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Universitá ‘‘La Sapienza’’
Roma, Italia

M.G. Bonicelli
Dipartimento I.C.M.M.P.M.
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Abstract The phase diagram of the
binary system composed of octyl-b-D-
glucopyranoside and water was
investigated and the phase boundaries
were determined. Polarising optical
microscopy was used to define the
different phases, proton and
deuterium NMR experiments to
define the region of existence of the
different phases and to obtain
information on axiality and head
group solvation. DSC experiments
were performed to determine the
thermal transitions from solid to
thermotropic liquid crystals for octyl-
b-D-gluco-pyranoside, the related

alkylglucosides or maltosides, and to
gain information on the role played
by sugar units in the thermodynamics
of such phase transitions.
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Introduction

The discovery of the mesomorphic behavior is strictly
related to studies on alkylated carbohydrates. On analys-
ing the extracts from tuberculosis bacteria Koch observed
unusual optical textures of their aqueous dispersions [1],
whereas Fischer observed double melting phenomena in
dry alkylpryanosides [2]. These studies are considered the
first contributions on lyotropic and thermotropic behav-
ior, respectively.

Alkyl glucosides (AGs) are known since long times and
information is available on their thermotropic behavior
[3, 4]. No efforts have been made to link the thermotropic
and lyotropic properties, although these substances form
micelles and lyotropic liquid crystals [5—10].

Concerning the polymorphic behavior of AGs in solu-
tion, the crystalline order in gels and solutions of N-octyl-

gluconamide [9], the mesomorphic phases of N-alkyl
lactosylamines [10] and the phase diagram of octyl-b-
D-gluco pyranoside, OG, and of its thio homologue
have been reported [7, 8]. The solution properties of OG
have been previously reported and information on
micelle formation and aggregate size, shape and hydra-
tion is available [8, 11—14]. Much less known are the
solution properties of its homologues, but studies on solu-
tions of octyl-thio-b-D-gluco-pyranoside, decyl-b-D-gluco-
pyranoside, and decyl-b-maltoside have been recently
performed [15].

Because of their molecular properties, the occurrence
of an hydrogen-bond network between the sugar units is
expected. It stabilizes the thermotropic phases and plays
a role in lyotropic and solution phases. To clarify still open
questions, we report on the phase equilibria for two alkyl
glucosides, a structurally related thioglucoside and a
maltoside.
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Table 1 Thermal dehydration
of glucoside surfactants from
DTA thermograms

Weight % loss Temperature range Weight % loss Temperature range
(K) (K)

Octyl-b-D-glucoside Octyl-thio-b-D-glucoside
0.18 ($0.01) 313—343 0.22 ($0.02) 313—343
0.93 ($0.03) 338—373 1.03 ($0.05) 338—373
1.13 ($0.05) 338—423 1.33 ($0.07) 338—423

97.90 ($0.15)* 423—673

Decyl-b-D-glucoside Decyl-b-maltoside
0.20 ($0.03) 313—343 0.32 ($0.04) 313—343
0.98 ($0.03) 338—373 1.43 ($0.05) 338—373
1.18 ($0.06) 338—423 2.47 ($0.11) 338—423

*Decomposes at 591 K

Experimental

Materials

Octyl-b-D-gluco-pyranoside, OG and octyl-thio-b-D-
gluco-pyranoside, OTG, were from Sigma. Decyl-b-D-
gluco-pyranoside, DG, and decyl-b-maltoside, DM, were
from Fluka. They were free of surface active con-
taminants as inferred by surface tension versus log [m]
plots: no downward inflections were observed at concen-
trations close to the CMC. The surfactants were dried,
since weight losses were observed in thermogravimetric
analysis (Table 1).

Contact with water vapour was avoided and the sam-
ples were stored over P

2
O

5
until use.

Water was doubly distilled over alkaline KMnO
4
,

deionized and degassed: its specific conductance was
+5]10~7 )~1 cm~1 at 298 K. Deuterium oxide, 99.8%
isotopic enrichment, Merck, was used as such.

The samples were weighed in glass vials, flame sealed
and centrifuged before and after sealing. They were kept
inside an air oven at +400 K for some days, centrifuged
back and forth (at 6000 rpm) until no bubbles or macro-
scopic inhomogeneities were observed and stored in a re-
frigerator at 263 K until use.

In isoplethal mode the samples were left to equilibrate
at the required temperature for some minutes, to reduce
the uncertainty in the phase boundaries. Phase transition
temperatures were determined on heating.

Samples investigated by NMR were prepared by
weight in 8 mm £ glass tubes and water was totally
replaced by deuterium oxide on a mole fraction basis.
Samples investigated by 2H NMR contained +50 mg of
D

2
O per gram of sample.
The dry surfactants investigated by DSC were

weighed in aluminium panels, which were immediately
sealed.

Methods

Optical microscopy experiments were performed by a
Leitz Laborlux polarizing microscope, connected to a
Kofler hot stage, and by a CETI Topic microscope
(Antwerp, Belgium) equipped with a CETI heating unit. In
the latter case the working temperature is between 290 and
350 K and the accuracy $0.2 K. Details of the experi-
mental set-up and measuring procedures are reported
elsewhere [16].

Conoscopic investigations were also performed. The
recognition of anisotropic textures was made according to
Rosevear [17].

Visual inspection was performed by a home-made unit,
with adjustable polarizer crossing, or by a thermostatic
glycerol bath equipped with crossed polaroid windows.

Some samples were investigated by the penetration
technique [18]. For this purpose small amounts
(+30—50 mg) of the pure surfactant were put into thin
glass tubes, melted and centrifuged. The waxy solid ob-
tained from the above procedure was put under the micro-
scope and some water (10—50 mg) was stratified by
a microsyringe. The tubes were sealed and allowed to
equilibrate at a given temperature for some minutes: the
different optical textures indicate the phase sequence.

In penetration techniques, long-lasting measurements
and scan of the phase sequence at different temperatures
were avoided. The difference between phase boundaries
obtained on individual samples and by penetration tech-
niques is +3—5 K.

Solidus lines at moderate surfactant content were de-
termined by cryoscopy, on a Knauer unit, equipped with
a digital readout. Details of the apparatus set-up and the
measuring procedures are reported elsewhere [12].

To determine the l@
1
PL

1
phase transition temper-

atures glass tubes for haematology were sealed at one tip
and placed on the top of the liquid crystalline sample. The
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Fig. 1 DTA thermogram of OG
in the range 310—420 K, (A) and
310—870 K, (B) Data are
reported as wt% loss versus
temperature

whole system was heated at the rate of 1—2 K min~1. At
the transition temperature, the small tubes penetrated into
the sample: the accuracy on the transition temperatures
is $2 K.

Deuterium quadrupole splittings were measured on a
Brucker WM 300, between 285 and 370 K. Typical experi-
mental conditions are: transient number 2.000, acquisition
time 50 ms, number of pulses 400, pulse width 22 ks. Fur-
ther details on the measuring procedures have been given
elsewhere [16]. 2H quadrupole splittings, D, in Hz, are the
distances between two adjacent peaks; the accuracy of
D values is to $3%. They were fitted into a general
equation, which assumes water molecules to be rotation-
ally and translationally free, or bound to different binding
sites, according to [19]

D"DP
"
S
"
m
"
D , (1)

where P
"
, S

"
and m

"
indicate the relative weight of

deuterium nuclei in a given binding site, the related bond
order parameter and the quadrupole coupling constant of
bound water molecules, respectively. In Eq. (1) rotationally
free water has zero bond order parameter.

For symmetry reasons, the bond order parameter
of water deuterons in lamellar phases is twice the value
in the corresponding hexagonal phases [20]. Deuterium
NMR spectra indicate that two-phase regions are
narrow.

Conditions for performing proton and carbon NMR
are reported elsewhere [16].

DTA experiments were performed by a TC10-TA unit,
Mettler. The heating rate was 10 Kmin~1 and the air
stream flow 100 mlmin~1. Data are reported in Table 1
and a DTA scan in Fig. 1.

DSC experiments were run on a Perkin-Elmer calori-
meter, mod. DSC 4, whose measuring vessel is thermo-
stated in controlled N

2
gas stream.

Thermal scans were performed at 0.5, 1.0, 3.0, 5.0 and
10 Kmin~1. At 3 Kmin~1 speed the combined uncertain-
ty on transition temperatures and heat effects is at a min-
imum. Data obtained by DSC are reported in Table 2.

Thermal hysteresis was observed in solid—liquid crystal
phase transitions and transition temperatures were differ-
ent in heating and cooling mode [21]. As expected, the
heat involved in the liquid—liquid crystal phase transitions
changes its sign on reverting the scan rate, as indicated in
Fig. 2.

Results

Thermotropic behavior

The transition temperatures and enthalpies of the dry
surfactants are reported in Table 2 and in Fig. 2. Data are
consistent with literature findings [3, 22]. The uncertainty
of ¹ values is 2—3 K, depending on heating rates. ¹ values
in Table 2 were measured at the maximum amplitude,
provided no peak overlapping occurs: otherwise, they were
obtained by signal deconvolution, according to standard
procedures. In this way, the small satellite wings occurring
below and above the liquid crystal melting temperature of
DG, reported in Table 2, have been resolved.

The melting temperature of dry surfactants, ¹
4, -#

, is the
upper limit of the gel to lamellar phase transition. The
enthalpies of liquid crystal melting, *H

-#,.
, at the clearing

point, ¹
#
, are in the range 1—2 kJmol~1. Solid—liquid
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Table 2 Transition temper-
atures and enthalpies of dry
OG, OTG, DG and DM, ob-
tained by DSC

¹ (K) DH (kJ mol~1) ¹ (K) DH (kJ mol~1)

Octyl-b-D-glucoside Octyl-thio-b-D-glucoside
324.8 0.4 (pretransition) 312.5 ($0.4) 30.9 (pretransition)

312.9 20.3 (pretransition)
327.7 0.2 (pretransition) 403.6 1.8 (solid—liq. cryst.)
332.3 10.8 (solid—liq. cryst.) 478 ($2) 13.6 (liq. cryst. melting)
371.9 ($0.5) 1.2 (liq. cryst. melting)

Decyl-b-D-glucoside Decyl-b-maltoside
317.3 13.1 (pretransition) 351.7 ($0.8) 10.9 (pretransition)
337.7 0.88 369.6 9.3 ($1.5) (solid—liq.

cryst.)
347.7 !0.08
349.0 8.59 (solid—liq. cryst.)
363.3 0.12
408.6
409.8 ($1) 1.71 (liq. cryst. melting) 476 ($2) 1.1 (liq. cryst. melting)
415.9

Note: Scan rates of 3 Kmin~1. Unless, otherwise reported, the uncertainty in temperatures is
$0.2 K. The uncertainty in enthalpies is $10% and $5% below and above 2 kJmol~1,
respectively

Fig. 2 DSC thermograms of OG, (A), and DG, (B). The scan rate is
3 Kmin~1. In the inset is reported the inversion phenomenon ob-
served on heating, (up), and cooling, (down), pure OTG. Temper-
atures are in Kelvin

crystal transition enthalpies, DH
4, -#

, at ¹
4, -#

, are close
to 10 kJ mol~1, with the only exception of OTG,
+30 kJ mol~1. No relation has been found between DH

53
,

or ¹
4, -#

values and alkyl chain length. However, a plot of

Fig. 3 Plot of DS
-#,.

, in J K~1, versus the surfactant molecular
weight

the entropy of melting DS
-#,.

, versus the monoglucoside
molecular weight gives a straight line, Fig. 3.

A large thermal hysteresis is associated with these
phase transitions. In some cases it is possible to keep the
thermotropic melts at room temperature for several min-
utes, without occurrence of crystallisation: such an effect is
significant in OG and OTG.

Information from polarising microscopy confirms
DSC findings. No discontinuities were observed in the
transitions from thermotropic to lyotropic phases, in
accordance with studies on fatty acid soaps [23]. In
particular, the anisotropic textures observed in the melts
are similar to those observed in the adjacent lyotropic
phases. Despite their optical activity, no cholesteric tex-
tures were observed.
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Lyotropic behavior

The complete phase diagram of the water/OG system is
reported in Fig. 4. The phase denomination, due to Ekwall
[24], does not refer to any structural detail and is based on
the ‘‘ideal’’ phase sequence of surfactant—water systems
[25, 26].

The phase diagram was drawn by combining informa-
tion from cryoscopy, visual observation, optical polarising
microscopy, penetration techniques and 2H NMR: the
latter method gives information on the coexistence of
different phases (provided the signals of water deuterons
are strong and do not overlap), water binding and other
effects, which will be considered later.

The phase diagram is very similar to that reported by
Sakya [7] and Nilsson [8]. On increasing the surfactant
content, at room temperature, the phase sequence is: solu-
tion region, L

1
; hexagonal mesophase, H; viscous isotropic

phase, I@
1
; and lamellar phase, L. In isoplethic mode the

thermal transitions from liquid crystal to solution phases
were determined (Fig. 5). In particular, the presence of two
phase regions can be inferred from the coexistence of
splitting and single lines (due to the solution) in the spec-
trum of water deuterons.

The solution region extends up to about 60 wt% of
surfactant and samples are characterised by a progressive
increase of apparent viscosity. OG micelles are not spheri-
cal even at concentrations far from the phase boundaries
[11, 14]. Support to this hypothesis came from the line
broadening of proton NMR, ascribed to the progressive
growth of anisometric micelles (Fig. 6). Surfactant self-dif-
fusion has been interpreted by assuming that OG micelles
are rods of small axial ratios [8], in agreement with viscos-
ity [11, 14] and heat capacity data [12].

The hexagonal mesophase exhibits fanlike textures in
optical polarising microscopy and well developed deu-
terium powder spectra. The temperature range where the
H phase exists is small, compared with other surfactants.
Its location in the phase diagram and the absence of
a cubic phase between the solution phase and the meso-
phase support the hypothesis of micellar anisometry.

The viscous isotropic mesophase, I@
1
, is located between

the hexagonal and the lamellar one. At moderately high
temperatures, it is in equilibrium with the micellar solu-
tion: at still higher temperatures, it merges into the solu-
tion. The samples are stiff and transparent. They give well
developed proton NMR spectra (Fig. 6). The chemical
environment sensed by OG molecules in this phase is not
much different from the solution one: unfortunately, NMR
spectroscopy does not give direct information on the self
organisation of OG molecules in that phase [27, 28].

Fontell discussed the structures of viscous isotropic
phases and suggested that they are not always formed by

Fig. 4 Phase diagram of the system water/octyl-b-D-glucopyrano-
side, OG. The symbols mean the following: L

1
, solution phase; H,

hexagonal phase; I@
1
, viscous isotropic phase; L, lamellar phase. The

region below the ¹
,
line represents solid (gel) phases. The amplitude

of the two phase regions was inferred from the occurrence in NMR
deuterium spectra of splittings and isotropic lines; in the cubic phase
the uncertainty on phase boundaries is related to the accuracy in the
determination of the fusion temperature, described in the experi-
mental section. In the inset are reported the boundaries of the
I@
1

phase on heating, full, and cooling, dotted line. The cooling rate is
2 K per hour

spherical units arranged in a cubic array. Accordingly, the
interactions can be averaged, or not, depending on the
space group [29], and the spectral lines large or narrow.
The occurrence of quadrupolar effects in NMR spectra of
such phases is controlled by the aggregate structure and
axiality [30, 31]. In the present case no such effects were
observed. If links between the location in the phase dia-
gram and microscopic structure are accepted, the viscous
isotropic phase should be bicontinuous, i.e. oil and water-
continuous [32]. The Ia3d crystallographic structure, ob-
served by X-ray scattering [7, 8], is in accordance with the
present hypothesis.

A spectacular effect is the possibility of cooling viscous
isotropic samples well below 0 °C, without phase separ-
ation, inset in Fig. 4. The kinetics of phase separation
requires long equilibration times (over three weeks). This is
in line with the statement that isotropic mesophases may
be ‘‘pseudo-stable for a very long time at non-equilibrium
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Fig. 5 Temperature dependence
of deuterium quadrupole
splittings, in KHz, at 291 K (a),
and 293 K, (b) for a sample
containing 59.2 OG wt%,
H phase. At 296 K the
quadrupole splitting dis-
appears. In (c) is reported the
spectrum of a sample containing
84.7 OG wt%, at 313 K,
showing the occurrence of
a second weak splitting

Fig. 6 Proton NMR spectra of 0.56 molal OG solution in D
2
O (a),

and of a sample in the viscous isotropic phase (b), containing
74.1 OG wt%, at 298 K

temperatures’’ [29]. Such effect might be important in
technological applications, for instance, in enzyme trap-
ping and in biochemically relevant processes.

The lamellar phase extends up to the solid phase, or
thermotropic melt, depending on temperature and com-
position. In polarised light it shows oily streaks and mo-
saic textures: it was not possible to distinguish the textures
of the thermotropic melt from those of the lyotropic phase.
At concentrations close to the gel—liquid crystal solidus
line, the occurrence of a (S

1
, C"n/2) disclination [33] was

observed. We do not know the reasons for such a behavior,
presumably due to the nucleation of solid crystallites into
a lamellar domain.

A comparison between the phase behavior of OG and
glucosides was tentatively made by penetration tech-
niques. In the water—OTG system, at room temperature
the observed phase sequence was L

1
PI@

1
PL, in line with

previous studies [7]. In this system a thermal transition
from cubic to lamellar phase occurs.

DG does not form cubic, or hexagonal, phases. The
width of the solution region is difficult to quantify and
experimental evidence on the occurrence of turbid, pre-
sumably biphasic, region was obtained. DM forms hexa-
gonal and lamellar phases, separated by an optically
transparent region.

Discussion

The mesomorphic behavior of aqueous surfactant systems
is controlled by their optimal alkyl chain length, volume
and area per polar head group. The phase sequence fol-
lows the requirements dictated by the R theory [25]
and/or by the packing-constraint one, PC [34]. Such
theories take into account the average interfacial proper-
ties and those of the individual components, respectively.
In both cases the lamellar phase is assumed as a reference
state, because of its zero interfacial curvature. Not all
phase transitions are observed in a given system and
information on the forces driving the surfactant self organ-
ization can be inferred from a comparison of experimental
and predicted trends.

The polar head group plays an important role in the
polymorphic behavior of lyotropic phases. The interac-
tions between water and polar heads depend on the surfac-
tant molecular properties and slight variations control the
phase sequence [35, 36]. Alkylglucosides have bulky sugar
residues as polar head, with many hydroxyl groups facing
toward the water pool. The formation of hydrogen
bonds between glucosides and water, or between adjacent
amphiphilic molecules, does not afford a significant com-
pression and/or desolvation of the area per polar head
groups.

In anisotropic phases nuclei with spin quantum num-
ber l*1/2 split their signal into 2l lines, because the
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D"[SnTX
!
/(1!X
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)]S

"
m
"

, (1@)

where X
A
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"
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parameter of bound water (+0.01) and SnT the average
hydration number per surfactant molecule. m

"
is

+220 kHz. In Fig. 7 the quadrupole splittings are re-
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A
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information on hydration.

For water—OG mixtures in H phase, hydration num-
bers are 6—8 per surfactant unit and 10—12 in the
water—DM system. In the corresponding lamellar phases,
they are 4$1.5 and 7$2, respectively. Hydration num-
bers of OG in the H phase are close to those inferred from
dielectric relaxation spectroscopy in concentrated micellar
solutions [14]. In the lamellar phase, the hydration num-
bers of OTG. OG and DG are very close to each other.
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Conclusions

Information on hydration and thermal stability of the
different phases was given for some glucosides and malto-
sides: it can be extended to cerebrosides [38, 39]. As to the
thermotropic behavior, attempts to give account of the
properties of a and b anomers, to obtain information on
the relations between phase properties and head group
conformation [40], are in progress.
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