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Complex Phase Behavior in Solvent-Free
Nonionic Surfactants

Marc A. Hillmyer,” Frank S. Bates,” Kristoffer Almdal,
Kell Mortensen, Anthony J. Ryan, J. Patrick A. Fairclough

Unsolvated block copolymers and surfactant solutions are ‘“‘soft materials’ that share a
common set of ordered microstructures. A set of polyethyleneoxide-polyethylethylene
(PEO-PEE) block copolymers that are chemically similar to the well-known alkane-oxy-
ethylene (C,EQ,,,) nonionic surfactants was synthesized here. The general phase behavior
in these materials resembles that of both higher molecular weight block copolymers and
lower molecular weight nonionic surfactant solutions. Two of the block copolymers
exhibited thermally induced order-order transitions and were studied in detail by small-
angle scattering. The fundamental microstructural spacing was determined to be a crucial
parameter in these transitions. Transitions from one ordered state to another occur only
when the lattice spacing is nearly matched. These materials highlight the importance of
epitaxy and molecular conformation in the phase transformations of soft material.

Amphiphilic molecules such as surfactants,
phospholipids, and ionic soaps self-assemble
into micelles in dilute aqueous solution be-
cause of the hydrophobic effect. As the con-
centration of the amphiphile increases, ther-
modynamically stable supramolecular aggre-
gates form with a variety of ordered-state
symmetries (I, 2). Transitions between
phases in these lyotropic liquid crystals
(LCs) can be induced thermally or by chang-
es in amphiphile concentration. The nature
of these phase transitions has implications in
cell membrane structure and function (2—4).
Also, surfactant mesophases have been used
as templates for polymerizations (5), synthe-
sis of metal nanoparticles (6), and in the
preparation of mesoporous ceramics (7, 8).
Although significant theoretical work has
been done in the field of lyotropic LCs, our
understanding is far from complete (3, 9).
Block copolymer melts are a separate
class of soft materials that spontaneously or-
der below a critical temperature (10, 11).
Conformational freedom associated with a
long flexible chain allows microstructures
with curved interfaces to form. As the poly-
mer chains become smaller, it is reasonable
to assume that this feature will eventually be
lost. What is observed in most monomeric
thermotropic LCs is that they adopt layered
(smectic) or nematic phases (12), unlike the
topologically complex phases (such as bicon-
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tinuous cubic phases) observed in block co-
polymers. Clearly, lyotropic LCs and block
copolymers are related through a common
set of observed phases, a connection that has
been made by us and by others (3, 9, 13, 14).
However, the theoretical approaches aimed
at understanding the phase behavior and
transformations in these complex materials
are fundamentally different.

Block copolymer theories (11, 15) gen-
erally deal with the limit of infinite molec-
ular weight (MW), whereas lyotropic theo-
ries (2, 3) must contend with binary (or
greater) mixtures of components of relative-
ly low MW. Block copolymer theories bal-
ance entropic loss associated with chain
stretching against enthalpic penalties asso-
ciated with segment-segment contact.
Chain packing frustration, head-group in-
teractions, and bilayer elastic bending en-
ergy are the most important contributors to
theories of lyotropic LC.

We report here the bulk-phase behavior
of a set of molecules that can be thought of
as either large nonionic surfactants or small
amphiphilic block copolymers. These mol-
ecules share certain general characteristics
of both solvated nonionic surfactants and
unsolvated block copolymers. These mate-
rials also show a feature that may lend fresh
insight into the nature of phase transforma-
tions in soft materials. The design of these
molecules was based on that of the well-
known alkane-oxyethylene (C,EO,,) non-
ionic surfactants (9, 16, 17).

Nonionic surfactants of this type exhibit
mesomorphism at intermediate concentra-
tions in water, but unlike block copolymers
these small, amphiphilic molecules do not
form ordered mesophases in the solvent-free
state. Instead, they disorder above the crystal-
line melting temperature (T,,) because of the
relatively large entropic contribution to the
free energy associated with a low MW (10).
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To move to higher MW systems, we synthe-
sized model polyethyleneoxide-polyethyleth-
ylene (PEO-PEE) block copolymers using an-
ionic polymerization and catalytic hydrogena-
tion (Fig. 1) (18). The chemical composition
of these oxyethylene-alkane polymers is simi-
lar to that of the C,EO,, nonionic surfactants,
but the MWs are an order of magnitude great-
er (2.5 to 8.9 kg/mol) for the former, and the
alkane block does not crystallize (19). Ten
PEO-PEE block copolymers with PEO volume
fractions ranging from 29 to 72% were syn-
thesized in near quantitative yields and with
low polydispersities (M,,/M,, = 1.1, where M,
and M,, are the weight average and number
average molecular weights, respectively). All
of the polymers form ordered microstructures
above the T, of the crystalline PEO block
and melt into isotropic disordered liquids
(DIS) at experimentally tractable tempera-
tures (<275°C). The increase in the MW of
these nonionic surfactants has led to the for-
mation of ordered morphologies in the ab-
sence of water.

We used small-angle neutron and small-
angle x-ray scattering (SANS and SAXS)
to identify the following ordered state sym-
metries: semicrystalline lamellae (L.),
where the PEO block is crystalline; a nor-
mal lamellar structure (L) composed of
amorphous blocks; a modified lamellar
structure (ML) we believe to be topologi-
cally similar to the hexagonally perforated
layered phase seen in block copolymers (20)
or the randomly perforated lamellar phase
observed in lyotropics (21); a bicontinuous
cubic phase with la3d space group symmetry
(Qu34); and hexagonally packed cylinders
(H). These four noncrystalline ordered
morphologies are depicted in Fig. 2 (22).
Even at these low MWs, ordered phases
with curved interfaces were observed. Fur-
thermore, features of the preliminary PEO-
PEE block copolymer phase diagram are
consistent with our understanding of block
copolymer phase behavior with respect to
the location of the complex phase window
and asymmetry in the phase diagram asso-
ciated with the asymmetric statistical seg-
ment lengths of PEO and PEE (13, 23, 24).
The phase behavior in these materials is
qualitatively similar to that of both hydro-
carbon-based, higher MW block copoly-
mers and lower MW, solvated nonionic
surfactants. However, fundamental differ-
ences associated with thermoreversibility
and epitaxial relations occur.

Fig. 1. The structure of
PEO-PEE block copoly-
mers. The PEE blocks
contain ~10 mol % lin-
ear C,Hg units; f pgo de-
notes the volume frac-
tion of PEO.

PEO-PEE

Ty

freo Xy
OE10 0.72 152 35
OE5 0.70 143 37
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Thermally induced order-order transi-
tions are observed in lyotropics (16, 25)
and block copolymers (20, 26—29) at con-
stant water concentrations or block compo-
sitions, respectively. Epitaxial relations be-
tween phases, transition kinetics, mecha-
nisms of transformation, and reversibility all
influence the applications of these materi-
als. We focus the remaining discussion on
two of the PEO-PEE block copolymers,
OE10 and OE5 (Fig. 1), which exhibited
multiple ordered phases accessible through
changes in temperature. OE10 showed the
following sequence of six phases upon heat-
ing: L., L, ML, Q.35 H, and DIS. This
sequence of six distinct thermotropic phases
is the most reported for any block copoly-
mer sample to the best of our knowledge.
OE5 exhibited a similar phase sequence
upon heating, except the Q,,3; phase melt-
ed into the DIS phase. The appearance of
the H phase in OE10 is consistent with the
larger compositional asymmetry (13-15).

The linear viscoelastic properties of
soft materials are sensitive to changes in
morphology. We identified phase-transi-
tion temperatures by measuring the dy-
namic elastic shear modulus (G') of OE10
and OE5 with a dynamic mechanical
spectrometer operated at small strain
(=1%) and low frequency (1 rad/s) (30).
The temperature dependence of G’ for
OE10 and OES5 is shown in Fig. 3. The G’
levels associated with the separate phases
are spread over four orders of magnitude.
The cooling curves show that the overall
L < Q.34 transition is reversible only in
OES5. There, the Q,,3, phase can be cooled
well below the ML — Q3 transition
temperature observed on heating, and
then the modulus level drops to the orig-
inal L level. The reverse transition back to

Fig. 2. The four noncrystalline ordered morphol-
ogies identified in PEO-PEE block copolymers.
Arrows identify observed order-order transitions.
The transition from L to Q3 is mediated by the
ML state. An illustration of the interfacial structure
is provided in the inset.

L appears to bypass the ML state. In
OE10, the Q,;3; < H and L & ML tran-
sitions are reversible, but the Q,,;3; = ML
(or L) transition does not occur; the bi-
continuous cubic state persists upon cool-
ing until the PEO block crystallizes. These
reversibility results were confirmed by
small-angle scattering experiments.
Small-angle scattering was used to de-
termine the principal interplanar spacing,
d*, as a function of temperature for OE10
(Fig. 4) (31). Heating the sample resulted
in a gradual decreas¢ in d* and more
abrupt changes at the rheologically deter-
mined phase-transition temperatures. A
remarkable feature of this change in d*
with microstructure is the difference be-
tween values of d* for the L and Q.3
phases, which correspond to the dyo; and
dy; lattice spacings, respectively. Because
the Q.34 phase can be cooled to temper-
atures where L exists upon heating, the d*
values for the two phases can be compared
directly. At 90°C, dy; for OE10 is 16%
greater than d,;; (the d* spacing for the L
morphology in OE5 is ~8% larger than
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Fig. 3. Temperature dependence of the low-fre-
quency dynamic elastic shear modulus (G’) for
OE10 (A) and OES5 (B). The samples were loaded
in a shear sandwich configuration above the PEO
melt temperature and annealed at 30°C for 1
hour. They were then heated under a N, atmo-
sphere at 1°C/min (filled circles). Cooling curves
were obtained by heating a sample into the high-
temperature phase and cooling at 1°C per minute
(open squares are from the H phase, and open
triangles are from the ML phase). OES disorders
(DIS) at 242°C (not shown). Only 10% of the actual
data points are shown for clarity.
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that for the Q,,3,; phase). In comparison,
the fundamental length scale is identical
at constant water composition for the L <
Qia34 < H transitions (that is, dyy; = d, 1,
= dy,) in the C,;EQ¢ nonionic surfactant
system (25, 32). Also, in high-MW block
copolymers the changes in spacing associ-
ated with changes in microstructure are
experimentally observed (26-28, 33) and
theoretically predicted (15) to be small
(<3%).

A transition from the L to Q3 phase
involves a complicated topological change
from a one- to a three-dimensional struc-
ture (Fig. 2). In both OE10 and OES5, an
ML structure is observed between the L and
the Q,,3, phases. We believe this ML inter-
mediate phase serves as both a topological
and epitaxial pathway for the L to Q3,
transition in both OE5 and OE10. Once
the interplanar spacing becomes close
enough to allow the transition, it occurs
almost spontaneously, as evidenced by the
sharp rise in G’ at the ML to Q3, transi-
tion temperatures (Fig. 3). These results
suggest that a direct transition from L to
Qi34 is not possible in these materials.
However, the reverse transition can occur
with no apparent intermediate, as in OES5.
The thermoreversibility of the L < Q3,
transition in OE5 suggests that these are
the equilibrium phases. In OE10, however,
the low-temperature equilibrium phase is
less obvious (34).

Crystallization of the PEO block in
OE10 (and in other PEO-PEE samples)
disrupts the bicontinuous cubic phase, lead-
ing to extended PEO chains (two folds per
PEO block in OE10) that can be accom-
modated only by a layered (L.) morphology.
The lamellar domain spacing is much larger

L ML Qg H

50 100

150 200 250

T(°C)

Fig. 4. Principal microstructure spacing, d*, as a
function of temperature for OE10 determined by
SANS: filled circles, heated from the L. phase;
open squares, cooled from the ML phase; open
circles, cooled from the H phase; X, spacing ob-
tained after the application of a large amplitude
shear to the cooled material. The solid lines serve
as guides to the eye. The rheologically determined
phase-transition temperatures are shown as dot-
ted lines.
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than the L phase (d* 5. = 210 A, d* o =
170 A). If a match in d spacing is required
for the L to Q3,4 transition, an even larger
mismatch will further inhibit the L_ to Q34
transition. We have not observed a direct
transition from L_ to Q34 in any PEO-PEE
sample. Formation of the L phase upon heat-
ing from the L_ phase occurs because the
phases are topologically identical, and there-
fore it appears that a large spacing mismatch
does not inhibit this transition.

These low-MW PEO-PEE block copoly-
mers appear to behave as both block copol-
ymers and lyotropic LCs, and in fact most of
the phase behavior reported here has been
seen in both classes of amphiphiles (2, 13,
14, 26-29). However, the length scale mis-
match between the L and the Q, 3, phases is
significantly enhanced in these polymers,
and this mismatch inhibits the forward
transition. These polymers highlight two
important factors in soft material phase
transitions: epitaxy and molecular confor-
mation. We believe the large lattice mis-
matches in these polymers can be thought
of as a consequence of “double frustration.”
Packing frustration in lyotropic systems oc-
curs on only one side of the microdomain
space because of the solvated state of the
hydrophilic side (that is, water plus polar
head group). The additional degree of free-
dom imparted by the water permits the
system to accommodate a larger number of
morphologies at fixed lattice spacing purely
on the basis of the ability of the water to
move relatively freely within the microdo-
main space. This freedom also appears to
facilitate phase transitions. In a block co-
polymer melt, a single-component system,
molecular conformation is “frustrated” on
both sides of the microdomain space. How-
ever, increasing MW increases the number
of conformational states available to the
chains, and this appears to mitigate packing
frustration (14, 26). The large number of
conformational states in high-MW block
copolymers seems to play the same role that
water does in the lyotropic systems. There-
fore, differences in domain spacing between
phases are either small or nonexistent.

The PEO-PEE block copolymers de-
scribed here were designed to amplify the
effects of double frustration. We have en-
hanced the frustration on both sides of the
microdomain space by removing the water
normally present in solvated nonionic sur-
factants and by decreasing the MW found
in typical block copolymers. Those changes
exaggerated the effects on ordered-state
phase transitions. The addition of water or
homopolymer to these block copolymers
will enable us to test this hypothesis and
move continuously from thermotropic
block copolymer phase behavior to lyotrop-
ic block copolymer phase behavior in one
system.
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Chain Migration of Neuronal Precursors

Carlos Lois, Jose-Manuel Garcia-Verdugo,
Arturo Alvarez-Buylla*

In the brain of adult mice, cells that divide in the subventricular zone of the lateral ventricle
migrate up to 5 millimeters to the olfactory bulb where they differentiate into neurons.
These migrating cells were found to move as chains through a well-defined pathway, the
rostral migratory stream. Electron microscopic analysis of serial sections showed that
these chains contained only closely apposed, elongated neuroblasts connected by mem-
brane specializations. A second cell type, which contained glial fibrillary acidic protein,
ensheathed the chains of migrating neuroblasts. Thus, during chain migration, neural
precursors moved associated with each other and were not guided by radial glial or axonal

fibers.

Neurons of the central nervous system of
vertebrates originate in the ventricular zone
(VZ) and subventricular zone (SVZ) (1) and
from there migrate to reach their final desti-
nations where they differentiate. Two forms of
neuronal migration have been described in
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the developing brain (2): radial migration in
which young neurons climb on the shafts of
radial glial cells (3-5), and tangential migra-
tion, in which cells move parallel to the sur-
face of the ventricles and perpendicular to the
radial glial fibers (6—11). Tangential migra-
tion has been inferred from the dispersal of
clonally related cells (8), from the orientation
of migrating precursors (7, 9, 10), and from
time-lapse studies of migrating cells in brain
slices in vitro (11).





