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The phase behavior of some sucrose esters in water
and n-decane is reported. The type of liquid crystal
formed and the extent of a particular phase region are
correlated with the hydrocarbon chain length of the
fatty acid.

Sucrose surfactants are widely used as emulsifying
agents and detergents. Like other nonionic surfactants
with water micelles are formed and lyotropic liquid
crystals at higher concentrations. Some nonionic com-
pounds which form lyotropic crystals, however, do not
form thermotropic liquid crystals when heated in the
pure state, but melt to form a truly isotropic liquid.
Pure monoglycerides (1) and the n-alkylpolyoxyeth-
ylene monoethers (2) are examples exhibiting this type
of behavior. It has been reported recently that curtain
alkyl glycosides and 1-thioglycosides (3} display ther-
motropic liquid crystalline behavior between room tem-
perature and their melting points. In this work a num-
ber of sucrose esters have been investigated in the
pure state and in the presence of aqueous and nonaque-
ous solvents. They display lyotropic properties in both
water and n-decane as well as thermotropic properties
in the anhydrous state.

There are three well-established classes of lyotro-
pic liquid crystalline phase; these are lamellar, hexago-
nal and cubic. In the lamellar-phase (L,) surfactant
molecules are arranged in bilayers separated by sol-
vent layers. A lamellar structure with ‘‘solid-like”” chains
may occur at temperatures below the lamellar phase
region; this is termed the lamellar gel phase and desig-
nated Lg. There are two well-established classes of
hexagonal phase structures, the hexagonal phase and
the reversed hexagonal phase. The hexagonal phase
{H,) consists of rod-shaped micelles packed in an hex-
agonal array with the polar head groups in contact
with the continuous polar phase, whereas in the re-
versed hexagonal phase (H,) the hydrocarbon chains
occupy the spaces between hexagonally packed cylin-
ders of solvent. Cubic phases, in contrast to the lamel-
lar and hexagonal phases, are isotropic and not birefrin-
gent when observed between crossed polars. Two dif-
ferent classes of cubic phase have been identified. The
I type occurs at compositions between a micellar solu-
tion (L,) and the hexagonal (H,) phase; this consists of
an ordered packing of spherical micelles and is desig-

*To whom correspondence should be addressed.

H,, hexagonal phase; H,, reversed hexagonal phase; I;, cubic
phase of close-packed spherical micelles; L;, water continuous
isotropic phase of low viscosity; Ly, hydrocarbon continuous
isotropic phase of low viscosity; L, lamellar phase; Lp, gel phase;
V), normal bicontinuous cubic phase; V,, reversed bicontinuous
cubic phase; S, solid phase; T;, temperature at which the disap-
pearance, on slow heating, of last trace of solid occurs; T, tem-
perature of formation of a liquid isotropic to polarized light.

nated I,. The second (V) class is considered to be a
“bicontinuous’” network; it occurs between L, and H;
and is designated V,, and as the reversed ‘‘bicontinu-
ous” phase it occurs between L, and H, and is desig-
nated V,.

EXPERIMENTAL

The sucrose esters were prepared using a transesterifi-
cation procedure from sucrose and methyl laurate or
oleate and purified by liquid chromatography (4,5).
Purity was estimated by gas and thin-layer chroma-
tography as >99.5%. The esters as prepared are mix-
tures of isomers; the sucrose molecule is most readily
esterified at the primary hydroxyl groups at the 6,1
and 6 positions; the 6 and 6 positions are more reac-
tive than the 1’ position (4). GLC and NMR on methyl-
ated derivatives of the monoesters showed that the
isomers 6':6:1" were present in the proportions of 6:3:1.
Sucrose monotallowate was prepared by purifying com-
mercial sucrose tallowate (Tate and Lyle Industries Ltd.,
Reading, U.K.) using silica gel column chromatography
(5). All reagents and solvents used were AR grade.

Phase structures were identified by polarizing mi-
croscopy using a Leitz microscope with fitted hot-
stage. Hexagonal and lamellar phases were identified
by comparing their textures with literature photomi-
crographs (6) and by their characteristic conoscopic
figures. Cubic phases and micellar solutions may be
distinguished by large differences in viscosity and re-
fractive discontinuity. Phase structures were confirmed
using low angle X-ray diffraction and bilayer thick-
nesses obtained for the lamellar phase. Differential
scanning calorimetry (DSC) was used to confirm the
transitions observed by optical microscopy.

Phase diagrams were determined by measurements
on 40-50 binary mixtures. Homogeneity was attained
using a vibromixer for the lower concentrations and
repeated centrifugation through a narrow constriction
for more concentrated samples. The phase behavior
was observed between cross polars both for heating
and cooling cycles of the sealed, stirred samples in a
water bath. Phase boundaries are accurate to better
than +2% (by wt) and £2 C. The phase sequence in
the more complex regions of the phase diagram was
checked by the microscope penetration technique.

RESULTS

The thermotropic transitions of the sucrose esters are
reported in Table 1. With the exception of sucrose
monooleate and dioleate all the esters possess a crys-
talline phase at 20 C. Microscopic observations show
that at room temperature sucrose monolaurate is a
white, apparently crystalline solid; at 55 C definite loss
of birefringence occurs and a rigid gel-like phase is
formed. Mosaic textures of the lamellar phase were
observed above 138 C. A DSC scan showed a small
transition at 55 C (0.4 kJ mol-1). X-ray data at 21 C and
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TABLE 1

Transition Temperatures of the Sucrose Esters

Transition temperature (°C)

Solid-Lg LgLgy L,-Isotropic liquid
Sucrose monolaurate 55 138 163
Sucrose monooleate 334 94 154
Sucrose dilaurate 38 81 156
Sucrose dioleate — 52 89

“Semi-solid.

60 C were consistent only with a layer structure. At
21 C there was a strong first order spacing at 37 A and
a weaker second order at 18.5 A; the weakness of the
second order could indicate a lack of crystallinity or
thermal motion. At 60 C the pattern was unchanged
except that the second order peak had vanished, indi-
cating either further thermal motion or decreased crys-
tallinity. Pulsed NMR data showed more thermal mo-
tion than usual. At 26 C there were two different pro-
ton mobilities; this is probably indicative of different
mobilities of headgroups and tails as the ratio of the
peaks representing wt% is 1:1 and independent of tem-
perature (protons of headgroups to tails are approxi-
mately equal). The actual mobilities were unusual; the
tails appeared to be mobile as in a gel, while the
headgroups were less mobile, indicating that an ex-
tremely mobile solid is most likely. Two mobilities
were found at 60 C; at this temperature the headgroups
had the mobility of a gel, whereas the tails were more
mobile than a gel, but less mobile than in a liquid
crystal, indicating a highly mobile gel phase. Ther-
mogravimetric analysis showed that the apparent on-
set of thermal degradation was 179 C for the monolau-
rate and 181 C for the monoleate, but in all cases a
darkening in color occurred between 110 and 120 C.
Below 60 C the X-ray, DSC and NMR results for the
monolaurate are consistent with a layer structure. The
enthalpy of the transition at 55 C is small for a solid
to gel transition and indicates that the solid is already
of high energy; probably disordered solid (rotator phase)
to gel (Lg) occurs at 55 C. Sucrose dilaurate shows
similar behavior.

Sucrose monooleate is a semisolid of stiff consis-
tency, which has a transition at 33 C to form the
gel-like Lg phase. X-ray data confirm a layer structure
of 43 A; NMR and DSC data indicated a less-ordered
low temperature structure. Optical microscsopy of the
dioleate at room temperature shows lamellar textures
although the viscosity is too high for this phase, but
by 55 C the viscosity has decreased and this, together
with the textures, indicates the L, phase. Pulsed NMR
data are consistent with a mobile gel phase at 26 C and
a lamellar phase at 60 C. No sign of a solid to gel
transition was observed in the region -50 C to 20 C,
indicating that the gel phase exists to below -50 C. A
very broad peak indicated that the gel to L, transition
was gradual and took place over a wide temperature
range. A small endothermic peak at 89 C gave an en-
thalpy of 0.85 kJ mol-! for the L, to isotropic liquid
transition.
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Sucrose monolaurate + water. Sucrose monolau-
rate is very soluble in water and forms the L, phase to
fairly high surfactant concentrations (Fig. 1). At greater
than 30 wt% mixtures show streaming birefringence.
Above 57 wt% at 20 C an optically transparent viscous
phase, LC2, is formed which is highly birefringent. A
freshly sheared preparation exhibited nongeometric tex-
tures typical of the H, phase, changing to angular
fan-like textures on raising the temperature and re-
maining stable on cooling. Conoscopic observations
gave a flash figure, but it was not possible to deter-
mine the optic sign. Low angle X-ray confirmed the
hexagonal phase. Compositions greater than 82% were
viscous semisolids at 20 C. Above 55 C some homeotro-
pic alignment occurred. Freshly sheared samples gave
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FIG. 1. Phase diagram of the sucrose monolaurate + water
system over the temperature range 0-100°C. Dotted lines indi-
cate boundaries not determined accurately.
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FIG. 2. Phase diagram of the sucrose monooleate + water sys-
tem over the temperature range 0-100°C.

primitive textures similar to the mosaic textures of the
lamellar phase; conoscopy identified the phase as uniax-
ially positive. Compositions above 87 wt% of this gel
phase (Lg) changed to the LC1 phase on heating, iden-
tified as Famellar, Lg.

Sucrose monooleate + water. Sucrose monooleate
possesses high water solubility, up to 39 wt% at 20 C,
and an extensive L, region was observed (Fig. 2); com-
positions from 21-39 wt% showed streaming birefrin-
gence. On increasing the surfactant concentration, af-
ter a small two-phase region (~ 3 wt%), a highly vis-
cous brightly birefringent phase (LC2) was found, which
displayed fan-like textures; conoscopy gave a ‘‘flash
figure” of negative optic axis. LC2 was identified as
the hexagonal, H,, phase. At higher surfactant concen-
trations, a highly mobile phase (LLC1) was found which
displayed textures typical of the lamellar phase (oily
streaks and mosaic textures) and gave a positive uniax-
ial interference figure. Sandwiched between the LC1
and LC2 birefringent liquid crystalline phases at inter-
mediate compositions, a non-birefringent phase of stiff
consistency (LC3) was present. Conversion from LC2
to LC3 was extremely slow, sometimes taking many
hours to complete. From the position of L.C3 on the
phase diagram, its highly viscous nature and that it
was isotropic between crossed polars, LC3 was inferred
to be the viscous isotropic phase V.

Sucrose dilaurate + water. Pure sucrose dilaurate
is a white waxy solid, sparingly soluble in water; a
narrow L, region occurs adjacent to the temperature
axis (Fig. 3). Compositions up to 74 wt% exist as two
phases in equilibrium over the temperature range in-
vestigated. Between 74-88 wt% at 20 C a single opti-
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FIG. 3. Phase diagram of the sucrose dilaurate + water system
over the temperature range 0-100°C.
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FIG. 4. Phase diagram of the sucrose dilaurate + n-decane sys-
tem over the temperature range 0-1060°C.

cally transparent highly birefringent phase of low vis-
cosity (LC1) is present. This showed the oily streaks
and mosaic textures of the lamellar phase, and its
designation as L, was confirmed by conoscopy and low
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FIG. 5. Phase diagram of the sucrose dioleate + n-decane system
over the temperature range 0-100°C.

angle X-ray diffraction. The gel phase, previously de-
scribed, was present at surfactant concentrations greater
than 90 wt%.

Sucrose dilaurate + n-decane. Sucrose dilaurate is
sparingly soluble in n-decane at 20 C (0.09 % by wt),
and the L, region is very narrow over the temperature
range investigated (Fig. 4). Up to 63 wt%, two phases
coexist; the lower phase is highly mobile and anisotro-
pic. Above 64 C, two immiscible isotropic phases coex-
ist (L, and LC4). At 20 C compositions between 63-85
wt% form a single highly birefringent liquid crystal-
line phase of low viscosity, displaying a mixture of oily
streaks in a planar matrix and a mosaic texture. A
positive uniaxial interference figure together with the
observed textures indicated the L, phase, confirmed
by X-ray analysis. Above 64 C, the L, phase started
to form the isotropic LC4 phase, designated V,. A
phase adjacent to the surfactant axis displayed the
characteristic properties of the gel phase, Lg.

Sucrose dioleate + n-decane. Sucrose dioleate is
very soluble in n-decane, and a large region of continu-
ous isotropic phase, L,, was observed (Fig. 5). At 20
C, the first phase change occurred at 72 wt% and
birefringence was detected. After a small two phase
region (~ 2 wt%) a single highly birefringent phase
occurred (LC1); this was optically transparent, pos-
sessed low viscosity and had a uniaxially positive in-
terference figure. It was confirmed as L, by low angle
X-ray. The gel phase, Lg, was present at high surfac-
tant compositions.

Sucrose monotallowate + water. Sucrose monotal-
lowate has the fatty acid profile: 35% oleic, 31% palmi-
tic, 26% stearic, small amounts of palmitoleic and lino-
leic acids. At ambient temperatures it is a white pow-
der. Figure 6 shows the observed macroscopic changes.
A Krafft boundary is indicated at 39 C. Below this
temperature the surfactant is only slightly soluble and
a two phase region occurs up to a concentration of 27
wt%; above this a hydrated solid phase is formed.
Above the T¢ line at 39 C, a single isotropic phase is
formed at compositions up to 54 wt%; mixtures be-
tween 18 and 54 wt% exhibit streaming birefringence.
On increasing the surfactant concentration, after a
small two-phase region, an anisotropic phase, LC1, of
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FIG. 6. Phase diagram of the sucrose monotallowate + water
system over the temperature range 0-100°C.

low viscosity appears displaying oily streaks and mo-
saic textures. Conoscopic observation showed the phase
to be uniaxially positive, and it was identified as the
lamellar phase, L,. Further increase in surfactant con-
centration gives a highly viscous phase of low birefrin-
gence, displaying the mosaic textures of the LC1 phase.
This phase was designated as the gel phase, L. DSC
scans of 34, 67, 80 and 100 wt% compositions all showed
a broad endothermic peak between 22 and 45 C.

The high Krafft temperature for sucrose monotal-
lowate suggests the presence of some diester; that 5%
of diester is present was confirmed by GLC. However,
above the Krafft temperature the solubility is greater
than would be expected from the anticipated phase
behavior of the pure components, suggesting that mixed
micelle formation is advantageous.

DISCUSSION

Sucrose monolaurate and sucrose monooleate show analo-
gous thermotropic behavior to octyl, nonyl and decyl
B-D-glucopyranosides (3). Crystals of the latter have a
transition to an “intermediate’’ phase at temperatures
from 57 to 68 C, and to a “smectic”’ liquid crystal
phase from 68 to 72 C, which melts to form the iso-
tropic liquid at temperatures from 110 to 133 C. The
dialkyl esters by analogy with ionic surfactants would
be predicted to form L,, V, or H, mesophases. Aque-
ous solutions of the dialkyl polyoxyethylene surfac-
tant, (C,;H,,),CHCH,(OCH,CH,),,OH, show an exten-
sive L, phase changing to V, above 91 C in contrast to
the predicted extensive H; phase, with possibly some V,,
for C,,H,(OCH,CH,),,OH (7). Sucrose dilaurate and
dioleate show lower transition temperatures both for
the Lg to L, and the Ly to isotropic liquid transitions
than the monoalkyl esters. With water, sucrose dilau-
rate shows a more extensive L, phase and no sign of
the hexagonal phase exhibited by the monolaurate.
However, the V, phase is found only by adding decane.
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The factors determining the effect of headgroup
size and alkyl chain length on the type of mesophase
expected may be deduced from a consideration of those
governing micelle shape (8). Possible micelle shapes
are spheres, rods or discs. The volume per alkyl chain,
v, surface area per chain, A, and the longest extension
of the alkyl chain, 1¢, are related by

A, > 3v/l, (sphere)
A, > 2v/1, (rod)
A, > v (disc)

Taking 1/A = 1.5 + 1.265 n¢, where n¢ is the number
of carbon atoms embedded in the micelle core (no =
11 for sucrose monolaurate) (9) and calculating v from
the density of undecane (10), then the limiting values
for sucrose monolaurate are

A, > 68.6 A2 (spheres)

68.6 A2 > A, > 45.7 A% (rods)
45.7A% > A, > 22.9 A% (bilayers)
22.9 A2 > A, (reversed phases)

Thus, for the mesophases transitions would be expected
in the order cubic (I,)-hexagonal (H,)-cubic (V,)-lamellar-
reversed phases.

If micelles are considered as hard-core particles,
then packing constraints will determine the phase tran-
sitions. As the volume fraction of micelles is increased,
so order/disorder transitions will be observed. Spheri-
cal micelles will pack into a cubic array, while long
rod-shaped micelles will form a hexagonal array. The
limiting volume fractions are 0.74 for face-centered
cubic and 0.91 for a hexagonal phase. Discotic micelles
will form the lamellar phase, but as this phase does not
require the presence of solvent, the transition can take
place between a volume fraction of zero and one. The
actual volume fractions for order/disorder transitions
are found experimentally to be in the range 0.7-0.8 of
the close-packed values. These considerations do not
take into account the fact that in reality there is a
soft-core repulsion between micelles and also that the
micellar aggregation number will affect the Gibbs en-
ergy of the system. However, the phase diagrams are
consistent with the general picture outlined above. Sur-
factant-rich isotropic solutions of both the monolau-
rate and the monooleate show streaming birefringence,
which is considered to indicate the presence of long rod
micelles and herald the onset of the hexagonal phase
(8). The isotropic phase of sucrose monotallowate also
shows streaming birefringence, but no hexagonal phase
was detected.

For the polyoxyethylene surfactants, C H,, .,
(OCH,CH,),,OH, (C,EO,), the effect of increasing the
alkyl chain length, n, for given headgroup size, m, can
be studied in their phase diagrams with water (7). Thus,
in the temperature range 0 to 30 C, whereas a small
H, region is shown by C,;EQ,, a much larger region of
H, is found for C,(EQ,, and for C,,EQ, large areas of
H, and L, (with a small area of V, cubic sandwiched
between) are shown. Similarly, C,,EO, exhibits H,, V,

and a small region of L, phase, whereas C,;EO; shows
H,, V, and a large region of L, in the same temperature
range. Similarly, sucrose laurate forms a more exten-
sive H, region than the oleate of longer alkyl chain
length. However, for the monoglycerides, increasing
the length of the alkyl chain apparently decreases the
stability of the lamellar phase (1). Over the tempera-
ture range 40 to 100 C, the viscous isotropic phase
appears with increasing temperature for monostearin,
whereas it is not shown by monolaurin, and monoolein
shows both a viscous isotropic and a small hexagonal
region as temperature increases, but these may be the
reversed cubic, V,, and reversed hexagonal, H,, phases.
Most of the C_LEQ,, series show a lower consolute tem-
perature, implying that the headgroup hydration de-
creases with increasing temperature for a given alkyl
chain length; this would favor the lamellar phase at
higher temperatures, and this is supported by the phase
diagrams (7). The sucrose surfactants showed no sign
of a cloud point in the temperature range studied con-
sistent with the strongly hydrophilic character of the
sucrose head group. For the sodium soaps, as the alkyl
chain length increases, the L,/H, and H,/L, transitions
move to lower surfactant concentrations as exempli-
fied by sodium laurate and stearate (octadecanoate)
(10,12); however, although this is also true for sodium
oleate (cis-9-octadecanoate), the transitions are much
closer to those of the laurate, and the upper stability
limit of the L, phase is some 40 C lower.
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