—the two-phase
regions may be obtained by the usual double-tangent
constructions). This allowed us to find the phase
boundaries by considering the crossings of the free
energy curves of the phases. Finally, the large contri-
bution to the free energy from the internal degrees of
freedom makes (A — A*) almost linearly dependent on
¢c. By considering fAmod = B(A — Anom), Where Anon is
the corresponding free energy of the homogeneous
(disordered) phase with the same composition, the
crossings of the free energy curves were easily deter-
mined. The phase boundary for micelle formation was
calculated only with the discrete lattice model and is
given only for Pluronic P94. Since the calculation of the
phase boundaries of the ordered phases gave similar
results for both the continuum and discrete models, we
felt that using the micellization model developed earlier
was sufficient for this purpose. Finally, to obtain real
length units, we have used b = 4 A as the Kuhn length
and also 4 A as the length of a lattice cell. The latter
assignment has been shown to given good agreement
with various experimental data.”

We now look in detail at the P94—water binary-phase
diagram (composition vs temperature). Referring to the
experimental work of Zhang and Khan and focusing on
a temperature around T = 35 °C, they found that the
phases with increasing polymer concentration (weight
percent) show the same ordered symmetries as for block
copolymers with variable composition but without a
selective solvent, beginning at low polymer concentra-
tions with an isotropic water-rich phase followed by a
cubic phase, continuing with hexagonal and lamellar
phases, and ending with an isotropic polymer-rich
phase. The two-phase regions shown in the experimen-
tal diagram will not be discussed here, and we will
concentrate on the boundaries between these phases.
The experimental phase diagram of Zhang and Khan
is reproduced in Figure 3.

The theoretically calculated phase diagram is shown
in Figure 4. The solid lines show the results of the
calculations based on the continuum model, and the
dashed lines show the results for the lattice model. The
region of a disordered solution of micelles is represented
by the hatched area. The precise location of the bound-
ary between this region and the ordered cubic phase (11)
cannot be determined unambiguously, since the indi-
vidual micelle description becomes less reliable at larger
polymer volume fractions, where the micelles begin to
overlap. As the polymer volume fraction is further
increased, there are successive transitions from the
ordered cubic phase to the hexagonal phase (H1),
lamellar phase (L), inverse hexagonal phase (H2),
inverse ordered cubic phase (12), and a disordered
polymer-rich solution (L2). There are many similarities
to the experimental phase diagram but also some
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Figure 3. Binary phase diagram (composition vs tempera-
ture) for the system P94 ((EO)21(PO)47(EO)21—water (After
Figure 2 of ref 2, with permission): L, L,, and W, isotropic
solution phases; E, hexagonal; D, lamellar; I, cubic liquid
crystalline phases; D + E, E + |, etc., two-phase regions. Solid
lines are accurate to +1%, and broken border lines are less
accurate. The filled and empty circles correspond to the
experimental point in the different phases.
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Figure 4. Calculated phase diagram for Pluronic P94 (EO):-
(PO)47(EO)21. The solid and dashed lines are calculated from
the continuum and lattice descriptions, respectively. The
hatched area shows the region with a disordered solution of
micelles. L1 refers to a disordered polymer poor solution, 11
the ordered cubic phase, H1 the hexagonal phase, L, the
lamellar phase, H2 the inverse hexagonal phase, 12 the inverse
cubic phase, and L2 a disordered polymer-rich solution.

differences. At increasing temperature, the lattice
calculation shows a two-phase region at temperatures
lower than that observed in the continuum model and
in the experiments. There is also a shift in the location
of the phase boundary between the isotropic and cubic
phases as predicted by the continuum model and the
lattice model. The free energy of the solution with
disordered micelles however is lower than that of the
disordered isotropic phase without micelles, and the
boundary between the disordered micelles and the
ordered cubic domain is shifted to higher polymer
concentrations than indicated by the isotropic solution
model (cf. hatched area and dashed line). The transition
between structures as predicted on the basis of the
lattice model is more realistic in this case and the
theoretically predicted transition from disordered to
ordered micelles also takes place close to the region
shown on the experimental phase diagram.
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Figure 5. Volume fractions of monomeric components for P94,
hexagonal phase (H1), including water, for low (T = 15 °C)
and high (T = 45 °C) temperature points on the phase diagram
shown in Figure 3, with an overall copolymer volume fraction
¢ = 0.4.

Other differences between the theoretical and experi-
mental diagrams should be attributed to the idealiza-
tions inherent in our models as well as to sample
polydispersities and the differences in the copolymer
volume fractions used here as compared to the concen-
tration by weight percent. Also, the theoretical diagram
predicts inverse phases at higher polymer concentra-
tions. However, the free energy differences between the
different phases are very small in this case and it is
not surprising that the inverse phases, if they exist, are
not easily observed in the experiments.

B. Density Profiles. Besides the phase boundaries,
other important features predicted from the theoretical
model are the density profiles. The density profiles for
the hexagonal phase (H1) are shown in Figure 5 for P94,
based on the continuum model. We have chosen two
temperatures T = 15 and 45 °C to demonstrate the
changes arising from the decrease of the solubility of
the EO and PO in water as the temperature is in-
creased. At the lower temperature the cylindrical
domain shows a high concentration of PO in the middle,
with a corresponding low concentration of EO and a
tendency for the water to stay in the EO domain because
of the hydrophilic behavior of the ethylene oxide at this
temperature. At the higher temperature there are
considerable changes in the density profiles. As EO
becomes more hydrophobic, it tries to withdraw into the
middle of the domain to reduce its contact with water.
However, EO and PO are not fully compatible, hence
the EO density profile develops a maximum around the
edges of the PO region as it tries to compromise its
position between the PO filled middle and the hydro-
philic outside of the domain. The water content in the
PO-rich middle of the domain as well as in the ethylene
oxide-rich outside regions is also smaller than at the
lower temperature.

Another important feature is that the domain spacing
is increased at the higher temperature, indicating that
there is a smaller interfacial area for the molecules at
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Figure 6. Gray-scale images corresponding to the volume
fractions for P94, hexagonal phase (H1) (shown in Figure 5),
at T=15°C and T = 45 °C, with an overall volume fraction
of copolymer ¢. = 0.4.

the higher temperature, consistent with the increased
hydrophobicity of the EO and PO blocks. The density
profiles are displayed in terms of gray-scale images in
Figure 6, with the spatial scale also indicated. At the
lower temperature there is a clear distinction between
the hexagonally ordered PO domains, the EO in the
matrix between the hexagonally ordered domains, and
the high water content accompanying the EO matrix.
At the higher temperature there is a substantial in-
crease in the domain spacing (note that the spatial scale
is same on the gray-scale images for the two tempera-
tures) corresponding to the smaller interfacial area per
molecule. The secondary ringlike structure for EO
domains is clearly visible at the higher temperature.
The size is larger for both the EO and PO regions, and
there is still a tendency for the water to localize between
the PO domains.

For the lamellar phase L, the low-temperature
profiles (Figure 7) show the PO domains having a strong
maximum and the EO domains filled to a high level with
water. For the higher temperature (Figure 7), the EO
blocks again try to separate from the water by penetrat-
ing and broadening the PO region and give rise to
secondary maxima at the edges of PO domain. The
domain size is increased at the higher temperature but
to a lesser extent than for the hexagonal domains
because in this case there is less water in the system.
The gray-scale images for the volume fractions in the
different domains are shown in Figure 8 for the two
temperatures.
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Figure 7. Volume fractions of monomeric components for P94,
lamellar phase (L), including water, for low (T = 15 °C) and
high (T = 45 °C) temperature points on the phase diagram
shown in Figure 3, with an overall copolymer volume fraction
¢. = 0.6.

We now consider the inverse hexagonal phase (H2).
In this case, the low-temperature phase (Figure 9)
shows a maximum for the EO content and an increase
in the water concentration in the middle of the EO
domains. At the higher temperature (Figure 9), there
is more localization of the water into the middle of the
domain, the EO domains develop secondary maxima,
and the PO regions are broadened and have a larger
EO content. The domain size in this case does not
change very much between the higher and lower tem-
peratures because the water content has been reduced
to a lower concentration than for the other ordered
phases. The gray-scale images in Figure 10 for two
temperatures show the expected results, and the ring-
like structure of the EO regions is barely visible.

The domain spacings of the ordered phases of Pluronic
P94 at thermodynamic equilibrium are given in Figure
11. The increase of the domain size with increasing
temperature is clearly seen, and we have previously
attributed this effect of the thermodynamic tendency of
increasing the separation between the water and the
EO/PO segments. A slightly reformulated statement,
which often is used in conjunction with the change in
micellar structure, is that the dehydration of the EO
segments at increasing temperature leads to a smaller
head group area. Therefore, for the ordered phases a
smaller interfacial area per EO segment necessarily
leads to a larger domain spacing.

Also evident from Figure 11 is the reduction of the
domain spacing at the phase transitions when the
interface becomes less curved, with the smallest domain
spacing occurring for the lamellar phase. As for block
copolymers with organic solvents, phase transitions
between morphologies take place in order to reduce the
entropy loss due to chain stretching, and to decrease
the interfacial area per unit volume, consistent with the
enthalpic consequences of dilution with a selective
solvent. Moreover, within a given ordered phase the
domain spacing decreases or in some cases is nearly
constant with increasing polymer concentration. Such
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Figure 8. Gray-scale images corresponding to the volume
fractions for P94, lamellar phase (L,) (shown in Figure 7), at
T =15°C and T = 45 °C, with an overall volume fraction of
copolymer ¢, = 0.6.

a reduction accompanies the decrease in the amount of
water per block copolymer forming the interface. The
dependence of the spacing on the polymer concentration
is particularly prominent at the higher temperature,
and this hyperbolic-like behavior is expected where the
incorporation of the water into the EO domains is small.

C. Junction Distributions. We now turn to the
junction distribution functions and we concentrate on
the P94 system. Since the propagators Qg(r, t|r')
contain all the information about the chain conforma-
tions, we can extract the junction distributions from the
propagators. The solution of the mean-field equations
gives a set of mean fields and equilibrium domain sizes,
which can be used to obtain the propagators. It is then
convenient to define two integrated propagators for the
B block

Oas(r, ) = [ drdr,Qg(r, tir;))Qu (ry, Z, I1,)

dap(rt) = f dr,dr,Qg(r, tir))Qa (ry, Z, Ir2) (34)

The probability distribution of the first joint is then
given by

Piointa(r) = €0p g(r; 0)das(r, Zg) (35)
where c is a constant, which is chosen so that Pjgint1(r)

is normalized to unity for a domain containing one
interface. With the joint distribution Pjsinu(r) and the
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Figure 9. Volume fractions of monomeric components for P94,
inverse hexagonal phase (H2), including water, for low (T =
15 °C) and high (T = 45 °C) temperature points on the phase
diagram shown in Figure 3, with an overall copolymer volume
fraction ¢, = 0.75. Because the H2 region on the phase
diagram is so narrow and shifts with temperature, the low-
temperature (T = 15 °C) inverse hexagonal (H2) phase for ¢
= 0.75 is metastable; however, we use this phase for compari-
son with the stable high-temperature (T = 45 °C) inverse
hexagonal (H2) phase so that we can fix the overall copolymer
volume fraction for the purpose of comparison.

propagators, we can determine the probability distribu-
tion of the second joint for those copolymer chains whose
first joints are confined to a particular interface,

Pioint,2(F) = dag(r, 0) f dr'Qg(r, Zg|r)Pjginu(r') (36)

In Figure 12 the calculated joint distribution functions
are shown from T = 15 °C up to T = 45 °C. The
probability distribution of the location of a joint across
the lamellar domain, irrespective of the location of the
other joint, is given by the solid curves, whereas its two
components, where the second joint is restricted to x >
0 or x < 0, are given by the dotted and dashed curves,
respectively. As can be seen, for lower temperatures,
there is only a small difference in the two conditional
distributions. However, at the higher temperature the
conditional distributions clearly become more asym-
metric and the overall joint distribution becomes more
uniform across the domain. This is consistent with the
earlier discussion relating to the increasing hydrophib-
icity of the EO blocks with increasing temperature. The
greater amount of EO—PO mixing makes the overall
joint distribution more uniform in the central region and
the larger size of this region increases the probability
of having both joints on the same side. For the
hexagonal phase, a similar calculation (Figure 13) shows
the overall distribution of the joints which again be-
comes more uniform with increasing temperature. Fig-
ures 14 and 15 show the mean-field potential experi-
enced by the EO and PO segments in the lamellar and
hexagonal phases, respectively. The crossover of the EO
and PO potentials determines the location of the junc-
tions of the triblocks. The sharpness of the crossover
is deeper for the lower temperature than for the higher
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Figure 10. Gray-scale images corresponding to the volume
fractions for P94, inverse hexagonal metastable phase (H2)
(shown in Figure 9), at T = 15 °C and T = 45 °C, with an
overall volume fraction of copolymer ¢. = 0.75.
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Figure 11. Equilibrium domain sizes corresponding to dif-
ferent overall volume fractions of copolymer P94, at T = 15
°Cand T =45 °C.

temperature, consistent with the temperature depen-
dence of joint probability distributions shown earlier.

D. Shear Modulus. We will now discuss the
expected changes in the shear modulus of the ordered
phases as a function of the temperature using some of
the results given above. In particular, we will consider
the lamellar phase, and we believe that the most
relevant parameters are (i) the volume fraction of EO
segments between the different domains (in particular
the volume fraction at the edges), (ii) the number of EO
end blocks per unit area, and (iii) the conditional joint
distribution functions.

First, we expect the yield under shear to appear in
the water-rich region between the polymer regions.
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Figure 12. Equilibrium joint distribution functions for P94,
lamellar phase (L), with an overall copolymer volume fraction
¢. = 0.6, for T = 15, 30, and 45 °C. The solid lines represent
the probability distribution (normalized to unity for the
domains containing one interface) for locating a joint anywhere
across the lamellar domains. The dotted line is the joint
distribution of the second joint given that the first joint is
located in the left interfacial region. Finally, the dashed line
is the joint distribution of the second joint given that the first
joint is located in the right interfacial region. The sum of the
dotted and dashed line gives the solid line.

Although the fraction of PO blocks that traverse the PO
regions is well below 50% at the higher temperature,
the contour length of about 190 A should be sufficient
to form entangled loops in the approximately 20 A wide
PO region to keep the PO region together under shear.

Regarding the water-rich slip regions, the smaller EO
fraction in these regions at the higher temperature
results in less entanglements among EO end blocks
from the different polymer domains and hence a smaller
resistance to slip per chain. On the other hand, the
domain spacing increases with temperature and the
number of EO end blocks per unit interfacial area
increases by about 16% from 10 to 45 °C. Thus, when
the stress is considered per unit interfacial area, the
two effects counterbalance. However, we believe that
the reduction in the number of entanglements associ-
ated with the considerable decrease of the EO volume
fraction from 0.42 to 0.27 is the dominating factor, and
hence, we expect a reduction of the shear modulus with
increasing temperature.

E. Change of Polymer Composition. We now
briefly discuss the calculated phase diagrams for the
other systems in the Pluronic grid. P104, in Figure 16,
shows the same ordered phases as for P94. However,
the liquid crystalline order persists over a wider con-
centration and temperature range. For P105, shown in
Figure 17, the temperature range over which the liquid
crystalline order persists is even larger and the phase
boundaries have shifted to larger polymer volume
fractions. The experimental diagram for P105 has been
studied recently (Figure 2c in ref 5) and shows phase
behavior very similar to the theoretical diagram. It
should be noted that around 60 °C multiphase behavior

Phase Behavior of PEO—PPO—PEO Triblock Copolymers 5917

0.02 - 1
aZ 0.01 |
T=15°C, ¢.,=0.4
0.00 : ‘

0 26.6

0.02

join((r)

a® 0.01
T=30°C, §,=0.4
0.00 '
0 28.1
0.02
o= 0.01
T=45°C, $,=0.4
0.00 : '
0, 337
r(A)

Figure 13. Equilibrium joint distribution function for P94,
hexagonal phase (H1), for T = 15, 30, and 45 °C, with an
overall copolymer volume fraction ¢. = 0.4. The solid lines
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Figure 14. Mean-field potentials wego and wpo for P94,
lamellar phase (Lo), for T = 15 °C and T = 45 °C, with an

overall copolymer volume fraction ¢. = 0.6.

is observed experimentally. We have not addressed this
observation in the current set of calculations. For P103
(Figure 18), the temperature range over which liquid
crystalline order persists is narrower and the phase
boundaries are shifted to lower volume fractions than
that for P104. Thus, an increased polymer length with
constant EO/PO composition leads to more extended
liquid crystalline ordered phases, which is expected
since the tendency to segregate increases with polymer
length. The shift of the boundaries with the number of

25.1
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hexagonal phase (H1), for T = 15 °C and T = 45 °C, with an
overall copolymer volume fraction ¢. = 0.4.
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Figure 16. Phase diagram for Pluronic P104 (EO),5(PO)se-

(EO)2s. The solid and dashed lines are calculated from the
continuum and lattice descriptions, respectively.

EO segments is also expected, since the spontaneous
curvature (defined with EO on the outside) should
increase with increasing number of EO segments. For
example, at 25 °C and ¢, = 0.60, the stable structure
for Pluronic P104 is lamellar (L), whereas for Pluronic
P105 at the same conditions the hexagonal phase (H1)
is stable.

Figures 16—18 together with Figure 4 also make it
possible to compare the results of the two models for
different triblock copolymer compositions. It seems that
the boundaries between the phases become more similar
as the polymer length increases with constant EO/PO
composition and as the number of EO segments in-
creases with a constant number of PO segments. Thus,
when at least one of the blocks becomes shorter, the
agreement between the two approaches becomes worse.
It seems reasonable that the two methods should give
a better agreement for longer polymers, since essentially
only the descriptions of the local bending of the polymers
differ (cf. egs 2 and 18 including the discussion of the 4
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Figure 18. Phase diagram for Pluronic P103 (EO)16(PO)se-
(EO)16. The solid and dashed lines are calculated from the
continuum and lattice descriptions, respectively.

matrix above). However, we are still not able to offer a
guantitative explanation of these trends, which may be
related to a different accounting of the conformational
entropy contributions to the free energy in the two
models at the shorter length scales.

IV. Conclusions

We have shown that the mean-field theory of triblock
copolymers in a selective solvent can be used to describe
the lyotropic liquid crystalline phases of the Pluronics
in water, as a function of polymer concentration and
temperature. Using the interaction parameters deter-
mined from binary homopolymer—water and ternary
homopolymer—homopolymer—water phase diagrams,
and an internal state model developed to describe the
change in hydrophobic/hydrophilic behavior of the ho-
mopolymers with changing temperature,’’=24 the cal-
culated phase diagrams are in remarkably good agree-
ment with experiment, considering the number of
simplifying assumptions made in the theory. The
results from the continuum and lattice theories are very
similar, except for short chains. In particular, for a
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system not discussed in this paper, L64 [(EO)13(PO)s0-
(EO)13], the continuum model predicts ordered phases,
in agreement with experiment,® whereas the lattice
model does not predict any ordering.

A key feature of the theoretical development is the
demonstration that the complete machinery of the self-
consistent mean-field theory can be used for situations
where there are spatially invariant internal state ener-
gies, provided that the internal states are considered
as embedded in a self-consistent potential determined
by the spatial arrangement of the molecules. The
resulting effective potential, including both the effect
of the internal states and the local arrangement of the
molecules, can then be determined by an iterative
numerical procedure in the usual way.1825 In order to
progress beyond this simplified scheme, a more realistic
model where the internal state energies are affected by
the local environment has to be considered. The more
general scheme is analogous to the protein folding
problem and is at present intractable.

The model developed in this paper should also be
useful for describing ternary triblock copolymer—oil—
water phase diagrams, as well as mixtures of ordered
triblocks with homopolymers and small nonionic sur-
factants. The predicted density profiles for the different
ordered phases, as a function of temperature, are
amenable to studies by scattering techniques.! In
particular, it would be interesting to see the suggested
secondary structure for the higher temperatures, result-
ing from the increased hydrophobicilty of the EO blocks
and their attempts to withdraw into the PO filled
domains. Finally, the calculated density profiles have
some connection to the rheological behavior of the
ordered phases, although a proper description of the
rheological aspects awaits the development of a model
of the polymer dynamics for these complex systems.
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