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Abstract: The phase behavior of environment-friendly surfactants, polyoxyethylene
phytosterylether (PhyEQO,,) in water and water/polyoxyethylene dodecylether (C,EO,) systems
was studied. In the PhyEO,,/water binary system, micellar solution (W), unidentified optically
anisotropic liquid crystal (X) phase and lamellar (L,) phases are formed successively with
increasing surfactant concentration at room temperature. With hydrophilic PhyEO,,, the W,
micellar cubic and hexagonal phases are formed in the binary system. With addition of C,EO, to
the dilute micellar solution of both PhyEO,, type surfactants, a highly viscoelastic solutions of
worm-like micelles are formed. Addition of C,,EQ, to the liquid crystalline phases formed in
binary system results in the formation of the L, phase, which extends over wide concentration
range. In the PhyEO,,/C,,EO,/water system, the X-L, phase transformation occurs via
rectangular ribbon phase. The phase behavior of 5% PhyEQO,, with various EO-chain length,
ranging from m =35 to 20 was studied in a wide range of temperature (20°—100°C). A phase
separation occurs in the lipophilic PhyEO,, (m < 8) aqueous systems at all temperature. In the
PhyEO,, with intermediate EO-chain length (11 < m < 16), small micelles undergo enormous
one-dimensional growth upon increasing the temperature and form viscoelastic solution,
followed by a phase separation; whereas in the long EO-chain PhyEO,, (m = 17—20), the W,
phase of small aggregates exists in the entire temperature range.
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1 Introduction

Surfactants are extensively used in various applica-
tions such as detergents and household cleanser, cos-
metics as well as in industrial processes. Therefore,
there is a growing concern over the impact of the sur-
factants on the environment as well as human body.
Similarly, biocompatibility is another important factor
in the selection of surfactants in various applications,
especially in the formulation of cosmetics and personal

healthcare products.

Polyoxyethylene sterol surfactants consist of either
cholesterol or phytosterol as lipophilic part and poly-
oxyethylene chain as the hydrophilic part. Due to the
presence of sterols of natural origin, the surfactants are
biocompatible, mild to skin and possess low toxicity
(1). In fact, these surfactants are used as emulsifiers,
and are available commercially. The bulky and nonflex-
ible sterol groups are also expected to affect the self-
aggregation and phase behavior of these surfactants in
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solvent. Phase behavior of polyoxyethylene
cholesterylether (ChEO,,, m=10 and 15) in water and
water/cosurfactant systems showed some interesting
features such as the formation of a ribbon (R;) phase
over considerably wide range of composition (2,3).
This liquid crystal phase is composed of very long rod-
like aggregates with somewhat elliptical cross-section.
Formation of the R, phase is attributed to the bulky and
rigid lipophilic part due to which the circular cross-sec-
tion on the rod-like aggregates gets deformed easily
with increasing surfactant cosurfactant concentration. In
fact, even at low surfactant concentrations, the presence
of bulky sterol group induces sphere-rod transition in
micellar shape of the aggregates (4). Upon addition of
lipophilic nonionic surfactants such as polyoxyethylene
dodecylether (C,EO,) or alkanoyl N-methylethanolamide
(NMEA-n) to the dilute micellar solution of ethoxylated
sterol surfactants, the packing constraints in the
lipophilic core increases and small micellar aggregates
undergo rapid one-dimensional micellar growth to form
worm-like micelles (4,5). Above certain surfactant con-
centration, called overlap concentration, the worm-like
micelles form transient network and dramatically
increase the viscoelasticity of the solution. It has been
found that additional branching in the terminal alkyl
group of the sterol increases the micellar growth and
modifies the rheological behavior remarkably.

Despite the attractive features of sterol-based surfac-
tants in various applications, only few reports on the
phase behavior of the sterol-based surfactants are avail-
able so far (2,3,6,7,8,9). In this context, we studied the
phase behavior of polyoxyethylene phytosterol
(PhyEQ,,) in water and water/C,EQ, systems over wide
range of temperature and concentrations. In this paper,
we first discuss the phase behavior of PhyEO,, systems,
which is followed by the phase behavior of PhyEO,,
systems. Then, we will present the phase behavior of
5% PhyEO,, aqueous system.

2 Experimental

2-1 Materials

Polyoxyethylene phytosterol (PhyEO,,, m=5, 10 and
20) and polyoxyethylene dodecyl ether (C;,EO,, n=1,
2, 3 and 4), products of Nikko Chemicals Co., were
used as received. The PhyEQO,, of other EO chain length
was prepared by mixing PhyEO; and PhyEO,,, or
PhyEO,, and PhyEQO,, at appropriate ratio. Schematic
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molecular structure of PhyEQ,, is shown in Scheme 1.

2:-2 Phase Diagram

For the study of phase behavior, sealed ampoules
containing the required amount of the reagents were
homogenized and left in water bath at 25°C for a few
days (for the micellar phase) to several weeks (for lig-
uid crystal phase) for equilibration. Phases were identi-
fied by visual observation. The liquid crystals were
identified by observing the samples through polarizing
microscopy (Nikon) and / or small angle X ray scatter-
ing (SAXS).

SAXS: SAXS measurements were performed on a
40kV-20mA rotating anode goniometer (Nanoviewer,
Rigaku Denki Inc., Japan). The samples were covered
with plastic films (Mylar seal method) for the measure-
ment.

3 Results and Discussion

3:1 Phase Behavior of PhyEO,, /Water and
PhyEO,, /C,:EOy/Water Systems

The phase diagram of the PhyEO,,/water system at
room temperature is shown in Fig. 1. It can be seen that
the micellar (W) phase extends over relatively narrow
concentration range, and transforms to an optically
anisotropic liquid crystal phase denoted by X at room
temperature. At higher surfactant concentration, a
lamellar (L,) liquid crystalline phase is formed. At
higher temperatures, the phase boundary between the X
and L, domain could not be identified by visual obser-
vation. For the same system, Folmer et al reported the
narrow domains of the W, nematic and hexagonal (H,)
phases, followed by a wide domain of a gel phase at
room temperature with increasing PhyEO;, concentra-
tion (7).

SAXS measurements were carried out to study the
structural evolution within the X-domain as a function

HO(CH,CH,0),

Scheme 1 Molecular Structure of Poly-
oxyethylene Phytosterol
(PhyEO,,).
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Fig. 1 Phase Diagrams of PhyEO,,/Water Binary
Systems. W, and O,, represent normal and
reverse micellar phases respectively, L,
stands for the lamellar liquid crystal phase.
X is the optically anisotropic liquid crystal
phase of unknown structure and II is the
two-phase region. W; is the concentration
of surfactant in the system.

of surfactant concentration; W, (in wt%), at 25°C and
the results are summarized in Fig. 2. The SAXS pattern
of the X phase, as is shown in Fig. 2, could not be fitted
to any of the structures of liquid crystals, which are
more commonly observed in this region, such as the H,
or L, phases. It can also be seen that the SAXS pattern
changes with surfactant composition, indicating a con-
tinuous evolution of the structure with composition,
ultimately leading to the lamellar structure. Although
the exact structure of the mesophases present inside the
X domain is not known at this moment, some indica-
tions about the structure may be obtained from the
phase diagrams of the PhyEO,,/C,;EOQ,/water shown in
Fig. 3.

As can be observed in the phase diagram of the
PhyEO,/C,EO/water system (Fig. 3), successive addi-
tion of the cosurfactant, C,,EQ,, to the micellar solution
of the aqueous PhyEQ,, system in dilute region results
in the sharp increase of the viscosity leading the forma-
tion of worm-like micelles. The high-viscosity region
inside the W, domain is shown as the shaded region.
The rheological behavior of the worm-like micellar
solution of this system has been presented elsewhere.
With further addition of C;,EQ,, a phase separation
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Fig. 2 SAXS Pattern of the X Phase Formed in the
Water/PhyEQ,, System at Different Surfactant
Concentrations, W, (in wt%) at 25°C.
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Fig. 3 Phase Diagrams of PhyEO,,/C,EO,/Water

System at 25°C. R, is the rectangular ribbon
phase and W is water. Other notations are same
as in Fig. 1. A magnified view of the W,
domain and the viscoelastic region of wormlike
micelles (shaded area) are shown in the inset.
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occurs, with the formation of turbid solution of vesicu-
lar dispersion coexisting with the micellar phase.

Addition of cosurfactant to the X phase of the binary
PhyEO,,-water system in the higher surfactant concen-
tration region results in a phase transformation to the L,
phase via an intermediate liquid crystalline phase hav-
ing a SAXS pattern as shown in Fig. 4, which is typical
of the R, phase. The Bragg’s reflections for the R,
phase are given by the following equation (10).

hz k2 =172
au=( 2+ 5 M
a b

where, dy, is the spacing corresponding to the reflection
by hk plane, and a and b are the parameters of the rec-
tangular unit cell, as shown in the inset of Fig. 4. For
the structure with rectangular cmm symmetry, as shown
schematically in Fig. 4, h + k = 2n, where n>0 whereas
for the rectangular pgg symmetry, Miller indices /& and
k can have any positive integer n, with the restriction
that for h =0, k=2n and k=0, h=2n (11). The pgg
symmetry group differs from the cmm symmetry in that
the cross section of the aggregates slightly tilted with
respect to the sides of the unit cell. All the reflection
peaks indexed in Fig. 4 can be fitted to both cmm and
pgg symmetries. However, absence of peaks corre-
sponding to 12 and 21 planes indicates that the structure
possibly has the cmm symmetry.

The domain of the R, phase is noticeably wide and it

log I (arbitrary unit)

Fig. 4 SAXS Pattern of the Intermediate Phase Formed
in the PhyEO,,/C,,EOQ,/Water System at Total
Surfactant Weight fraction, W, = 64.8 wt% and
PhyEO,/C,,EO, = 90/10 by wt. The schematic
diagram of the structure of the rectangular ribbon
(R)) phase with cmm symmetry is also shown.
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extends toward the surfactant-water binary axis with
increasing surfactant concentration. In fact, the SAXS
pattern of the X phase at high surfactant concentration
(W;=170.1 and 72.6wt%) in the PhyEO,,-water binary
system (Fig. 2) is close to that of the R; phase, indicat-
ing a close structural relationship between the R, phase
and the X phase in this region. The region between two
conventional liquid crystalline phases, namely the H,
and L,, is the usual location of the R; phase in the
phase diagrams of surfactant systems. However, in the
present system, no clear evidence of the hexagonal
packing is observed. Nevertheless, the X phase, which
forms the R; phase upon addition of cosurfactant, is
likely to be composed of the rod-like aggregates. It is
possible that due to the bulky lipophilic (sterol) group,
the cross-section of the rod-like aggregate in the X
phase is not circular, but already distorted to an ellipti-
cal shape. The structure gradually evolves toward the R,
phase with addition of the cosurfactants or surfactant.
Similar pattern of phase diagram has been observed in
the ChEO,¢/cosurfactant/water system (2).

Figure 5 shows the typical SAXS pattern of the sys-
tem in the region between the W, and the L, at low
PhyEO,, concentrations. It shows the sharp peaks with
1: 1/2: 1/3... spacing ratio, along with a wide diffused
band, which is probably due to the presence of lamellar-
like structure perforated with large and uncorrelated
micellar domains. With increasing surfactant and/or
cosurfactant concentrations, the diffused band gradually
shrinks and a clear lamellar-like SAXS pattern is devel-
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Fig.5 SAXS Pattern of a Sample in the PhyEO,¢/
C,EO,/Water System at W, = 45wt% and
PhyEOlo/C|2E04 =65/35 by wt.
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oped. The L,~domain extends over wide range of con-
centration from water-C,EQ, binary axis to the surfac-
tant-rich region. Even in the pure state, the PhyEO,
shows a SAXS pattern typical of the L, phase (data not
shown), which is attributed to the micro segregation of
the hydrophilic and bulky lipophilic parts to form a
lamellar-like microstructure (9).

3:2 Phase Behavior in PhyEQO,,/Water and
PhyEOQO,,/C:EO,/Water Ternary Systems
Figure 6 shows the phase diagram of the PhyEO,/
water binary system. With successive increase in sur-
factant concentration in the binary system, the W,
phase transforms to the micellar cubic (I;) phase, fol-
lowed by the H, phase persisting over wide range of
concentration, which may be attributed to the big head
group of the amphiphile that maintains the positive cur-
vature aggregate over wide range of surfactant concen-
tration. At very high concentrations of PhyEQO,,, the
solid phase is observed at low temperature and the
reverse micellar phase (O,,) phase at high temperature.
The domains of the I, and S phase in Fig. 6 is notice-
ably wider than those shown in the schematic phase
diagram of the same system reported by Folmer et al.
(7).
The phase diagram of the PhyEQO,,/C,EO,/water sys-
tem is shown in Fig. 7. In comparison to the W, region
of the PhyEO,,/C,EO /water system, the W, region in

1003
E On
803
L 603
Q 3
~ _; \\
™ 407 S LtH,
4 \
E |
204 W [ I | H, S
E [
0 |""|"'|""|"|"|""|'"|"“|""|""
0 20 40 60 80 100

W wt%

Fig. 6 Phase Diagrams of Water/PhyEO,,
Binary Systems. I; and H, are the
isotropic discontinuous (micellar)
cubic and hexagonal liquid crystal
phases. S is the solid-present region.
Other notations are same as in Fig. 1.

this system is significantly wide, and relatively higher
concentration of C,EQ, is required to form viscoelastic
micellar solution. This is attributed to the higher inter-
facial curvature of the aggregates because of a longer
EO chain length. It is interesting to note that despite the
large head group of the PhyEQ,,, which tends to main-
tain a curved interface, the one-dimensional micellar
growth occurs. It is probably due to the branching of
the alkyl group as well as the rigid skeleton of the
lipophilic part, which create a hindrance in the packing
of the surfactant in the spherical aggregate. With further
addition of C;,EQ,, a phase separation occurs, with the
formation of turbid solution of vesicular dispersion
coexisting with the micellar phase. Upon adding
C,EQ, to the liquid crystalline phases formed in the
binary system, the interfacial curvature decreases and
the domains of the liquid crystals extend to the water-
rich region. The H;-domain extends over wide range of
composition, which arises as a result of a mutually
compensating contribution of the rigid and branched
lipophilic chain and the considerably big head group
toward the interfacial curvature. It is interesting to note
that the H; domain approaches the high-viscosity region
of the W, phase composed of the worm-like aggre-
gates, where the formation of cylindrical aggregate is
highly favorable. Successive addition of C,EQ, to the

¥ CppEOy

Fig. 7 Phase Diagram of PhyEQO,,/C,,EO,/Water Sys-
tems at 25°C. The phase notations have usual
meaning, as mentioned in Fig. 1 and 6. The
shaded area inside the W, domain corresponds to
the high-viscosity region of wormlike micelles.
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H, phase induces a H;-L, phase transformation. At a
very high C,EO, concentration, a reverse micellar (O,,)
solution is formed over a wide range of PhyEO,, con-
centrations. A solid-present (S) phase is observed in the
vicinity of the PhyEQO,,-rich region.

3:3 Phase Behavior of 5% PhyEO,, Aqueous
Solution

The effect of the variation of the hydrophilicty or
EO-chain length of the PhyEO,, on the phase behavior
is shown in the phase diagram of 5% PhyEQO,, aqueous
solution (Fig. 8). The surfactants with average EO num-
ber < 8 are too lipophilic to form a single-phase system
in the aqueous system. Hence a phase separation occurs
at all temperatures. With higher EO-number, surfactant
forms normal micellar aggregates. The two-phase and
single-micellar phase region is separated by a narrow
region consisting of liquid crystals. The PhyEO,, sur-
factants with intermediate EO number (11 << m < 16)
form a viscoelastic micellar solution of worm-like
micelles at high temperatures. Progressive dehydration
of the EO-chain with increasing temperature reduces
the interfacial curvature of the aggregate, and conse-
quently, induce sphere-rod transition in micellar shape,
or, induce one-dimensional micellar growth if the
aggregates are rod-like. It is interesting to note that the
formation of worm-like micelles is a result of an intrin-
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Fig. 8 Phase Diagram of 5%PhyEO,, Aqueous
Solution as a Function of the Number of
EO-unit in PhyEO,,. LCP is the liquid-
crystal-present region.
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sic balance between the hydrophilicity and lipophilicity
of the surfactant. When the surfactant is lipophilic, the
interfacial curvature decreases too rapidly, and a growth
of the aggregate occurs in two-dimension, i.e., a lamel-
lar-like aggregate is formed. With the strongly
hydrophilic surfactant, on the other hand, the interfacial
curvature decreases slightly and the micellar growth
cannot be induced.

4 Conclusion

Due to presence of rigid and bulky lipophilic sterol
group, Ethoxylated phytosterol surfactants (PhyEO,,)
show unique phase behavior in presence of water and
water/cosurfactant. Due to the packing constrain
induced by sterol, sphere-rod transition and one-dimen-
sional micellar growth in dilute micellar solution can be
induced by adding cosurfactant or simply by increasing
the temperature. In the aqueous system of hydrophilic
surfactant PhyEO,,, W, micellar cubic and hexagonal
phases are formed which is attributed to the large head
group. In aqueous PhyEO,, system, however, the W,
an optically anisotropic liquid crystal (X) phase consist-
ing of rodlike aggregates of non-spherical cross section
and lamellar (L,) phase are formed successively with
increasing surfactant concentration. Upon addition of
C,EQ;, to the liquid crystalline phases formed in the
binary systems, the L, phase is formed. In the lipophilic
PhyEO,, surfactant C,EOQ,/water system, the X-L,
phase transformation occurs via rectangular ribbon
phase composed of rodlike aggregate.
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