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ABSTRACT: Wormlike micelles (WLMs) are nanoscale, self-
assembled components of many products from shampoos to fracking
fluids due to their viscoelasticity. Their rheological behavior is largely

governed by the contour length of the micelles and the concomitant
propensity of the micelles to overlap and entangle. The large contour

lengths, on the order of micrometers, is the result of a delicate balance
between the scission enthalpy of the wormlike micelles on the one
hand and entropic factors such as the mixing entropy of dispersion, the
ordering of water molecules and counterions, and the mobility of
branch points on the other hand. The structure and contour length of
laureth-1-sulfate was
small-angle neutron
of the enthalpy and
and are employed to

wormlike micelles assembled from sodium
determined at various temperatures using
scattering. The results allow the calculation
entropy as well as the free energy of scission

critically evaluate the common methods to determine micellar scission energy from mean-field theory. Interesting behavior is
observed when comparing branched and unbranched WLMs that may reflect on mechanistic differences in chain scission.

B INTRODUCTION

Wormlike micelles (WLMs) can be assembled from surfactant
molecules in an aqueous environment. At surfactant concen-
trations just above the critical micelle concentration, usually
spherical or ellipsoidal micelles are formed. Increasing
surfactant concentration creates additional micelle aggregates
up to the second critical micelle concentration.' Further
addition of surfactant or salt beyond the second critical micelle
concentration induces the growth of WLMs.” WLMs can be
envisioned as self-avoiding chains formed by cylindrical
segments. The presence of these extended structures has a
large impact on the viscoelastic properties of the dispersion;
e.g, the zero-shear viscosity drastically increases. The fully
extended conformation of the WLM, as it is induced by the
application of shear, for example, is entropically unfavorable.
Hence a population of WLMs exerts resistance to external
mechanical forces. This entropic elasticity is utilized in
formulations for thickeners and drag reducers in products
such as shampoos.”*

One major factor contributing to the macroscopically
observable viscosity is the contour length L of the WLMs.
Depending on the experimental conditions, the viscosity can
exhibit different dependences on L. Under dilute conditions, in
the absence of entanglements, the specific viscosity 7, is
expected to scale with ~L¥%° A much stronger dependence is
expected above the entanglement concentration. The forces
governing the overall length of the WLMs are therefore of
crucial interest. Particularly interesting is the observation that

-4 ACS Publications  © 2017 American Chemical Society

1872

the zero-shear viscosity first increases and then decreases at
very high salt concentrations, i.e., that the zero-shear viscosity
exhibits a maximum value in surfactant or salt concentration.” It
has been suggested that this finding is due to the onset of
branching at high salt concentrations. It is proposed that
viscosity decreases because the branch points are mobile and
can contribute to stress relaxation.’

In the mean-field theory of Cates and Candau, the average
contour length L is associated with the chain scission energy E,
by following the scaling relationship

ESC ]
2k, T (1)

where ¢ is the volume fraction, k;, is the Boltzmann constant,
and T is the absolute temperature. The formula is valid for
neutral or electrostatically highly screened systems. E,_ is the
excess free energy required to create two new chain ends as
compared to a rodlike geometry with a similar number of
surfactant molecules.” Works reporting values for E,. for WLM
systems are scarce.” '~ Most studies were carried out using the
cationic surfactant cetyltrimethylammonium and yielded
scission energies E,. of between 50 and 120 kJ mol™". Usually
E,. is calculated indirectly using rheological methods employing

L « ¢1/2 exp(
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the activation energies for breakage and the terminal relaxation
time.*” For an aqueous dispersion of cetyltrimethylammonium
bromide in the presence of potassium bromide, a value of E . &
60 kJ mol™" has been reported.® For the same surfactant cation
in the presence of sodium chloride and sodium salicylate,
however, an E, of twice this value has been reported and has
been rejected as unrealistically large.' Siriwatwechakul et al.
report values of between 70 and 80 kJ mol™" for erucyl
bis(hydroxyethyl) methylammonium chloride in the presence
of potassium chloride as well as ethanol or hexane.'® Couillet et
al. investigate the same surfactant in the presence of 2-propanol
and discuss that large values of E. lead to unrealistically large
contour lengths."”

As a possible solution to the problem of an excessively large
E,, it has been suggested that the energy determined according
to scaling relation 1 mi%ht reflect only the enthalpic part of the
scission free energy.'®'” Accordingly, the energy E,. in eq 1 is
more precisely an enthalpy H,.  lacking the entropic
contribution. The negative contribution to free energy due to
a hypothetical entropic term could adjust the overall free energy
to values that could predict reasonable contour lengths. In the
context of the scaling relationship (eq 1), this proposition
would add a temperature-independent constant to the
expression. Under the assumption that this constant can be
neglected, Couillet et al. find that low ionic strength and highly
binding counterions lead to large H,,,'"'*"* whereas high ionic
strengths and salt screening go along with low scission
enthalpies, H,..”"”

All of the cited literature works employ rheology to calculate
E,. or H_ in a model-dependent manner. Because every method
has its approximations and limits, it would be useful to obtain
H,. by employing complementary methods. Here, methods
directly accessing the structure are especially suitable. Small-
angle neutron scattering (SANS) directly accesses the spatial
range from a few to hundreds of nanometers and is therefore an
appropriate technique for this task. The hydrophobic core of
WLMs is usually rich in hydrogen atoms, which yields a
superior scattering length density contrast using neutrons as a
probe and deuterium oxide as the solvent. We recently
published a scattering function for small-angle scattering that
is capable of characterizing the structure of wormlike chains.”’
Here, the WLMs are modeled as a chain consisting of
cylindrical segments. Fitting the scattering intensity I(q) with
this function allows the determination of the length and radius
of the cylindrical subunits as well as the total number of these
subunits in a WLM. Moreover, the presence of branches can be
detected and quantified. The determination of the length and
number of the cylindrical subunits allows the calculation of the
overall contour length L. If SANS measurements are performed
at different temperatures T, then the contour length can be
determined from the scattering intensity I(q). Linear regression
of the logarithm of L vs the reciprocal temperature yields H,
according to scaling relation 1.

In this work, the scattering intensity I(q) has been
determined for surfactant sodium laureth-1-sulfate (SLE1S) in
the presence of 3.1 and 6.13 wt % NaCl in D,O at different
temperatures (15, 25, and 35 °C). As mentioned above, the
zero-shear viscosity exhibits a maximum as a function of salt
concentration. The salt concentrations in this study were
selected to yield comparable values for the zero-shear viscosity
left and right of this maximum as discussed in the Results and
Discussion section. Using the recently published scattering
function,” the contour lengths have been determined and the
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scission enthalpy has been obtained according to scaling
relation 1 under the assumption that the entropic contribution
is negligible. The accompanying results are compared to the
results from the exact quantitative expression as outlined in the
following Theory section.

B THEORY

The scaling relationshig of eq 1 is derived from following the
quantitative expression

_ E
N = 1/2 SC
’ exp( Zka) )

where N is the average number of surfactant molecules in a
WLM. For a constant cross-sectional area L o N, scaling
relation 1 is obtained. Relation 1 rather than eq 2 is
experimentally employed because the contour length is a
convenient and more accessible parameter. However, from
SANS, all of the important structural features of a WLM can be
obtained and N can be quantitatively calculated.

Several scattering functions are available to fit SANS data
from WLMs.”’"** The Pedersen—Schurtenberger (PS)
model,”* for example, requires an independent computer
simulation of a self-avoiding chain. This simulation is
transformed to inverse space and further coupled with specifics
of the wormlike chain. The PS model cannot accommodate
chain branching. It relies on assumptions associated with the
simulated chain. A recently published scattering model,
described in ref 20, is comparatively simple, does not require
an independent chain simulation, and can account for
branching. For these reasons, it was employed here. Within
the SANS model of ref 20, the WLMs are separated into
structural levels, which additively contribute to the overall
scattering. They are considered to consist of a chain with
cylindrical segments. The first structural hierarchy is the
cylindrical Kuhn subunit with index 1. Accordingly, L; and R,
denote the length and radius of these cylinders. Index 2 refers
to the structure of the chain formed by the interlinked
cylinders. L, = zL, is thus the contour length of the overall
chain, and z is the number of subunits. Because L, is calculated
from measured values L; and z, it can display sizes larger than
the size range accessed by the SANS measurement. That is, L,
reflects the length of a hypothetically extended structure, and
the observed structure is tortuous and has an overall size
reflected in Ry, the radius of gyration for the WLM. L, is a
weight average of the contour length.

With these parameters, N can be expressed via the mass of a
cylindrical subunit my,, and the mass of a single surfactant
molecule mg,.

N = Mgub
m

z

®)

The mass of the surfactant molecule, mg, is known. In the
present case, the average mass of the industrial-grade surfactant
anions is 323 g mol ™", which just slightly differs from that of the
pure SLE1S anion of 309.4 g mol™! (Materials and Methods).
The mass of the cylindrical subunit can be calculated from its
mass density p,, and its volume Vi, the latter of which is
obtained from the scattering measurement.

= P Veub = Ly (”R12L1) (4)

The mass density of the SLE1S micelles is known to a good
approximation (p,, & 1.13 g mL™"), and R, and L, are obtained

surf

Msub
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from the fit of the scattering intensity I(q). Equation 2 can thus

be rewritten as
aR,? E
Pm( 1 )Lz _ ¢1/2 exp[ sc )
2k, T (3)

m

Because eq 1 is a scaling relationship, it can only be used to
study the dependence of L, for a series of temperatures,
yielding the scission energy from an Arrhenius plot. However,
as further discussed below, because eq S is an exact relationship,
it can be rearranged to solve for E for different temperatures.
This allows the determination of both the enthalpy and entropy
of scission because the temperature dependence of E is now
available. Generally, the parameters in eq S cannot be entirely
determined using rheology, but they can be determined using
SANS.

Whether the energies or enthalpies, respectively, yield
consistent results can be checked by a comparison of the
measured L, under different conditions with the ratio of
theoretical L according to relation 1. If the theoretical results
are not consistent, then E. can be extended for an entropic part
as outlined in the Introduction,'”

Esc = Hsc - TSSC

surf

(6)

In this case, E . can be better identified as the free energy of
scission, F,. Formula 5 can be rearranged to adapt the well-

known identity of the Gibbs free energy.

P (”R12)L2

1/2
Murf

2RT In =H

sC

- T8,

sC sC

7)

where R is the universal gas constant using the unit mol ™.
Equation 7 can be employed to cross check whether the
addition of an entropic part, TS, to E, can correct the
inconsistencies found in previous works,"” particularly the
prediction of unreasonably large L, values. All parameters on
the left-hand side of eq 7 are known, and a plot of F,. vs T
yields Hy. and S,. H in turn can be compared to the value
from the previously used semilog plot according to scaling
relation 1 used in all of the studies in the literature to date. If
the values agree to within the error bars, then the assumption is
supported that relations 1 and 2 are formally valid and merely
require an entropic extension.

It should be noted that in eq 2, obtained from Cates theory,”
Egc specifically does not include the mixing entropy associated
with the WLM chain segments, which is dealt with in a separate
term in the derivation. This leaves to conjecture the meaning of
an entropic component of Egc. It can be postulated that this
change in entropy on WLM chain scission might be associated
with a number of factors that are not included in the change in
mixing entropy such as changes in the organization of water
and counterions and/or loss of the mobility of WLM branch
points along the chain. Furthermore, it might be expected that
scission in branched WLMs could significantly and mechanis-
tically differ from WLM scission in linear chains because there
is a smaller energy penalty for the removal of a branch, which
creates only one chain end, compared to scission of a linear
chain, creating two energetically disfavored chain ends.
Therefore, the stripping of branches could be a favored
mechanism if branching is present and could result in a lower
enthalpy change on scission and potentially a reduction in
entropy on chain scission due to the loss of branch mobility
along the WLM.
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B MATERIALS AND METHODS

Sodium laureth-1-sulfate (SLE1S) is 70% active STEOLCS170
purchased from Stepan (Northfield, IL) and used without further
purification. The SLE1S surfactant with an average of one ethoxy (EO)
group per molecule has a narrower chain length and EO distribution
compared to other alkyl ethoxylate sulfate surfactants. D,O 99.96%
was obtained from Cambridge Isotope Laboratories, Inc. CryoTEM
samples were prepared for analysis by placing ~2 uL on a lacey carbon
grid, blotting away the excess, and plunging the specimen rapidly into
liquid ethane using a controlled environment vitrification system
(CEVS). Once frozen, the samples were stored under liquid nitrogen
until being loaded into a Gatan model 626 cryoholder. The specimens
were then loaded into a Tecnai TEM and imaged at 120 kV in low-
dose mode. The specimen was maintained below —175 °C during
transfer into the microscope and during analysis. Flow viscosity
measurements were made using either a TA Instruments DHR3
theometer with cup and bob geometry or an Anton Paar Lovis
ME2000 rolling ball viscometer. For the DHR3, the temperature was
controlled using a Peltier cup accessory, and a solvent trap was used to
maintain the environmental integrity. The viscosity flow curves were
collected using TRIOS software and steady-state sensing. The zero-
shear viscosity was verified by measuring over several shear rate
settings below 0.1 s~ using steady-state averaging to verify the zero-
shear viscosity plateau at shear rates below the onset of the shear-
thinning region. The reported zero-shear viscosity was typically the
average of several viscosity data points between 0.001 and 0.01 s™".
SANS measurements were performed at the GP-SANS instrument at
Oak Ridge National Laboratory in Oak Ridge, Tennessee, USA. Data
reduction was performed using a plugin for the Igor Pro software
provided by the instrument scientists. For the background subtraction,
the scattering intensity I(q) of the pure D,0/NaCl solutions was
employed.

The SANS model and the fitting procedure are described in detail in
ref 20. Here, just principal points of the evaluation process will be
explained. The scattering intensity I(q) is considered to be a
combination of individual scattering contributions I;(q) and L(q)
from the cylindrical subunits and the large-scale distribution of these
objects, respectively. These intensity functions are combined using the
unified approach.”” The volume fraction times contrast squared
@¢(Ap)?* and the radius R, and length L, of the cylindrical subunits
constituting the wormlike chain are gained from the fits. The radius is
modeled as a polydisperse variable where R; denotes the median value
and oy, denotes the corresponding dimensionless width parameter or
the geometric standard deviation. All of these values allow the
calculation of the scattering intensity at zero angle for the first
structural level G,. As fitting parameters from the large-scale structure,
the scattering intensity at zero angle G,, the radius of gyration R, and
the fractal dimension d;, are obtained. Here it is assumed that the
overall wormlike chain performs a self-avoiding walk so that the
minimum fractal dimension can be fixed to a value of 5/3.°° The
knowledge of G, and G, allows the calculation of z = G,/G, + 1, the
weight-average number of subunits, and from this value, in turn, the
branch content .. The contour length, L, = zL,, can then be plotted
according to eqs 1 and 7, yielding F,, H,, and S.

Fits were performed using the Igor Pro software with a user-
programmed algorithm in the case of the scattering function for I(q)
and a built-in function for the linear regression. For values derived
from the fitting parameters such as the number of subunits z, error
bars were calculated according to the propagation of error using the
standard deviations obtained from the fits. The statistical error in the
intensity was propagated through the fit routine.

B RESULTS AND DISCUSSION

Background Rheology and TEM. It is of interest to use
SANS to gain an understanding of the structural and
thermodynamic basis for rheological observations, so samples
have been chosen that are rheologically interesting. Rheological
measurements of WLMs are largely restricted to surfactant
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concentrations above 3% where significant chain entanglement
occurs, whereas SANS, molecular modeling, and TEM
measurements are generally limited to lower surfactant
concentrations below 1% where individual chain structure can
be observed. For this reason, it is challenging to identify
samples that directly compare SANS and rheology.

The viscosity of WLMs changes as salt is added to an ionic
surfactant solution. As salt is added, the end cap energy
increases and the system reacts to by consolidating smaller
micelles into fewer, longer ones. Longer micelles eventually
entangle and greatly increase the viscosity. As the end-cap
energy continues to increase with further addition of salt,
micelle branching eventually becomes a significant mechanism
for reducing the number of end-caps. Micelle branches are
mobile and add extra degrees of freedom to escape
entanglements, which leads to faster relaxation and reduces
the viscosity.”® This creates a peak in the viscosity curve as the
salt is linearly increased. A curious consequence is that different
surfactant—salt compositions can have the same viscosity
because there is a maximum in the viscosity—salt concentration
plot. However, the rheological frequency spectra of these
isoviscosity points measured by an oscillatory sweep experiment
clearly show that the micelle relaxation dynamics for these is
different. This is evident in Figure 1, in which the NaCl
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Figure 1. Complex frequency spectrum for two samples of equivalent
zero-shear viscosity at 25 °C, with 5.0% SLE1S/D,O at 4.61 (black)
and 6.99% NaCl (white). The loss modulus G” (inverted triangles)
overlays in the terminal region, but the storage modulus G’ and the
rest of the spectrum do not. The larger NaCl concentration has a
smaller relaxation time (higher frequency) consistent with a high level
of branching.

concentration was used to adjust the viscosity to be the same
(5.1 Pa:s) on either side (low salt concentration, linear; high
salt concentration, branched) of the maximum in the salt—
viscosity curve for 5.0% SLE1S/D,O solution. The terminal G”
loss moduli (inverted triangles) of the two samples overlay as
they should for same-viscosity samples, but the rest of the
rtheology spectrum does not. A Maxwell model fit to the data
indicates that the relaxation time of the low salt (4.61% NaCl)
is twice as long as that of the high salt (6.99% NaCl), 0.90 and
0.44 s, respectively. The shifts in frequency spectra to faster
relaxation with increased NaCl is consistent with micelle
branching (but other possibilities are not ruled out). A higher
plateau modulus G is observed for the sample with higher salt
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content. This increase can be attributed to an additional
contribution of branching points to the cross-link density. The
smaller relaxation time for the larger-scale concentration curve
is consistent with current theories for the effect on dynamics of
branching in wormlike micelles.

Figure 2 shows how the viscosity of the solution changes
with surfactant volume fraction ¢, for 3.10 and 6.13% NaCl/
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Figure 2. Relationship of specific viscosity 77, with SLE1S volume
fraction ¢, for 3.10% (predominantly linear) and 6.13% (predom-
inantly branched) NaCl micelles. The arrows indicate the estimated
volume fraction ¢, for the transition from the dilute to the semidilute
regime.

D,0. These salt concentrations were chosen on either side of
the maximum in the viscosity—salt curve so that the same
6.67% SLE1S concentration would have similar 7, but would
have either predominantly linear micelle morphology for 3.10%
NaCl/D,O or predominantly branched micelles for 6.13%
NaCl/D,O0. In Figure 2, the viscosity changes in moving from
the semidilute to dilute regime, being diluted from 6.67%
surfactant at fixed NaCl/D,O concentration. The surfactant
concentrations are plotted as the specific viscosity, 7, (= no/
Nsolwent — 1), against the density corrected volume fraction ¢,.
Ny corrects for the solvent viscosity contribution (NaCl/D,0)
and the density of added NaCl. Dilution from the same
approximate viscosity (I]SP ~ 5100) and surfactant concen-
tration (~220 mM, ¢ ~ 0.066) shows a different evolution in
viscosity as ¢p — 0 for the two salt concentrations. The 3.10%
NaCl/D,0 linear micelles initially decrease with a power law
slope of ~5.7 from ¢ & 0.067 to approximately ¢ ~ 0.03, which
appears to be the entanglement concentration. The power law
of 5.7 is in agreement with what is obtained for linear micelles
in the so-called slow-breaking regime 7y, > rrep.y' Oscillatory
measurements at and below ¢ &~ 0.02 show no evidence of
entangled rheology. The slope in this semidilute regime is
consistent with that found for the CTAB—NaNO; system
reported by Helgeson and co-workers.”> At and below ¢ =~
0.01, the viscosity falls off with a power law slope of ~1.7. This
is consistent with the model of Carale and Blankschtein,” who
predict that 5y, ~ ¢(EL)*% Using eq 1, L ~ ¢'7, it is found
that ny, ~ ¢1_7§’ in the dilute regime for WLMs that display the
Cates” dependence of L on ¢,.

The dilution behavior of the branched 6.13% NaCl/D,0
sample is completely different. Starting from the highest
concentration ¢ & 0.067, the viscosity actually slightly increases
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Figure 3. CryoTEM images of 0.25% SLE1S micelles (A) in 3.10% NaCl, showing spherical or rod-shaped micelles (yellow arrows) and (B) in
6.13% NaCl showing wormy micelle chains with occasional branching (green arrows).
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Figure 4. Scattering intensities I(q) vs g for a concentration series of SLEIS in D,O.

initially toward lower ¢ before falling oft monotonically to ¢ ~
0.005. For measurements performed at ¢ = 0.0025 to 0.01, the
variation of 77, is approximately linear in the double-logarithmic
plot. The corresponding slope of ~2.7, less than the value
predicted for linear micelles, is a consequence of the presence
of branching. The flattening of the curve at concentrations
between ¢ = 0.01 and 0.067 may be due to the formation of a
saturated network of multiconnected micelles. All in all, the
specific viscosity curve is complicated by several factors
including the presence of branching and the high ionic strength
of the solution. At slightly higher salt concentrations, these
micellar solutions phase separate. Generally, it has been
considered that the overlap concentration occurs when 7, &
1 or when the solution viscosity is about twice the viscosity of
the solvent for linear synthetic polymers.”® These micellar
solutions differ from linear synthetic polymers because the
chains grow with increasing solvent concentration and, in the
6.13% NaCl case, the chains are branched. It is therefore
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difficult to estimate the overlap concentration or the
entanglement concentration from the 6.13% NaCl data in
Figure 2.

CryoTEM data collected on 0.25% SLE1S at 3.10 and 6.13%
NaCl/D,0 (¢ = 0.0025) are depicted in Figure 3. The 6.13%
sample displays unentangled, nonoverlapping wormlike chains
for a concentration about in the center of the 6.13% NaCl curve
in Figure 2, further supporting the concept that a simple
interpretation concerning chain entanglement is not possible
from this high NaCl concentration curve. Both of the
micrographs in Figure 3 are for surfactant concentrations
(approximately 8.15 and 8.31 mM) that are well above the
critical micelle concentration for SLE1S in NaCl solutions in
deionized H,0 of approximately 4 mM.”” At these low
concentrations, wormy micelles are evident at 6.13% NaCl but
only rodlike or spherical micelles are observed with 3.10%
NaCl. This qualitatively agrees well with findings from SANS
(see below) where just small WLMs with a few subunits are

DOI: 10.1021/acs.langmuir.6b01169
Langmuir 2017, 33, 1872—-1880


http://dx.doi.org/10.1021/acs.langmuir.6b01169

Langmuir

10 3 10" 3
o ST 3.10% NaCl 157 J R SLETE 6.13% NaCl
10° 4 10° 4
104f 105-j
- i, T S
3 § 104
S ~
G T 10
- T
10" 4
10° 4 B
-3 ] o .‘.‘iihl:l 3—
7 I|||'ii!||!l|;:\!- | 10 150 93
10" o |— fit | — [ f p—
2 3 kééééé}” 2 3 55%5:’;%!1 Z 3 45678 0.-0'0] 2 3 Séé%ég}” 2 3 5;‘6;&51
q/A’ q/A"

Figure S. Scattering intensity I(q) vs g for 0.1 and 0.25% SLELS in the presence of (A) 3.10 and (B) 6.13% NaCl at different temperatures. The
black lines denote fits applied via the hybrid scattering function.*
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Figure 6. Plots according to relation 1 for SLE1S in the presence of (A) 3.10% NaCl and (B) 6.13% NaCl.

found at 3.01% NaCl but much larger ones are found at 6.13%. identify individual chains. The designated structural screening
However, microscopy images allow the sampling of only a small stems from polymer science where the above behavior is
fraction of the total population of micelle chains. Moreover, the °bse“’eg at concentrations larger than the overlap concen-
sample volume is spread into a meniscus with a thickness in the tration.” This effect hinders the assessment of large-scale
micrometer range, which is of the same order of magnitude as structural features. Accordingly, just the data from samples
the contour length for the WLMs. Significant shear and surface under approximately dilute conditions (0.1 and 0.25 wt % of

surfactant) were analyzed using the hybrid function.”® The
scattering intensities I(q) for 0.5 wt % SLE1S exhibited weak
screening, as indicated by the results from rheology (see
above). This different scattering scenario can be taken into
account via the random phase approximation (RPA).** If the
plateau level at low g (Figure 4) can be reasonably
approximated, then the scattering intensity I(q) at the
semidilute concentration ¢, can be fitted according to the

tension distortions might be expected in the TEM samples.
SANS can be used to quantify micelle structure in bulk.
Neutron Scattering. Figure 4 depicts the concentration-
normalized scattering intensities for a concentration series of
SLEIS from 0.1 to 6.66 wt %. Although the normalized I(q)
agree well for concentrations of between 0.1 and 0.5% of
surfactant, the normalized intensities at low g decrease and
flatten out for concentrations above 0.5 wt %. This behavior is

formula
attributed to the occurrence of structural screening between 0.5
and 1 wt % of surfactant under the given conditions. This type I(q) = 1
of screening is similar to the overlap of WLMs in TEMs of q) = oLy,
higher-concentration samples, which reduces the ability to ' (q) (8)
1877 DOI: 10.1021/acs.langmuir.6b01169
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Figure 7. Free energies of scission F according to eq 7 for 0.25 and 0.5% SLE1S at 3.10% NaCl as well as 6.13 wt % NaCl in D,0O. (0.10% SLE1S is
not included because of poor statistics as mentioned with reference to Figure 6.)

where I'(q) is the scattering intensity for a hypothetical ideally
dilute case as described in ref 20 and v is the screening
constant. The latter value is determined by approximating the
plateau value at low g with a horizontal tangent. The screening
constant v is then given by the respective reciprocal with units
of [cm]. This approach is limited to conditions where I'(q) in
eq 8 is sufficiently large so that I(3 — 0) ~ v~'. For 0.5%
SLEIS in the presence of 3.1 and 6.13% NaCl fits according to
eq 8 were performed (Figure 1 in the Supporting Information).
At 6.13% NaCl, the plateau level was close to or below the
lower g limit of the SANS measurements so that corresponding
values of v could just be approximated. We leave a detailed
discussion of the properties and implications of v for a future
publication and just denote the results in Tables 3 and 4 of the
Supporting Information.

Scattering intensities I(q) vs q and the respective fits are
shown in Figure 5 for 0.1 and 0.25 wt % SLE1S in the presence
of different salt concentrations (3.10 and 6.13% NaCl) as well
as at different temperatures (15, 25, and 35 °C). Tables 1—4 in
the Supporting Information summarize the fitting results for
0.1, 0.25, and 0.5 wt % SLE1S at 15, 25, and 35 °C in the
presence of the different salt concentrations (3.10 and 6.13 wt
%). The changes with temperature as well as with surfactant
and salt concentration are as expected. The contour and
subunit lengths decrease monotonically with increasing
temperature, whereas the contour length and subunit length
decrease monotonically for both the salt and surfactant
concentrations. The length L, varies between about 750 and
500 A. The change in the salt concentration has a drastic
impact on the contour length. At 3.10% salt and 0.25%
surfactant, the number of subunits changes from S to 2 between
15 and 35 °C and to 30 and 20 at 6.13% NaCl. At 3.1% NaCl,
increasing the surfactant concentration from 0.1 to 0.5 wt %
induces an increase in L, from about 500 to 670 A at 25 °C,
whereas the number of subunits increases by roughly a factor of
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4. Figure 6 depicts plots of the natural logarithm of the contour
length L, vs the reciprocal temperature. The error bars are large
for 0.1 wt % SLEILS. On the one hand, the signal-to-noise ratio
is low at low surfactant concentration, and on the other hand,
the salt to surfactant ratio is comparatively large, inducing the
formation of large assemblies. That in turn shifts the Guinier
region of I(q) to lower g, below the experimentally accessible
region, so that the inaccuracies for the large-scale structural
parameters are accordingly very large. This, in combination
with having just three data points, allows an estimation of only
the order of magnitude for the values of H,.. For 0.25 and 0.5
wt % of surfactant, the quality of the data is better. Accordingly,
better statistics are obtained, and the data points in the semilog
plot of L, vs T~ exhibit a linear dependence to a better
approximation (Figure 6). For temperatures above 15 °C, the
branch content n,, can be calculated from the fitting values;
however, error bars are too large for an unambiguous
evaluation.

For 0.1 wt % SLELS, the values for H, are (80 + 30) kJ
mol™ (3.10% NaCl) and (60 + 20) kJ mol™" (6.13% NaCl).
The error bars are large, and the two values found for the
different salt concentrations do not differ significantly from
each other. All in all, the values are in a range expected for high
salt conditions.'® For 0.25 wt % SLE1S, H,. equals (78 + 7) kJ
mol™ (3.10 wt % NaCl) and (38 + 3) kJ mol™" (6.13 wt %
NaCl). The enthalpy found at 3.10% NaCl is nearly twice the
value of the respective one at 6.13% NaCl. At 0.5 wt %, SLE1S
enthalpies H,. of (98 + 3) kJ mol™" (3.1% NaCl) and (30 + 2)
k] mol™ (6.13% NaCl) were obtained. Within error bars, the
enthalpy is between 10 and 20 k] mol™" larger for 0.5% SLEIS
as compared to that of the 0.25% surfactant. The difference
reflects the different lengths found at higher surfactant
concentration because an increase in contour length is driven
by an increase in scission and end-cap energy.
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As previously pointed out in the literature,">"” solving for E,.

according to the scaling equation (eq 1) leads to counter-
intuitive results. First, the scission energy is larger at the lower
salt concentration. This would imply a larger contour length at
3.10% NaCl, which does not agree with the fitting results nor
with the known impact of NaCL> Second, the theoretical ratio
of L, at 6.13 and 3.10% NaCl is nearly 1/3000 for 0.25%
SLELS, whereas from the direct structural fitting results for L, a
ratio of ~9 can be calculated for 25 °C. Our finding agrees with
the statement of Couillet et al. that large scission energies are
found for low-ionic-strength systems and vice versa.'” To
determine whether these inconsistencies can be explained by
the lack of an entropic contribution in relations 1 and 2, plots
according to eq 7 including the fits of the data points via linear
regression are depicted in Figure 7.

The data points are consistent with a linear relationship. As
expected, the free energies F,. now have a larger value at higher
salt concentration. Moreover, the correct ratios for L, under the
two different conditions are now obtained. The differences
between the enthalpy values obtained according to relation 1,
assuming that H, = E,, and according to eq 5 are 10 and 30%
for 3.10 and 6.13% NaCl at 0.25% SLEI1S, respectively. For 0.5
wt % SLE1S and 3.10% NaCl, which are nearly identical (98
and 102 kJ mol ™, respectively), in the presence of 6.13% NaCl
the two values match within error bars. A semilogarithmic plot
of In L, vs T™' according to relation 1 is thus capable of
determining H,, in satisfactory approximation in the present
case. Note that for 0.25 and 0.5 wt % SLEI1S in the presence of
3.10% NaCl, the entropies are nearly identical within the given
accuracy. The main difference with respect to the free energy
F,. under the observed conditions stems from the enthalpic
contribution.

Complementing E,. with an entropic part yields consistent
results for L, under different conditions, but the question is
whether the values obtained for S, have physical meaning, in
particular the observed change in the sign of S,. The main
difference between these two samples is the presence of chain
branching under the high salt conditions. As mentioned earlier,
chain scission in branched WLMs might be expected to be
dominated by the stripping of branches from the chains, which
leads to the formation of a single end-cap rather than two end-
caps. In this scenario, half the enthalpy of scission might be
expected for branched WLMs. Moreover, the removal of a
branch eliminates many identifiable chain states associated with
the free translation of the branch point along the wormlike
micelle chain. This could result in a negative change in entropy
on chain scission (branch stripping). However, these issues
cannot be resolved here. Literature values for direct comparison
of the entropy of chain scission are not available for any
surfactant system to the best of our knowledge. Moreover, the
entropic contributions from counterions and hydration in an
aqueous environment are far from trivial.

The Bjerrum length is longer than the Debye screening
lengths, which are about 4 and 3 A for 3.1 and 6.13% NaCl,
respectively, so that established models such as the Manning
and Poisson—Boltzmann theories cannot be applied.”” Works
dealing with ion condensation and polyelectrolytes under high
salt conditions are scarce, and a widely agreed upon model has
not yet been established.’*™** It is possible to make a
qualitative comparison only with the enthalpies H,. published
for other surfactant systems.'””"" These indirect determina-
tions employing rheological data were performed at higher
surfactant concentrations so that the issue of the concentration

1879

dependence of H, or F,. needs to be considered. Some hint of
the behavior is given for the samples in Figure 7, which
indicates an increase in the enthalpy change on scission with
surfactant concentration, consistent with an increase in contour
length. For a gemini surfactant system, Kern et al. report a
nearly linear decline of H,. as a function of surfactant
concentration in a volume fraction range of between 0.05 and
0.1, a concentration range over a decade larger than that
employed in the present work."" For the SLELS system in this
study, the opposite trend can be observed between 0.1 and 6.66
wt %. The rheological data in Figure 2 indicate an increase in
contour length L, with increasing surfactant as well as salt
concentration, in accordance with the SANS results. This
finding would agree with an increasing enthalpy or free energy
of scission with increasing surfactant concentration in the given
concentration range. This finding might be due to the large salt
concentrations employed in the present work, where the
Bjerrum length is below the average distance between two
headgroups (see paragraph above). A systematic study of F,. as
a function of surfactant as well as salt concentration could
provide estimations of these energies for higher, rheologically
more relevant concentrations via extrapolation. At this point, it
can just be stated that the trends found via SANS are consistent
with rheological findings in the literature.

Bl CONCLUSIONS

It was found that WLM contour lengths display Arrhenius
behavior, consistent with eq 1, and result in scission free
energies similar to those found for other systems in the
literature by rheological measurements. However, these energy
values predict unreasonable contour lengths for the WLMs.
Equation 1 is derived from an analytic function for the number
of surfactant molecules in a WLM. This function can be
determined exactly using SANS (eq 7). Equation 7 was used to
determine the entropy and the enthalpy change on scission for
WLMs. This approach results in reasonable values for enthalpy
that can predict the observed WLM contour lengths. It is
further found that significant differences in the change in
enthalpy and entropy in chain scission exist between branched
and linear WLMs that may reflect on underlying mechanistic
differences.

This article has demonstrated that SANS is a direct and
viable approach to obtaining both the enthalpy and the entropy
change on chain scission for WLMs. The main disadvantages of
SANS are the high cost and large amount of time required for
the measurement and the limitation of the SANS measurement
to concentrations near or below the chain overlap and
entanglement concentrations. Extrapolation of these results to
higher concentrations of rheological and commercial signifi-
cance may be possible.
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