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Abstract Structuring of semi-crystalline networks in water
systems is significant for a variety of industrial applica-
tions. In the present work, we investigated the coagel for-
mation from aqueous octyl f-p-galactoside (Cg-f-Gal)
solutions and characterized the crystal structure and crys-
tallite network in the prepared coagel. Differential scan-
ning calorimetry (DSC) confirmed that the Krafft boundary
temperature (Tk) is 32-35 °C for Cg-f-Gal concentrations
below 30 wt% and a knee of the Krafft boundary exists
around 2.5 wt% Cg-f-Gal concentrations. The addition of
NaCl increased Tk slightly because of the salting-out
effect. Powder X-ray diffraction (PXRD) analysis, field-
emission scanning electron microscopy (FE-SEM) and
atomic force microscopy (AFM) observations revealed that
the coagel is comprised of the three dimensional bundled
semi-crystalline network consisting of a “ribbon crystal
phase” of hemihydrate crystals. Moreover, the excellent
ability of Cg-f-Gal to form a macroscopically homoge-
neous coagel was demonstrated by the comparison with
other representative mono-alkylated glycoside’ systems
containing octyl a-p-glucoside or dodecyl f-p-glucoside.
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Persistence of the liquid phase without liquid-liquid phase
separation prior to and during the coagel formation was a
key factor for the preparation. A novel coagel was obtained
from a principal synthetic galactoside.
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Abbreviations
AFM Atomic force microscopy

DSC Differential scanning calorimetry

Tk Krafft boundary temperature

zZ Number of formula units in the unit cell
Cg-f-Gal  Octyl f5-p-galactoside

PXRD Powder X-ray diffraction

FE-SEM Field-emission scanning electron microscopy
Introduction

The solubility line of surfactants in the temperature—con-
centration phase diagram is called the “Krafft boundary”
[1, 2]. Below the boundary, the surfactant molecule pre-
cipitates as macroscopically opaque solids or the so-called
coagel [1-12].

The coagel consists of entangled three-dimensional
crystalline networks with enormous surface area covered
with water [3, 4]. Such structuring of crystalline architec-
tures in a water system or a water/oil dispersion system
confers a progressive increase in hardness or modifies
rheological properties [5—8]. Therefore, the coagel matrices
can be potentially used for various applications in the food,
pharmaceutical, or cosmetic industries. For instance, the
structuring of oil-based products as an alternative to the
traditional manufactured solid fats [9], the pearlescent
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optical effect [10], and promotion of the skin permeation
and distribution of drugs [5, 11] by using coagel formula-
tions were recently reported.

The formation of the coagel phase has been widely
studied for both ionic and nonionic surfactants including
fatty acid salts, phospholipids, sodium dodecyl sulfate
(SDS), monoglycerides (MG), and ascorbic acid deriva-
tives [1-12].

Although the sophisticated gelation properties of syn-
thetic glycosides containing modified lipophilic groups
have been reported [13, 14], by contrast, coagel formation
by n-alkyl glycosides consisting simply of sugar and nor-
mal alkyl chain units have been less explored. Because of
their simple constituents, n-alkyl glycosides are readily
received as renewable, biodegradable [15], and environ-
mentally friendly surfactants and are used in a variety of
applications in the food, cosmetics, and pharmaceutical
industries [16-18].

Octyl f-p-galactoside (Cg-f-Gal) is a representative
mono-tailed glycoside (Fig. 1a) and is commercially
available. It is readily synthesized by a bio-catalyzed pro-
cedure [19], and therefore it can be categorized as a green-
sustainable material. It forms micellar aggregates at con-
centrations above 16 mM (0.46 wt%) in aqueous solution
[15]. The phase behavior in water has been studied for the
high glycosides’ concentration range of between 60 and
100 wt% [20, 21] and a high Krafft boundary temperature
(Tk) was found in water system that starts around 42 °C for
the hexagonal (H;) and the cubic (Q,) phases and forms a
lamellar gel phase (Lg) below the Tk.

We note that the other commercially available glycoside
compound, n-octyl -p-glucoside (Cg-f-Glu), which is the
structural isomer of Cg-f-Gal, does not precipitate above
0 °C because of its low Tk [22], whereas the surface active
property of Cg-f-Glu is well comparable to that of Cg-f3-
Gal in the solution state [15]. This means that the tiny
difference in structural arrangement leads to great differ-
ences in the crystal structure and solubility in water [23]
regardless of the similarity of surface active properties.

Although structural analysis of single-crystal n-alkyl f-
D-glycosides has not been performed yet [24], recently
grazing-incident wide angle X-ray diffraction (GI-WAXD)
analysis of a highly aligned Cg-f-Gal crystalline film
revealed the formation of a unique Cg-f-Gal hemihydrate

(a) (b)

Cool
HO OH
0 <
o
Hokk;eoﬁ Rl M Heat

Fig. 1 a Chemical structure of Cg-f-Gal, and b images of aqueous
10 wt% Cg-f-Gal solution (left) and the opaque solid at room
temperature (right)
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crystal structure with a high number of formula units in the
unit cell (Z) [25]. The lattice constants a, b, and ¢ were
found to be twice the bilayer length, nearly bilayer length,
related to the interdigitated alkyl chain packing, respec-
tively, and the crystal structure was assumed to be a
“ribbon-crystal phase” formed by modulated lamellar
structure. On the other hand, the molecular assembled
structure and the structuring behaviors of crystalline net-
works of the precipitate from an aqueous Cg-[3-Gal solution
system had not been investigated yet. Here, we report on
the formation of a coagel from aqueous Cg-f-Gal micelle
solutions (sol) and its structured characteristics.

Materials and Methods
Materials

n-Octyl a-p-glucoside (Cg-a-Glu) (Anatrace Inc., USA)
and n-dodecyl f-p-glucoside (C;,-f-Glu) (Sigma-Aldrich,
Germany) were purchased and used as received. n-Octyl -
p-galactoside (Cg-f-Gal) was prepared following a proce-
dure similar to the procedure applied for the synthesis of
octyl -p-glucoside in our previous research [22]. In this
study, 1, 2, 3, 4, 6-penta-O-acetyl--p-galactopyranose was
used as the starting material instead of the corresponding
glucopyranoside. The total yield was 52.9%. The structure
and purity of final product were confirmed by 'H-NMR,
3C-NMR (300-MHz and 75-MHz MVX-300, respectively,
VARIAN Inc.), thin layer chromatography (TLC) and
elemental analysis. 'H-NMR, CD;0OD; d/ppm = 4.19 (d,
1H, H-1), 3.89 (dt, 1H, H-aa), 3.82 (dd, 1H, H-4), 3.74 (dd,
1H, H-6a), 3.72 (dd, 1H, H-6b), 3.42-3.56 (m, 4H, H-ab,
H-2, H-3, H-5), 1.60 (m, 2H, p-CH,), 1.20-1.41 (m, 10H,
—~CH,-), 0.95 (t, 3H, —CH;). '*C-NMR, CD;OD; d/
ppm = 104.9 (C1), 76.5, 75.0, 72.5, 70.8, 70.2, 62.4, 33.0,
30.8, 30.5, 304, 27.1, 23.7, 14.4. R; value; 0.51 (acetone/
chloroform/methanol/water = 4:9:4:1 by vol.). Found: C,
57.24; H, 9.66. C4H,30¢ requires C, 57.51; H, 9.65%.
Phase transition temperature from crystalline to liquid
crystalline phases of anhydrous solid (Melting point):
100 °C (96 °C [20], 98 °C [21] and 100 °C [25]).

Sample Preparation and Expression of Sample
Concentration

Samples containing various weight percentages of mono-
alkylated glycoside were prepared in a glass vial by dis-
solving in distilled water at 50 °C. The solution was
transferred to the experimental container before the start of
the coagel formation. The concentrations of glycosides and
electrolyte were expressed in the form of weight percent-
age (wt%) for glycoside (e.g., glycoside in g/
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(glycoside + H,0O) in g) and weight molar percentage
(mol/kg) for the electrolyte (e.g., electrolyte in molar/H,O
in kg), respectively.

Characterizations of Cg-$-Gal Coagel

Coagel was prepared by storing at 4 °C for time periods
with durations ranging from several minutes to days.
Images of coagel were taken using a digital camera. The
Krafft boundary temperature (Tx) and phase transition
enthalpy (AHy) were determined by a calorimetric analysis
using a model DSC 60 (Shimadzu Co. Ltd., Japan) con-
nected to a cooling unit. A hermetically sealed aluminum
container was used throughout the measurement. The
coagel and the corresponding dried solid at room temper-
ature were analyzed using a D8 ADVANCE (Bruker AXS
Corp., Japan) under atmospheric conditions over an angular
range of 3°-40° (20/®) using Cu Ko radiation (1.542 A,
40 kV and 40 mA). A field-emission scanning electron
microscope (FE-SEM, Sirion, FEI Company, Japan) and
atomic force microscopy (AFM, SPM-9600, Shimadzu
Co. Ltd., Japan) were used for the observation of mor-
phology of the coagel after drying.

Results and Discussion
Coagel Formation from Aqueous Cg-$-Gal Solution

As shown in Fig. 1b, an aqueous 10 wt% Cg-f-Gal solution
formed the opaque solid (coagel) from the liquid state (sol)
at room temperature. This then transformed into the sol
state upon warming. Below 30 wt% Cg-f-Gal concentra-
tion, no viscous phase was observed during the dissolving
process, indicating the phase transition between the coagel
and sol (micelle) state without transition via the interme-
diate region such as a lyotropic liquid crystalline phase.

The coagel-sol phase transition was studied by means of
differential scanning calorimetry (DSC). In the thermo-
grams of the Cg-f-Gal-water mixture at various concen-
trations, a single and sharp endothermic peak appeared in
the temperature range from 30 to 35 °C (Fig. 2). In order to
confirm whether the coagel formation went through the
intermediated state between sol and coagel states, time
dependence of the coagel formation was evaluated by the
calculation of the endothermic enthalpy, AHy, obtained in
the DSC thermograms. It was found that AHg reached a
constant value of 28.4 kJ/mol for the samples stored at
4 °C for 3 min, indicating that a time period of 3 min was
sufficient for the completion of the coagel formation from
the aqueous 10 wt% Cg-f3-Gal solution (Fig. 3). No inter-
mediate phase formation was ascertained under the
experiment in this study.
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Fig. 2 Heating DSC thermograms of Cg-f-Gal opaque solids at
different concentrations. Inset shows the heating DSC thermograms
for 10 wt% Cg-f-Gal coagels in the absence and presence of NaCl
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Fig. 3 AHy as a function of storing time. The storing was performed
at 4 °C for aqueous 10 wt% Cg-f3-Gal solution
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Fig. 4 Phase diagram of Cg-f-Gal-water system below 30 wt% Cg-
p-Gal concentration. Dotted curves show predicted lines

The diagram depicting the Krafft boundary as these
transition temperatures is presented in Fig. 4, which was
prepared based on DSC analysis. The Tk values decrease
slightly with decreasing concentrations, and the knee of
Krafft boundary was presumed to present around 2.5 wt%.
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For the concentrations below the 2.5 wt% region, it is
predicted that the Tk boundary line decreases rapidly with
decreased concentration since no clear endothermic peak
was identified in the corresponding DSC thermogram. On
the other hand, the addition of NaCl increased Ty slightly
(inset of Fig. 2 and Table 1), but no apparent change in
AHyg was observed (Table 1). This indicates that there are
no significant electrostatic interactions between the galac-
tose unit and NaCl. The increase of Tx must be due to the
influence of the salting-out effect [26].

Characterizations of Molecular Assembly
and Crystallites Network in Cg-f-Gal Coagel

To analyze the aggregation structure of Cg-f-Gal in the
solid state, powder X-ray diffraction (PXRD) measurement
was carried out. PXRD profiles obtained for the opaque
solid prepared from an aqueous 10 wt% Cg-f-Gal solution
and the dried coagel are presented in Fig. 5.

In the PXRD profile of the opaque solid [Fig. 5
(above)], the broad peak ranging from 20° to 30° implies
the existence of water and the sharp diffraction peaks
around 20° reflects the hydrocarbon chain ordering,
implying that the opaque solid should be assigned as a
coagel consisting of Cg-f-Gal crystalline and water. With
the exception of the broad peak of PXRD profile (above),
the diffraction peaks are observed at positions very similar
to those obtained in the PXRD profile of the corresponding
dried solid [Fig. 5 (below)].

This means that the crystal structures of the two states
are identical and the contact with excess water does not
affect the dispersed crystal structure. In addition, the
PXRD profile of the dried sample was similar to that of the
previously reported hemihydrate crystal [25]. That is, the
coagel consisted of “ribbon-crystal phase” of hemihydrate
crystallites with the spacings of a = 47.9 A b=254A
and c = 4.73 A (o = =y =90.0° [25]. The existence
of the (210) and (310) orderings indicated at 4.7° and 6.3°
in the coagel” PXRD profile and the appearance of a single
and sharp endothermic peak in DSC thermogram provide
evidence that a single-type of hemihydrate crystal was
formed as the precipitate.

Because the correspondence of crystal structures
between the coagel and dried samples imply that the

Table 1 Krafft boundary temperatures (7%) and transition enthalpies
(AHk) of coagel-sol phase transition for Cg-f3-Gal coagel solid in the
absence and presence of NaCl

NaCl conc./mol kg™ Tx! °C AHy/kJ mol ™!
0.0 31.2-34.3 28.4
0.5 32.1-35.2 28.3
1.0 32.6-35.9 27.7
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Fig. 5 PXRD patterns of (above) 10 wt% Cg-f-Gal-water coagel
and (below) dried coagel

morphologies of the two samples can be similar, FE-SEM
and AFM observations were performed on the dried sam-
ple. The FE-SEM and AFM study showed that the dried
coagel sample consists of bundled entangled networks
(Fig. 6a, b). The constituents were identified as fibrous
architectures with high aspect ratios. The typical fiber
thicknesses were on the micrometer scale, consistent with
the insight that the coagel is formed by agglomeration of
crystallites.

Macroscopic Homogenies of Coagel Prepared
from Aqueous Cg-p-Gal Solution

Finally, the macroscopic homogeneity of the coagel pre-
pared from aqueous Cg-f-Gal solution was compared to
those for the coagels prepared from aqueous Cg-a-Glu or
C,-f-Glu solutions; Cg-a-Glu and C,-f-Glu solutions were
reported to exhibit T above room temperature [27, 28].
When 2.5 wt% aqueous solutions of Cg-a-Glu, C;,-f-Glu
or Cg-f-Gal were stored overnight at 4 °C, the coagels
formed. However, Cg-a-Glu and C;,-f-Glu showed distinct
phase separation. It could be deduced from the difference in
the height of the horizontal line before and after the inversion
(Fig. 7a, b). Liquid-rich portion in the mixture did not pre-
vent it from falling down, while a tiny amount of coagel
portion were able to remain. On the other hand, Cg-f5-Gal
coagel showed excellent homogeneity without macroscopic
phase separation, and also showed stiffness that enabled it to
maintain its shape under the force of gravity (Fig. 7c¢).
These observations indicate that the formation of
macroscopically homogeneous coagel is not always
obtained from aqueous mono-alkylated glycosides solution
even below the corresponding Tyk. Typically, higher Tk
values are obtained with increasing alkyl chain length for
an analogues series of mono-tailed glycoside—water sys-
tems [28, 29]. At the same time, the aqueous solutions of
mono-tailed glycosides with longer alkyl chain length are
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Fig. 6 a FE-SEM and b AFM images of dried solid obtained from 10 wt% Cg-f-Gal coagel
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Fig. 7 Images of coagel matrices prepared from aqueous 2.5 wt%
(a) Cg-a-Glu, (b) C,--Glu, and (¢) Cg-f-Gal solutions. The contents
are (left) normal and (right) inverted state, respectively. Horizontal

likely to form a phase separated state comprising two dif-
ferent liquid compositions [28, 29]. For these systems,
construction of a macroscopically homogeneous crystalline
network should become difficult. That is, the process of
coagel formation can highly dependent on the initial
aqueous solution state.

Additionally, it is expected that “ribbon crystal phase”
can confer the unique surface properties of the hemihydrate
crystalline. In fact, high alignment perpendicular to the Si
substrate without the formation of large crystalline size was
obtained for the hemihydrate crystal in thin films [25].
Therefore, it is expected that the unique crystalline struc-
ture and the resultant surface also rely on the formation
ability of homogeneous distributed crystalline networks
without macroscopically phase separation.

dotted lines show the level attached to the tip of contents. Vertical
black lines are the standards that show the height level at normal state
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