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Hypothesis: The self-assembly of long-tail surfactants results in the formation of nanoscale structures,
e.g. worm-like micelles, with the ability to modify the rheology of the system. However, micelle forma-
tion, and thus the alteration of the rheology, is subject to the high Krafft temperature of saturated long-
tail surfactants. Hexadecylmaltosides are sustainable surfactants that, in solution, form tailorable vis-
coelastic fluids. The preparation of monounsaturated sugar-based surfactants is hypothesised to reduce
the Krafft point compared to the saturated analogues, therefore increasing the temperature range where
the surfactant remains in the micellar form.
Experiments: Here we report the synthesis and characterisation of a novel sugar-based surfactant with an
unsaturated C16-tail, namely palmitoleyl-b-D-maltoside (b-C16-1G2). Differential scanning calorimetry
was used to probe the temperature stability of the system. The rheology of b-C16-1G2 solutions was inves-
tigated by means of rotational and oscillatory rheology, and these results were connected to the meso-
scopic structure of the system as shown by small-angle neutron and X-ray scattering, and dynamic
light scattering.
Findings: The presence of a double bond on the alkyl chain moiety leads to a depression in the Krafft
point, allowing the surfactant to form a thermodynamically stable micellar solution over a wide range
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of temperatures, i.e. 5–95 �C. The surfactant self-assembles into worm-like micelles which, upon entan-
glement in the semi-dilute regime, result in the formation of a non-Newtonian, viscoelastic fluid. These
observations have important implications in the development of new sustainable formulated products,
enabling the preparation of surfactant phases with remarkable thermal resilience.

� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Fig. 1. (a) Molecular structure of b-C16-1G2 and (b) DSC thermogram of 50 mM b-
C16-1G2 (j) and 50 mM b-C16G2 (d). The black vertical line marks the Krafft
temperature of b-C16G2 at 27 �C. Inset: Photograph of aqueous solutions of 20 mM
1. Introduction

The morphology of surfactant self-assemblies can be described
in terms of the monomer packing, expressed as the so-called crit-
ical packing parameter, which in turn gives the preferred curvature
of the surfactant at the interface with the solvent [1]. Apart from
the common morphologies for the micelles (e.g. spherical, ellip-
soidal, and cylindrical), surfactants can self-assemble into very
long semiflexible aggregates, called worm-like micelles (WLM)
[2]. The most studied group of WLM-forming surfactants are ionic
surfactants in salt solutions, where the electrostatic repulsion
between the headgroups of the surfactants is screened by the salt,
decreasing the average micelle curvature [3,4]. High concentra-
tions of surfactants in these solutions result in entangled networks
of WLM. These systems show viscoelasticity, which is important
for several applications, e.g. modification of the rheological proper-
ties of formulated products [5,6].

The surfactants prone to forming the most elongated micelles
and, thus, the most viscous aqueous solutions are those with long
alkyl chains (�16). However, those surfactants also show the low-
est solubility and the highest Krafft points, which limits their use in
technological applications at room temperature [7]. Amphiphilic
molecules with a double bond in the alkyl chain show higher sol-
ubility in water and lower Krafft points compared to the saturated
analogues [8]. The inclusion of a chain unsaturation thus allows for
the self-assembly of long-tail surfactants (e.g. up to 22 carbons)
into micellar structures over a wider temperature range. Raghavan
et al. reported the behaviour of monounsaturated C22 cationic sur-
factants with very low Krafft points (<0 �C) [9]. The change in the
rheological behaviour, associated with the formation of entangled
WLM, was induced by the addition of salts and the viscoelasticity
was retained up to high temperatures (90 �C). The synthesis and
self-assembly of unsaturated C18 betaines were studied by Kellep-
pan et al., showing that a monounsaturated tail leads to a reduc-
tion of the Krafft point from 50 �C for the saturated surfactant
analogue to below 2.5 �C for the unsaturated surfactant [10]. This
allowed the system to formWLM at room temperature and display
non-Newtonian behaviour. Moore et al. have studied long-chain
unsaturated surfactants with sugar units as the headgroup and a
polyethylene glycol linker between the headgroup and tail
[11,12]. The Krafft point was observed to be lower when the alkyl
tail contained a double bond compared to a saturated chain. This
allowed surfactants with up to C22 tails to remain soluble at room
temperature and to form viscous WLM solutions.

Since society is striving towards using more environmentally
friendly products, it is important to find surfactants that can be
manufactured from renewable raw materials. Indeed, sugar-
based surfactants can be produced by sustainable means and have
rich self-assembly behaviour [13]. The self-assembly behaviour
and rheological properties of hexadecylmaltosides in aqueous
solutions have recently been shown to strongly depend on the
anomeric configuration of the surfactant [14,15]. In particular, it
was shown that the equatorial configuration of the headgroup (b)
leads to the formation of WLM with remarkable viscoelastic prop-
erties [15]. However, these surfactants were found to have a Krafft
point above room temperature, thus limiting their possible techno-
logical applicability. Here, for the first time, the synthesis and char-
179
acterisation of an unsaturated-tail sugar-based surfactant,
palmitoleyl-b-D-maltoside (b-C16-1G2), is presented. The character-
istic transition temperatures, rheological behaviour and micelle
structure for this surfactant in aqueous solution were studied
and compared to the saturated analogue, hexadecyl-b-D-
maltoside (b-C16G2).
2. Results and discussion

Fig. 1a shows the molecular structure of the synthesised surfac-
tant palmitoleyl-b-D-maltoside. Details of the synthesis and NMR
spectroscopic data are included in the ESI. The temperature at
which an aqueous solution of 50 mM b-C16-1G2 dissolves was char-
acterised using differential scanning calorimetry (DSC) and com-
pared to the same concentration of the saturated analogue, b-
C16G2. Fig. 1b presents the DSC thermogram of 50 mM b-C16-1G2

and 50 mM b-C16G2 between 5 and 95 �C.
The DSC results do not show any change in heat capacity, Cp,

between 95 �C and 5 �C for 50 mM of the unsaturated b-C16-1G2,
while a peak for the saturated b-C16G2 is observed around 27 �C.
This peak is associated with the dissolution enthalpy of the satu-
rated surfactant at this concentration. No peak was observed for
b-C16-1G2, as this surfactant remains dissolved even after storing
the surfactant solution at 4 �C for several weeks. This behaviour
was visually confirmed for all the different b-C16-1G2 concentra-
tions prepared during this study, i.e. from 1 mM to 100 mM. These
results confirm that one of the key features of the tail unsaturation,
i.e. the lowering of the Krafft point relative to the saturated ana-
logue, applies to sugar-based surfactants in the same way as has
b-C16G2 (left) and 20 mM b-C16-1G2 (right) after 72 h stored at room temperature.
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been previously reported for ionic [9], zwitterionic [10], and
ethoxylated non-ionic surfactants [11].

One of the macroscopic fingerprints of WLM formation is the
non-Newtonian character of the fluid. The behaviour of a
100 mM b-C16-1G2 solution at 25 �C was therefore probed using lin-
ear and oscillatory rheology. In addition, the tensile strength of a
100 mM b-C16-1G2 sample was characterised using tensile strength
texture analysis at 25 �C and these results were compared with
those from a 100 mM b-C16G2 sample. The results from the rheo-
logical and mechanical characterisation of the surfactant solutions
are shown in Fig. 2.

The flow curve shows that the system is a viscous, non-
Newtonian shear thinning liquid with a zero-shear viscosity of
150 Pas (Fig. 2a). At increasing shear, the micelles align in the
direction of the flow, decreasing the number of entanglement
points and thus also the viscosity. The reproducible jump in viscos-
ity at shear rates of 0.2–0.3 s�1 indicates the presence of a yield
point. We hypothesise that this change in the viscosity might indi-
cate a regime with thixotropic behaviour, but further investigation
is required to elucidate the origin of this. The oscillatory rheology
results (Fig. 2b) display a viscoelastic behaviour, where the viscous
modulus (G00) is dominant at low frequencies and the elastic mod-
ulus (G0) is dominant at high frequencies. The relaxation time (s)
can be calculated from the inverse of the angular frequency (x)
where G0 = G00 (i.e. 13.5 Pa), yielding s = 5 s. The Maxwellian model
(see ESI) fits relatively well to the data (Fig. 2c). This strongly indi-
cates that the system can be described using a single relaxation
time as the network relaxation is dominated by micelle breakage
rather than reptation [16]. The small deviation of G0 at high fre-
quencies reveals that the system is not perfectly Maxwellian. There
is also a deviation from the model for G00 at high frequencies. This is
a common deviation for WLM systems and is attributed to the
presence of fast relaxation modes that are not accounted for in
Fig. 2. Rheological and mechanical properties of an aqueous solution of 100 mM b-
C16-1G2 at 25 �C. (a) Viscosity as a function of shear rate. (b) Oscillatory shear
frequency sweep results and fits for a strain of 10%: Elastic modulus G0 (d), viscous
modulus G00 (s). The solid and dashed lines are the Maxwell model fit of G0 and G00 ,
respectively. (c) Normalized Cole-Cole plot with the black line showing the Maxwell
fit. (d) Tensile strength texture analysis of 100 mM of the unsaturated b-C16-1G2 at
25 �C (blue solid line) and 100 mM of the saturated b-C16G2 at 50 �C (red dashed
line).

180
the Maxwell model (e.g. stretching and cross-sectional fluctua-
tions) [17].

The rheological properties of b-C16-1G2 resemble that of b-C16G2

in the sense that it is both shear-thinning and viscoelastic [15]. The
zero-shear viscosity is slightly higher for b-C16-1G2 than for b-C16G2

(86 Pas), but upon shearing the viscosity becomes very similar for
both surfactants. The yield point is also seen for both systems, but
at higher concentrations for b-C16G2 (200 mM) [15]. Interestingly,
the viscoelastic properties of b-C16-1G2 are better described with
the Maxwell model than those of b-C16G2. This is most evident at
high frequencies, where G00 displays a more distinct decrease and
G0 is closer to reaching a plateau for b-C16-1G2 than b-C16G2 [15].
As the relaxation time of both systems is similar, the origin of this
difference could be attributed to the micelle internal dynamics (e.g.
b-C16-1G2 break faster than the b-C16G2) [18]. The rheological prop-
erties of five unsaturated non-ionic surfactants that form viscoelas-
tic WLM solutions at room temperature were reported by Moore
et al. [12]. Two of these, referred to as Glc-EO4-C22:1 and Gal-
EO3-C18:1 in the original report, have a longer relaxation time
(ca. 200 and 25 s respectively) than b-C16-1G2, even at lower con-
centrations (19.2 and 25.6 mM). An explanation for the remarkable
rheological behaviour of these surfactants can be attributed to
their long alkyl tail (C22 and C18), which promotes the formation
of more elongated and entangled WLM than those reported here.

Despite the close similarities observed by the linear and oscilla-
tory rheologymeasurements of the two systems compared here, an
obvious difference in properties is that on visual inspection the
unsaturated surfactant solutions appear to have a notably more
‘‘stringy” flow behavioud than the saturated counterpart. To quan-
tify this difference, tensile strength texture analysis was employed.
In this method, the force required to lift a probe from a sample
solution is measured as a function of the distance travelled. The
data reveal that a significantly larger force is required to lift the
probe from the 100 mM b-C16-1G2 solution compared to the
100 mM b-C16G2 solution (Fig. 2d). Furthermore, the b-C16-1G2

solution sticks to the probe, resulting in the formation of a liquid
column even when the probe is several centimetres above the sur-
face of the solution, see Fig. S11. This behaviour is not seen for b-
C16G2 where the contact between the sample and the probe is lost
immediately when the probe is lifted above the surface of the solu-
tion. It is noteworthy that this stark difference in behaviour is not
captured in the other rheological properties of the system and that
it cannot be correlated to the current structural models of the
micelles in the dilute regime. However, it may be hypothesised
that the ‘‘slimy” and ‘‘stringy” character of the unsaturated surfac-
tant solutions could be attributed to the formation of transient
micellar structures induced by the extensional flow [19].

The non-Newtonian character of sugar-based surfactant solu-
tions has been previously attributed to the formation and entan-
glement of WLM [15,20]. In order to probe the origin of the non-
Newtonian behaviour for the unsaturated surfactant, the structure
of b-C16-1G2 micelles was determined using small-angle neutron
scattering (SANS), small-angle X-ray scattering (SAXS) and
dynamic light scattering (DLS). SANS and SAXS data, together with
the DLS results, are presented in Fig. 3.

At 10 mM surfactant concentration, the system is expected to
be in the dilute regime, as previously reported for the saturated
analogue [15]. Under these conditions, the structure of the micelles
could be extracted with no need to account for intermicellar inter-
actions. The results from the structural characterisation of the b-
C16-1G2 micelles reveal the formation of WLMwith an average con-
tour length of 9200 ± 600 Å and a persistence length of the rigid
domains of the micelle of 215 ± 5 Å. The size of the micelle
cross-section was found to be 15.1 ± 0.2 Å for the radius of the
hydrophobic core and 14.5 ± 0.3 Å for the thickness of the solvated
headgroup layer. DLS results show that the micelle structure is



Fig. 3. (a) SAXS (j) and SANS (d) data and best fits of 10 mM b-C16-1G2 at 50 �C in H2O and D2O, respectively. The black dashed lines represent the fits using the core–shell
ellipsoid to the SAXS data and flexible cylinder model to the SANS data. Hydrodynamic radius (rh) for 10 mM b-C16-1G2 in H2O (b) at different temperatures and (c) for
different concentrations of b-C16-1G2 at 25 �C. Where not visible, error bars are within the marker size.
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hardly affected by temperature changes (Fig. 3b), but there is a
slight increase in micellar size with increasing concentration
(Fig. 3c), potentially associated with a change in the contour length
[14]. Furthermore, the headgroup solvation, i.e. the volume frac-
tion of solvent in the headgroup region, was calculated from the
fitted scattering length density of the headgroup region (X-ray
SLD: 10.6 ± 0.1 � 10�6 Å�2) and resulted in a value of 0.73 ± 0.03.

Interestingly, the contour length of the b-C16-1G2 micelles was
found, within the experimental error, to be the same as that of
the b-C16G2 micelles (8600 ± 200 Å). The micelle cross-section
was found to be slightly smaller in the case of the unsaturated sur-
factant compared to that of the saturated analogue (15.5 ± 0.1 Å
core radius and 16.2 ± 0.1 Å shell thickness) [15]. The differences
in the cross-section are potentially attributed to changes in the
conformational entropy of the tail domain (i.e. monomer packing)
between the unsaturated and saturated surfactants, as observed
for lipid bilayers [21]. These structural similarities are consistent
with both surfactants having a similar rheological behaviour, such
as the same relaxation time. The main structural difference is
observed in the micelle flexibility, where the persistence length
of the b-C16-1G2 micelles is significantly shorter than that of the
b-C16G2 micelles (316 ± 10 Å) [15]. This difference may be attribu-
ted to the difference in the cross-sectional size of the micelles,
where a thicker micelle requires more energy to bend and thus
promotes a longer persistence length due to geometrical con-
straints [22].
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3. Conclusions

The synthesis and behaviour of the first unsaturated sugar-
based surfactant in aqueous solution are reported. The preparation
of a maltoside surfactant with a C16 monounsaturated tail (9Z)
prompted a significant reduction of the Krafft point compared to
the saturated counterpart [14]. Unlike other non-ionic surfactant
systems [23], the solutions of b-C16-1G2 are not affected by cloud-
ing at high temperatures. This allowed the palmitoleyl surfactant
to remain soluble from just above 0 �C up to almost 100 �C. Solu-
tions of this surfactant show a marked non-Newtonian character,
as the micellar phase leads to the formation of a viscoelastic fluid
of Maxwellian character. This behaviour mimics that of the satu-
rated surfactant at similar concentrations, with the exception of
the apparent stringiness quantified by the tensile strength texture
analysis [15]. Structural analysis of the micelles using a combina-
tion of scattering techniques revealed the formation of worm-like
micelles, which are present in a wide range of concentrations
and temperatures. The dimensions of the palmitoleyl micelles
were found to be similar to those of the saturated analogue
[14,15]. However, the aggregates of the palmitoleyl surfactant are
more flexible than those of the saturated surfactant, which could
relate to the differences in the rheological behaviour.

The greatest advantage of the preparation of sugar-based sur-
factants with unsaturated long tails is that it facilitates the prepa-
ration of viscosity modifiers that remain soluble in a wide
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temperature range, i.e. from the freezing point to the boiling point
of water. This work contributes to the elaboration of a library of
amphiphiles with potential applications in a variety of technolo-
gies, e.g. formulation technology and stimuli-responsive materials,
with the advantage of presenting relatively simple synthetic proce-
dure and sustainable character [11,12]. Furthermore, these results
expand the possibilities of developing sugar-based surfactants
where the micro- and macroscopic behaviour of the system is
finely tuned through changes in the molecular structure of the sur-
factant, e.g. changes in the anomeric configuration and degree of
tail saturation, with minimal or no change in the chemical compo-
sition of the system [14,15,24,25].
4. Experimental section

Palmitoleyl-b-D-maltoside ((Z)-Hexadec-9-en-1-yl-b-D-malto
side, b-C16-1G2) was synthesized and characterised (1H, 13C NMR
spectroscopy, and mass spectrometry) at the Deuteration and
Macromolecular Crystallisation DEMAX platform (ESS, Sweden).
b-C16-1G2 was synthesised according to literature procedures for
the n-dodecyl analogue [26], via a Koenigs-Knorr glycosylation
reaction between 2,3,6,20,30,40,60-hepta-O-acetyl-a-D-maltosyl bro-
mide and palmitoleyl alcohol, followed by hydrolysis of the acetyl
groups. Palmitoleyl alcohol was produced from palmitoleic acid,
using the standard reducing reagent lithium aluminium hydride.
n-Hexadecyl-b-D-maltoside (b-C16G2) was purchased from Ana-
trace Inc. Water of Milli-Q purity and D2O (Sigma Aldrich, 99.9%
D) were used in the experiments presented here.

DSC measurements were performed on a MicroCal VP-DSC
instrument using a scan rate of 30 �C/h between 5 �C and 95 �C,
and water as the reference. Linear and oscillatory rheology was
performed on an Anton Paar MCR 301 at 25 �C using a cone-plate
geometry with a cone diameter of 25 mm, a cone angle of 1� and
a gap of 0.048 mm. The flow curves were recorded in a shear rate
range between 0.01 and 100 s�1 with 7 measurements per decade.
The linear viscoelastic region (LVER) was determined (see ESI), and
subsequent experiments were conducted at a constant strain of
10% over the angular frequency range of 0.05–100 rad/s. Tensile
strength texture analysis was conducted using a TA.XT2i instru-
ment, Stable Micro Systems, with a hemispherical cylinder probe
with a diameter of 6 mm. The applied force on the probe was 1 g
and the trigger force was 1 g which submerged the probe in the
sample. After 60 s the probe was lifted from the solution with a
speed of 1 mm/s and the force required was recorded.

The hydrodynamic radius of the micelles (rh) was determined
using a Zetasizer Nano-ZS, Malvern Instruments Ltd. Measure-
ments were performed at temperatures between 70 �C and 10 �C,
with 5 �C steps. Samples were equilibrated for 5 min at each tem-
perature and triplicates were measured for each data point. Corre-
lation functions showed a single exponential decay and, thus, data
were analysed using the cumulants method.

SAXS experiments were performed on a SAXSlab Ganesha pin-
hole instrument, JJ X-ray System Aps, equipped with a Xenocs X-
ray microsource and a two-dimensional 300 k Pilatus detector,
Dectris Ltd. Images were collected at two given sample-to-
detector distances using a wavelength of k = 1.54 Å. The configura-
tions gave a combined momentum transfer (Q) range of 0.004–
0.75 Å�1. The azimuthally averaged intensities (I(Q)) were sub-
tracted for the contribution of the solvent and sample stage and
put to absolute scale by calibration against water.

SANS experiments were performed at the Heinz Maier-Leibnitz
Zentrum, (MLZ) on the KWS-3 and KWS-2 instrument (Garching,
Germany) [27,28]. On KWS-3 the wavelength of the neutrons
was 12.8 Å, and two different sample-to-detector distances were
used, 1.15 and 9.15 m. On KWS-2 three detector distances were
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used (2, 8 and 20 m) and the wavelength of the neutrons was
5 Å for 2 and 8 m and 10 Å for 20 m. The samples were loaded
in quartz cuvettes with a 2-mm path length and measured at
50 �C. The raw data were reduced according to the protocol of each
beamline and solvent contribution was subtracted to obtain the
output files in (I(Q), in absolute intensity, vs. Q. Data from the
two instruments were merged, yielding a combined Q range of 0.
000183–0.0187 Å�1.

Simultaneous analysis of the SAXS and SANS data was per-
formed in SasView 4.2.2 by fitting to flexible cylinder and core–
shell cylinder form factor models [29–31], conforming to the
micellar shape, as previously reported for WLM of sugar-based sur-
factants [14].

For further details on the surfactant synthesis, experimental
considerations and data analysis refer to the ESI.
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