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ARTICLE INFO ABSTRACT

ArtiC{e history: Hypothesis: The anomeric configuration (o or B) of n-hexadecyl-p-maltopyranoside (C;6G;) has been

Received 6 July 2020 shown to affect the morphology of the micelle, from elongated for a-C;6G, to worm-like micelles for
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B-C16G,. The entanglement of worm-like micelles often leads to strong modifications of the rheological
behavior of the system and, as such, the anomeric configuration of C;¢G, could also provide the possibil-
ity of controlling this. Furthermore, mixing these surfactants are hypothesized to result in mixed micelles
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allowing to finely tune the rheology of a system containing these sustainable surfactants.

Experiments: The rheology of o~ and B-C;6G», and mixtures of those, was determined by rotational and
oscillatory rheology at different temperatures and surfactant concentrations. Micelle structure and com-
position for these systems were characterized using contrast variation small-angle neutron scattering

Alkylglycoside and small-angle X-ray scattering. The results from these were connected in order to elaborate a molecular
Rheology understanding of the rheological response of the system.
Small-angle neutron scattering Findings: The self-assembly of these surfactants have been found to result in different rheological prop-

erties. B-C;6G, show a high viscosity with a non-Newtonian viscoelastic behavior, which was linked to
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the formation of worm-like micelles. In contrast, a-C;¢G, self-assembled into short cylindrical micelles,
resulting in a Newtonian fluid with low viscosity. Furthermore, mixtures of these two surfactants lead to
systems with intermediate rheological properties as a result of the formation of micelles with interme-
diate morphology to those of the pure anomers. These results also show that the rheological properties
of the system can be tuned to change the micelle morphology, which in turn depends on the anomeric
configuration of the surfactant. Also, surfactant concentration, temperature of the system, and micelle
composition for surfactant mixtures provide control over the rheological properties of the system in a
wide temperature range. Therefore, these results open new possibilities in the development of sustain-
able excipients for formulation technology, where the characteristics of the system can be easily tailored
through geometric variations in the monomer structure whilst maintaining the chemical composition of

the system.

© 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/).

1. Introduction

A majority of surfactants used daily in e.g. detergents and as
emulsifiers are produced from raw materials of fossil-based origin.
As society moves towards more environmentally friendly products
and processes, these surfactants need to be replaced with surfac-
tants that are biodegradable and synthesized from renewable
raw materials [1]. For this purpose alkylglycosides, which are sur-
factants with carbohydrate units as the hydrophilic headgroup, are
particularly interesting and are therefore already used in applica-
tions like personal care products [2,3].

In previous work, we have demonstrated the formation of very
elongated worm-like micelles (WLM) of the alkylglycoside n-
hexadecyl-p-p-maltopyranoside (B-Ci;6G2) and shown that the
elongation was reduced substantially when changing to the
anomer n-hexadecyl-o-p-maltopyranoside (a-C16G3) [4]. Here we
will elaborate on the rheological behavior of these systems. It is
well known that WLM behave as fluid thickeners, which is relevant
for a range of products where surfactants are used. Among the
most studied systems with WLM are ionic surfactants in salt solu-
tions. These systems are sensitive to the ionic strength of the solu-
tion as the addition of salt modifies micelle morphology through
screening the electrostatic repulsion between surfactant head-
groups [5]. Some examples of ionic WLM are hexadecylpyridinium
bromide in a sodium bromide solution [6], and sodium dodecylsul-
fate (SDS) in a NaCl solution [7]. A particular case is that of hydro-
tropic salts, which greatly modify the packing of surfactants
through electrostatic screening and embedding hydrophobic
domains into the micelle core. This is the case of hexade-
cyltrimethylammonium chloride in combination with sodium sal-
icylate [8], and SDS with p-toluidine hydrochloride [9]. There are
far fewer non-ionic surfactant systems that form WLM, and in most
cases a co-surfactant is needed to obtain these structures [5]. One
example where a co-surfactant is not required to form WLM is hex-
aethylene glycol hexadecyl ether (CygEg) [10]. Recently, very long
WLM structures were also reported for a novel type of non-ionic
surfactant, where the surfactant headgroup consists of a polyethy-
lene glycol (PEG) linker with terminal carbohydrate units [11]. The
formation of elongated micelles has also been reported for sugar-
based surfactants, where the characteristics of those depend on
the length of the hydrophobic tail and on the number of sugar units
in the headgroup [12-14]. An advantage of non-ionic over ionic
surfactants is that they are less sensitive to the salt concentration,
generally less potent irritants and more environmentally friendly
[15]. They can therefore be used in a wider range of formulated
products [16].

WLM are elongated, dynamic surfactant self-assembled struc-
tures, which contain kinks, since a straight dynamic cylinder would
be entropically unfavorable. Therefore, the contour length of the
micelle (L) is much longer than the length of each rigid rod-like
segment (the persistence length, 1,) [5]. A range of methods such
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as static and dynamic light scattering (SLS and DLS), small angle
X-ray and neutron scattering (SAXS and SANS) and cryogenic
transmission electron microscopy (cryo-TEM) are commonly used
to reveal the hierarchical structure of these kinds of systems [5].
At low surfactant concentrations, the large distance between
micelles precludes inter-micellar interactions, i.e. the solution is
considered to be in the dilute regime. With increasing concentra-
tion, the number of WLM per unit volume increases and, in many
cases, they also become longer [10]. This leads to shorter distances
between micelles and at a threshold concentration (c¢* or overlap
concentration) they start to interact and entangle, defining the
onset of the semi-dilute regime. Due to the length of the micelles
this concentration is often very low for WLM (0.05-0.5 wt%). At
c* the viscosity () of the solution starts to increase and it behaves
as a non-Newtonian fluid with increasing surfactant concentration,
as a result of the collective motion of micelles [10].

The rheological behavior of WLM can be compared to that of
polymers. As is commonly observed in polymer solutions, WLM
solutions are most often shear thinning, meaning that the viscosity
decreases with increasing shear rate (). This is due to an align-
ment of the micelles parallel to the flow [5]. When stress is applied,
solutions of both WLM and polymer systems respond with a mode
of relaxation called reptation, which is the diffusion along the
length of the structure. The reptation time (T.p) is highly depen-
dent on the contour length and scales with L [3,17]. While poly-
mers are covalently bound and do not break, micelles are
dynamic equilibrium self-assembly structures, meaning that they
constantly break and reform. This gives WLM a second mode of
relaxation, breaking time (t5), which makes their rheologic behav-
ior different from that of polymers. The likelihood that a WLM
breaks is the same for all parts of the micelle, which is why 1,
scales with L™! [18]. These two relaxation modes respond differ-
ently to the micelle lengths. For shorter cylindrical micelles Tep-
< Tp, the system behaves as polymers where reptation is the
primary mode of relaxation. For WLM T}, < Trep, Cates showed that
the system can be described with a single relaxation time (1)
according to Equation (1) [19].

T=1/Tb* Trep (1)

Under these conditions, a WLM system behaves as a Maxwel-
lian fluid [20]. Thus, it can be considered to be viscoelastic, where
at short timescales they behave as elastic solids and at longer time-
scales they behave as viscous liquids. 7 is obtained by determining
the frequency (t~') at which the elastic modulus (G’) and the
viscous modulus (G”) are equal. The viscoelastic behavior can be
modelled with a Maxwellian model, where the G’ and G” are
described as in Equations (2) and (3) [21].
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Here, o is the angular frequency and G’ is the plateau value of
G’ at high frequencies. For Maxwellian fluids, it follows from the
equations (2) and (3) that G’ is twice the value of the intersect
between G’ and G” (from here on labelled as Gy);). Several struc-
tural micellar dimensions, e.g. contour length, persistence length
and distance between entanglements, can be estimated from rhe-
ological data [22].

In this work, the rheological properties of C;¢G, will be dis-
cussed in relation to molecular and self-assembly structure of the
surfactant. The static and dynamic rheology of the surfactant in
its two anomeric configurations (o- and p-C;6G;) and mixtures of
those is probed at different temperatures and concentrations. The
molecular organization of these surfactants was investigated using
SAXS and contrast variation SANS. The rheology of these systems
was then linked to the micellar structure observed in each case,
thus connecting the macroscopic response of the system to the
molecular organization of the surfactants.

2. Experimental section
2.1. Materials

n-Hexadecyl-o-p-maltopyranoside (a-C1¢G2) was purchased
from Ramidus AB (Lund, Sweden) and n-hexadecyl-B-p-
maltopyranoside (B-C;6G2) was purchased from Anatrace Inc.
(Maumee, Ohio). The structure of these surfactants is presented
in Fig. S1 in the ESIL The purity of both surfactants was stated to
be >97% by the suppliers and was verified by HPLC spectroscopy
in this work. Tail-deuterated B-Ci5G> (d31-B-C16G2, 98.5 £ 2.0%D)
was synthesized by the Deuteration and Macromolecular Crystalli-
sation DEMAX platform (ESS, Sweden) according to the procedure
in the ESI [23]. The purity and deuteration of the surfactant were
assessed by 'H (Figs. S2 and S3) and '3C NMR spectroscopy
(Figs. S4 and S5), and mass spectrometry. The water used in this
work was of Milli-Q purity and the D,0 was purchased from Sigma
Aldrich (Darmstadt, Germany) and was of 99.9 atom % D.

2.2. Methods

2.2.1. Sample preparation

The Krafft point of C;5G, is above room temperature (about
27 °C) [4]. Thus, to dissolve the surfactants, stock solutions were
prepared under agitation at 45 °C until homogeneous solutions
were obtained. Samples were prepared by diluting these stock
solutions to the desired concentration and equilibrating at 45 °C
prior to measurement. When dissolved at a temperature above
its Krafft point, the surfactant does not precipitate from solution
for at least 1 h at 25 °C, which provides enough time to character-
ize the assemblies in the kinetically arrested state below the Krafft
point.

2.2.2. Rheology

The rheology experiments were performed on a Malvern
Kinexus rheometer (Malvern Instruments limited, Worcestershire,
UK). The data were analyzed using the software rSpace for Kinexus
by Malvern Panalytical. The geometry used for the experiment was
a 15.4 mm cup and a 14 mm cylinder. Complementary experi-
ments were performed on a TA Instruments ARES rheometer
(New Castle, USA). In this case, analysis of the data was done in
the software TA Orchestrator and the geometry used was a
16.5 mm cylinder and 17 mm cup. The flow curves were recorded
at a shear rate range of 0.01-300 s~! with 7 measurements per
decade. The linear viscoelastic region (LVER) was determined for
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each system, and subsequent experiments were conducted at a
constant shear stress of 0.05 Pa over the frequency range 0.01-
10 Hz. These conditions were such that every measurement was
conducted in the LVER. The systems were equilibrated and ana-
lyzed at 30, 40, 50 and 60 °C.

The oscillatory rheology data were modelled using Maxwellian
model fits, see Equations (2) and (3). As it proved difficult to esti-
mate G, 2XG 2 was used instead, keeping in mind that the equal-
ity G’w, = 2XGq 2 is true for Maxwellian fluids only.

2.2.3. Dynamic light scattering (DLS)

The hydrodynamic radius (Ry) of the investigated systems was
determined with a Zetasizer Nano-ZS (Malvern Instruments Ltd.,
Worshestershire, UK). The laser was a 4 mW He-Ne laser with a
wavelength of 632.8 nm. Measurements were conducted in back-
scattering mode, with a scattering angle of 173°. The surfactant
samples (0.5 ml, 10 mM) were injected in PMMA semi-micro dis-
posable cuvettes purchased from BRAND GmbH (Wertheim, Ger-
many) and analyzed from 70 °C to 10 °C with steps of 5 °C.
Subsequent to any change in temperature the sample was equili-
brated for 5 min and triplicates were measured for every point.
Precipitation was detected at 20 °C and below for samples with
high B-C;6G; ratios and results from such measurements were thus
removed from the data set. Correlation functions showed a single
exponential decay and data were analyzed with the Malvern Zeta-
sizer software using the cumulants method.

2.2.4. Small angle X-ray and neutron scattering

Small angle X-ray scattering (SAXS) experiments were per-
formed at the European Synchrotron Radiation Facility on the
BM29 beamline (Grenoble, France). A wavelength of 0.99 A and a
sample-to-detector distance of 2.867 m were used, resulting in a
Q range of 0.004-0.49 A~!, where Q is the scattering vector defined
as Q = 4w sin 6/1. Every sample was exposed to the beam for 10
frames of 1 s each and the final curve was obtained by averaging
those frames for which beam damage was not observed. The sam-
ples were investigated at 25, 40 and 50 °C. The scattered intensity
was converted to absolute scale according to the protocols of the
beamline and the solvent contribution to the scattering was sub-
tracted. The data output was absolute scattered intensity, 1(Q),
vs. scattering vector, Q [24].

Small angle neutron scattering (SANS) experiments were per-
formed at the Institut Laue-Langevin (ILL) on the D11 instrument
(Grenoble, France) [25] and at the Heinz Maier-Leibnitz Zentrum
(MLZ) on the KWS-3 instrument (Garching, Germany) [26]. On
D11, the neutron wavelength was 5.5 A and the sample-to-
detector distances were 1.65, 8 and 39 m resulting in a Q range
0f 0.0014-0.43 A, whereas on KWS-3 the wavelength of the neu-
trons was 12.8 A, and two different sample-to-detector distances
were used, 1.15 and 9.15 m, yielding a combined Q range of 0.00
0183-0.0187 A~!. The samples were injected in cylindrical quartz
cuvettes (“banjo cells”) with 1- and 2-mm path length for H,O
and D,0 samples respectively, and measured at 30 and 50 °C.
The raw data were reduced according to the protocol of each
beamline to obtain the output files in I(Q), in absolute intensity,
vs. Q.

Analysis of the SAXS and SANS data was performed in SasView
4.2.2 by fitting to form factor models conforming to the micellar
shape [27]. As the Q-range covered in the SAXS experiment did
not reach sufficiently low-Q values to observe the longest dimen-
sion of the micelles, the model used for the SAXS data was a
core-shell cylinder model describing the cross-section dimensions
of the micelles. The SANS data were fitted with a flexible cylinder
model, as these experimental data allowed the length and stiffness
of the micelles to be determined. For a detailed description of the
analysis of the SAXS and SANS data, see previous work [4].
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3. Results
3.1. Structure-function coupling in o- and B-C;6G, micelles

The key results from the rheology measurements of o-C;6G;
and B-C;6G; are summarized in Fig. 1. The linear rheology of these
surfactants directly reveal significant differences between the two
anomeric configurations when it comes to the magnitude of the
viscosity and the flow curves (Fig. 1a). First, the viscosity is signif-
icantly lower for o-C;6G; and flow curves could only be recorded at
high surfactant concentration and at a limited range of shear rates.
Furthermore, a-C;5G, behaves as a Newtonian fluid where the vis-
cosity does not vary with shear rate, while p-C;5G, shows a non-
Newtonian behavior above 10 mM. At high concentration, the vis-
cosity of B-C;6G, solutions decreases with increasing shear rate, i.e.
the systems display a shear thinning behavior. The B-C;6G, solu-
tions show an increase in viscosity with increasing surfactant con-
centration and, at the highest concentration studied (200 mM), the
viscosity extrapolated to zero-shear (710 Pas) is more than six
orders of magnitude higher than that of water at 50 °C
(0.547 x 1073 Pas) (Fig. 1b). The largest relative increase in viscos-
ity with concentration is observed between 5 and 10 mM, i.e. at the
concentration where the behavior of the system transforms from
Newtonian to non-Newtonian. This change marks the onset of
the semi-dilute regime, where the micellar-micellar interactions
become the determining factor for the rheological behavior [20].
The observed interactions are expected to be relatively weak and
therefore sensitive to the flow conditions, and this effect is more
pronounced with increasing concentration (Fig. 1a). Interestingly,
the flow curve for the most concentrated system (200 mM) shows
a sharp discontinuity at 0.5 s~. This feature was confirmed to be
reproducible in several independent experiments, using different
instruments and configurations, and bears the character of a yield
point. However, its physical underpinnings are not understood at
the current point in time.

The zero-shear viscosity appears to increase in a sigmoidal fash-
ion with concentration (Fig. 1b). The steepest increase is observed
at surfactant concentration between 20 and 70 mM. In this range
the viscosity shows a power law dependence on the surfactant
concentration with an exponent of 5.52. This should be compared
with the value of 5.8 observed for semi-dilute solutions of
unbreakable polymers [28], indicating that, in this region, the fast-
est mode of relaxation for the micelles is reptation. For Maxwellian
systems, where the micelles break much faster than they reptate
along the contour length (Tpreak<Trep), the power law exponent
has been shown to be 3.7 for concentrations in the semi-dilute
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regime [28]. Indeed, when increasing the concentration of B-
C16G, above 70 mM, the exponent decreases to a value of 3.23. This
indicates that the system goes through a transition around 70 mM,
from which the dominant relaxation mode is reptation of intact
micelles at lower concentration to fast-breaking micelles at higher
concentration, where the system behaves as a Maxwellian fluid.

The rheological properties of the Ci5G, system were further
investigated by determining the viscoelastic properties at different
frequency of oscillating strain (Fig. 1c-e). For B-C;5G,, the viscous
modulus (G”) is dominating at low frequencies and the elastic
modulus (G’) is dominating at high frequencies, which is the
expected behavior of a viscoelastic system. The t value is obtained
from the inverse of the angular frequency () at the point where
G"=G’. Both 7 and G;; increase with the surfactant concentration.
This is expected, since an increase in surfactant concentration
results in an increasing number of interacting micelles. Therefore,
the solution shows a more elastic behavior over larger time scales
and requires larger forces to make it flow [21]. The solid and
dashed lines in Fig. 1c-e represent the fit of the Maxwell model
to the experimental data. The model fits the data reasonably well
at high concentrations (>100 mM), but not at lower concentra-
tions. This conforms with the results from the viscosity measure-
ments discussed above. For the system to behave according to
Maxwell’s model, the micelles must be sufficiently long and entan-
gled so that the relaxation through breaking the micelles is much
faster than through reptation along its contour length and, conse-
quently, only a single relaxation time of the system upon deforma-
tion is observed [19]. The fit to Maxwell’s model is poor for G” at
high frequencies. This is common for WLM systems, since at
shorter time-scales additional relaxation mechanisms, for instance
stretching of the micelles, which are not accounted for in the Max-
well model become significant [21].

The differences in the rheological behavior of o- and B-Ci6G>
anomers can be explained by the formation of different micellar
structures, as confirmed by SANS. We found that a-C;¢G, behaves
as a Newtonian fluid, consistent with the previous report that this
anomer forms elongated micelles that are not sufficiently long to
confer the system non-linear response to stress, even at high sur-
factant concentration [4]. Scattering data show that B-C;5G; forms
WLM [4], which in the semi-dilute regime correlates well with the
non-linear response to stress, i.e. the shear thinning behavior of the
system. In the present study, the morphology of o~ and B-C;¢G, is
further investigated using a wider Q-range and over a wider range
of concentrations. We note that the analysis of scattering data
becomes challenging at higher surfactant concentrations
(>10 mM), i.e. when reaching the semi-dilute regime for B-C;¢Go,
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Fig. 1. Summary of the key results from rheology measurements of C;¢G, at 50 °C. (a) Viscosity versus shear rate for -C;6G, at 200 (O), 100 (0J), 50 (<), 20 (A), 10 (v7) and 5
(>) mM surfactant concentration. The inset compares the viscosity for o-C;¢G> (<) and B-C16G> () at 100 mM. (b) Zero-shear viscosity of B-C;¢G> versus concentration where
the slopes of two different regions are indicated using solid lines. Viscoelastic properties of 8-C;5G, at (¢) 200, (d) 100 and (e) 50 mM respectively as the G’ (filled markers) and
G” (unfilled markers) versus the angular frequency. The solid and dashed lines are the G’ and G” Maxwell model fit of the data.
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as it requires that the excluded volume effects due to inter-
micellar interactions are properly taken into account [29]. There-
fore, the detailed investigation of the micelle morphology was per-
formed in the dilute regime, i.e. at surfactant concentrations of
10 mM and below for B-Ci5G,. The dilute regime of o-Ci5Gy
extends to higher concentrations since it is forming shorter
micelles and, thus, a sample of 20 mM 0-C;G, was included in
the analysis. SANS data and best fits of the flexible cylinder model
for the anomerically pure samples are presented in Fig. 2a and in
the ESI in Fig. S8, and the results from the fits are presented in
Fig. 2c and d and in the ESI in Table S1.

The results of the SANS measurements at 50 °C revealed that o-
C16G> forms elongated micelles that have a contour length which is
longer than their persistence length at all investigated concentra-
tions. We also see an increase of contour length with increasing
surfactant concentration, as expected for long-tailed surfactants
in the dilute regime [10]. However, the contour length remains
<2000 A for all concentrations studied. For B-C;5G», on the other
hand, formation of WLM with contour length >8000 A is shown
already at concentrations as low as 1 mM (Fig. S8 and Table S1).
The length of the micelles seems to increase up to ~10000 A at
5 mM surfactant. This type of micelle growth was also observed
through the hydrodynamic radius determined by DLS as reported
in the previous study [4]. An apparent decrease in the obtained
contour length is observed at 10 mM. This is probably due to inter-
actions between micelles at the onset of the semi-dilute regime, i.e.
at the surfactant concentration c*. The observation is in line with
results from the rheology measurements that also indicate onset
of the semi-dilute regime at a surfactant concentration of
10 mM. A maximum in the apparent micelle size at c*, was also
found by Jerke et al. for two other WLM systems [10]. They also
show that if the structure factor is not taken into account, the flex-
ible cylinder model overestimates the stiffness of the WLM. How-
ever, Chen et al. showed that even when the micellar interactions
are considered, the stiffness of WLM increases with concentration
[30]. This is also observed in the present study, where the persis-
tence length increases with concentration in the dilute regime of
B-C16G5-solutions (205 + 10 A at 1 mM, 273 + 10 A at 5 mM and
316 + 10 A at 10 mM). However, this variation in persistence length
induced by concentration effects could be an artefact of the fitting
approach, as the modelling underestimates the excluded volume
effects. As previously reported, there is no major effect on the
micelle cross-section with changes in concentration and the aver-
age micelle radius is 22.8 + 0.2 A for p-C16G» and 20.4 + 0.3 A for a-
Ci6G2 [4].
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These results are in line with previous results for o~ and B-
C16G2, where the differences in the micelle morphology were
attributed to changes in the mechanism of headgroup solvation
between the two anomeric configurations [4]. The structure of
the o anomer favored headgroup-solvent interactions, resulting
in a higher degree of hydration than the B configuration and, thus,
inducing a higher curvature and the formation of smaller micelles.
The packing of the B anomer was instead driven by the stronger
headgroup-headgroup attractive interactions, possibly through
hydrogen bonds. This results in a more efficient packing of the
headgroups, a lower degree of solvation, and the formation of lar-
ger aggregates.

3.2. Effect of temperature on the rheology and micellar structure

It has been previously shown that o-C;sG, undergoes a
globular-to-elongated micelle morphology transition with temper-
ature, while B-C;¢G, forms WLM over the whole temperature and
concentration range [4]. In connection to the distinct microscopic
features of the micelles, the rheological behavior is affected by
temperature. In this work we see that a Newtonian behavior is
maintained over the whole temperature range investigated for
200 mM o-C6G,, meaning that the temperature-induced micellar
growth is not extensive enough to induce a non-Newtonian behav-
ior (Fig. S9). In contrast, the rheological behavior of B-C;5G, above
10 mM concentration was found to be non-Newtonian at all tem-
peratures. The change in zero-shear viscosity with temperature for
B-C16G> is shown in Fig. 3a. For all concentrations the curves fea-
ture a maximum, where the highest viscosity extrapolated to
zero-shear rate is achieved at temperatures between 40 and
50 °C. These zero-shear values were found to be lower at 30 °C
and 60 °C by up to a factor of ca. 5 for 100 and 200 mM, and a factor
of ca. 50 for 50 mM. Interestingly, the maximum in viscosity as a
function of temperature is also concentration dependent, where
it appears to occur at decreasing temperatures with increasing
concentration.

The rheological behavior can be directly correlated to changes
in micelle morphology. It is well-known that the microscopic
structure and dynamics of micelles correlate to the macroscopic
behavior of the system. For instance, longer micelles lead to higher
viscosities, since the extent of entanglement increases with micel-
lar length. Similarly, micellar flexibility has been shown to affect
the entanglement of a micellar system and, thus, its rheology
[20]. For the system studied here, the results from SANS measure-
ments of 10 mM B-C;6G, at 30 °C and 50 °C show that the micelles
are around 1000 A shorter, but slightly more rigid at 30 °C, see

10408, @71 104 () ©
9000 P4
4 n
6000 ¢ u
2! 2 | | |
- 10 10 3000 Y
£ °® [ ] ]
= k opm ™
> " t
2 4q0 10° f @
g 400 +
=
= ®
~4.300 b4
102 1072 ’ o ® ’
200
107 102 107" 107 102 107 0 20 40 0 80 100
Y 0,
Qi) QA" B-C G, (%)

Fig. 2. SANS data for o- and B-C;G, micelles at 10 mM in water. (a) B-C;6G> at 50 °C (blue O) and 30 °C (red OJ) and a-C16G, at 50 °C (yellow <) and 30 °C (purple A). (b)
Mixtures of o- and B-C;6G; at: 75% (blue O), 50% (red ), 25% (yellow <) and 10% (purple A) B-C16G.. Solid lines represent fits from a flexible cylinder model and dashed line
represents fit from ellipsoid model. (c) Contour length, L, and (d) persistence length, 1, obtained from flexible cylinder model fit of micelles at different mole % of p-C;¢G, at
50 °C (O) and 30 °C (OJ). The intensity of the data and fits in (a) and (b) have been offset for clarity by a factor of 3, 10 and 30. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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the Maxwell model fit. (d) The effect of temperature on the modulus at the
intersection (G;),) of G’ and G”.

Fig. 2c and d. This is in agreement with previous investigations that
showed that the hydrodynamic radius of the micelles, obtained
from DLS measurements, goes through a maximum between 40
and 55 °C [4]. This, in turn, suggests that the system diverges from
a Maxwellian behavior and explains the lower viscosity at zero-
shear under these conditions. The increase in length of the micelles
shows the same temperature trend as the zero-shear viscosity
(Fig. 3a) indicating that the primary temperature effect on these
values comes from the change in micelle length.

It is thus clear that the temperature dependence of the rheolog-
ical properties reflects changes in micelle morphology. Interest-
ingly, mean-field theory applied to these type of systems predicts
a decrease in the micelle length with increasing temperature
according to Equation (4) [22].

- E
L= \/_@eXP(m) (4)

Here L is the average length of the micelles, ¢ is the volume
fraction of micelles, E is the scission energy and T is the tempera-
ture. The observed maximum in zero-shear viscosity with temper-
ature reflects the sum of two effects, where transitions in viscosity
are observed at different temperatures depending on the
concentration.

The relaxation time behaves in a similar fashion to the zero-
shear viscosity (Fig. 3b), where the t values again show a maxi-
mum at temperatures between 40 °C and 50 °C, and this variation
is also attributed to the morphological changes observed in the
micelles. Furthermore, the temperature increase results in a more
Maxwellian behavior, as evident in the normalized Cole-Cole plots
for 100 mM B-C;¢G, at different temperatures (Fig. 3c) (G” and G’
are both normalized to G’..). Cole-Cole plots for 50 and 200 mM
are shown in Fig. S10. The variation in the t values, together with
changes in the Maxwellian behavior, confirm that the individual
components of the relaxation time (Tpreak and Trep) are affected dif-
ferently by temperature. Here, we hypothesize that the presence of
longer, less mobile micelles (and thus an increase in Tep) is accom-
panied by an increase in micelle breakage (and thus a decrease in
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Tpreak) [17,18]. Thus, we will reach a condition where Tpreak< Trep
and the system becomes more Maxwellian with increasing
temperature.

The modulus at the G’-G” intersect (Gy3) is not affected by tem-
perature changes in the same way as the zero-shear viscosity and
the relaxation time (Fig. 3d). For Maxwellian WLM systems, it has
been shown that G’,, and thus Gy, increase linearly with temper-
ature [31], which is also the trend observed for B-C;5G, at 200 mM
and for 100 mM above 40 °C. This confirms that the Maxwell
regime starts around 100 mM at 40 °C, which is consistent with
the previous results of zero-shear viscosity of B-C;¢G, at different
concentrations (Fig. 1b), that indicate the Maxwell model regime
to start around 100 mM at this temperature.

It has previously been shown that o-C;sG, undergoes a
globular-to-elongated micelle morphology transition with temper-
ature, while B-C;¢G, forms WLM over the whole temperature and
concentration range [4]. This was again attributed to changes in
the solvation mechanism, which were different for the two anom-
ers. Whilst the solvation and, therefore, the morphology of B-C;G2
micelles remains relatively unaffected by temperature, the degree
of solvation of o-C;cG, increases with decreasing temperature.
This results in the formation of smaller aggregates of a-C;5G, at
a lower temperature as induced by the increase in the apparent
size of the o headgroup.

3.3. Mixtures of o-C;6G> and B-C;6G2

o- and B-C;6G, display drastically different microscopic and
macroscopic behavior. In terms of rheology, mixing the two surfac-
tants results in solutions with intermediate viscosity between the
two anomerically pure surfactants, where higher contents of the
B anomer display higher viscosities (Fig. 4a). Similar to the concen-
tration dependence of B-C;6G; in Fig. 1b, there is a weak sigmoidal
dependence of zero-shear viscosity on the anomeric ratio, where
the largest change is observed around 50% B-C;sG,. As for B-
C16Go, the mixtures are shear thinning, but the onset of the curve
shifts to higher shear rates with increasing amount of o-C;G;
and becomes close to Newtonian at low B-C;6G, contents (<25%)
(Fig. S11).

Large changes are also seen for the viscoelastic properties of the
surfactant solutions when mixing o- and B-C;¢G; (Fig. 4b-d). These
oscillatory rheology results show that increasing amount of B-
C16G in the mixture results in a more elastic solution, as seen by
the shift of the intersection to lower angular frequencies. For mix-
tures with more than 50% o-C;6G> the viscous modulus is dominat-
ing over the whole frequency range investigated and no cross-over
frequency could be detected. The temperature behavior of the mix-
tures with high ratios of B-C;6G; (>75%) is similar to that of pure B-
C16Go. The T decreases with increasing ratio of o-C;6G, meaning
that the solutions are viscous over larger timescales (Fig. 4e). A
maximum in T appears at temperatures between 40 °C and 50 °C
for the higher p-Cy6G, ratios. At temperatures below 50 °C, Gy)»
is unaffected by changes in surfactant ratio. However, a significant
increase is observed at higher temperatures for the systems with
higher B-C;6G, ratio (Fig. 4f). Interestingly, such an increase is
observed under conditions where a Maxwellian behavior is
expected, as discussed earlier. The normalized Cole-Cole plot for
the mixtures of o- and B-C;4G, is presented in Fig. 4g. Cole-Cole
plots for the mixtures at all investigated temperatures are pre-
sented in Fig. S10. From the comparison of the curves, it is seen
that the surfactant solution becomes more Maxwellian with
increasing B-C;6G, ratio, as expected.

Again, the observed changes in rheological behavior can be
related to the structural changes of the micelles. The hydrody-
namic radius of the micelles, determined from DLS, shows a grad-
ual increase in size with increasing ratio of B-C;6G, at constant
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Fig. 4. Rheology results for mixtures of o- and B-C;6G, at 100 mM surfactant
concentration. (a) Zero-shear viscosity at 50 °C. Frequency sweep measurements for
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Maxwell model fits are included for G’ (solid line) and G” (dashed line).
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100% (O), 90% (O), 75% (<), 50% (A) B-C16G2. (g) Cole-Cole plot for 100% (O), 90%
(00), 75% (<), 50% (A) B-C16G; at 60 °C with a Maxwell model fit represented by the
solid line.

surfactant concentration of 10 mM (Fig. S12). The same trend is
observed for the contour length of the micelles obtained from a
flexible cylinder model fit of the SANS data (Fig. 2b and c). Both
these methods show a close to linear increase in size with increas-
ing B-ratio, except at the highest ratios of B-C;5G,, where the
increase levels off. This may explain the sigmoidal zero-shear vis-
cosity dependence on the surfactant ratio (Fig. 4a), where the trend
micelle elongation reaches a plateau as seen by SANS and DLS. At
high o-C;6G; ratios the surfactant micelles are shorter and corre-
late to the Newtonian behavior of the system.

Changing the temperature of the mixed solutions results in
composition- and temperature-dependent variations in terms of
micellar structure. For all compositions investigated here, the con-
tour length obtained from SANS measurements is consistently ca.
1000 A larger at 50 °C than 30 °C (Fig. 2c). This is in agreement with
the variations in hydrodynamic radius obtained from DLS
(Fig. S12). The onset of micelle growth with temperature is depen-
dent on the surfactant ratio, where the onset occurs at lower tem-
peratures for higher ratios of B-Ci6G, (Fig. S13). In terms of
variations in micellar flexibility with temperature, it is seen that,
whilst the persistence length at 50 °C remains rather constant with
micelle composition, micelle stiffness increases and becomes more
variable at 30 °C (Fig. 2d). These structural features again correlate
with the rheological behavior of the system, where more viscous
systems are seen at 50 °C than at 30 °C. The scattering curves from
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the SANS data with the fitted flexible cylinder model and the
obtained parameters is shown in Fig. S14 and Table S2.

In order to determine the internal structure of the micelles in
the mixed-surfactant systems, contrast variation SANS was com-
bined with SAXS. One of the main advantages of SANS is that the
use of isotopically labelled compounds can provide detailed struc-
tural information and micelle composition through the co-
refinement of model fits to the scattering data from these contrasts
[32-34]. In addition to the SANS contrast presented above, proti-
ated surfactants in D,0 (Contrast 1), analogous samples containing
h-0-C16G, and ds;-B-C16G, in D,0 (Contrast 2) were measured.
Data from this contrast were analyzed using a similar protocol to
that presented in the Experimental section and ESI, with the differ-
ence that the volume fraction of micelles of Contrast 2 was fixed to
the values obtained from Contrast 1 and the SLD of the micelle cal-
culated (SLDg). SLDg; was subsequently used to determine the
amount of each surfactant in the micelle using Equation (5):

z ~_ SLDs—SLDy cis
p—C16G2,micelle SLDd—ClB — SLthme

(5)

where ¢pci6G2,micelle 1S the volume fraction of B-Ci6G, in the
micelle, and SLDy,_c1662 and SLDg4_c1662 are the SLD of the protiated
and deuterated surfactant tails, —0.39 x 10°® A2 and
6.93 x 1075 A2 respectively.

Data and results from the analysis are presented in Fig. S14 and
Table S3 in the ESI. The results from Contrast 2 show similar struc-
tural characteristics to those obtained from Contrast 1. The main
difference appears in the cross-sectional size of the micelles, where
the radius is between 1 and 20% larger in the presence of ds;-B-
C16G, with respect to its protiated analogue. We are not sure about
the reason of this difference. Interestingly, this difference does not
seem to affect the elongation or flexibility of the micelles, as the
differences between contrasts are within the error of the fits. The
composition of the mixed micelles was determined at the two tem-
peratures and shows that a-C;¢G, is more prone to form micelles
than B-Cy6G, (Fig. S15). These results agree with previous investi-
gations where it was shown that o-C;¢G, has a lower CMC and thus
relates to a more hydrophobic character [4,35]. SAXS data were
used to determine the structural characteristics of the headgroup
region, as the density correlation core-shell-solvent results in the
strong oscillation at high q which enables the structure of this
region to be depicted. Data and results from the analysis are pre-
sented in Fig. S16 and Table S4 in the ESI. In agreement with pre-
vious investigations, the cross-section thickness increases with
increasing ratio of B-C;¢G,, which was attributed to the distinct dif-
ferences in monomer packing that depends on the anomeric con-
figuration of the surfactant [4].

4. Discussion
4.1. Comparison of C;6G> to other surfactants that form WLM

The results obtained for Ci6G; in this study shows that only
minor changes in the architecture of the surfactant have pro-
nounced effect on micellar structure and rheology. Whilst the
effect of changing the tail length or headgroup size of surfactant
has been intensively studied [36], the effects of anomers have
not been previously reported. The majority of studies on WLM
were performed on ionic surfactant systems, especially when it
comes to connection between rheology and micellar structure
[5,37]. In particular, the addition of hydrotropic salts have a strong
influence on the rheology of the system. An example is a 30 mM
hexadecyltrimethylammonium tosylate solution where a zero-
shear viscosity increases from around 1072 Pas to about 50 Pas
when potassium phthalic acid 2 mM was added [38]. Similarly,
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the addition of sodium salicylate to 50 mM hexadecyltrimethylam-
monium chloride results in a strong non-Newtonian behavior,
where the zero-shear viscosity increases to 10* Pas. These systems
often require the presence of salts to form non-Newtonian fluids,
which often are derived from aromatic hydrocarbons and thus pre-
sent an adverse environmental impact.

The relationship between structure and rheological properties
of non-ionic surfactants, such as sugar surfactants, is not as well
understood as for other surfactant systems. The self-assembly
structure of poly(oxyethylene) surfactants in solutions with non-
Newtonian behavior has been shown to vary with the number of
ethylene units in the headgroup [39]. Ericson et al also showed that
for homologous series of maltosides and glucosides (C14G3, C12Go,
C10G1, and CgGq) both size of head group and alkyl chain length
affects the rheological properties and micellar structure formed
[12-14]. The formation of non-Newtonian surfactant solutions
was reported for B-C;4G;, where the observed zero-shear viscosi-
ties were considerably lower than for the B-C;¢G, solutions inves-
tigated here, with the highest zero-shear viscosity at 0.5 Pas for
18.5 wt% Cy14G, solution. Despite the concentration of B-C;4G>
being almost twice the highest concentration of B-C;5G, used in
this study, the intersection between the viscous and elastic moduli
occurs at a similar value (G’, G” ~ 40 Pa) and the relaxation time is
about two orders of magnitude higher for p-C;6G, at 200 mM
(t =15 s) than for B-C14G; at ca. 350 mM (t = 0.03 s) [14]. This dif-
ference is attributed to the formation of more elongated and entan-
gled micelles for B-C;6G,.

To the best of the Author’s knowledge, there are only two
other sugar surfactant systems that have been reported to form
viscoelastic solutions. These are sucrose monohexadecanoate
[40,41], and a novel type of sugar surfactants with an ethylene
oxide linker between the alkyl chain and the sugar headgroup
as well as a double bond in the alkyl chain [11,42]. The sucrose
monohexadecanoate showed a zero-shear viscosity of ca. 1 Pas
for 10 wt% (172 mM) surfactant solutions, which is similar to
the value obtained for a 100 mM 50% mixture of o- and B-
C16G2 and almost three orders of magnitude lower than for a sim-
ilar concentration of B-C;sG,. The novel ethylene oxide-based
sugar surfactants synthesized and studied by Moore et al. show
a rheological behavior that is strongly dependent on the length
of both head group and tail [11,42]. Interestingly, they also report
the formation of WLM at a chain length of 16 carbons and above,
which seems to be the tail length threshold above which alkyl-
maltopyranosides induce the type of viscoelastic behavior
observed in the present study. Their results also showed that
the differences in rheological behavior correlated with the struc-
ture of the sugar head group. The zero-shear viscosity for the sur-
factants with the highest viscosity, labelled as Gal-EO3-C18:1 and
Glc-E04-C22:1, was found to be 30 and 40 Pas at surfactant con-
centrations of 19.2 and 25.6 mM, respectively. These values are
1000 times higher than for B-C;6G, at 20 mM (0.02 Pas), i.e. these
ethylene oxide-based sugar surfactant systems become more vis-
cous at lower concentrations than B-C;G,. In contrast, the con-
centration of B-C;6G, needed to reach the same viscosity values
is 70 mM. For 19.2 mM Glc-EO4-C22:1 the relaxation time was
ca. 200 s, compared to ca. 15 s for 200 mM B-C;5G, at 40 °C
[11]. This means that those surfactants form more elongated
and entangled micelles than those of B-C;6G,.

Additionally, the thermal stability of the non-Newtonian B-
C16G, solutions, where no clouding was observed up to 90 °C
(Fig. S13), differs from that of poly(oxyethylene) surfactants, where
high temperatures prompts system instability [43]. Therefore, the
thermal resilience of the system allows to access a wide tempera-
ture range where the system remains stable.
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5. Conclusions

The rheological behavior of aqueous systems can be tuned
through the self-assembly of surfactants into worm-like micelles
[5]. The formation of these assemblies has been previously
reported for a variety of surfactants. lonic surfactants often require
the addition of salts or other surfactants to modify the monomer
packing and lead to the co-assembly of those into elongated
micelles [6-9,38]. In contrast, some non-ionic amphiphiles, e.g.
poly(oxyethylene)-based surfactants, present the advantage of
not requiring the addition of salts to form worm-like micelles,
which simplifies the formulation of non-Newtonian fluids [10-
11,42]. The molecular architecture of these (tail length and degree
of headgroup polymerization) has been reported to control micelle
morphology and, as such, the rheology of the system. Sugar-based
surfactants have also been shown to self-assemble into micelles of
different morphology depending on the monomer structure (tail
length, degree of headgroup polymerization, and anomeric config-
uration), and worm-like micelles were also reported [4,12,14].

In this study, we present how the rheology of hexadecyl mal-
toside solutions is coupled to the microstructure of the system,
with particular emphasis on the effect of the anomeric configura-
tion of the surfactant (o0 and ). Surfactants in the o-
configuration show a Newtonian behavior, in connection to the for-
mation of globular or short cylindrical micelles in the whole con-
centration and temperature range studied here. For the B-
configuration, we observed an increase of almost six orders of mag-
nitude in viscosity with increasing concentration from the onset of
the semi-dilute regime, at 10 mM, to the highest concentration
investigated, 200 mM. These solutions were shear thinning and a
distinct viscoelastic behavior was observed, where they behave
as Maxwellian fluids at high concentrations. The structural charac-
terization of the micelles in the dilute regime through scattering
techniques shows the formation of WLM, which relates to the rhe-
ological behavior of the system upon entanglement, as previously
reported for other systems [18,31,44,45]. Interestingly, it was also
found that the temperature affects the rheological response of the
system, where both the viscosity and the relaxation time go
through a maximum with increasing temperature. These rheologi-
cal properties are correlated to transitions in morphology and
entanglement as induced by temperature changes. Interestingly,
no phase separation was observed in the temperature range stud-
ied here. This confirms that the cloud point of the surfactant is
higher than that for poly(oxyethylene)-based surfactants [43].

Furthermore, when mixing these two surfactants, the rheologi-
cal properties fall between those of the two pure anomers, in con-
nection to the microscopic structure. At higher B-C;5G, content,
micelles are longer and, potentially, more entangled in the semi-
dilute regime. This explains the increase in viscosity and why the
elastic modulus is dominating over a larger timeframe, showing
that mixtures of these surfactants allow to finely tune the system’s
response to stress.

Interestingly, one of the key features for these C;5G,-systems is
how the behavior of two surfactants of identical chemical compo-
sition can differ so greatly by altering the anomeric configuration,
which to the best of our knowledge has not been previously
reported for this type of systems. Furthermore, the green character
of these, which can be synthesized using renewable raw materials,
opens new possibilities in the use of sustainable surfactants as rhe-
ology modifiers for formulated products. Therefore, increasing the
physicochemical understanding of these surfactants and exploring
other conditions (e.g. formation of liquid crystals at high surfactant
concentration) will expand the application of these to replace fossil
fuel-derived compounds.
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