
Introduction

Surfactants in aqueous media self-assemble to form
aggregates at a specific concentration known as the
critical micelle concentration (cmc). The aggregates
formed are often spherical or quasi-spherical in shape,
but may undergo dramatic growth as a result of a
change of a suitable ‘‘tuning parameter’’. This parameter
may be salt concentration, temperature or concentration
of an additive (e.g. a fatty alcohol). The process of
micellar growth results in the formation of worm-like or
branched micelles, or even interconnected micellar net-
works. Micellar growth, and the dynamic properties of
systems comprising large micelles, has been extensively
studied for ionic surfactants, where the growth is nor-
mally induced by increasing the electrolyte concentra-
tion. Well-studied examples include the cetylpyridinium
chlorate/sodium chlorate [1–3], cetyltrimethylammoni-

um bromide/potassium bromide [3–6], and cetylpyridi-
nium chloride/sodium salicylate systems [7–9]. Upon
increasing salt concentration, the viscometric behaviour
of these systems have been interpreted in terms of for-
mation of a network of worm-like micelles (‘‘living
polymers’’), followed by formation of branched aggre-
gates [3, 7, 10, 11]. In such branched aggregates, stress
relaxation can occur by sliding the cross-links along the
worm-like micelles, which gives rise to a decrease in
viscosity [12].

The literature on the properties of worm-like micelles
of non-ionic surfactants is less extensive. However,
surfactants based on polyethyleneoxide are known to
undergo a sphere-to-rod transition when the tempera-
ture or concentration is increased. Entangled networks
of worm-like micelles have been found to form at con-
centration above the overlap concentration [13, 14],
whereas formation of branched aggregates has been
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claimed to form only in the vicinity of the lower critical
consolute temperature [13, 15].

Alkylglycosides represent a class of non-ionic surf-
actants whose rheological behaviour in aqueous solu-
tion is less studied [16, 17]. Alkylglycosides have been
suggested to form elongated micellar structures of sev-
eral kinds, which clearly make them interesting from a
rheological point of view. Nonylglucoside (C9G1) and
decylglucoside (C10G1) have both been shown to form
large micelles over a wide concentration range [18, 19].
However, the phase behaviour of the two surfactants
suggests important differences in micellisation [18]. At
room temperature, C9G1 displays a large micellar region
in water, which upon increasing concentration is fol-
lowed by a bicontinuous cubic phase with the space
group Ia3d. NMR self-diffusion data suggest that the
microstructure in the micellar and cubic phases is simi-
lar [18]. C10G1, on the other hand, displays phase sep-
aration at concentrations between 0.1 wt% and
17 wt%. Above 17 wt% a one-phase micellar region is
present, which extends up to approximately 67 wt%
[18]. Characterisation of the more concentrated phases
have been hampered by kinetic effects, although hex-
agonal, cubic and lamellar phases have been reported
[16]. NMR data indicate that the microstructure of the
micellar phase in the C9G1/D2O and C10G1/D2O sys-
tems is similar and the data also suggest that this
structure is best described in terms of a multi-connected
micellar network [18]. The implied, close similarities in
micellar morphology between the two systems would
seem to contradict the pronounced differences in phase
behaviour in the micellar domain. This has been ex-
plained by assuming that C10G1 forms a near-saturated
network, whereas C9G1 forms micelles that are highly
branched and interconnected, but nevertheless contain-
ing a large enough number of end-points to allow for
dilution without phase separation [20]. Similarly, the
entire micellar region of the ternary phase diagram of
C9G1/C10G1/H2O has been suggested to comprise a
network of branched micelles in which the relative
number of end-points increases with the amount of
C9G1 [20–22].

Understanding of alkylmaltoside micelle morphology
seems less well-developed, particularly for higher con-
centrations. n-Tetradecyl-b-D-maltoside (C14G2) has
been shown to form worm-like micelles already at low
concentrations [23], but shorter-chain maltosides seem
to form smaller micelles under dilute conditions [24, 25].
The phase behaviour of alkylmaltosides suggests that
they rarely form branched aggregates. The phase dia-
grams of C8G2, C10G2 and C12G2 have been published
[26, 27]. All three surfactants have a high solubility in
water, which results in a wide micellar domain in which
no phase separation is observed. At higher surfactant
concentrations, hexagonal, rectangular, cubic and
lamellar phases have been characterised. The phase

diagram of C14G2 has not been published, but probably
resembles that of C12G2.

The micellar morphology of both alkylglucosides and
alkylmaltosides has been shown to display anomalous
deuterium effects. In the C9G1 and C14G2 systems,
substituting D2O for H2O leads to a quite dramatic in-
crease in micelle size, even at low concentrations [19, 23].
Similarly, the 2-phase loop in the C9G1/C10G1/D2O
system is much larger than in the C9G1/C10G1/H2O one
at otherwise similar conditions [28].

In summary, available literature data suggest that
alkylglycosides form an unusually wide array of micellar
morphologies. However, the assignment of morpholog-
ies is, in the maltoside cases, based largely on analogies
with the phase behaviour and extrapolation from dilute
conditions. Similarly, the understanding of the deute-
rium effect on micelle morphologies is incomplete and
the details of micellar network formation in alkylglu-
cosides need to be verified.

In the present work, we have used viscometry and
rheology to investigate the effects of alkylglycoside
molecular characteristics (primarily packing require-
ments) on micellar morphology over a wide concentra-
tion range. The results shed further light on the general
differences in micellisation between glucosides and
maltosides at high surfactant concentration.

Materials and methods

Materials and sample preparation

n-Nonyl-b-D-glucoside (C9G1), n-decyl-b-D-glucoside
(C10G1), n-dodecyl-b-D-maltoside (C12G2) and n-te-
tradecyl-b-D-maltoside (C14G2) were purchased from
Anatrace Inc. (Maumee, OH) and was of ANAGRADE
quality. H2O was distilled and further purified on a
PureLab Plus water purification apparatus and filtered
through a 0.10 lm filter. D2O with an isotopic purity of
99% was purchased from Cambridge Isotope Labora-
tories.

Calculation of concentration and volume fraction

All concentrations are given in wt%. Volume fractions
can be estimated from the surfactant densities. The
density can be calculated by using the volume of the
surfactant molecule, which has been determined to
691 Å3 for C12G2 [24]. However, this value provides an
underestimate of the molecular volume in solution, since
the hydrophilic head-group in this case also includes
water of hydration. Taking hydration into account
yields a molecular volume of 991 Å3 for the same
surfactant, assuming ten water molecules with a volume
of 30 Å3 each per surfactant molecule [24]. From these

1314



molecular volumes the density of C12G2 with and with-
out water of hydration can be calculated as 1.16 g/cm3

and 1.23 g/cm3, respectively. Using the same calculation
in conjunction with the assumption that the density of
the alkyl chain is that of the corresponding liquid alkane
gives a density of C14G2 of 1.14 g/cm3 (with ten waters
of hydration) and 1.20 g/cm3 (without water of hydra-
tion). The same type of calculation was applied to the
alkylglucosides, C9G1 and C10G1. The head-group vol-
ume for C8G1 has been determined to 179.4 Å3 [25],
which gives a calculated density of 1.13 g/cm3 for C9G1

and 1.12 g/cm3 for C10G1, without water of hydration.
The observation that the estimated density of all surf-
actants is close to 1, regardless of assumptions, leads to
the trivial conclusion that the weight concentration is
approximately equal to the volume fraction, /, for the
alkylglycoside systems.

In mixtures of C9G1 and C10G1, d denotes the mass
ratio of C9G1 defined as

d ¼ mC9G1

mC9G1
þ mC10G1

: ð1Þ

Methods

The capillary viscometers were of Cannon-Fenske type
and fitted in a mantle through which thermostatted water
was circulated by means of an external water bath. The
specific constants (K) of the capillaries were in the range
0.00381–0.2150 mm2/s2. In a given experiment, the cap-
illary was selected so as to give a flow-through time of
>200 s. Densities of solutions were determined by re-
peated weighing of the solutions in a volumetric flask.
The flask was calibrated by weighing of water at 22 �C.

Rheological experiments were performed on a Re-
ologica Stress Tech using a cone-plate geometry with a
diameter of 40 mm and a cone angle of 4 � (CP 40–4). A
solvent trap was used to prevent evaporation of water.
The samples were thermostatted at 22 �C by a circulat-
ing water bath for all the surfactants except C10G1 and
C14G2 which were investigated at 25 and 35 �C respec-
tively, in order for the measurements to be performed
above the Krafft temperature (32 �C for C14G2 and
23 �C for C10G1). In oscillatory experiments, the fre-
quency range investigated was 0.1 Hz £ f £ 15 Hz. In
flow-curve experiments, the shear-rate range was
0:15 s�1 � _c � 3030 s�1:

Theoretical concepts

An extensive theoretical treatment of the dynamics and
rheology of worm-like micelles (‘‘living polymers’’) has
been presented by Cates [29, 30]. Here, we limit our-
selves to a brief summary of the theoretical concepts

required to discuss and rationalise the experiments in
the present paper. The Cates model involves two time
scales, namely the reptation time srep and the breaking
time sbr of the micelles [29]. In the limit of srep > sbr,
micellar scission and reformation do not significantly
affect the stress relaxation. In combination with the
predictions of mean-field theory [31], these conditions
give

g0 � /21=4; ð2Þ

where / is the volume fraction of surfactant. For the
other extreme case, where srep � sbr, the viscosity is
predicted to scale with the volume fraction of the sur-
factant solution as

g0 � /7=2: ð3Þ

In Cates model, an exponent lower than 3.5 can be ac-
counted for if the distance between entanglement points
is assumed much larger than the persistence length and
the breaking time is much larger than the Rouse time
[32]. However, the model predicts that the scaling
exponent for an entangled system cannot be lower than
2.0, irrespective of relaxation mechanism and relaxation
time.

Formation of micellar branch points and thus of in-
ter-micellar cross-links makes the situation much more
complex. Cross-linked micellar systems (‘‘living net-
works’’) have been discussed from a theoretical point of
view by Drye, Cates and Lequeux [12, 33], but the fun-
damental understanding of such systems is still less
extensive than for entangled ones. Nevertheless, the
scaling exponent is expected to be lower than 3.5.

Results and discussion

Dodecyl- and tetradecylmaltoside, C12G2 and C14G2

The viscosity of C14G2 solutions as a function of shear
rate was investigated in D2O and H2O (Fig. 1). The data
reveal that C14G2 solutions display Newtonian behav-
iour at low shear rates and pronounced shear thinning at
high shear rates. At high surfactant concentration the
Newtonian viscosity of solutions in D2O is roughly one
order of magnitude higher than those in H2O.

Concentrated C14G2 solutions display a viscoelastic
behaviour with a characteristic time of approximately
0.17 s (Fig. 2). As illustrated in Fig. 2, the frequency
dependence of the C14G2 system does not follow the
Maxwell model. However, a similar non-Maxwellian
rheological behaviour has been observed in mixtures of
cetylpyridinium chloride and sodium salicylate at low
and moderate concentrations of salicylate [7]. These
systems comprise worm-like, non-branched micelles and
the fact that the Maxwell model is unable to describe
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their rheological behaviour has been explained in terms
of a pronounced polydispersity, which gives rise to a
continuous spectrum of relaxation times rather than a
single, well-defined one [7]. Our rheometric data are thus
consistent with the idea that C14G2 form worm-like
micelles at high concentration, but do not provide con-
clusive evidence. However, viscometric data provide
strong support for this idea.

From previous SANS measurements we know that
C14G2 micelles are elongated, flexible aggregates at low
concentration. If the micelles remain disconnected also
at higher concentration, we would expect to observe a

transition from a dilute solution of worm-like micelles at
low concentrations, to a semi-dilute regime with entan-
gled worm-like micelles at a crossover concentration c*.
Furthermore, we would expect the viscosity to scale with
concentration with an exponent c ‡3.5 in the semi-dilute
region. In order to verify this expectation, the behaviour
of the system over the whole micellar range was inves-
tigated by viscometry.

The zero-shear viscosity of C14G2 solutions in H2O
and D2O is plotted as a function of concentration in
Fig. 3. The zero-shear viscosity at higher concentrations
was determined from the Newtonian part of the flow
curves. At lower concentrations the viscosity was
determined by capillary viscometry due to the higher
accuracy of this method for low-viscosity liquids. In this
semi-dilute regime, the dependence of the viscosity on
concentration follows a power law g�cc (Fig. 3). The
exponent c (Table 1) is approximately the same for both
D2O and H2O (namely 5.8 and 5.7, respectively), but the
viscosity of D2O solutions is one order of magnitude
higher. The large numeric value of c is not consistent
with the existence of a micellar network and provides
strong evidence that the micelles are worm-like. The
crossover concentration c* is well-defined in solutions of
‘‘classical’’ polymers, where the polymers have a narrow
size distribution independent of concentration. How-
ever, for ‘‘living polymers’’ the large size distribution
and its dependence on concentration often makes it
considerably less distinct [34]. The crossover region for
the C14G2 system is quite broad, but allows for a rough
estimate of c* (Table 1). The onset of the semi-dilute
regime occurs at lower concentrations for D2O solutions
compared with H2O ones, even when taking the density
difference between D2O and H2O into account. This is

Fig. 1 Flow curves (viscosity as a function of shear rate, _c) for
20.0 wt% C14G2 in H2O (open squares), 18.5 wt% C14G2 in D2O
(filled squares), 42.5 wt% C9G1 in H2O (open circles) and 42.4 wt%
C9G1 in D2O (filled circles). The lines are included as a guide to the
eye

Fig. 2 The storage modulus G’ (circles) and the loss modulus G’’
(squares) as a function of the frequency for a solution of 18.5 wt%
C14G2 in D2O at 35 �C. The solid lines are least-squares fits of the
Maxwell model

Fig. 3 Zero-shear viscosity as a function of surfactant concentra-
tion for C14G2 in D2O (filled squares), in H2O (open squares) at
35 �C and C12G2 in H2O (open circles) at 22 �C. The solid thicker
line denoted 1 is based on Einstein’s equation for hard spheres at
22 �C
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consistent with the idea that the micelles are longer in
D2O than in H2O. The same holds true for the obser-
vation that the viscosity is higher in D2O than in H2O
for a given surfactant concentration, although the scal-
ing exponent is largely unaffected by the deuterium ex-
change. This means that deuterium exchange in the
C14G2 system induces one-dimensional micellar growth.
The possible reasons for this effect have been discussed
at length elsewhere [19, 23, 28]. In short, the most
plausible explanation seems to be that the O–D bond is
shorter than the O–H bond. Therefore, the effective area
of the surfactant head-group is expected to be smaller in
D2O than in H2O, which, in turn, means that highly
curved structures such as micellar end-caps are disfa-
voured.

Figure 3 displays the concentration dependence of
the zero-shear viscosity of C12G2 in H2O. For this
system, the crossover concentration is ca 20 wt%, i.e.
significantly higher than for C14G2 (Table 1). This is in
agreement with previous results, which show that the
micelle morphology of C12G2 in dilute solution shows
little concentration dependence and is roughly spherical
[35]. Solutions containing spherical micelles generally
exhibit Newtonian behaviour and the viscosity of the
solution increases linearly with the volume fraction of
the micellar solution. As displayed in Fig. 3, this ap-
plies also to C12G2 at low concentrations. However, at
higher concentrations the viscosity follows a power law
with the exponent of 5.6 until the hexagonal phase is
formed at 48 wt% (Fig. 3). The numerical value of the
exponent is virtually identical to that for C14G2 and
therefore provides strong evidence that also C12G2

forms worm-like, non-branched micelles at high con-
centration. This is also in agreement with the phase
diagram, in which the micellar phase is followed by a

hexagonal phase, rather than a phase comprising
branched aggregates, upon increasing surfactant con-
centration.

The c exponents for C14G2 and C12G2 systems
(Table 1) is considerably higher than what is predicted
from Cates’ modified reptation model for an entangled
system in which the dominant relaxation mechanism is
micellar scission and reformation. Rather, the data are
in good agreement with the prediction for a system in
which reptation dominates, cf. Eq. 2. Consequently, the
data suggest that the characteristic time of micellar
scission and reformation in the C12G2 and C14G2 sys-
tems is long relative to the reptation time. However, it
would be highly unusual for the rheological behaviour
of a micellar solution to be governed mainly by rep-
tation, since the scission of worm-like micelles normally
is so fast that it dominates the relaxation. It has to be
remembered that a large numeric value of the c expo-
nent may also have other grounds than sluggish
micellar scission. It has previously been shown that the
growth exponent a that governs the growth of the mi-
celles with increasing concentration ð�L � /aÞ can be
considerably larger than the value of 0.5 given by mean
field theory. For instance, the concentration-induced
micellar growth of C16E6 in D2O has been found to be
characterized by a=1.2. Increasing a leads to increasing
c, so the mean field predictions should be used with
considerable caution when analysing rheological
behaviour in terms of micellar dynamics [36]. A second
parameter that needs to be taken into account is the
influence of micellar length at a given concentration.
The micelle breaking time has been found to be given
by sbr ¼ ðk�LÞ�1; where k is the temperature-dependent
rate constant per unit arc length per unit time, which is
independent of time and of volume fraction [29].
Consequently, shorter micelles are expected to have
longer breaking time, and the fact that the c exponent
for C12G2 and C14G2 solutions is higher than for ionic
surfactants at high salt concentration can therefore be
an effect of a shorter average micelle length in the
former case. However, all things considered, we may
with reasonable confidence conclude that our data
verify the presence of worm-like, non-branched micelles
in the C12G2 and C14G2 systems.

For typical polymer solutions, the viscosity is a weak
function of temperature. In contrast, the viscosity of
solutions of ‘‘living polymers’’ often shows a strong,
Arrhenius-like temperature dependence that has been
interpreted as an effect of the decrease in average
micellar length upon increasing temperature [37]. This
picture is not directly applicable to the C14G2, for which
previous data show an increase in micellar size with
temperature [23]. For C12G2 and C14G2, we rather find
that the viscosity increases with increasing temperature,
and that the increase is not of Arrhenius-type (data not
shown).

Table 1 Data from viscometric characterisation of aqueous solu-
tions of alkylglycosides

Surfactant d Solvent c* (wt%) ca cb cc

C14G2 D2O 4 5.8 5.8 5.8
C14G2 H2O 7 5.7 5.5 5.6
C12G2 H2O 20 5.6 5.3 5.4
C9G1 D2O 2.5 2.0 2.0
C9G1 H2O 4 2.4 2.3
C9G1/C10G1 0.75 H2O 2.5 2.0
C9G1/C10G1 0.25 H2O 1 1.6
C9G1/C10G1 0.126 H2O – 1.3

d denotes the weight ratio of C9G1 in C9G1/C10G1 mixtures, c* the
overlap concentration and c the power law growth exponent. For
solutions of C14G2 in D2O, c* was determined by extrapolation
aDetermined as g�cc, where c is the concentration expressed as
wt%
bDetermined as g�/c, where / is the volume fraction assuming no
water of hydration
cDetermined as g�/c, where / is the volume fraction assuming ten
water molecules of hydration for each surfactant molecule
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Nonylglucoside, C9G1

The viscosity as a function of shear rate was investigated
for C9G1 in D2O and H2O (Fig. 1). As is obvious from
the figure, the rheological behaviour of C9G1 is quite
different from that of C14G2. In particular, the viscosity
of C9G1 solutions is dramatically lower than for C14G2

for comparable concentrations. Furthermore, C14G2

solutions display shear thinning, whereas the viscosity of
C9G1 is independent of shear rate over the entire range
investigated (0.1–785 s)1). Measurements with oscillat-
ing rheology confirm the pronounced differences be-
tween C9G1 and the maltosides. The viscoelasticity of
C9G1 solutions is comparably weak, and the relaxation
is so fast that no crossover point can be determined in
the frequency spectrum (Fig. 4). Detailed, further anal-
ysis of the frequency spectrum in terms of the Maxwell
model or any other mechanical description is not pos-
sible. However, the fact that the characteristic time of
the C9G1 system is much shorter than that of the C14G2

system clearly suggest a pronounced difference in
aggregation between the two surfactants.

In Fig. 5, the zero-shear viscosity for C9G1 in D2O
and H2O is presented as a function of concentration. For
C9G1 in both D2O and H2O, the viscosity scales with
concentration with an exponent considerably lower than
for the alkylmaltosides (Table 1). The exponent is also
lower than predicted by theory if the relaxation mech-
anism would be determined by scission and recombina-
tion of the micelles. Other relaxation mechanisms could,
in principle, give rise to exponents as low as 2.0 for
worm-like micelles [32]. However, it would seem
exceedingly difficult to explain the pronounced

differences in rheological and viscometric behaviour
between C9G1 and the maltosides while assuming worm-
like micelles in both cases. Rather, the low numerical
value of the exponent for C9G1 may be considered
indicative of branched aggregates. This explanation is in
full agreement with the phase behaviour of the surfac-
tants. As described above, the micellar phase of C9G1 is
followed by a bicontinuous cubic phase of Ia3d-type at
temperatures above 11 �C. NMR self-diffusion data
across the phase boundary between the cubic and the
micellar phase shows no discontinuity, which suggest
that the microstructure in the two phases is similar [18].
For the C12G2 and (presumably) the C14G2 systems, on
the other hand, the micellar phase is followed by a
hexagonal phase.

The effect of deuterium exchange on the viscosity is
much smaller for C9G1 than for the maltoside C14G2

(Table 1). On the other hand, the effect on the scale
factor is larger and leads to a smaller scale factor in D2O
solution. This deuterium effect would be compatible
with a decrease in the number of dead ends in an
interconnected micellar network.

In Fig. 6 the relative viscosity of a 28 wt% solution
of C9G1 in D2O is plotted as a function of the inverse
temperature. Upon increasing temperature the viscosity
decreases and the relation between viscosity and inverse
temperature is perfectly linear. This Arrhenius-like
behaviour again sets C9G1 apart from the maltosides.
From the slope of the plot, we can calculate the acti-
vation energy Ea to 32 kJ/mol. This value is relatively
low when compared with those previously reported for
ionic micelles that form entangled networks of worm-
like micelles (70–300 kJ/mol) [11]. However, as branch-
ing occurs the activation energy is often lowered [1, 10]
and the low activation energy in the C9G1 system may

Fig. 4 The storage modulus G’ (circles) and the loss modulus G’’
(squares) as a function of the frequency for a solution of 55 wt%
C9G1 in D2O (open symbols) and 42.5 wt% C9G1 in D2O (filled
symbols) at 22 �C. For the latter system, the data represent the
mean value of three independent measurements. The straight lines
are least-square fits to the data

Fig. 5 The zero-shear viscosity as a function of surfactant
concentration for C9G1 in D2O (filled squares) and C9G1 in H2O
(open squares) at 22 �C. The solid thicker line denoted 1 is based on
Einstein’s equation for hard spheres
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therefore act as further evidence for the presence of in-
ter-micellar connections in this system.

Mixtures of nonyl- and decylglucoside, C9G1/C10G1

Due to the phase separation that dominates the micellar
domain of the C10G1/water phase diagram, it is not
meaningful to determine a scaling factor for the viscos-
ity-concentration power law. However, rheological data
show that concentrated solutions of C10G1 behave sim-
ilarly to C9G1 (Fig. 7). Nevertheless, for comparable

(molar) concentrations, the frequency spectra suggest
that the relaxation time is even shorter for the C10G1

system. This lends some support to the assumption that
C10G1 forms a network that contains less end-points
than that formed by C9G1. Measurements on C9G1/
C10G1 mixtures substantiate this idea. Capillary vis-
cometry measurements were performed along three
dilution lines (d=0.75, 0.25 and 0.126) in the ternary
C9G1/C10G1/water phase diagram. As outlined in the
Introduction, the phase behaviour of this system has
been described in terms of a formation of an intercon-
nected micellar network, the end-points of which in-
crease in number with the C9G1 ratio. As can be seen in
Fig. 8 and Table 1, c decreases from 2.0 to 1.3 with
increasing ratio of C10G1, which is clearly compatible
with the suggested change of micellar properties. It is
also interesting to note that the limiting scale factor for
network-forming PEG-based surfactants has been re-
ported to be 1.3 [13]. From Fig. 8 and Table 1 it can be
seen that the overlap concentration c* is also decreasing
with increasing ratio of C10G1, which indicates earlier
onset of network formation. This is consistent with
previous fluorescence quenching measurement that show
C10G1 to form larger aggregates than C9G1 [18]. The
overlap concentration is also observed to be more dis-
tinct as the ratio of C10G1 is increased, which is again
consistent with the idea that formation of micellar cross-
links become more important than micellar scission for
the viscosity of systems rich in C10G1. The frequency
spectrum (Fig. 7) lends some support to this idea in the
sense that the relaxation time (as roughly estimated from
the slopes) is suggested to decrease in the sequence
C9G1>C9G1/C10G1>C10G1. In quite general terms, the

Fig. 6 Semi-logarithmic representation of relative viscosity (g/gs)
versus 103/T for 28 wt% C9G1 in D2O. The straight line is the best
least-square fit to the data

Fig. 7 The storage modulus G’ (circles) and the loss modulus G’’
(squares) as a function of the frequency for a solution of 50 wt%
C10G1 in D2O (open symbols) at 25 �C and 45 wt% C9G1/C10G1

d=0.25 in H2O (filled symbols) at 22 �C. For the latter system, the
data represent the mean value of two independent measurements.
The straight lines are least-square fits to the data

Fig. 8 The zero-shear viscosity as a function of surfactant
concentration for mixtures of C9G1 and C10G1 in H2O with
d=0.75 (open squares) d=0.25 (open circles) and d=0.126 (filled
diamonds). For the system with d=0.126, measurements at lower
concentration are made impossible by the phase separation of the
system to two micellar phases (see Introduction)
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viscometric and rheological data are therefore compat-
ible with the notion that increased packing parameter of
the glycosides (going from C9G1 to C10G1) gives rise to a
transition from a branched, interconnected micellar
system to a proper, space-filling micellar network.

Conclusion

The rheological properties of the maltoside and gluco-
side solutions investigated in the present work show
similarities with those previously reported for ionic
surfactants forming worm-like micelles and intercon-
nected micellar networks. For the maltosides C12G2 and
C14G2, we find that the rheological and viscometric data
are consistent with the idea that these surfactants form
entangled networks of polydisperse, worm-like micelles.
Substituting D2O for H2O increases the viscosity of
C14G2 solutions by one order of magnitude, without
appreciably affecting the scale factor in the viscosity-
concentration power law. This clearly suggests that the
deuterium exchange induces one-dimensional micellar
growth, in agreement with previous data.

The rheological behaviour of solutions comprising
the glucosides C9G1 and C10G1 is strikingly different

from that of the maltosides. Here, the scale factor is
much lower than predicted for micellar systems in which
micellar scission and reptation are the two main relax-
ation mechanisms. Indeed, for C10G1-rich mixtures of
the two surfactants, the scale factor approaches unity
and is therefore entirely inconsistent with the predicted
properties of an entangled micellar network. Rather, the
data verify and substantiate the notion that these surf-
actants, as well as their mixtures, form interconnected
micellar networks. Nevertheless, there are differences in
rheological behaviour between the C9G1 and C10G1

systems. These differences are possible to account for by
assuming that the number of dead ends is larger in the
C9G1 network than in the C10G1 one. The effect of
deuterium exchange on the viscosity is much smaller for
C9G1 than for the maltoside C14G2. On the other hand,
the effect on the scale factor is larger and leads to a
smaller scale factor in D2O solution. This would seem to
suggest that the deuterium effect in this case amounts to
a decrease in the number of dead ends in the intercon-
nected micellar network.
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(2004) Langmuir 20:2172

23. Ericsson CA, Söderman O, Garamus
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