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Thermotropic and lyotropic phase behaviour

of monoalkyl glycosides

by P. SAKYA² , J. M. SEDDON*

Department of Chemistry, Imperial College, Exhibition Road, London SW7 2AY,
U.K.

and V. VILL

University of Hamburg, Institute of Organic Chemistry, Martin-Luther-
King Platz 6, D-20146 Hamburg 13, Germany

(Received 27 March 1997; accepted 12 April 1997 )

We have studied the thermotropic and lyotropic phase behaviour of seven monoalkyl
glycosides using polarizing microscopy, di� erential scanning calorimetry and X-ray di� raction.
The phase behaviour of these non-ionic surfactants is compared with that of two previously
studied monoalkyl glycosides [1]. We have found that small modi® cations in chemical
structure can lead to large changes in the phase behaviour. The results reveal the e� ect of
changes in alkyl glycoside chemical structure on the phase behaviour, in particular, on the
melting point, the clearing point, the solubility in water, and the extent of the lamellar and
curved phases. Seven out of the nine surfactants were found to exhibit thermotropic
mesomorphism. Furthermore, in the presence of water, three formed lamellar (L

a
), type I

cubic (QI ) and type I hexagonal (HI ) phases, two formed lamellar and cubic phases, and two
formed only lamellar phases. The cubic phase in each case was indexed, either from powder-
like or monodomain samples, as spacegroup Ia3d. The lowest order low angle X-ray spacings
were found to lie on single, continuous lines with varying water content across the L

a
, QI

and HI phases, implying epitaxial relationships between these phases at the phase boundaries.

1. Introduction b-C8Glc. The b̀ ’ denotes that the chain group is equator-
A study of the phase behaviour of two monoalkyl ial to the sugar ring, whereas an à’ would indicate that

glycosides, n-octyl 1-O-b-d-glucopyranoside and its thio the chain group is axial to the sugar ring; the C8 denotes
derivative n-octyl 1-S-b-d-glucopyranoside, has previ- the presence of an alkyl chain with eight carbon
ously been published [1]. In this paper we have studied atoms; the `Glc’ denotes a glucopyranoside head group.
seven other monoalkyl glycosides, all of whose structures Similarly, F̀uc’ stands for fucopyranoside, `Man’ for
can be considered to be based on that of n-octyl 1-O-b- mannopyranoside, and `Gal’ for galactopyranoside. A
d-glucopyranoside. By comparing the phase behaviour t̀hio’ is added if the atom linking the sugar head group
of all nine molecules we hope to gain a more thorough to the alkyl chain (the bridging atom) is sulphur rather
understanding of the relationship between molecular than oxygen (e.g. thio-b-C8Glc).
structure and phase behaviour. All the compounds studied here are based on a

Figure 1 lists the chemical structures of all nine sur- pyranoside ring of ® ve carbons and an oxygen, linked
factant molecules. A variety of di� erent nomenclatures to an alkyl chain by either an oxygen or a sulphur atom.
has been used previously for the alkyl glycosides. For The glucose, fucose and galactose rings di� er in the
example, the name of the compound n-octyl 1-O-b-d- precise arrangement of the substituents at di� erent sites
glucopyranoside has been variously abbreviated to bOG on the ring. All of the compounds contain hydroxyl
[1, 2], OOG [3] and C8G1 [4]. In order to indicate all groups bonded to C2, C3 and C4 on the sugar ring. On
the aspects of the chemical structure which will be the glucopyranoside ring all these hydroxyls are equator-
studied in this paper, we will use the new abbreviation ial. In the fucopyranoside and galactopyranoside rings

the OH group on C4 is axial, while the others are
² Current address: Unilever Research, Port Sunlight

equatorial. In the mannopyranoside ring the C2Laboratory, Quarry Road East, Bebington, Wirral, Merseyside
hydroxyl group is axial while the others are equatorial.L63 3JW, U.K.

*Author for correspondence. In the case of the glucopyranosides, the mannopyranos-
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410 P. Sakya et al.

Figure 1. Chemical structures of the nine monoalkyl glycosides. Note that the fucopyranosides studied were actually the l-
isomers, but are shown here in the d-con® guration to emphasize their structural relationships to the other alkyl glycosides.

ides and the galactopyranosides, there is an equatorial compounds studied here, the sugar group was in the d-
con® guration, apart from the fucopyranosides, whichCH2OH group on C5 of the sugar ring. In the fucopyr-

anosides this is replaced by an equatorial CH3 group. were the l-isomers.
There has been a rapid growth in the study of glycosideWith the exceptions of a-C10Man and a-C12Man, the

alkyl chain is always eight carbons long. For all the surfactants as liquid crystalline mesogens in recent years.
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411Alkyl glycoside phase behaviour

Alkyl glycosides constitute a large class of thermotropic and lyotropic phase behaviour of b-C8Glc and its thio
derivative thio-b-C8Glc in water [1]. Dry b-C8Glc wasliquid crystals. The growth of research in this ® eld over

recent years has been extensively reviewed [5 ± 7]. A found to form a crystalline lamellar Lc phase with a
layer spacing of 29 3́ AÊ which is stable up to 69 ß C, andnumber of cyclic and acyclic glycosides with single n-

alkyl or n-acyl chains of more than six carbon atoms a smectic Ad phase which is stable up to 107ß C and
whose layer spacing ranges from 25 6́ AÊ (70 ß C) to 25 3́ AÊare known to form smectic, probably Ad (interdigitated

bilayer), phases. (105ß C). We con® rmed the results of Chung and Je� rey
[2] that b-C8Glc forms the lamellar, cubic and hexa-The thermotropic properties of b-C8Glc have been

studied by several authors. Goodby [8] studied aligned gonal phases, but we found that the cubic phase is of
space group Ia3d, not Fm3m as they had reported.samples of the liquid crystalline mesophase and con-

cluded that it is likely to be of the smectic Ad type. The The Lc phase of dry thio-b-C8Glc was found to be
stable up to 42 ß C, with a layer spacing of 32 3́ AÊ , whereasthermotropic phase behaviour of binary mixtures of the

a and b-glucopyranosides has also been studied, and the the smectic Ad phase is stable up to 126ß C and has a
layer spacing of 26 2́ AÊ . Thus the smectic phase of thio-two anomers compared [9]. A summary of the thermo-

tropic transition temperatures of a number of single- b-C8Glc exists over a much wider temperature range
than that of b-C8Glc. We found that thio-b-C8Glc alsochain alkyl glycosides has been given by Vill et al. [10].

The thermotropic behaviour of a related class of amino forms the lamellar and Ia3d cubic phases in water, but
no hexagonal phase.linked compounds including the n-alkyl 1-amino

b-d-glucopyranosides has also been published [11]. Our results for the b-C8Glc/water system have recently
been con® rmed by Nilsson et al. [4], who reported aMost of the alkyl glycosides that exhibit thermotropic

behaviour also possess lyotropic properties [6, 12], and similar phase diagram, and also concluded that the space
group of the cubic phase is most likely to be Ia3d.much current research is focused on their use as surfact-

ants. For example, n-octyl 1-O-b-d-glucopyranoside is The phase behaviour exhibited by b-C8Glc is quite
similar to that of the polyoxyethylene system C12EO6/frequently used to solubilize membrane proteins

[13, 14]. In addition, a comparison of the surfactant water [20]. The epitaxial relationships in this latter
system have been studied in some depth [21± 24]. Theproperties of glycoside and polyoxyethylene surfactants

[15] has shown that alkyl glycosides possess both main conclusion was that the (0 0 1) planes of the
lamellar phase transform into the (2 1 1) planes of thestronger hydrophilicity and stronger lipophobicity than

equivalent polyoxyethylene surfactants. Moreover, alkyl Ia3d cubic phase, which in turn become the (1 0) planes
of the hexagonal phase. If these epitaxial relationshipsglycosides can be derived from renewable resources and

are more biodegradable than their polyoxyethylene ana- also apply to the b-C8Glc/water system, then one would
expect the d001 spacing of the lamellar phase to be equallogues. The surface activities, biodegradability and anti-

microbial properties of a range of single-chain glycosides to the d211 spacing of the cubic phase, and the d211 cubic
spacing to match the d10 spacing of the hexagonal phase,have been studied [16]. There is thus a large scope for

the use of glycoside surfactants in a broad range at the respective phase boundaries; we found this to be
the case [1].of industrial applications, such as emulsi® cation,

detergency and pharmaceutical formulations. The thermotropic properties of some of the other
seven compounds examined in this chapter have beenTo be usable as surfactants, alkyl glycosides must be

su� ciently soluble in water. Several compounds that previously studied [10], but very little work has so far
been published on their lyotropic phase behaviour. Weform smectic Ad mesophases when dry have, indeed,

been found to form ¯ uid lamellar L
a

phases on the have therefore examined these compounds to determine
their lyotropic phase behaviour, and to compare it withaddition of water. Chung and Je� rey [2] have analysed

the lyotropic properties of a number of n-alkyl pyrano- that of b-C8Glc and thio-b-C8Glc.
sides, and they found that b-C8Glc, in particular, exhibits
a ¯ uid lamellar phase L

a
at low hydrations, and type I 2. Experimental

The alkyl gluco-, galacto- and mannopyranosidescubic QI and hexagonal HI phases at higher hydrations.
On further addition of water a micellar solution is studied here were synthesized by a general procedure

which has been described by Vill et al. [10], and theformed. They identi® ed the space group of the cubic
phase as Fm3m. In addition, Loewenstein et al. [17± 19] fucopyranosides, synthesized according to reference

[25], were a gift from Dr. T. Lindhorst. The productshave used deuterium NMR to study the phase behaviour
of the n-alkyl a- and n-alkyl b-d-glucopyranosides, were found to be > 99% pure by NMR and thin layer

chromatography.including b-C8Glc, both with water (D2O) and also with
several non-aqueous solvents. The ® rst step in analysing the glycoside surfactants

was to examine their thermotropic properties. This wasIn a previous paper, we reported the thermotropic
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412 P. Sakya et al.

done by the use of a Nikon Labophot polarizing micro- images produced could be processed and indexed from
a single computer terminal. The estimated accuracy ofscope with a Linkam heating stage. Thermotropic phase

transition temperatures (estimated accuracy Ô 1 ß C) were the measured layer spacings was Ô 0 5́ AÊ .
measured by both polarizing microscopy and di� erential
scanning calorimetry (Perkin-Elmer DSC-2C). 3. Results

3.1. n-Octyl 1-O-a-d-glucopyranosi de (a-C8Glc)The second step was to analyse the lyotropic phase
behaviour of each alkyl glycoside. A water penetration The crystalline solid n-octyl 1-O-a-d-glucopyranoside

melted at 69 ß C to form a smectic phase which was stablescan was ® rst performed on a sample of the compound,
as described by Chung and Je� rey [2]. In order to up to 116ß C (compared with literature values of 71 8́ ß C

and 118ß C [10]). There was insu� cient sample to takeconstruct detailed phase diagrams of the compounds, a
number of samples of precise composition were prepared. X-ray di� raction measurements, but Dorset [9] gives

values of 19 7́ AÊ for the layer spacing of the Lc phase atThe proportion of water in each sample ranged from
approximately 5 to 40 wt %, and samples were prepared 25 ß C, and 23 3́ AÊ for the smectic phase layer spacing

at 75 ß C.at approximately 3 ± 4 wt % water intervals.
The required amounts of compound and water were a-C8Glc is insoluble in water, so a penetration scan

at room temperature on a sample of the solid surfactantweighed in Lindemann glass X-ray capillary tubes (dia-
meter 1 5́ mm). The uncertainty in the concentration of could not be made. However, when the surfactant was

heated into the smectic phase and water added, a ¯ uidthe surfactant, Dc/c, is estimated to be 1± 2 wt %.
Approximately 7± 12 mg of the compound, in the form lamellar L

a
phase was observed to form.

of a ® ne polycrystalline powder, was added and centri-
fuged to the base of the tube. The required mass of 3.2. n-Octyl 1-O-b-d-galactopyran oside (b-C8Gal)

b-C8Gal di� ers in structure from b-C8Glc only in thatwater was added using a very ® ne glass pipette and
centrifuged down, and the tube was then sealed. the C4-linked hydroxyl group is axial rather than equat-

orial. Nonetheless, this change is su� cient to cause theThe lyotropic phases could be distinguished from each
other by polarizing microscopy. The cubic phase is smectic Ad phase to be stable in a considerably more

elevated temperature range than the mesophase of b-optically isotropic and black, whereas both the lamellar
and hexagonal phases are birefringent. However, the C8Glc. The solid melted at 96 ß C, and the smectic phase

was stable up to 127ß C. This compares with literaturehexagonal phase tends to form much larger domains
than the lamellar phase, and exhibits a characteristic values of 98 3́ ß C and 132 9́ß C [10].

The crystalline lamellar phase of b-C8Gal has a bilayermosaic structure. To distinguish the cubic and micellar
phases, which are both isotropic under the polarizing spacing of 25 1́ AÊ , smaller than the value of 29 3́ AÊ for b-

C8Glc. However, the d-spacing of the b-C8Gal smectic Amicroscope, the shape of the air bubbles trapped within
the phases was examined. Bubbles present in the cubic phase, 25 8́ AÊ , is similar to the corresponding value for

b-C8Glc.phase were f̀rozen’ into ® xed positions and tended to
develop faceting, whereas bubbles in the micellar phase The phase diagram of b-C8Gal is given in ® gure 2. It

is similar to the phase diagram previously found for b-were spherical and free to di� use about. Above room
temperature (22 Ô 1 ß C), points on the phase boundaries C8Glc [1], with the L

a
, QI and HI phases present,

although the cubic phase exists over a slightly narrowerwere found by heating the capillary samples using the
heating stage of the polarizing microscope and observing composition range, and the hexagonal phase is stable to

a higher temperature and over a wider range of composi-any phase transitions.
To observe phase transitions below room temperature, tions. As for the previously studied b-C8Glc system [1],

the cubic phase indexes as space group Ia3d. The biggestX-ray di� raction was used. Samples were cooled by
Peltier temperature control on the X-ray beamline and di� erence between b-C8Gal and b-C8Glc is the much

greater temperature stability of the crystalline lamellarchanges in the di� raction pattern were noted. X-ray
di� raction was also used to obtain layer spacings and phase for the latter system. Even at high hydrations, a

lamellar L
b

gel phase always forms at room temperature,lattice parameters, and to identify the space groups of
the cubic phases. The X-rays were produced by a GX20 and is stable up to 42 ß C. To access the ¯ uid lyotropic

phases of ® xed composition samples, these samples hadrotating anode X-ray generator (Enraf-Nonius,
Netherlands) operating at 30 kV and 25 mA, with a to be heated above 42 ß C, though it was found that when

the samples were cooled back to room temperature100 mm focus cup, and were focused by Franks optics to
a point of dimensions 160 Ö 110 mm2 . This was used the lyotropic phases, especially the cubic phase, often

continued to exist as supercooled phases.in conjunction with a custom-built electronic two-
dimensional CCD detector which allows the capture of The L

a
phase has a d-spacing of between 26 5́ AÊ

(8 wt % water) and 28 2́ AÊ (13 wt % water). The QI phaseX-ray di� raction images in 60 seconds or less. The
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413Alkyl glycoside phase behaviour

Figure 2. Binary phase diagram of
b-C8Gal in water; the dashed
lines indicate regions where
supercooling occurs.

lattice parameter varies between 69 1́ AÊ (15 wt % water) increasing hydration across the three phases, implying
epitaxial relationships between the phases.and 70 8́ AÊ (17 wt % water), and the HI phase lattice

parameter ranges from 34 8́ AÊ (22 wt % water) to 36 7́ AÊ
(32 wt % water). The values for the layer spacings and 3.3. n-Octyl 1-O-a-l-fucopyranoside (a-C8Fuc)

It was found that n-octyl 1-O-a-l-fucopyranoside islattice parameters are close to, but slightly smaller than,
those of the equivalent b-C8Glc phases. The variation insoluble in water at room temperature, and on heating

the solid, it remained crystalline up to 110ß C, at whichof the lowest angle d-spacing with hydration is shown
in ® gure 3. The d-spacing increases smoothly with point a micellar solution formed. No lyotropic liquid

Figure 3. Plot of d-spacing versus
water content at 50 ß C for b-
C8Gal. The L

a
(d001 ), QI (d211 )

and HI (d10 ) phases are repres-
ented by circles, triangles and
squares, respectively. Dotted
lines indicate phase boundaries
at 50 ß C.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



414 P. Sakya et al.

crystalline phases were observed. The layer spacing of spacings of the a-anomers are generally smaller than
those of the b-anomers.the crystalline lamellar phase, at 17 4́ AÊ , is roughly the

length of the a-C8Fuc molecule. This suggests that the Unlike a-C8Glc and a-C8Fuc, a-C8Man was found to
exhibit extensive lyotropic phase behaviour. The binarymolecules pack in monolayers rather than bilayers.
phase diagram is given in ® gure 4. When water is added,
a-C8Man forms a ¯ uid lamellar L

a
phase, a cubic phase3.4. n-Octyl 1-O-b-l-fucopyranoside (b-C8Fuc)

n-octyl 1-O-b-l-fucopyranoside was also found to be and a hexagonal phase. The phase behaviour is similar
to that of b-C8Glc and b-C8Gal, but the cubic phaseinsoluble in water at room temperature, and remained

crystalline on heating up to 73 ß C, at which point a exists over a wider range of hydrations, and at higher
temperatures the region of cubic phase stability is tiltedmicellar solution formed. No lyotropic phases were

observed. towards higher hydrations. Although a monodomain
di� raction pattern of the cubic phase was not obtained,
powder di� raction patterns showed strong Ó 6 and Ó 83.5. n-Octyl 1-O-a-d-mannopyranos ide (a-C8Man)

a-C8Man di� ers in structure from a-C8Glc only in re¯ ections and a medium intensity Ó 14 re¯ ection, which
is characteristic of the Ia3d cubic phase.that the C2-linked hydroxyl group is axial rather than

equatorial. Like a-C8Glc it forms a smectic Ad phase on The lamellar phase has a layer spacing of 24 3́ AÊ . The
lattice parameter values for the QI phase range fromheating. The mesophase exists over a wider temperature

range than for a-C8Glc, with a melting point of 58 ß C, 65 0́ AÊ (14 wt % water) to 68 5́ AÊ (18 wt % water), and
those for the HI phase range from 32 8́ AÊ (22 wt % water)and a clearing point of 132ß C. These ® gures are close to

the literature values of 55 0́ ß C and 133 9́ß C [10]. The to 35 4́ AÊ (30 wt % water). As with the smectic and
lamellar phases, the cubic phase and the hexagonalchange in con® guration of the C2-linked hydroxyl from

equatorial to axial thus appears to stabilize the smectic phase values are both smaller than for b-C8Glc or b-
C8Gal. The variation of d-spacing with hydration, shownphase.

The bilayer spacing of the crystalline lamellar phase in ® gure 5, is roughly linear, gently increasing and con-
tinuous across the phase boundaries, implying epitaxialis 23 5́ AÊ , and that of the smectic phase is 23 1́ AÊ . These

results, plus those for a-C8Glc, show that the layer relationships between the phases.

Figure 4. Binary phase diagram of
a-C8Man in water; the dashed
line indicates a region where
supercooling occurs.
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415Alkyl glycoside phase behaviour

Figure 5. Plot of d-spacing versus
water content at 22 ß C for a-
C8Man. The L

a
(d001 ), QI (d211 )

and HI (d10 ) phases are repres-
ented by circles, triangles and
squares, respectively. The
dotted lines indicate the phase
boundaries at this temperature.

3.6. n-Decyl 1-O-a-d-mannopyranos ide (a-C10 Man) sponds to six independent orders of re¯ ection (because
In order to examine the e� ect of alkyl chain length of the wide range in intensity of the peaks, the 21 peaks

on phase behaviour, the C10 and C12 homologues of a- are not all clearly visible in the print out). The pattern
C8Man, n-decyl 1-O-a-d-mannopyranoside (a-C10Man), corresponds to a section in reciprocal space normal to
and n-dodecyl 1-O-a-d-mannopyranoside (a-C12Man), the [1 1 1] axis of the cubic lattice. Table 1 compares
were also studied. the measured reciprocal spacing for each h k l re¯ ection

a-C10Man formed a smectic Ad phase over a wider with that calculated for an Ia3d cubic lattice with a=
and more elevated temperature range than a-C8Man, 83 2́ AÊ . The ® t between the theoretical and observed
with a melting point of 62 ß C, and a clearing point of spacings is good (note that the agreement between the
149ß C (compared with literature values of 64 7́ ß C and calculated and observed spacings from aligned di� rac-
152 7́ß C [10]) . tion patterns is normally less perfect than that from

The bilayer spacing of the crystalline lamellar phase powder patterns, due to slight misalignment e� ects);
was not totally clear, as a weak inner di� raction ring furthermore, the variation in peak intensity is very
gave a spacing of 22 0́ AÊ , whereas a stronger outer ring similar to that of b-C8Glc [1].
gave a spacing of 27 2́ AÊ . The smectic Ad layer spacing The measured layer spacing for the L

a
phase was

was 26 4́ AÊ , an increase of 3 3́ AÊ over a-C8Man. 28 2́ AÊ , and lattice parameters for the QI phase were in
The binary phase diagram is given in ® gure 6. The the range 76 7́ AÊ (14 wt % water) to 84 9́ AÊ (25 wt %

compound forms an L
a

phase at low hydrations, and an water). The lattice parameter values for the QI phase are
Ia3d QI phase at higher hydrations, with no HI phase the largest for any of the alkyl glycosides studied here,
present. The phase behaviour is very similar to that of being slightly larger than the values for the thio-b-C8Glc
thio-b-C8Glc. In the case of a-C10Man, the QI phase is cubic phase, and 15± 20% larger than the values for the
stable over a slightly wider range of hydrations, and the a-C8Man cubic phase. The variation of d-spacing with
L
a
, QI and Lc phases are all stable to higher temper- hydration, shown in ® gure 8, is again linear, implying

atures. Even at high hydrations the L
b

gel phase was epitaxial relationships between the phases, and increases
stable up to 10 ß C. with increasing hydration.

Figure 7 (a) shows the di� raction pattern of an aligned
a-C10Man/32 wt % water sample. The Bragg peaks are

3.7. n-Dodecyl 1-O-a-d-mannopyranos ide (a-C12 Man)sharp, with little arcing, indicating that this is a well
n-dodecyl 1-O-a-d-mannopyranoside (a-C12Man)aligned sample (close to a monodomain). There is com-

formed a smectic Ad phase over a wider and moreparatively little di� use scatter, indicating that the struc-
elevated temperature range than a-C10Man, with a melt-ture elements within the cubic phase have relatively little
ing point of 67 ß C, and a clearing point of 157ß C (com-displacement disorder [22]. The pattern exhibits 21
pared with literature values of 74 2́ ß C and 161 7́ß C [10]).Bragg peaks which are indexed in ® gure 7 (b) as cubic
Drawing together the results of the three mannopyrano-space group Ia3d (the indexing of monodomain cubic

phases is described in greater detail in [1]) . This corre- side compounds, we see that, as expected, increasing

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
2
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



416 P. Sakya et al.

Figure 6. Binary phase diagram of
a-C10Man in water; the dashed
lines indicate regions where
supercooling occurs.

alkyl chain length stabilizes both the crystalline and Of the nine alkyl glycosides studied, seven formed a
thermotropic (SmA) mesophase, with melting pointssmectic phases.

The bilayer spacing of the crystalline lamellar phase ranging from 42 ß C to 110ß C, and clearing points in the
range 107ß C to 157ß C. Six of these compounds alsoof a-C12Man was 24 8́ AÊ , and that of the smectic phase

was 28 9́ AÊ , an increase of 2 5́ AÊ over its C10 analogue. exhibited lyotropic phase behaviour. For comparison,
® gure 9 shows the previously published phase diagramsIn the presence of water, the chain-melting transition

temperature of a-C12Man fell with increasing water [1] of b-C8Glc/water and thio-b-C8Glc/water, along
with the three phase diagrams presented here ( ® gures 2,content to a limiting value of 43 ß C. Above the chain-

melting transition, it was found to form only the L
a

4 and 6). We can see that the ¯ uid lamellar L
a

phase
occurs in all of the diagrams, the cubic phase is presentphase, but no QI or HI phases. The L

a
layer spacings

ranged from 36 5́ AÊ (30 wt % water) to 39 5́ AÊ (40 wt % in all ® ve diagrams, and the hexagonal HI phase is
additionally present in three of the systems.water).

The single common feature of the ® ve phase diagrams
is that all the curved phases which form are of type I4. Discussion

The results of this comparative study show that even (oil-in-water), because of the large size of the polar head
group relative to the non-polar chain group. But, thisvery small changes in the chemical structure of alkyl

glycosides can produce large variations in their thermo- restriction apart, the variety of phase behaviour pro-
duced is quite large.tropic and lyotropic phase behaviour. In order to aid

comparison, the melting and clearing points of the dry
compounds, plus the highest temperatures to which the 4.1. Thermotropic properties of the dry alkyl glycosides

4.1.1. Melting pointL
a
, QI and HI phases are stable, are given in table 2.

Dashes indicate that the phase does not exist for the The melting transition for each of the dry alkyl
glycosides corresponds to a transition from a crystallinecompound in question. In addition, table 3 lists the layer

spacings of the Lc and SmA phases, and table 4 summar- lamellar phase to a liquid crystalline smectic A phase.
To understand the melting process, we must ® rst examineizes the layer spacings of the L

a
phase and the lattice

parameters of the QI and HI phases. the structures of these phases.
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417Alkyl glycoside phase behaviour

Figure 7. (a) X-ray di� raction pat-
tern for a a-C10Man/32 wt %
water cubic phase sample at
22 ß C. (b) Indexing of the
pattern.

Crystal structure determination is required to reveal
the interactions between molecules in the crystalline
state. The crystal structure of the relatively insoluble n-
octyl 1-O-a-d-glucopyranoside has been obtained

Table 1. X-ray di� raction data for a-C10Man/32 wt % water
[26, 27]. However, it is a source of frustration to us thatat 22 ß C. The sobs are the observed reciprocal spacings and
the crystal structures of all the other glycosides examinedscal are the reciprocal spacings calculated for a Ia3d cubic

lattice with a=83 2́ AÊ . The re¯ ections correspond to the here, in particular b-C8Glc, remain unknown. The high
di� raction pattern shown in ® gure 7. Iobs are the intensities solubility of b-C8Glc means that it has not, as yet, been
observed at the maximum of each peak. If there was more possible to obtain single crystals of su� cient size and
than one Bragg peak per order of re¯ ection, the mean of

quality to enable its X-ray structure to be solved.the peak intensities was taken.
Je� rey has, instead, succeeded in obtaining crystal

sobs scal structures for both a-C8Glc and b-C8Glc from 151
h k l h2+k2+ l2 /10 Õ 3 AÊ Õ 1 Iobs /10 Õ 3 AÊ Õ 1

binary mixtures of the two anomers [28]. The crystal
structure of thio-a-C7Man (n-heptyl 1-S-a-mannopyr-211 6 29 9́ 7347 29 4́
anoside) has also been obtained [29]. In both these220 8 34 7́ 3202 34 0́

321 14 45 0́ 433 45 0́ structures, and indeed in all the other glycoside crystal
422 24 56 4́ 369 58 9́ structures which have been solved, the molecules pack
431 26 61 7́ 599 61 3́ to form head-to-head bilayer structures with interdigit-440 32 75 4́ 418 74 1́

ated chains.
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418 P. Sakya et al.

Figure 8. Plot of d-spacing versus
water content at 22 ß C for a-
C10Man. The L

a
(d001 ) and QI

(d211 ) phases are represented by
circles and triangles, respect-
ively. The dotted line indicates
the phase boundary at this
temperature.

Table 2. Melting points ( Tm ) and clearing points ( Tc ) of the dry compounds, and the
highest temperatures at which the L

a
, QI and HI phases are stable.

Thermotropic
behaviour Lyotropic behaviour

Compound Tm / ß C Tc/ ß C L
a
/ ß C QI / ß C HI/ ß C

a-C8Glc 69 116 Not known Ð Ð
b-C8Glc 69 107 122 62 32
thio-b-C8Glc 42 126 136 68 Ð
b-C8Gal 96 127 136 75 70
a-C8Fuc 110 No thermotropic or lyotropic phases
b-C8Fuc 73 No thermotropic or lyotropic phases
a-C8Man 58 132 140 78 51
a-C10Man 62 149 159 73 Ð
a-C12Man 67 157 166 Ð Ð

Table 3. Thermotropic behaviour; layer spacings of the dry compounds.

Smectic, SmA
Crystalline lamellar, Lc (25 ß C)

Compound d/AÊ d/AÊ T / ß C

a-C8Glc 19 7́a 23 3́a 75
b-C8Glc 29 3́ 25 6́/25 3́ 70/105
thio-b-C8Glc 32 3́ 26 2́ 90
b-C8Gal 25 1́ 25 8́ 90
a-C8Fuc 17 4́ No thermotropic phases
b-C8Fuc Not known No thermotropic phases
a-C8Man 23 5́ 23 1́ 90
a-C10Man 22 0́/27 2́ 26 4́ 90
a-C12Man 24 8́ 28 9́ 90

a Values taken from reference [9].

The arrangement of molecules in the 151 binary and the interdigitated, non-polar chain groups on the
inside. The head groups hydrogen bond both to themixture of a-C8Glc and b-C8Glc ( ® gure 10) [28] is

typical of the crystal structure of monoalkyl glycosides. head groups on the opposing layer, and to adjacent head
groups in the same layer, forming a strong hydrogenBilayers form, with the polar head groups on the outside
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419Alkyl glycoside phase behaviour

Table 4. Lyotropic behaviour; layer spacings of the L
a

phase and lattice parameters of
the QI and HI phases. Measurements were taken at 25 ß C except for b-C8Gal and a-

C12Man, for which they were taken at 50 ß C.

L
a

QI HI

Compound d/AÊ a/AÊ a/AÊ

a-C8Glc Not known Ð Ð
b-C8Glc 26 6́± 29 7́ 73 0́ 38 6́

(5± 19 wt % H2O) (22 wt % H2O) (33 wt % H2O)
Thio-b-C8Glc 27 8́ 74 1́ ± 78 8́ Ð

( 4 ± 6 wt % H2O) (13± 25 wt % H2O)
b-C8Gal 26 5́± 28 2́ 69 1́ ± 70 8́ 34 8́ ± 36 7́

(8± 13 wt % H2O) (15± 17 wt % H2O) (22± 32 wt % H2O)
a-C8Fuc No lyotropic phases
b-C8Fuc No lyotropic phases
a-C8Man 24 3́ 65 0́± 68 5́ 32 8́± 35 4́

(6 wt % H2O) (10± 19 wt % H2O) (22± 33 wt % H2O)
a-C10Man 28 2́ 76 7́ ± 84 9́ Ð

( 5 wt % H2O) (14± 25 wt % H2O)
a-C12Man 36 5́± 39 5́ Ð Ð

(25± 45 wt % H2O)

bonded network. The chain groups are held in place by precisely what these di� erences are. But we suggest that
the decrease in crystal layer spacing may be due to aweaker van der Waals interactions with adjacent chain

groups. When the solid is heated, these chains `melt’, greater degree of interdigitation of the alkyl chains. The
greater the interdigitation, the greater the interactionsdisengaging from the crystal lattice, but hydrogen bond-

ing between the head groups maintains the bilayer between neighbouring alkyl chains and the higher the
melting point.structure, forming a smectic A phase [30, 31]. The alkyl

chains are disordered, and the molecules can rotate
about their long axes. The hydrogen bonding between 4.1.1.2. Chain length

As expected, the melting point increases progressivelyhead groups is dynamic rather than static. It is only at
a much higher temperature, the clearing point, that the in the a-CxMan homologous series (with x=8, 10 or 12)

as the alkyl chain length is increased. This is becausehydrogen bonding is also broken, and an isotropic,
disordered liquid is formed. the longer the chain, the stronger the van der Waals

interactions between them, and the greater is the energyIt is the stability of the crystalline phase relative to
the smectic phase which determines the melting point. required to melt them. A similar increase has been found

for the a-CxGlc and b-CxGlc homologous series [32].There are two main factors which a� ect crystalline
stability and thus the melting point. A slight odd± even e� ect has also been observed for the

a-CxGlc series, with melting points for the even chain
lengths being higher than those for the odd chain lengths.4.1.1.1. Degree of interdigitat ion of the alkyl chains

The melting point of b-C8Gal is 27 ß C higher than that
of b-C8Glc, whereas the melting point of thio-b-C8Glc 4.1.2. Clearing point

The clearing point is determined by the stability ofis 27 ß C lower than that of its oxygen-linked analogue.
Di� erences in the layer spacings of these compounds the smectic phase. We have found three factors which

a� ect the smectic phase stability and thus the clearingimply that their crystal packing di� ers. The lamellar
crystalline Lc phase of b-C8Gal has a smaller layer point.
spacing (25 1́ AÊ ) than that of b-C8Glc (29 3́ AÊ ), whereas
the Lc phase of thio-b-C8Glc has a larger layer spacing 4.1.2.1. Chainlength

As the alkyl chain length increases from a-C8Man to(32 3́ AÊ ). Yet all three molecules have very similar chem-
ical structures ( ® gure 1), and their layer spacings in the a-C10Man and then to a-C12Man, the clearing point

rises from 132ß C through 149ß C to 157ß C. Similarsmectic phase are almost identical (25 8́ AÊ for b-C8Gal,
25 3́± 25 6́ AÊ for b-C8Glc and 26 2́ AÊ for thio-b-C8Glc). It increases are seen for other homologous series [7, 32].

Thus a longer chain length leads to a higher clearingappears that it is the di� erences in crystal packing which
lead to changes in melting point. Without the full crystal point. To understand why this is so, we should remember

that it is the rod-like nature of a molecule which givesstructures of the three compounds we cannot ascertain
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420 P. Sakya et al.

Figure 9. The binary phase dia-
grams in water of b-C8Glc,
thio-b-C8Glc, a-C8Man, a-
C10Man, and b-C8Gal.

it liquid crystalline properties. As the alkyl chain of a ated alkyl chains on the inside. As temperature increases,
the molecules vibrate more and more vigorously, untilglycoside is lengthened, the molecule becomes longer

and more rod-like, and so the smectic phase is stabilized. a point is reached when the vibrations are strong enough
for the molecules to break away from each other, thusFor chain lengths greater than C12 , the situation may

become more complex, with other factors coming into destroying the smectic structure. This is the clearing
point, when the enthalpic cost of breaking the inter-play [33].

The increase in clearing point with chain length does actions between the molecules is met by the gain in
entropy of going from an ordered to a disordered system.also suggest that the alkyl chain groups in the smectic

phase do still retain some degree of interaction with each Hydrogen bonds between the head groups are the
main interactions between molecules in the smecticother. Accordingly, the chain groups should be consid-

ered as p̀artially melted’ rather than completely melted. phase. However, although it is commonly accepted that
intermolecular hydrogen bonding is crucial in determin-
ing thermotropic properties, there has been little progress4.1.2.2. Intermolecular hydrogen bonding

We can now picture the smectic phase as bilayers of in relating thermotropic behaviour to molecular struc-
ture. Van Doren & Wingert [31] suggest that themolecules, with dynamically hydrogen bonded head

groups on the outside, and partially melted, interdigit- hydroxyl groups on the sugar head group serve two
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421Alkyl glycoside phase behaviour

Figure 10. The molecular packing
in the crystal structure of a 151
binary mixture of a-C8Glc and
b-C8Glc; taken from reference
[28].

purposes: the hydroxyls near the end of the head group b-C8Gal has a clearing point of 127ß C, whereas b-
C8Glc has a clearing point of 107ß C. Both moleculesand furthest from the chain group allow the molecule

to hydrogen bond to opposing layers, stabilizing the possess four hydroxyl groups and two ether-linked
oxygen atoms. The only di� erence between these molec-smectic layering, while the hydroxyls on the sides of the

head group and nearer to the chain group serve to hold ules is that the C4-linked hydroxyl group is axial in b-
C8Gal, but equatorial in b-C8Glc. We suggest that thistogether the molecules within each layer. They also

noted that for ® ve acyclic carbohydrates of the same di� erence a� ects the ratio of intermolecular to intramole-
cular hydrogen bonding which takes place. One possibil-chain length, the clearing point rises as the hydrogen

bonding ability of the polar groups increases. ity is that the axial C4 hydroxyl of b-C8Gal sticks out
of the plane of the sugar ring and so is more likely toIn order to understand precisely the hydrogen bonding

that is present in the smectic phase, we need the crystal interact with adjacent molecules, thus increasing the
clearing point. However, it should be pointed out thatstructures of the compounds under study, and also

computer models to help us visualize the complex three- dynamical packing e� ects [10] could also be invoked
to explain this di� erence.dimensional interactions that take place. Without

these, there is only a limited amount we can say about The clearing point of thio-b-C8Glc (126ß C) is also
substantially higher than that of b-C8Glc (107ß C).hydrogen bonding interactions.
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422 P. Sakya et al.

Whereas the bridging oxygen atom in b-C8Glc can four hydroxyl groups, a-C8Fuc and b-C8Fuc both con-
tain only three hydroxyl groups. The presence of theparticipate in hydrogen bonding, the bridging sulphur

atom of thio-b-C8Glc cannot. We suggest that this hydrophobic methyl group on the sugar ring reduces
the hydrophilicity of the head group, and also diminishesdi� erence again a� ects the degree of intermolecular

hydrogen bonding which takes place, although we the di� erence in polarity between the head group and
chain regions.cannot pinpoint the speci® c interactions which are

involved. It is more di� cult to explain why a-C8Man is soluble
in water whereas a-C8Glc is not. Both molecules possessLet us compare these structures with those of a-C8Fuc

and b-C8Fuc ( ® gure 1). Both these molecules have only four hydroxyl groups, and the only di� erence in their
structures is that the C2-linked OH is axial in a-C8Manthree hydroxyl groups, rather than four. Carbon 6 acts

as a hydrophobic methyl s̀pacer’ which repels polar and equatorial in a-C8Glc.
The crystal structure of a-C8Glc has been solvedgroups on adjacent molecules and so reduces the inter-

actions between head groups. The crystal layer spacing [26, 27]. There is a strong hydrogen bonding network
between opposing bilayers. Water molecules areof a-C8Fuc suggests that it packs in monolayers rather

than bilayers. It appears that, in the crystal phase, the attracted into voids between the bilayers and become
part of this hydrogen bonding network. However, therehead groups are insu� ciently polar and the intermolecu-

lar hydrogen bonding interactions are too weak to bring appears to be insu� cient hydrophilicity closer to the
chain group to allow a complete hydration shell to formthe head groups of opposing monolayers together to

form a bilayer structure. Without such a bilayer structure around the head group. Instead, the water molecules
remain trapped in the voids between the bilayers, form-in the crystal phase, the smectic phase cannot be formed.

So at the melting point both the chain groups and the ing a stable crystalline hemihydrate and monohydrate.
In contrast, the axial C2-linked OH in a-C8Man appearshead groups melt, and the solid changes directly into an

isotropic liquid. to modify the crystal structure, allowing a hydration
shell to form around the head group, and thus making
the molecule soluble.4.1.2.3. a- and b-anomers

The a-anomers a-C8Glc and a-C8Man have higher
clearing points than the b-anomers b-C8Glc and b- 4.2.2. Extent of the lamellar and curved phases

In all the lyotropic systems studied, the thermalC8Gal. Table 3 shows that the smectic phase layer spa-
cings of the a-anomers are smaller than those of the b- stability of the ¯ uid lamellar L

a
phase rises when water

is added, up to a maximum at approximately 8 ± 10 wt %anomers. The decrease in the angle of the sugar ring to
the alkyl chain in the a-anomer appears to shorten the water. This is because, at low hydrations, water molec-

ules which are added participate in the hydrogen bond-molecule (compare a-C8Glc and b-C8Glc in ® gure 1).
We suggest that it also, by introducing a k̀ink’ in the ing network between the head groups, strengthening

the interactions between them and thus increasing themolecule, increases the lateral spacing between chain
groups. Whereas in the comparatively ¯ at b-C8Glc struc- rigidity of the lamellar phase.

From table 2 one can see that the stability of theture there is little room for the chain groups to vibrate,
and so they eventually push each other apart and destroy lamellar phase is closely related to the stability of the

smectic A phase. This probably re¯ ects the fact that thethe smectic structure, there is greater space for the chain
groups of the a-anomers to vibrate, and so the smectic two phases have a similar bilayer structure, with partially

melted chain groups. Comparison of the smectic andphase is stable to higher temperatures.
lamellar layer spacings (tables 3 and 4) shows that the
lamellar spacings are similar to, but slightly larger than,4.2. Lyotropic properties

4.2.1. Solubility in water the smectic spacings, owing to the presence of hydrogen
bonded water molecules around the head groups.To have any lyotropic properties at all, a surfactant

must be su� ciently hydrophilic that the head group The extent of curved phases in the phase diagram
depends on the ratio of head group volume to chaininteracts with water. The solvation process involves the

formation of a complete hydration shell around the group volume. The larger the volume of the head group
relative to the chain group, the greater the desire forpolar head group of the molecule. The water is attracted

to polar groups on the head group, in particular the positive interfacial curvature, and the greater the extent
of curved phases.hydroxyl groups. Thus there must be enough hydroxyl

groups to attract the water to the head group, and these If we look at the trend in curvature over the ® ve
phase diagrams ( ® gure 9), we ® nd the following serieshydroxyl groups must be arranged so that the water can

form a complete hydration shell around the head group. (note that a-C12Man forms only the lamellar phase, table
4, and thus has the least interfacial curvature of all ofWhereas all the other glycosides studied here possess
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423Alkyl glycoside phase behaviour

these compounds), with curvature decreasing from left 4.3. Summary
Having analysed qualitatively the factors which deter-to right:

mine the thermotropic and lyotropic phase behaviour
b-C8Gal>a-C8Man>b-C8Glc>a-C10Man> of alkyl glycosides, we now brie¯ y summarize the e� ects

of the various structural modi® cations.thio-b-C8Glc>a-C12Man

This curvature series, with the b-C8Gal/water and a-
4.3.1. a- and b-anomers

C8Man/water systems exhibiting the most curvature and
The smectic and lyotropic phases of the a-anomers

the a-C12Man/water system the least, closely matches
are more thermally stable than those of the b-anomers,

the trend in the molecular breadth/length ratio. The
presumably because the a-anomers have stronger lateral

larger the breadth of the molecule relative to its length,
bonding between the head groups. The a-anomer also

the greater the desire for curvature.
has a larger breadth/length ratio than the b-anomer,

Three compounds exhibited lamellar, cubic and hexa-
and so the desire for positive interfacial curvature is

gonal phases in the same phase diagram. b-C8Gal has
greater.

the largest area of hexagonal phase, stable between 18%
and 37% water (25 ß C) and up to 70 ß C, but a smaller
area of cubic phase, while a-C8Man has a larger area of 4.3.2. Chain length

Increasing chain length leads to a gradually increasingcubic phase and a smaller region of hexagonal phase. In
comparison, b-C8Glc also exhibits both cubic and hexa- melting point and a more rapidly increasing clearing

point, as the molecule becomes more rod-like, stabilizinggonal phases, but the area covered by these phases in
the phase diagram is less. the smectic A phase. Increasing the chain length also

reduces the breadth of the molecule relative to its length,All three molecules have small, n-octyl chains and
large pyranoside head groups. However, in b-C8Glc the reducing the desire for curvature and the extent of

curved lyotropic phases.head group, though large, is fairly ¯ at. In contrast, the
axial, C4-linked hydroxyl group of b-C8Gal both
shortens the molecule and also points outwards from

4.3.3. Bridging atom
the structure, increasing the head group width relative

If the oxygen which links the sugar ring to the alkyl
to b-C8Glc. Likewise, the a-linkage makes the a-C8Man

chain is replaced by a sulphur, the melting point is
head group shorter and wider than the b-C8Glc head

lowered and the clearing point is raised. Because the
group, thus raising the molecular breadth/length ratio,

bridging oxygen in b-C8Glc participates in the hydrogen
and increasing the desire for curvature.

bonding network, it is e� ectively part of the polar head
The predictable decrease in curvature from a-C8Man

group. In contrast, the bridging sulphur in thio-b-C8Glc
to a-C10Man and then to a-C12Man is clearly due to

does not participate in hydrogen bonding and so is part
the increase in alkyl chain length, which makes the

of the non-polar chain group. Thus the thio substitution
molecule more rod-like and so less likely to form

reduces the e� ective size of the head group, and has the
curved phases.

same e� ect on lyotropic properties as increasing the
More surprising is the observation that the lyotropic

chain length by two carbons. The thio derivative has,
phase behaviour of a-C10Man and thio-b-C8Glc is very

consequently, a lesser desire for interfacial curvature.
similar. The phase diagrams of both molecules exhibit
large areas of lamellar and cubic phase, but no hexagonal
phase. Interestingly, the change in phase behaviour on 4.3.4. Number and arrangement of hydroxyl groups in

the sugar ringgoing from b-C8Glc to thio-b-C8Glc is similar to the
change from a-C8Man to a-C10Man. Thus the substitu- If there are too few OH groups on the sugar ring (e.g.

a-C8Fuc and b-C8Fuc) there will be insu� cient intermol-tion of a bridging sulphur (thio-b-C8Glc) for a bridging
oxygen (b-C8Glc) has nearly the same e� ect on lyotropic ecular hydrogen bonding to form a smectic phase, and

the solubility in water will be low. For the molecule toproperties as increasing alkyl chain length by two carbon
atoms. This is probably because the bridging oxygen in be soluble in water, the arrangement of hydroxyl groups

must allow a hydration shell to form around the headb-C8Glc takes part in the intermolecular hydrogen bond-
ing network, is included in the hydration sphere, and is group.

The con® guration of the hydroxyl groups in the ringthus e� ectively part of the head group, whereas the
bridging sulphur in thio-b-C8Glc does not hydrogen can also a� ect the ratio of inter- and intramolecular

hydrogen bonding. The greater the extent of intermol-bond, and so acts as part of the chain group. So, relative
to b-C8Glc, thio-b-C8Glc has both a smaller head group ecular hydrogen bonding, the greater is the stability of

the smectic and lamellar phases.and a longer chain group.
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ides, and compared them with two previously studied L angmuir, 12, 902.

[5] Jeffrey, G . A., 1984, Mol. Cryst. L iq. Cryst., 110, 221.[1] glycoside surfactants. b-C8Glc, b-C8Gal and a-
[6] Jeffrey, G . A., and W ingert, L. M ., 1992, L iq. Cryst.,C8Man exhibit smectic A phases when dry and type I

12, 179.lamellar, cubic and hexagonal phases on the addition of
[7] Prade, H ., M ietchen, R., and Vill, V., 1995, J. Prakt.

water. a-C10Man and thio-b-C8Glc exhibit smectic, Chem., 337, 427.
lamellar and cubic phases, but no hexagonal phase. [8] Goodby, J. W ., 1984, Mol. Cryst. L iq. Cryst., 110, 205.

[9] Dorset, D . L., 1990, Carbohydr. Res., 206, 193.Although a-C8Glc and a-C12Man both form smectic
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