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ABSTRACT: The solution properties of water-soluble amphiphiles in nonaqueous polar solvents are
important in the elucidation of the effects of solvent quality on self-assembly and also in practical
applications where the use of water as a solvent is undesirable. We studied the self-assembly of a poly-
(ethylene oxide)—poly(propylene oxide) (PEO—PPQO) block copolymer (Pluronic P105: EO37POssEO37) in
formamide (as selective solvent for the PEO block) and present here results on the binary concentration—
temperature phase diagram and on the microstructure. In addition to formamide-rich and polymer-rich
solution regions, four “gel” regions with different microstructures, stable over a wide temperature range
(from 20 °C to more than 90 °C), have been identified and characterized by small-angle X-ray scattering
(SAXS). The PEO—PPO block copolymer in formamide exhibits a thermoreversible transition from a
micellar solution to a micellar cubic gel (of Pm3n crystallographic structure) at 25—35 wt % polymer
concentrations. At higher polymer concentrations, regions with hexagonal (cylindrical), bicontinuous cubic,
and lamellar (smectic) lyotropic liquid crystalline microstructures are stable. The formation of the
bicontinuous cubic structure (consistent with the 1a3d crystallographic space group and the gyroid minimal
surface) in formamide is notable, given the rarity of such structure in PEO—PPO block copolymer—water
systems. The change of solvent from water to formamide did not diminish the structural polymorphism
of the PEO—PPO block copolymer. However, the stability regions of the different structures (and in
particular of the micellar cubic) in the case of formamide are shifted to higher polymer concentrations
and temperatures compared to water. These observations can be related to a higher solubility of both
PEO and PPO in formamide compared to water, and a higher effective PEO/PPO block ratio of the polymer.
The interfacial area-per-polymer values (extracted from SAXS data) in the lamellar and hexagonal
structures are 10% and 20% higher, respectively, in the case of formamide than in water, in corroboration

with the phase behavior observations.

Introduction

Amphiphiles (molecules consisting of parts having
different chemical nature) find widespread applications
because of their unique ability to self-assemble and
modify interfacial properties.! Surfactants are well-
known to form thermodynamically stable assemblies in
aqueous solutions.?2 Block copolymers also express
amphiphilic character and can attain a number of
microstructures, such as lamellae, cylinders, and spheres,
in the absence of solvent or in mixtures with homopoly-
mers.® The self-assembly of block copolymers in solu-
tion, and in particular in water, is attracting consider-
able attention.*~®

Amphiphilic block copolymers consisting of water-
soluble poly(ethylene oxide) (PEO) and water-insoluble
poly(propylene oxide) (PPO) blocks are commercially
available as Poloxamers or Pluronics in the 2000—20000
molecular weight range and 20—80 wt % PEO content
range.” The versatility of the PEO—PPO copolymers in
numerous practical applications emanates (i) from the
broad and controllable range of amphiphilic properties
achieved by the variation of the block copolymer hydro-
phobe—hydrophile composition and total molecular
weight and also (ii) from the sensitivity of their aqueous
solution properties to the temperature (this is due to
the worsening with increasing temperature of the water
solvent quality with respect to both PEO and PPO).”
PEO—PPO block copolymers in aqueous solutions can
self-assemble into spherical micelles (with a PPO core
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and a hydrated PEO corona), above a certain polymer
concentration, CMC (critical micellization concentra-
tion), and above a certain solution temperature, CMT
(critical micellization temperature), which depend on the
PEO/PPO ratio and polymer molecular weight.8 The
formation of thermoreversible “gels” is a notable self-
assembly feature of PEO—PPO block copolymers in
water. Such gels have been known for long time® and
utilized in, e.g., controlled release,'® but their structure
has only recently been resolved and related to lyotropic
liguid crystalline organization based on self-
assembly.11-13

Significant advances have been made over the recent
years on (i) the identification of different morphologies
(e.g., cubic, hexagonal, and lamellar) attained by PEO—
PPO block copolymers in binary systems with water
(selective solvent for PEO) and also in ternary systems
with water and an organic solvent selective for PPO,
(i) the delineation of the composition—temperature
ranges where various morphologies occur (phase behav-
ior), and (iii) their structural characterization using
primarily small-angle X-ray and neutron scattering
techniques.111214 PEO—PPO block copolymers are re-
markable in that they can form the whole spectrum of
self-assembled structures, from micellar solutions in
water, to lyotropic liquid crystals (of “oil-in-water” or
“water-in-oil” topology, and including bicontinuous cubic
structures), to water-swollen micelles in organic sol-
vents.’>1>  Such work establishes PEO—PPO block
copolymers as a model system for the study of phase
behavior, microstructure, and dynamics of block copoly-
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mers in the presence of selective solvents, and a link
between the phase behavior of surfactants in solution
and that of solvent-free block copolymers. It also corrob-
orates De Gennes’ foresight that “block copolymers can
give us the best model of amphiphilic behavior”.16

The structural polymorphism of PEO—PPO block
copolymers has been connected to the relative swelling
of the macromolecular PEO and PPO blocks by the low-
molecular weight solvent molecules.’® The solvent
quality is thus a controlling factor of the block copolymer
self-assembly. While a number of solvents selective for
the PPO block have been tested,” water is the only
selective solvent used so far for the PEO block. The
solvent quality of water toward PEO and PPO can be
altered by a change in temperature or by the addition
of cosolutes such as alcohols?!® or salts;'° however, it is
desirable to replace water completely by a nonaqueous
polar solvent for some applications.

The elucidation of the phase behavior and structure
of amphiphiles in nonaqueous solvents is important (i)
fundamentally for a description of the “hydrophobic
effect” (which is considered responsible for the self-
assembly of amphiphiles in water)2 and (ii) for practical
applications in which the presence of water is undesir-
able because of, for example, the possibility of corro-
sion.?! These considerations have motivated a number
of studies on the solution behavior of surfactants in a
variety of nonaqueous polar solvents, e.g., hydrazine,
formamide, N-methylformamide, glycerol, propylene
glycol, and ethylene glycol.?2 Formamide (HCONH,)
has been the solvent studied most extensively in this
context.22=25 Nonionic PEO—alkyl ether surfactants
have been found to form micelles and even lyotropic
liquid crystalline structures in formamide, but over
different conditions than in water.23 Cloud point (mac-
rophase separation) measurements for a PEO—PPO
block copolymer in formamide have been made?6 and a
report on the synthesis of ordered macroporous materi-
als by templating with oil-in-formamide emulsions
stabilized by PEO—PPO—-PEO block copolymers has
appeared very recently.2’” To the best of our knowledge,
no one has reported an explicit examination of the self-
assembly of PEO—PPO block copolymers in nonaqueous
polar solvents.

We thus selected formamide as a nonagueous polar
solvent, and set out to study the phase behavior and
structure in formamide of a PEO—PPO block copolymer
with known aqueous self-assembly properties.?82° We
report here the phase diagram of EO37;POs3EQ37 (Plu-
ronic P105) in formamide, over the whole concentration
range and the 5—90 °C temperature range. We have
identified six regions of different microstructures. We
present evidence (from small-angle X-ray scattering,
SAXS)) on the structure in the various “gel” regions, in
the order of increasing polymer concentration. We then
compare and contrast the PEO—PPO self-assembly in
formamide and in water, and also compare the PEO—
PPO—solvent systems to those of nonionic PEO—alkyl
ether surfactants.?3:30

Materials and Methods

Materials. The Pluronic P105 poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide) copolymer was
obtained as a gift from BASF Corp. and was used as received.
P105 can be represented by the formula (EO)3;7(PO)ss(EO)s7
on the basis of its nominal molecular weight of 6500 and 50%
PEO content. Formamide (HCONH;) was purchased from
Fluka Chemie AG, Buchs, Switzerland. Care was taken to
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avoid exposure of formamide to atmospheric humidity. Samples
were prepared individually by weighing appropriate amounts
of polymer and formamide into 8 mm (i.d.) glass tubes, which
were immediately flame-sealed. The samples were centrifuged
repeatedly in alternating directions over the course of several
days to facilitate homogenization. During this time period,
the samples were kept at 25 + 0.5 °C. Subsequently, the
samples were left at a given temperature in a temperature-
controlled bath or oven for several days at a time, to attain
equilibrium at this temperature. Following the equilibration
period, the samples were checked for phase separation (1-
phase samples were clear and macroscopically homogeneous;
the 2-phase samples either were homogeneous but opaque or
were macroscopically heterogeneous/phase-separated) and
optical anisotropy under polarized light (micellar solutions or
cubic lyotropic liquid crystals are isotropic/nonbirefringent,
while lamellar or hexagonal lyotropic liquid crystals are
anisotropic/birefringent). The visual distinction between one-
and two-phase samples is less clear in the formamide system
than it is in water but is adequate and is abetted by the fact
that the optically isotropic (micellar solution, L;; micellar cubic,
11; bicontinuous cubic, V1) and optically anisotropic/birefringent
(hexagonal, Hy; lamellar, L,) regions alternate (see Figure 1)
and is easy under polarized light to discern an optically
isotropic from a birefringent sample. As to the visual distinc-
tion between isotropic solution (Li1) and isotropic cubic (l4)
phases, there is a discernible meniscus, but more importantly,
the isotropic solution can flow, whereas the cubic phase cannot,
thus allowing for an easy distinction between the two.

Small-Angle X-ray Scattering (SAXS). SAXS measure-
ments were performed on a Kratky compact small-angle
system equipped with a position sensitive detector (see refs
12 and 29 for details). The obtained Bragg diffraction peaks
are relatively sharp, in which case the correct peak position
can be evaluated directly from the slit-smeared data.'??° The
structure of the lyotropic liquid crystalline phases was deter-
mined from the relative positions of the SAXS diffraction
peaks. For the lamellar (smectic) and hexagonal (cylindrical
assemblies crystallized in a two-dimensional hexagonal lattice)
structures, the position of the peaks should obey the relation-
ships 1:2:3:.. and 1:4/3:2:4/7:3..., respectively. The lattice
parameters d (lamellar periodicity) and a (distance between
the centers of adjacent cylinders) of the lamellar and hexagonal
structures, respectively, were obtained from the position (q*)
of the first (and most intense) diffraction peak:

=27 hexagonal: q* = AT

lamellar: q*
d av3

@)

The thickness of the apolar domains, ¢, in the lamellar
structure and the radius of the apolar domains, R, in the
hexagonal structure were calculated from the lattice param-
eters and the volume fraction, f, of the apolar (PPO) compo-
nents in the binary system (see ref 12 for more details on the
definition of “polar” and “apolar” domains):

lamellar: 0 =df

1/2
hexagonal: R = a(gf) 2)

In the lamellar structure, the effective area per PEO block at
the interface between polar and apolar domains (interfacial
area, o0p) can be determined from the lattice parameters
without any assumptions concerning the degree of segregation
or the local structure of the copolymer film.*22° The calculation
of o, in the hexagonal structure involved the assumption that
the apolar domains consist of all the PPO in the system (v, is
the volume of one P105 polymer molecule, v, ~ 10 300 As; D,
is the polymer volume fraction).

lamellar: o, ==

Vy, (27 \12
hexagonal: ap=—p(—f) 3)
ad,\ /3
p
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Figure 1. The concentration—temperature phase diagram of
the (EO)37(PO)ss(EQ)s;—formamide binary system. The con-
centrations are expressed in wt %. The phase boundaries of
the one-phase regions are drawn with solid lines. I;, Hi, Vq,
and L, denote micellar cubic, hexagonal (cylindrical), bicon-
tinuous cubic, and lamellar (smectic) lyotropic liquid crystal-
line phases, respectively, while L; and L, denote formamide-
rich and polymer-rich solutions. The samples whose compo-
sitions fall outside the one-phase regions are dispersions of
two different phases. The tie lines in the two-phase regions
are parallel to the concentration axis (isothermal). Schematics
of the different modes of self-organization of the amphiphilic
block copolymers in the presence of the solvent are shown
adjacent to the respective phases in the phase diagram. The
la3d/gyroid minimal surface is used as a representation of the
microstructure in the V; phase.

The assessment of the crystallographic space group of the cubic
lyotropic liquid crystalline structures was based on the relative
positions of the SAXS diffraction peaks as well as their relative
intensity.’>?® The indexing of the SAXS peaks to different
crystallographic space groups was assessed by plotting the
reciprocal spacings (1/dnq) of the various reflections versus m
= (h2 + k2 + 19)Y2 (where h, k, and | are the Miller indices).
For a valid assignment, such a plot should pass through the
origin and be linear with a slope of 1/a, where a is the cubic
cell lattice parameter. A proper crystallographic indexation
of the cubic structures is often hindered by the small number
of reflections obtained from such samples; information ob-
tained from other structures in the phase diagram can prove
beneficial in this case.'®?° In the micellar cubic structure, the
lattice parameter (a) can be related to the block copolymer
volume per molecule (vp), interfacial area (ay), and the volume
fractions @, and f, through simple geometrical arguments for
the volume occupied by the N micelles (assumed spherical) that
make up the unit cubic cell:

V,
a = (367N P 4)
2CI>p0Lp

Agreement between the o, values thus obtained for a given N
(which depends on the crystallographic space group) and the
o, values obtained in the (adjacent to the micellar cubic)
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hexagonal structure from eq 3, is indicative of the use of a
correct N and space group. In the bicontinuous cubic struc-
tures, the identification of the crystallographic group from the
SAXS peak assignment can be confirmed by comparing the ay,
values in the (adjacent to the bicontinuous cubic) hexagonal
and lamellar structures to the o, values obtained from an
analysis of the bicontinuous interfacial region described in
terms of minimal surfaces of different crystallographic
groups.1215

Results and Discussion

Phase Behavior of the (EO)37(PO)ss(EQ)s7—
Formamide System. The concentration—temperature
phase diagram for the binary (EO)37(PO)ss(EO)s7 (Plu-
ronic P105)—formamide system is presented in Figure
1. The effects of temperature on the block copolymer
self-assembly were explored over a wide temperature
range (5—90 °C). The block copolymer molecules can
self-organize in different thermodynamically stable mi-
crostructures, depending both on the polymer concen-
tration (lyotropic behavior) and on the temperature
(thermotropic behavior). A total of six different one-
phase regions have been identified. Four “gel” regions
with different lyotropic liquid crystalline structures
have been characterized: micellar cubic (I,), hexagonal
(cylindrical) (H1), bicontinuous cubic (V1), and lamellar
(smectic) (L,). The arrangements of the block copoly-
mers in the ordered structures are shown in the
schematics of Figure 1. The microstructure in the two
isotropic solution phases, one rich in formamide (L;) and
one rich in polymer (L), is not addressed here. We
anticipate that, in the L, region, formamide is molecu-
larly dissolved in the polymer but have not investigated
this further. In the L; solution region, micelles are
formed; we are currently in the process of assessing the
concentrations and temperatures where micelles start
forming (CMC and CMT) and the micelle radius.

The extensive I; micellar cubic gel region, with a
convenient (in terms of temperature) “window” of ther-
moreversible liquid-to-gel transition, is an interesting
feature of the (EO)37(PO)ss(EO)s7—formamide phase
diagram. Also notable is the presence of a region (V1)
with the rarely observed bicontinuous cubic structure.
The progression of structure from a spherical to a
cylindrical and then to a planar arrangement (I, — H;
— V1 — L) with increasing total polymer content is a
consequence of the faster increase of the volume fraction
of PPO in the system relative to the interfacial area that
separates (encloses) the “apolar” PPO domains from the
“polar” PEO and formamide. Note that we have not
observed any of the reverse (“water-in-oil”) lyotropic
liquid crystalline structures (V2, Hz, 12); the PPO content
of the copolymer is such (50%) that it does not favor
such structures in the absence of an apolar solvent.'®
The tilt to the left (toward lower polymer concentrations)
observed in the phase boundaries with increasing tem-
perature is a reflection of the curvature decrease due
to decreased swelling (“dehydration”) of the PEO block.?®

Micellar Cubic Structure (11). The Iy region is
stable over the 26—56 wt % polymer concentration range
(see Figure 1). The samples in this region are stiff and
optically isotropic (nonbirefringent), characteristics of
a cubic lyotropic liquid crystalline gel. The location of
this region in the phase diagram (between the micellar
solution and the hexagonal phase—see below) sug-
gests!®31 that its microstructure consists of micelles that
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Figure 2. SAXS diffraction pattern obtained from a micellar
cubic, 11, sample of 40.0/60.0 wt % polymer/formamide (30 °C).
The arrows mark the positions of the observed reflections that
match the reflections afforded by the Pm3n crystallographic
space group.

have crystallized into a cubic lattice. At temperatures
below 25 °C, I; forms over a more limited concentration
range (37—47 wt %), but at higher temperatures, I;
extends to both lower and higher polymer contents. This
is reflected in a reversible heating-induced liquid (L1)-
to-gel (I,) transition at the 27—37 wt % and 25—45 °C
ranges, reminiscent of the L;-to-1; transitions observed
in PEO—PPO block copolymer—water systems.1113 The
transition from a Newtonian liquid to a soft solid
material occurs in aqueous PEO—PPO block copolymer
solutions when the micellar “effective” (including the
solvent in the micelle coronas) volume fraction crosses
the critical value for hard-sphere crystallization, for
sufficiently repulsive intermicellar interactions (when
the repulsion between the spherical micelles is less
strong, the micelle size will increase with increasing
polymer concentration and the micelles will elongate
while still in solution).’* The effective volume fraction
of the PEO—PPO micelles in water increases with
increasing temperature and polymer concentration and
decreasing hydrostatic pressure.!!

A SAXS diffraction pattern obtained from a I; sample
is presented in Figure 2. A total of seven Bragg peaks
were identified (marked with arrows), which can be
indexed as the hkl = 100, 110, 111, 200, 210, 211, and
311 reflections of a primitive (P...) cubic structure. The
1/dng vs m = (h? + k2 + 1212 plot shown in Figure 3
indicates the good fit of the data to the P... structure.
The value of the cubic cell lattice parameter, a, was
estimated at 250 A from the slope of the plot of Figure
3. We note that the data can also be indexed to a body-
centered I... structure, with a resulting lattice parameter
of 350 A. Although we have observed simple body-
centered cubic structures with two micelles per unit cell
before in PEO—PPO block copolymer—water systems,529
the a = 250 A value obtained here is too high for a
simple primitive structure with one micelle per unit cell
(and the a = 350 A value is too high for a simple body-
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Figure 3. Reciprocal d spacings (1/dna) of the reflections
marked in the SAXS diffraction pattern of Figure 2 plotted
versus m = (h? + k2 + 19)¥2, The linearity of the plot and the
(0,0) intercept are indications of a valid assignment to the
crystallographic space group Pm3n. The micellar cubic cell
lattice parameter obtained from the slope of the plot is 250 A.

centered structure). So we have a more complicated
structure, consisting of a number of micelles in the unit
cell. A cubic structure that has often been observed
with low molecular weight surfactants is that of crystal-
lographic space group Pm3n (Q?23), proposed to consist
of eight short (of aspect ratio 1.2—1.4) rodlike micelles
per unit cell, two of then having complete rotational
freedom and the other six only lateral rotational capa-
bility.31 An alternative model suggested for the Pm3n
structure involves two “quasi-spherical” and six “disk-
shaped” micelles.®? We consider the model®! where the
unit cell consists of micelles that all have the same size
and shape more realistic than the model32 involving two
sets of different micelles. Note that these two models
are not mutually exclusive: a short rodlike micelle
revolving around its short axis (according to the model
of ref 31) appears like a disklike micelle (following the
model of ref 32).

Considering the (N=) 8 micelles that make up the unit
cell of the Pm3n structure, and using the values of ®,
and f for the 40.0/60.0 wt % polymer/formamide sample
and the interfacial area per PEO block (assumed to be
155 A? as in the H; sample—see below), we calculated
from eq 4 a lattice parameter of 280 A. The consistency
(10% difference) of this predicted lattice parameter
value with the experimentally determined one provides
evidence in support of the characterization of the P105/
formamide micellar cubic structure as Pm3n (an exact
agreement between the experimental lattice parameter
of 250 A and that obtained from eq 4 would require o,
= 175 A2, a value that is reasonable given the trend of
increasing o, with decreasing polymer concentration).
Moreover, the relative intensity of the peaks observed
in Figure 2 follow the trend expected from the Pm3n
space group.3® From the number of micelles, N, per unit
cell and the volume of the unit cell, a3, we can obtain
the volume per micelle (a®/N), and then, given the
polymer volume fraction, ®,, and the volume per
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Figure 4. SAXS diffraction pattern obtained from a hexago-
nal, Hi, sample of 60.0/40.0 wt % polymer/formamide (25 °C).
The higher order +/3 and +/7 Bragg peaks, characteristic of a
hexagonal structure, are indicated. The positions of the higher
order reflections with respect to that of the first (and most
intense) peak, g*, are indicated on the upper X-axis.

polymer molecule, vp, we can estimate the number of
polymer molecules per micelle (association number, Nass
= (®pa3)/(Nvp)). This value for the 40.0/60.0 wt % P105/
formamide sample is 77, to be compared to the (higher)
value of 157 obtained for the 40.0/60.0 wt % P105/water
sample of simple body-centered cubic structure (and
lattice parameter 200 A) reported in ref 29. Although
we found the P105 block copolymer to form a body-
centered cubic structure in water,?® we observed a
primitive cubic structure in mixtures of P105 with a
lower molecular weight PEO—PPO block copolymer
(Pluronic L64: EO13PO3EO13).3* More recently, we
have observed a Pm3n structure in the binary EO27POg;-
EOy; (Pluronic P104)—water system.3®

Hexagonal Structure (H;). The Hj region is stable
in the 55—68 wt % polymer range (Figure 1). The
concentration stability range of the H; region shifts from
60 to 68 wt % at 30 °C to 55—62 wt % at 70 °C (i.e.,
lower concentrations at higher temperatures). The two-
dimensional hexagonal structure (consisting of cylindri-
cal self-assemblies crystallized in an hexagonal lattice,
as shown schematically in Figure 1) of samples in the
H; region was established by SAXS experiments (the
relative positions of the three peaks resolved in the
diffraction pattern of Figure 4 follow the 1:4/3:v/7
relationship; the peak at position 2 is missing, for
reasons that are not clear to us at this time). The
nearest neighbor (cylinder) distance is 117 A at 60.0/
40.0 wt % polymer/formamide. The area per PEO block
at the interface enclosing the cylindrical PPO domains
(of radius 34 A) is 155 A2, These values are to be
compared to a = 140 A, o, = 130 A2, and R = 41 A
obtained in the P105—water system at the same com-
position and temperature.?® Thus, the cylindrical as-
semblies in the P105—formamide system are more
closely packed and more numerous than in P105—water.

Polymorphism of PEO—PPO Block Copolymers 6939

=T T T T T T T | B T T | B ——
¢211
P105: 70%
formamide: 30%
30°C
10° |
>‘ L
=
(7]
C
()
-—
£
O) B
£
-
()]
=
1]
(&)
(/7]
10*
[
n n i " 1 Il el 1 i n PR i 2 1 i
0 0.05 0.1 0.15 0.2
q (1/A)

Figure 5. SAXS diffraction pattern obtained from a bicon-
tinuous cubic, V1, sample of 70.0/30.0 wt % polymer/formamide
(30 °C). The arrows mark the positions of the observed
reflections that match the reflections afforded by the la3d
crystallographic space group.

Bicontinuous Cubic Structure (V1). The V; region
occurs in the 61—72 wt % polymer concentration range
(Figure 1). It starts off at 20 °C, centered at 70 wt %
polymer and narrow, but at higher temperatures it
swells with formamide (to the expense of the H;
structure) and extends over the 62—68 wt % range. The
samples in the V; region are optically isotropic (nonbi-
refringent) and very stiff, characteristics of cubic struc-
ture; the location of this cubic region in the phase
diagram (between regions of H; and L, structure)
indicates that the structure in V; is bicontinuous with
the curvature of the polar/apolar interface toward the
apolar PP0O.1531 Two complementary descriptions are
used for bicontinuous cubic phases in surfactant and
block copolymer systems: (i) a multiply connected
bilayer (described in terms of minimal surfaces of cubic
symmetry) separating two distinguishable and continu-
ous domains of the same solvent and (ii) two infinite
channel networks of interconnected cylinders (associ-
ated with the skeletal graphs of the two interwoven
subvolumes separated by the minimal dividing surface
of the bilayer description).121536 We can thus visualize
the microstructure in the V; region to be that of a polar
film consisting of PEO and formamide, which forms a
dividing layer between two apolar domains containing
PPO (as shown in the schematic of Figure 1 and, with
better resolution, in Figure 10a of ref 36).

A SAXS diffraction pattern obtained from a sample
in the V; region is shown in Figure 5. The scattering
function in Figure 5 is dominated by a strong correlation
peak at q = 0.0616 A-1. The most commonly observed
space group of bicontinuous cubic phases in surfactant
and lipid systems is 1a3d (Q2%%°),1531 where the bilayer/
channel structure can be associated with the so-called
gyroid (G) minimal surface. This space group allows
the Bragg reflections hkl =211, 220, 321, 400, 420, 332,
422, ... which give rise to peaks in the relative scattering
vector positions /6, /8, v/14, V16, /20, v/22, /24,
.38 The first reflection, corresponding to hkl = 211, is
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the most intense.3® The second well-defined reflection
in the diffraction pattern of Figure 5 follows the
sequence 1:4/8/+/6 (=1.155) with respect to the first peak
(hkl = 211) and is hence consistent with the 220
reflection of the la3d space group; a number of other
(weak) peaks are marked in the SAXS diffraction
pattern of Figure 5 with arrows and can be identified
as the higher order (321, 420, 332, and 422) reflections
of the 1a3d structure. From the linear fit of the 1/dn
vs m = (h? + k2 + 12)12 plot, we obtained a cell lattice
parameter value for the V; structure of a = 250 A.

The presence of the bicontinuous cubic structure is a
notable feature of the (EO)s7(PO)sg(EO)s;—formamide
phase diagram. Bicontinuous cubic phases were first
identified in lipid—water and surfactant—water systems
in the 60s.31 The appeal of such phases increased when
their microstructure was related to a geometrical de-
scription based on minimal surfaces.3” Bicontinuous
cubic phases of the la3d/gyroid structure have been
observed in solvent-free block copolymers.338 We have
reported the formation of such structures (but of the
reverse “water-in-oil” topology, where an apolar PPO +
oil film forms a dividing layer between two polar PEO
+ water domains) in ternary amphiphilic di- and tri-
block copolymer—water—oil systems.12:1535.36.39 There
is only a single report of a (“oil-in-water”) bicontinuous
cubic structure in a binary PEO—PPO block copolymer—
water system.!®> Such complex structures hold intrigu-
ing implications in processes involving biological mem-
branes (e.g., fusion)3” and can be used as templates for,
e.g., the synthesis of porous membranes with well-
defined structure and pore size (by the polymerization
of a macromonomer-amphiphile or a monomer acting
as solvent).“0 The use of formamide as a solvent may
increase the possible routes for the synthesis of such
material.

Lamellar Structure (L,). The L, region extends
from 68 to 86 wt % polymer at temperatures above 70
°C and from 72 to 82 wt % polymer at temperatures of
20—50 °C (Figure 1). The one-dimensional lamellar
(smectic) structure (shown schematically in Figure 1)
of the samples in the L, region has been established by
SAXS measurements that gave diffraction patterns with
second-order peaks obeying the 1:2 relationship (as seen
in Figure 6). The values for the lamellar periodicity
(lattice spacing), d, the apolar (PPO) thickness, ¢, and
the interfacial area per PEO block, o, are 101, 40, and
135 A?, respectively, at 75.0/25.0 wt % polymer/form-
amide. In water, and at the same composition and
temperature, P105 exhibits a lamellar periodicity of 114
A and interfacial area of 120 A2. The difference in a
and o, between the formamide and the water systems
is smaller in the lamellar region than in the hexagonal
region (~10% difference in the lamellar region vs ~20%
difference in the hexagonal). The trend of lower lamel-
lar periodicity in the P105—formamide system compared
to the P105—water is similar to what has been observed
in a nonionic PEO—alkyl ether surfactant (CisEQ,).23

Formamide vs Water-Phase Behavior and Mi-
crostructure. We have previously reported?® the
binary (EO)s7(PO)ss(EO)s7—water (2H,0) concentration—
temperature phase diagram, and we present this phase
diagram here (Figure 7) in order to compare it (at the
same coordinates and notation) to the (EO)s37(PO)ss-
(EO)s7—formamide system. Inspection of the formamide
and water phase diagrams can give us a “bird’s eye”
view of the solvent effects on the block copolymer
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Figure 6. SAXS diffraction pattern obtained from a lamellar,
L., sample of 75.0/25.0 wt % polymer/formamide (25 °C). The
positions of the higher order reflections with respect to that
of the first (and most intense) peak, g*, are indicated on the
upper X-axis.
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Figure 7. Concentration—temperature phase diagram of the
(EO)37(PO)ss(EQ)3;—water (?H,0) binary system (adapted from
ref 29). The concentrations are expressed in wt %. The notation
is the same as in Figure 1.

microstructure, whereas the structural parameters
extracted from SAXS using egs 1—4 provide a more
“microscopic” view. As discussed below, a consistent
picture emerges from both phase behavior and structure
in terms of what are the effects of formamide on self-
assembly.

The following general observations can be made from
the phase diagrams: (i) the structural polymorphism
of the PEO—PPO block copolymer is not diminished by
having formamide as a selective solvent instead of
water, (ii) the stability regions of all the “curved”
(nonlamellar) structures (and in particular of the mi-
cellar cubic I; region) are shifted to higher polymer
concentrations and temperatures in the case of form-
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Figure 8. Lattice parameters, d, in the hexagonal and
lamellar structures and interfacial area-per-polymer values,
op, in the micellar cubic, hexagonal, and lamellar structures
plotted as a function of the polymer wt % both for the (EO)s-
(PO)ss(EO)s;—formamide and for the (EO)37(PO)ss(EO)s;—water
binary systems.

amide compared to water, and (iii) the bicontinuous
cubic V; region, usually very rare and very narrow,12.15
is stable with formamide as solvent, and even wins over
the H; structure at higher temperatures (the H; region
in formamide is stable over a concentration range
narrower than that in water).

On the basis of the SAXS structural data, we can
conclude that (iv) the structural elements (micelles) of
the I, cubic structure in formamide are much smaller
(and possibly ellipsoidal) than those in water and (v)
the lattice parameters in the lamellar and hexagonal
structures are 10% and 20% lower, respectively, in
formamide than in water (the structural elements are
more and closer together in formamide), and the corre-
sponding interfacial area-per-polymer values are 10%
and 20% higher, respectively, in formamide compared
to water. The above trends are depicted in Figure 8,
where the lattice parameters in the hexagonal and
lamellar structures and the interfacial area-per-polymer
values in the micellar cubic, hexagonal and lamellar
structures are plotted as a function of the polymer wt
% both for the (EO)37(PO)ss(EO)s7—formamide and for
the (EO)37(PO)ss(EO)s;—water binary systems.

(i) We chose to study (EO)37(PO)ss(EO)37 in formamide
because we knew?? that this polymer forms a number
of different structures (having different temperature
stabilities) in water and wanted to examine their fate
in the presence of a different solvent. Lyotropic liquid
crystalline phases are formed in surfactant—formamide
systems, but generally, for such structures to form,
surfactants with longer hydrophobic parts are required
as compared to the case with water® (e.g., 16 methyl
segments, C, for formamide instead of 12 C for water,
in the case of nonionic PEO-alkyl ether surfactants?s).
Furthermore, the stability of some of the structures
decreases in the presence of formamide (e.g., the Cy6-
EOg—water system exhibits I;, Hi, V1, and L, struc-
tures,3® whereas the C;sEOg—formamide system only
H123). The fact that all the structures observed in the
PEO—PPO block copolymer—water system are main-
tained in formamide shows that the tendency of these
block copolymers to segregate and form ordered struc-
tures at concentrations above ~30 wt % is strong and
is not diminished by the solvent—PPO interaction,
which is weaker in formamide than in water.

Polymorphism of PEO—PPO Block Copolymers 6941

(i) The shift of the stability regions of the L; and I,
structures formed in formamide to higher (compared to
water) polymer concentrations and temperatures can be
related to high CMC/CMT (microphase separation;
affected by the formamide—PPO interaction parameter
xfm-ppo) Of the PEO—PPO block copolymer in form-
amide. The CMCs of nonionic PEO—alkyl ether sur-
factants in formamide are 100—1000 times higher than
those in water.?2 High CMC/CMT do not inhibit the
formation of a micellar cubic structure. For example,
the CMC of Pluronic P105 in water is 0.001% at 40 °C
and the micellar cubic gel is formed at ~30%,% while
Pluronic F68, of comparable molecular weight (8400)
and much higher PEO content (80%), has a CMC in
water of 7% at 40 °C and still forms a micellar cubic
phase at concentrations ~40%.'* The much higher
temperature stability range of the I, structure in
formamide is also connected to the higher solubility of
the PEO—PPO block copolymer in formamide as re-
flected in the cloud point (macrophase separation into
polymer-rich and a solvent-rich solutions because of
limited solubility of the polymer in the solvent; affected
by the formamide—PEO interaction parameter ym-peo)
which is ~50 °C higher in formamide than the cloud
point in water.26 The “melting” of the (EO)37(PO)ss-
(EO)sy7 11 cubic structure in water at ~60 °C corresponds
to the cloud point of the polymer.?°

(iif) The finding of a bicontinuous cubic region in the
(EO)37(PO)ss(EO)37—formamide system was particularly
enticing because such a structure had not been observed
in water.?® It turned out upon revisiting the (EO)s7-
(PO)sg(EO)s7—water system, that a Vi structure is
indeed formed in water at ~70 wt % polymer but is
stable over a very narrow concentration range and below
20 °C (the lower temperature studied in the phase
diagram of ref 29). As to the reasons behind the
stability of the bicontinuous cubic structure in form-
amide, one possibility is fluctuation effects (presumably
more important in formamide than in water, especially
if some formamide is also located in the PPO regions—
see paragraph v). The stability of bicontinuous cubic
phases localized near the order—disorder transition
(ODT) in diblock copolymer melts has been related to
fluctuation effects that favor isotropic (such as bicon-
tinuous cubic) microstructures.*? It is notable that
growth of V; (to the expense of H;) has also been
observed in various surfactant—formamide systems.*?

(iv) The smaller micelles (association number 77
compared to 157 in water) participating in the I, cubic
structure in formamide (consistent with observations in
micellar solution of nonionic surfactants??) are an
indication of weaker formamide—PPO interactions
(xim-pPpo SMaller than ywatwer—rpo), the consequences of
which can be represented by the polymer having an
effective PEO/PPO block ratio higher in formamide than
in water. Small micelles expose a larger part of the PPO
chains to the solvent, but if the formamide—PPO
interactions are weak, the enthalpic penalty for this is
low.

(v) The higher interfacial area per block copolymer
in the formamide system (Figure 8) indicates that the
polymer molecules are more swollen by the solvent than
in water (consistent with the observation of increasing
interfacial area with increasing solvent content from L,
to Hi) and/or an increase in the effective PEO/PPO block
ratio. If we take the area per molecule (120 A?) in the
P105—water lamellar region as a basis, then in order
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to obtain (from eq 3) the same area in formamide we
need to assume that some formamide participates in the
interfacial volume fraction (in excess of the block
copolymer volume fraction ®p).1” In the hexagonal
structure, an area consistent with that in water can be
obtained by either increasing @, or decreasing the
apolar volume fraction f (eq 3).

Summary

We established the binary concentration—tempera-
ture phase diagram and the microstructure of a poly-
(ethylene oxide)—poly(propylene oxide) (PEO—PPO)
block copolymer (Pluronic P105: EO37POsgEOQ37) in
formamide (as selective solvent for PEO.

The block copolymer molecules can self-assemble in
six different thermodynamically stable microstructures,
exhibiting both lyotropic and thermotropic behavior. A
thermoreversible transition from a micellar solution to
a micellar cubic gel occurs at 25—35 wt % polymer
concentrations. At higher concentrations, regions with
hexagonal (cylindrical), bicontinuous cubic, and lamellar
(smectic) lyotropic liquid crystalline structures are
stable. The crystallographic structure of the micellar
and bicontinuous cubic samples is found, consistent with
the Pm3n and la3d/gyroid space groups, respectively.

The stability regions of the different structures (and
in particular of the micellar cubic) in the case of
formamide are shifted to higher polymer concentrations
and temperatures compared to water, suggesting that
the effective curvature of the interfaces formed by the
block copolymer is higher in formamide than in water.
Indeed, the interfacial area-per-polymer values in the
lamellar and hexagonal structures are 10% and 20%
higher, respectively, in the case of formamide than in
water. Also, the number of block copolymer molecules
participating in each micelle in the formamide micellar
cubic gel is half that in water.

These observations can be rationalized in terms of a
higher solubility of both PEO and PPO in formamide
compared to water (yrm-rpo and ymm-peo lower than
Ywater—pPo aNd ywater—pe0, respectively), and a higher
effective PEO/PPO block ratio of the copolymer. The
determination of the concentrations and temperatures
where micelles start forming (CMC and CMT), currently
in progress in our laboratory, will provide® the thermo-
dynamic parameters of micellization (free energy, AG®,
enthalpy, AH°, and entropy, AS°) and offer more
guantitative information on the PPO—formamide and
PEO—formamide interactions.
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