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Hypothesis: The behavior/properties of micellar solutions are governed by Coulombic interactions that
are influenced by the polarity of the surfactant head groups, hydrophobic tails, and solvent molecules.
The addition of co-solvent should have a direct impact on solvent polarity and the size of the micelles
are expected to decrease accordingly.
Experiments: In this study, a mixed surfactant system is studied composed of a common anionic surfac-
tant, sodium laureth sulfate-1, modified by a zwitterionic surfactant, cocamidopropyl betaine in deuter-
ated water. In this system, worm-like micelles (WLMs) are formed. The influence of a co-solvent,
dipropylene glycol (DPG) in the present of high salt content, is investigated. DPG primarily modifies
the dielectric constant of the solvent.
Findings: It was found that the addition of DPG slightly decreased the micelle radius, but dramatically
reduced the persistence length as well as the contour length of the micelles. The relative dependence
of contour length on salt concentration is not significantly changed. Thus, it is shown that the self-
assembled structure can be tuned by adjusting solvent polarity without affecting the relative tunability
of the WLM/ellipsoidal structure through counter ion concentration.
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1. Introduction

Amphiphilic molecules in aqueous solutions can self-assemble
into elongated, semi-flexible aggregates, also known as worm-
like micelles (WLMs) [1]. The ability to reversibly self-assemble
gives unique properties to WLMs and has led to widespread appli-
cation [2]. As the behavior/performance of the WLM products
depend largely on the self-assembled nanostructure, it is impor-
tant to control the dynamic equilibrium between the self-
assembled state and dispersed surfactant molecules. The main idea
of manipulating the equilibrium is to control the balance between
solvent incompatibility with the tail groups, which drives the for-
mation of micelles, and solvent electrostatic interactions with the
head groups which favor the dispersion of surfactant molecules
[3]. Co-solvents/co-surfactants have long been employed to alter
the dynamic balance of micellar systems [7] and the performance
of surfactants, such as in pharmaceutical formulation [4] and oil
recovery [5,6]. For example, in oil recovery [5,6], formulas modified
by co-solvents show increased oil recovery with reduced viscosity
and surface tension. Economically efficient and environmental
friendly features are also reasons that co-solvents/co-surfactants
are extensively used.

Non-aqueous polar molecules, glycols or alcohols, are of partic-
ular interest as co-solvents/co-surfactants due to their relatively
high dielectric constant, cohesive energy density and their ability
to form hydrogen bonds with water molecules [8]. The term co-
solvent or co-surfactant is chosen depending on the solubility of
the alcohol in water and their consequent partitioning into the
micelle or solvent phase. Usually, short chain alcohols with higher
polarity tend to stay in the water phase [10]. The decrease of
micelle size upon addition of this kind of alcohol is explained by
the change of solvent properties. Thus, short chain alcohols are
usually considered as co-solvents. Alcohol molecules with longer
alkyl chains tend to show weaker polarity [9] that leads to poor
miscibility of long chain alcohols in water and their increasing par-
tition into the micellar phase. Long chain alcohols are often consid-
ered co-surfactants.

In order to understand the impact of co-solvents on micellar
systems, two main aspects have been studied, the critical micelle
concentration (CMC) and the size of the micelles. Different combi-
nations of nonionic surfactant, ionic surfactant, and mixed surfac-
tant have been studied [8,10–19]. As a key parameter of
micellization, the CMC is defined as the concentration above which
micelles form. Further added surfactant goes directly into the
micellar phase while the concentration of surfactant monomers
remaining dispersed in the solution is more or less constant at
the CMC [20] in a dynamic equilibrium between micelles and free
surfactant monomers [21]. Upon addition of a non-aqueous, polar
co-solvent, the reduced hydrophobic interaction between the sur-
factant tails and solvent molecules leads to an increase in the sol-
ubility of free surfactant monomers relative to micelles thus
shifting the CMC to a higher value. Such an increase in the CMC
has been extensively observed [8,10–17]. In addition to an increase
in the CMC, a decrease of the micellar size was reported in these
studies. This increase in size was associated with increased surface
curvature due to larger incompatibility between the head groups
and solvent, and a concomitant increase in repulsion between
the charged head groups [8,10–17]. However, this is not a universal
observation and the explanation does not apply to all systems.
Others report a reverse trend that the size of micelles increase with
the addition of co-solvents. Penfold, Alexandridis et al. [18,19]
reported an increase in micelle size and a lower concentration
onset of CMC of surfactant systems with increasing co-solvent con-
centration using small angle neutron scattering (SANS). This con-
trary trend was explained by the dehydration of the surfactant
head groups due to the relatively low polarity of the co-solvent
molecules, which caused a reduction of the effective head group
area and led to an increase in the micelle diameter due to a lower
surface curvature. No clear boundary was drawn between the two
tendencies. The actual impact of a certain type of co-solvent on a
specific micelle system still remains elusive, which makes the
study of individual cases necessary. Furthermore, although numer-
ous experiments have been conducted on this topic, most of the
research was confined to spherical micelles. A fundamental under-
standing of the effect of co-solvents on WLMs is still very limited.

In this work, it was chosen to study the diol dipropylene glycol
(DPG) as a co-solvent in a mixed surfactant system with high salt
content. DPG is a commonly used stability modifier for detergents
due to its low toxicity and relatively high dielectric constant. The
addition of glycol to the aqueous phase leads to a decrease in the
dielectric constant, and the cohesive energy density, as well as
breakup of the water structure [22]. The decrease of the dielectric
constant enhances the long-range electrostatic interactions
between charged head groups and solvent disproportionally. In
this paper, solvent dielectric characteristics are considered as a
key factor that could alter the micellization process. Neutron scat-
tering is used to quantify structural changes associated with
changes in solvent polarity.

Upon addition of counterions, screening of electrostatic repul-
sions between headgroups leads to a decrease in effective head-
group area. At high counterion concentrations, spherical micelles
transition through ellipsoidal, rod-like, and worm-like structures
that display a diameter, persistence length, and contour length
rather than the single size associated with a spherical micelle.
The transition between spherical and ellipsoidal micelles in surfac-
tant concentration is sometimes called a second CMC [23]. Adjust-
ment of salt concentration is often used to control the contour
length and viscoelastic properties of WLMs [24]. Previous studies
in water-alcohol systems have been limited to studies of micelliza-
tion of spherical micelles in terms of the CMC. The impact on WLM
structures with high counter ion concentrations and the impact of
solvent polarity on counter ion control of WLM structure are
absent from the literature.

In this paper, we investigate the change of WLM/ellipsoidal
structure due to a change in solvent polarity using SANS. DPG
was selected as a co-solvent due to its extensive use in industrial
formulations of cosmetic products. The aim of this work is to
understand the effect of solvent polarity on the structure of WLMs
at high salt content and to observe its effect on control over WLM
contour length and viscoelastic properties through variation in salt
concentration with mixed surfactants.
2. SANS model for WLM structure

Above the CMC, formation of spherical micelles occurs. A sec-
ondary CMC is observed at the onset of anisotropic cylindrical
and ellipsoidal micelles that accommodate reduced head group
repulsion as counter ion screening increases with increased salt
concentration. Once an asymmetric structure forms the structure
is largely governed by the end cap energy relative to the energy
of the cylindrical structure. High end-cap energy encourages
growth of very long micelles that can be thread-like with contour
lengths on the order of microns. There is a wide distribution of
lengths in such a thread-like micelle population that is proposed
to follow an exponential number distribution [25] similar to syn-
thetic polymers grown from step-growth polymerization.

Worm-like chains have been characterized using a persistent
chain model or using a Kuhn chain model. The persistent chain
model relies on a statistical description of the persistence length
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while the Kuhn model utilizes discrete rod-like segments that are
analogous to the persistence units. The Kuhn model is the basis
for most rheological predictions for WLM systems. For this study,
we model the chains using a Kuhnmodel based on radially polydis-
persed cylindrical subunits of length L1 which is often termed the
‘‘persistence length”, lp, of the worm-like chain but actually reflects
the Kuhn length. (For Gaussian chains of infinite length L1 � 2lp.)
The radius, R1, is modeled with a log-normal size distribution using
the dimensionless geometric standard deviation of this distribu-
tion as a free fitting parameter, rg. ‘‘z” of these Kuhn segments
are gathered into chains following a self-avoiding walk of dimen-
sion 5/3. The model allows for branching of these self-avoiding
chains which leads to a fractal dimension, df, larger than 5/3. The
contour length for the chain is given by L2 = zL1, where L2 includes
branches and the minimum conductive path with a minimum
dimension of dmin = 5/3 [26]. L2 is calculated rather than directly
measured and reflects the extended length of a WLM. The actual
size is much smaller since the chain is convoluted and possibly
branched. A fitting function for scattering that follows this model
has been published previously [27],

IðqÞ ¼ I1ðqÞ þ I2ðqÞ ð1Þ
where

I1ðqÞ ¼
Z 1

0
NðR1ÞG1Pcylðq;R1; L1ÞdR1

¼ /MShDqi2
R1
0 R2

1NðR1ÞVcylPcylðq;R1; L1ÞdR1R1
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1NðR1ÞdR1

ð2Þ
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I2ðqÞ ¼ G2e
�q2R2g;2=3 þ B2e

�q2R2g;1=3ðq�Þ�df ;2 ð3Þ
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q� ¼ q

erf 1:06qRg;2ffiffi
6

p
� �h i3 ð4Þ

In Eq. (2), N(R1) is a log-normal distribution function for cylin-
drical radii, G1 is the Guinier prefactor for level 1, and Pcyl() is
the cylindrical form factor. Vcyl is the volume of the cylindrical sub-
unit. /MShDqi2 is the inherent contrast for the WLM, /MS is the vol-
ume fraction of mixed surfactant and Dq is scattering length
density difference, as discussed below. In Eq. (3), G2 is the Guinier
prefactor for level 2, Rg,i is the radius of gyration for level ‘‘i”, and B2
is the power-law prefactor for level 2. These parameters, and the
scattering function are fully described in [27]. Particularly, z = G2/
G1 + 1, and Rg,1

2 � L1
2/12 + R1

2/2.

3. Materials and methods

The surfactant mixtures were made from a common anionic
surfactant, sodium laureth-1 sulfate (SLE1S, commercially avail-
able as STEOLCS-170) at 0.179 wt% (5.70 mM), and a zwiterionic
surfactant, cocamidopropyl betaine (CAPB, commercially available
as Amphosol HCA-HP) at 0.021 wt% (0.648 mM) in deuterated
water. (Both surfactants are available from Stepan Chemical,
Northfield, Ill.) Deuterated water is employed to enhance the scat-
tering contrast in SANS measurements. This binary surfactant mix-
ture was chosen since it has been seen to produce stable WLM
structures and because it serves as a model for more complicated
commercial surfactant mixtures. The influence of the co-solvent
DPG (3.72 wt%, 0.277 M) was studied. DPG (Sigma-Aldrich, St
Louis, MO) was used as received. The composition was found to
be a mixture of isomers containing approximately 33.4% 1,1-
oxybis-2-propanol; 24.1% 2,2-oxybis-1-propanol; 7.9% 3,3-
oxybis-1-propanol and 34.6% 2-(2hydroxypropoxy)-1-propanol
using GCMS (HP6980 GC with 5973 MSD/FID detection; Agilent
Technologies). A series of salt concentrations, NaCl at 3.01, 3.56,
4.01, 4.50, 5.00 wt% (0.515 M, 0.609 M, 0.686 M, 0.770 M,
0.856 M) with and without DPG was investigated at 25 �C in order
to understand the effect of DPG on the structure of WLMs in the
context of variable counter ion concentration.

The NaCl concentration in the CAPB paste was measured using
an auto-titration procedure following the AOCS (American Oil Che-
mists’ Society) official method Db 7b-55 [28]. The NaCl contained
in the original CAPB paste was counted towards the overall salt
concentration.

SANS data for samples with no DPG were measured on the GP-
SANS instrument at Oak Ridge National Laboratory, Oak Ridge,
Tennessee, USA. SANS data for samples with DPG were measured
on the NG7 SANS instrument at the National Institute of Standards
and Technology, Gaithersburg, Maryland, USA. Data were reduced
by procedures provided by the beam lines [29]. Data sets after
reduction and background correction were fitted using the fitting
function proposed by Vogtt [27].

Flow viscosity measurements were made on the surfactant
solutions using a TA Instruments DHR3 rheometer equipped with
DIN concentric cylinders geometry (cup diameter = 30.38 mm,
cylinder outer diameter 27.97 mm) at 25 �C. The Couette geometry
utilizes Peltier temperature control. A solvent trap was used to
maintain environmental integrity. The flow curves were collected
using Trios software. After the sample reached temperature, a
300 s equilibrate time ensued before commencing the flow exper-
iment. Because the viscosity of these solutions was low, but possi-
bly shear thinning, individual steady state flow curves were
collected at 10, 5, 2, 1, 0.5, 0.2, 0.1, and 0.05 s�1 shear rates using
the Trios software steady state sensing with 60 s sample period
and 3% tolerance at each shear rate. This procedure allowed the
zero-shear viscosity plateau to be verified and the onset of shear
thinning, if it occurred, to be documented. The viscosity of the
DPG-NaCl/D2O solutions were measured using an Anton Paar Lovis
ME2000 rolling ball viscometer with a 1.59 mm capillary. The sol-
vent viscosity was measured at 25 �C after it was equilibrated. The
specific viscosity was calculated as gsp = (g0/gs) � 1 using the vis-
cosity observed from the zero-shear viscosity plateau g0 from the
surfactant samples and the solvent viscosity gs data from the Lovis
viscometer.
4. Results and discussion

Fig. 1 shows the change in scattered intensity with the addition
of DPG. A log-log plot of scattered intensity versus scattering vec-
tor is shown. At intermediate q, 0.015 to 0.03 Å�1, The data dis-
plays a regime of �1 power-law scaling for 1-dimensional Kuhn
units. At lower q 0.001 to 0.006 Å�1 deviation from this �1
power-law indicates the presence of a structure with higher mass
fractal dimension with a power-law slope close to �5/3 for a self-
avoiding walk. This is the convoluted path of the WLM structure. A
dramatic reduction in the WLM contour length is evident on addi-
tion of DPG. At the high-q limit of the �1 power law a Guinier
regime (exponential decay) is reflected in a knee feature, 0.04 to
0.1 Å�1. The higher q cutoff of this knee from the steep decay at
high-q (Porod’s Law with �4 slope) indicates a higher-q or smaller
size for the cylindrical radius in the presence of DPG. Features at
the highest-q, >0.2 Å�1, are dominated by background but could
reflect local structure of the micelle surface layer. The fit parame-
ters which were defined in the SANS model section are listed in
Tables 1 and 2. The large-scale structural features (L2 and z) for
the samples with no DPG at higher salt concentration have rela-
tively large error bars because the size scale of the micelles is
approaching the low-q limit of the SANS measurement.



Fig. 1. Log-log plot of scattered intensity, I(q), versus scattering vector, q. Low-q
corresponds to large sizes and the difference in intensity in this region reflects a
reduction in contour length for the DPG samples, 0.001–0.006 Å�1. Between 0.04
and 0.1 Å�1, the difference between the curves reflects a slightly smaller WLM
radius in the presence of DPG. The region indicated by the �1 power-law slope
reflects the cylindrical Kuhn structure. Deviation from this �1 power-law at low-q
indicates the presence of a convoluted WLM structure. (Complete data and fits from
this study are given in the supplemental material.)
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4.1. Determination of DPG location

Tables 1 and 2 list the measured contrast, /Dq2, for the WLMs
with and without DPG. SANS for this system is not sensitive to the
head group layer of the WLMs since the dense hydrogen-rich
micellar core, with a negative scattering length density (SLD) of
��0.3 � 1010 cm–2, is the main contributor to the measured scat-
tering contrast [27]. D2O and DPG have a SLD of �6.4 � 1010 cm�2

and �0.23 � 1010 cm�2 respectively. Theoretically the scattering
contrast between the solvent phase and micelles can be calculated
according to the following equation,

hDqi2 ¼ /D2OqD2O
þ /DPG1qDPG

/DPG1 þ /D2O

 !
� /MSqMS þ /DPG2qDPG

/DPG2 þ /MS

� �" #2

ð5Þ

where q and / are the scattering length density and volume fraction
of different compounds in the system respectively. /MS � 0.002
stands for the volume fraction of mixed surfactant. /DPG1 and
Table 1
Micellar size parameters obtained through fitting for 0.2 wt% of mixed surfactant (MS) un

0.2% MS No DPG 3.01% NaCl 3.56% NaCl

/MShDqi2 1019 cm�4 0.764 ± 0.003 0.889 ± 0.003
R1/Å 18.9 ± 0.1 19.5 ± 0.1
rR,1 0.183 ± 0.006 0.166 ± 0.005
L1/Å 540 ± 30 630 ± 30
G2/cm�1 41 ± 6 90 ± 20
Rg,2/Å 1400 ± 200 2000 ± 200
z 9 ± 1 14 ± 2
df,2 1.67 1.67
L2/Å 4900 ± 800 9000 ± 2000

a /MShDqi2 is the volume fraction of mixed surfactant multiplied with the scatterin
dimensionless geometric standard deviation of R1. L1 is the length of the cylindrical sub
structure. z is the number of cylindrical subunits contained in a micelle. df,2 is the fracta
/DPG2 are the volume fraction of DPG in the solvent phase and in
the micelles respectively. If DPG dissolved totally in D2O only a
small decrease of the solvent phase SLD would occur since DPG is
at a low concentration and has a scattering length density much
smaller than that of D2O, while the partitioning of DPG to the core
of the micelles would lead to a larger decrease in the measured
scattering contrast, as both the amount and scattering length den-
sity of surfactants are much smaller than those of D2O. Fig. 2 depicts
the change in the calculated /MShDqi2 with increasing percentage
of DPG in the micellar phase. The term /MShDqi2 arises from Eq.
(2) where it reflects the fitted contrast for the WLM. The results
indicate that no perceptible partitioning of DPG occurs to the core
of the micelles. The minor difference in the measured and calcu-
lated values might be attributed to surfactant concentration differ-
ences from normal accuracy during sample preparation as well as
the measurement error. These results are sufficient to conclude that
DPG works as a co-solvent in this system and is primarily in
solution.
4.2. Impact of DPG on micelle structure

Fig. 3(a) indicates a statistically relevant slight decrease (�8%)
in WLM/rod radius in the presence of DPG that is not strongly
affected by salt concentration. Fig. 3(b) shows the geometric stan-
dard deviation for the log-normal distribution of micelle radii of
the samples. For samples without DPG a relatively constant stan-
dard deviation was obtained around 0.18. For samples with DPG,
the standard deviation of the cross-sectional radius increased with
salt concentration and reaches the same value as that of no DPG
samples at 4% and higher salt concentration. In Table 2 the number
of cylindrical subunits, z, of DPG samples at low salt concentrations
are reported as 1 and 3.1. This suggests the presence of rod-like
micelles instead of typical WLMs. At 3.01%NaCl in the presence
of DPG the fit is to a cylindrical rod, z = 1, rather than a convoluted
chain, z > 1. This may influence the low value of the geometric
standard deviation seen in Fig. 3b when comparing with a convo-
luted worm-like chain model. The relatively lower rg observed at
low salt concentration in the presence of DPG may reflect differ-
ences in the fit function when z = 1 rather than sample character-
istics. The results suggest that the presence of DPG may not alter
the breadth of the size distribution of the cylindrical radius at var-
ious salt concentrations.

Fig. 4 shows the dependence of WLM Kuhn length on salt con-
centration and addition of DPG. For the first point in the presence
of DPG at 3% NaCl the sample has only one Kuhn rod unit in the
structure, z = 1. For that point, the comparison with the chain in
the absence of DPG, z = 9 in Table 1, is complicated since a WLM
and rod-like structure are being compared. Other than the 3% NaCl
points, the Kuhn length is consistently about 15% shorter in the
presence of DPG. Chain persistence reflects the rigidity of the chain.
der various salt conditions in D2O. Values with errors were fit.a

4.01% NaCl 4.5% NaCl 5.0% NaCl

0.846 ± 0.003 1.029 ± 0.003 0.893 ± 0.003
19.2 ± 0.1 19.2 ± 0.1 19.3 ± 0.1
0.185 ± 0.005 0.190 ± 0.004 0.194 ± 0.005
660 ± 40 660 ± 40 610 ± 20
120 ± 20 200 ± 100 300 ± 100
1900 ± 600 1700 ± 800 2000 ± 600
18 ± 3 20 ± 10 50 ± 20
1.8 ± 0.2 2.0 ± 0.2 2.1 ± 0.1
12,000 ± 2000 13,000 ± 7000 30,000 ± 10,000

g contrast. R1 is the cross-sectional radius of the cylindrical subunits. rR,1 is the
units. G2 is the prefactor of Guinier law. Rg,2 is the radius of gyration of large scale
l dimension of large scale structure. L2 is the average contour length of the micelles.



Table 2
Micellar size parameters obtained through fitting for 0.2 wt% of mixed surfactant (MS) under various salt conditions in 3.72 wt% DPG and D2O. Values with errors were fit.a

0.2%MS 3.72%DPG 3.01% NaCl 3.56% NaCl 4.01% NaCl 4.5% NaCl

/MShDqi2 1019 cm�4 0.830 ± 0.004 0.847 ± 0.004 0.810 ± 0.005 0.835 ± 0.005
R1/Å 18.2 ± 0.1 18.1 ± 0.2 17.6 ± 0.2 18.1 ± 0.2
rR,1 0.13 ± 0.01 0.15 ± 0.01 0.19 ± 0.01 0.18 ± 0.01
L1/Å 570 ± 6 545 ± 7 539 ± 5 582 ± 5
G2/cm�1 N/A 10 ± 1 14.2 ± 0.8 27 ± 1
Rg,2/Å N/A 1070 ± 60 950 ± 30 1170 ± 40
z 1 3.1 ± 0.2 4.1 ± 0.04 5.1 ± 0.04
df,2 1 1.67 1.67 1.67
L2/Å 570 ± 6 1700 ± 100 2200 ± 100 3600 ± 100

a /MShDqi2 is the volume fraction of mixed surfactant multiplied with the scattering contrast. R1 is the cross-sectional radius of the cylindrical subunits. rR,1 is the
dimensionless geometric standard deviation of R1. L1 is the length of the cylindrical subunits. G2 is the prefactor of Guinier law. Rg,2 is the radius of gyration of large scale
structure. z is the number of cylindrical subunits contained in a micelle. df,2 is the fractal dimension of large scale structure. L2 is the average contour length of the micelles.

Fig. 2. Calculated scattering contrast (/MShDqi2) versus percentage of DPG partic-
ipating in the micellar phase. Solid line is calculated from Eq. (5).
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The thinner WLMs associated with the presence of DPG, Fig. 3(a),
are therefore more flexible.

The impact of solvent polarity on micellization of surfactants
has been explained through various mechanisms [13,14,30,31]. It
is generally accepted that the change of the properties of the sur-
rounding aqueous solution is the main cause of the reduction of
(a)

Fig. 3. (a) WLM/ellipsoid radius, R1, as a function of weight fraction salt (b) Dimensionles
radius as a function of weight fraction salt.
micelle size with co-solvent addition for ionic surfactant systems
[31]. DPG has a considerably lower dielectric constant (er = 19.8),
than that of D2O (er = 77.9) [32]. The dielectric constant reflects
the solvent’s ability to screen charged species from each other
via polarization of the solvent molecules. Consequently, mixtures
of DPG and D2O, with lower dielectric constants, promote electro-
static interactions between surfactant head groups. The increased
repulsion among the ionic head groups may lead to an increase
of the micellar surface curvature, resulting in the formation of
smaller aggregates. That is, the radius and persistence length of
cylindrical subunits (R1 and L1) are expected to become smaller
with the addition of DPG. The increased head group interaction sta-
bilizes chain ends relative to cylindrical segments leading to a
reduction in the contour length, L2, since the end groups have
greater curvature. Consistent with the literature and simulation
result [33], R1, L1 and L2 of micelles in 3.72 wt% DPG are smaller
than those in pure D2O as depicted in Figs. 3(a), 4 and 5.
4.3. Comparison of thermodynamic impacts of DPG and salt

Fig. 5 shows that the average contour length of WLMs increases
exponentially with salt concentration, L2 = L2,0 exp(k/NaCl, wt). While
the exponential growth constant is identical for samples with and
without DPG (k = 90), the prefactor, L2,0, differs considerably (60 Å
versus 330 Å). The increase of micelle length with salt concentra-
tion can be explain by greater electrostatic screening with increas-
ing salt concentration which reduces the effective head group area
and favors the cylindrical over end-cap surfactant packing.
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L2,0 reflects the extrapolated WLM contour length in the
absence of added salt, that is just with the stoichiometric surfac-
tant head group counter ions. In this condition, the presence of
DPG has a dramatic effect on the contour length, reducing it by
80%. It can be postulated that this reduction is associated with a
lower, end-cap energy relative to the energy for cylindrical seg-
ments of the WLM, i.e. reduced chain scission energy, that is asso-
ciated with increased head group charge interactions with a
reduced dielectric constant media as discussed above.

Despite the dramatic 80% reduction in L2,0 with addition of DPG,
the dependence on salt concentration is surprisingly identical with
an exponential constant k = 90 irrespective of the presence of DPG.
This indicates a mechanistic identity for the effect of added counter
ion on micellar structure that is independent of the adjustment of
the dielectric constant of the media.

According to the theory of Cates and Candau [25], the micelle
contour length has an exponential dependence on the free energy
of scission. We can expect a relationship between counter ion con-
centration and scission energy that will be explored in future
studies.

The other well-known effect of polar organic molecules is their
ability to modify the organization of water molecules. Co-solvent
molecules have been classified into structure breakers or makers
depend on their ability of establishing H-bonds. It has been
reported that the water-structuring effect of glycols is extremely
weak compared with monohydric alcohols especially at low con-
centration [20]. It is suggested that this structure modifying ability
of glycols would not have a pronounced impact on the micelle
structure [31] and will therefore not be further discussed.
4.4. Specific viscosity dependence on contour length

The viscosity of WLM solutions is strongly dependent on the
contour length. The specific viscosity, gsp = (g � g0)/g0, is plotted
against L2 in Fig. 6, where g and g0 are the zero-shear rate viscosity
of the surfactant solution and its corresponding solvent respec-
tively. gsp shows a power-law dependence of 1 on L2 for samples
with DPG as co-solvent and samples with no co-solvent at low salt
concentration; while that of samples with no co-solvent at higher
salt concentration have a power law dependence of about 3/2. The
power law of 1 is consistent with the typical value reported for
synthetic polymer solutions with unentangled short chain poly-
mers [34] that display Rouse behavior. In this case, the number
of persistent units of the micelles varies from 1 to 5 in the presence
of DPG, which is sufficiently low to display Rouse behavior [35].

A value of gsp = 1, a solution viscosity about twice that of the
solvent, is generally taken as indicative of the initial chain overlap
[36]. The larger power-law dependence of gsp on L2 for samples
with no DPG is the typical consequence of the formation of long
chain micelles and micellar entanglement [37]. This seems to be
the case in Fig. 5 where most of the no DPG results occur above this
value. Thus, the addition of DPG has a dramatic impact on the vis-
coelastic properties of WLM solutions due to a dramatic reduction
in L2 associated with the lower dielectric constant media.
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5. Conclusion

Mixtures of SLES and CAPB have been studied in a binary sol-
vent mixture of D2O and DPG with addition of NaCl. The SANS data
was fitted by a scattering function which allows the depiction of
the hierarchical structure of WLMs [27]. Based on the measured
SLD, we were able to conclude that DPG molecules mainly stay
in the solvent phase for the mixed surfactant system in DPG/D2O
mixtures. The decreased dielectric constant of the solvent with
addition of DPG may increase the electrostatic interaction between
head groups and lead to the observed smaller micelle radii and dra-
matic reduction in contour length of the micelles which agrees
well with most of the previous studies [8,10–17]. For the samples
without DPG, an exponential increase of micelle length with
increasing salt concentration is observed which is an effect com-
monly expected for increasing ionic strength. It is found that sam-
ples with and without DPG exhibit similar growth rate upon
addition of salt. Apparently, the introduction of DPG does not inter-
fere mechanistically with the effect of inorganic salt on micelle
growth but has a dramatic impact on the extrapolated zero salt
contour length by almost an order of magnitude. The influence of
different co-solvents at different concentrations will be evaluated
in future studies. It is also planned to investigate the impact of
co-solvents on chain scission energy that is anticipated from the
results of this study.
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