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ABSTRACT: Structural studies of wormlike micelles have so far mostly focused on the conformational properties of surfactant
aggregates. The diffuse ionic atmosphere, which has profound influence on various micellization phenomena such as
thermodynamic stability and structural polymorphism, remains largely unexplored experimentally. In this report a strategy of
contrast variation small-angle neutron scattering for this crucial structural study is outlined. Underlined by a general criterion
established for unbiasedly identifying the length scale relevant to charge association from the spectral evolution, our analytical
framework can provide a quantitative description of counterion distribution in a mathematically tractable manner. Our method can
be conveniently extended to facilitate structural studies of complex multi-component systems using contrast-variation neutron

scattering.

Electrostatically charged wormlike micelles can be formed via
spontaneous self-assembly of amphiphilic molecules in
aqueous solutions driven by the hydrophobic effect.’2 Because
of their various applications,®>” wormlike micelles have been
extensively studied in the past several decades. Nevertheless,
the complexity of the threadlike conformation and long-
ranged Coulomb interactions make it challenging to
theoretically investigate the microstructures of this important
class of material.

Generally speaking, wormlike micelles are complex electrolyte
solutions consisting of larger aggregated amphiphilic
surfactant molecules and other smaller ions and solvent
molecules, with the aggregation size in the range of a few
hundred nanometers to several microns. The fundamental
influence of electrostatic interactions on the thermodynamic
and rheological properties of wormlike micelles is widely
appreciated.® For example, the structural configuration and
stability in solutions are consequences of the screened
Coulomb repulsions, which originates from the interaction
between electrolyte ions and oppositely charged headgroups
of surfactants. Therefore, understanding how the small
counterions distribute around the micellar surface is of
fundamental importance and technological relevance.’

Extensive computational results have identified important
ingredients in developing a microscopic description of ionic
environment around charged wormlike aggregates:!%1¢ The
local ion density profile, which gives rise to the screening of
repulsive electrostatic interaction, is found to be correlated
with the bulk salt concentration and charge density of micellar
aggregates. Nevertheless, related experimental studies which
directly probe the diffusive ion atmosphere at the relevant
length scale are scarce so far. Prominent among the array of
the available experimental tools with sufficient spatial
resolution are scattering techniques. However, the spatial
information of self-assembled nanostructures formed by
surfactant molecules, cations and anions, and solvent
molecules is concealed in the measured coherent scattering

and requires carefully data interpretation. To address the issue
properly, one must decompose the contribution of coherent
scattering into each constituent of wormlike micelles so as to
determine their real-space distribution accordingly. Small
angle neutron scattering (SANS) has been demonstrated to be
one of the most effective experimental tools for this purpose.
Through isotopic labeling, one can increase, annul, or create
scattering contrast between different constituents of the
sample without altering their spatial distributions, which
greatly facilitates the structural reconstruction from spectral
analysis. Note that anomalous small angle X-ray scattering also
has been used to investigate the counterion distribution in soft
matter solution based on the known energy dispersion of
targeting counterions.’” For example, the Sr?* counterion
distribution around polyacrylate chains.'”®> However, for
macromolecules with hydrogen and light elements neutrons
are more suitable for extracting such distribution.

Using this so-called contrast variation SANS technique,?>-2! in
this report we provide a microscopic description of diffuse ion
atmosphere in a widely studied charged wormlike micellar
system consisting of hexadecyltrimethylammonium bromide
(CTAB) and sodium salicylate (NaSal) in aqueous solutions. By
adjusting the hydrogen isotope (H/D) ratio of water, the spatial
distribution of protonated salicylate anions around the surface
of micelles of deuterated CTAB (d-CTAB) surfactants is
guantitatively determined based on an approach which
circumvents the limitation imposed by the current mean-field
framework.

d-CTAB (99.0%) and protonated NaSal (h-NaSal) (99.5%) were
purchased respectively from MilliporeSigma and Cambridge
Isotope Laboratories, Inc and used without further purification
in this study. Deuterium oxide (D,0, 99.9% purity) was
obtained from Cambridge Isotope Laboratories, Inc. Samples
with surfactant concentration of 10 mM were prepared at salt-
to-surfactant (Cs/Cd) molar ratio of 50. Samples were prepared
by weighing the appropriate mass of surfactant and salt and
adding the necessary volume of water at five different levels of
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Figure 1. The SANS absolute intensity I(Q) of d-CTAB/h-
NaSal solutions with different ratios of H,0 to D,0. As
expected, the absolute intensity of I(Q) is seen to
decrease steadily upon increasing the weight fraction of
H,0 from 0 wt% to 60 wt%.

scattering contrast (weight fraction of H,0/D,0 = 0/100,
15/85, 30/70, 45/55, and 60/40) to achieve the desired
concentrations. Samples were mixed for two days and
equilibrated for at least one day prior to the experiment. SANS
measurements were performed at the Extended Q-Range
Small-Angle Neutron Scattering Diffractometer (EQ-SANS) at
the Spallation Neutron Source (SNS) of the Oak Ridge National
Laboratory (ORNL). The probed Q-range is from 0.003 to 0.4
A1 The samples were accommodated in Hellma cells with a
path length of 2 mm. During the measurement the
temperature range was varied from 5 °C to 45 °C. The
measured signal was corrected for detector background,
sensitivity, and empty cell scattering, and were normalized by
standard procedure of EQ-SANS in order to obtain absolute
intensity.

It is worth discussing the mathematical foundation of contrast
variation SANS before presenting our experimental result.
Discussion within the implementation of this scattering
protocol often takes place at two levels. The first one is related
to the condition of feasibility: For a system consisting of n
principal components characterized by different scattering
length densities (SLDs), its SANS coherent scattering cross
section I(Q) in the reciprocal Q space can be expressed as?*?
n n n
1@ = ) napSu(@ + ). Y \rimynwdp ApsSy(Q).

i=1 i=1 j#i
where n; and v; are the number density and volume of
component i which are both independent of contrast, Ap; = p;
— ps represents the excess SLD of component I with respect
to the SLD of solvent ps. Sii(Q) is the coherent scattering
contribution of component i, and S;;(Q) is the cross coherent
scattering contribution originating from the interference of
scattered waves of components i and j. Each Ap varies
according to different H/D ratio and in turn results in the
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Figure 2. AI(Q) obtained from substituting I(Q) presented
in Fig. 1 into Eqn. (2). The I(Q) obtained from the solvent
of 100% D,0 is used as the reference point. A steady
decrease in the intensity is observed in the range of 0.1
A1<@<02i1, AI(Q) remains invariant when @
<0.1A-1,

change in I(Q). In principle, Si(Q) and Si;(Q) can be
determined from the /(Q) at different scattering contrasts by
standard matrix operation. The second one is concerned with
the quantitative accuracy of extracted spatial correlations.
While it is conceptually straightforward, as indicated by Eqgn.
(1), that the scattering contribution of each constituent and
the cross terms can be uniquely separated assuming the range
of D/H ratio is sufficiently explored, determining each partial
coherent scattering intensity quantitatively is not trivial.

As the starting point to extract Si;(Q) and S;(Q) based on the
existing protocols, each relevant Ap; is required a priori.
However, how to properly determine their exact values as
inputs in Egn. (1) remains to be a subject of debate. Secondly,
the concept of SLD, according to its definition, is only valid in
the mean-field limit. It can be intuitively appreciated that for
each constituent there exists a certain spatial threshold below
which its density becomes ill-defined due to the fussiness of
molecular boundary. The value of Ap therefore is not expected
to remain constant within the entire Q range where coherent
scattering is observed. As a result, the relevant Q range which
conceals the critical information of cross correlation often
cannot be straightforwardly identified. Figure 1 presents
examples of SANS scattering cross sections collected from

(%hueous solutions of d-CTAB/h-NaSal. Except for the
monotonic decrease of I(Q) with the change of scattering
contrast, no clearly discernible features can be extracted to
identify the Q range relevant to the association of salicylate
anions around the oppositely charged CTAB aggregates.
Without this knowledge, it is our conclusion that unique
determination of partial and cross coherent intensities based
on the matrix operation is inevitably hampered.

Generally, the feature of scattering intensity would be
discerned easily by their logarithmic values without incoherent
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Figure 3. An example of I(Q) without incoherent
background (blue symbols) and its corresponding model
fitting curve (red curve) predicted by cylindrical macroions
with surrounding counterion atmosphere in the
Supporting Information. The theoretical description is
seen to deviate from the experimental data when
Q <0.03 A1, The bending rod plot and a regression
curve based on the non-interacting wormlike chain model
(yellow curve)®®. Quantitative disagreement is observed
when Q <0.03A~!. Note that our model fitting at
different contrasts also gave the same conclusion.

background. To characterize the difference between scattering
curves with different contrasts, we can further subtract them
by a reference value. Namely, it can be written as

AI(Q) = [Inl2(Q) — InIi ()], (2)

where I;(Q) is the scattering intensity in solution i and In 1 (Q)
is the reference value. Obviously, Eqn. (2) will be roughly a
constant if the scattering contribution from cations and anions
is negligible. Because in this fashion AI(Q) calculated by Egns.
(1) and (2) would be only related to its solution contrast. The
results of Eqn. (2) calculated from Fig. 1 are shown in Fig. 2 with
the InI>(Q) in 0 wt% H,O solution. However, when Q > 0.1
A~ there are non-trivial downturns in the curves in Fig. 2. This
suggests that within this length scale the scattering
contribution cannot be from macroions solely. To characterize
the ion atmosphere distribution from Fig. 2, in this report we
propose a feasible mathematical protocol to facilitate the data
analysis. Without the presence of inter-micellar interaction, [
(Q) of our system can be expressed as

1(Q) = \/@Apmvam(Q) + @APCUCFC(Q)]Z
=A[Fn(@) +xF (@15 (3)

where m and ¢ are subscripts used to represent CTAB and
ne Apc& F
MnApmVm’
(Q) is the scattering amplitude. Through Eqgn. (3), it is
straightforward to show that the experimentally measured
scattering intensity can be expressed as

1(Q) = A[Pm(Q) + 2xPross(Q) + ¥2P(Q)],  (4)

salicylate respectively. A = ny, ApZ,v2, and x =

where P (Q), Pc(Q), and Pcross(Q) represent the scattering
functions of CTAB, salicylate anions and their cross correlation,
respectively. As are often the cases of macroions and
counterions, X would be much smaller than one because of
their disproportionate size difference. We can legitimately
expand In1(Q) up to the order of x? to check the coherent
scattering contributed by counterions from the following
equation:

PCTUSS(Q) _ x2 PC(Q)
Pim(Q) Pm(Q)’

Since Pin(Q), Pcross(Q), and P(Q) are all independent of SLD,
Eqgn. (2) can be approximated as the following expression:

Cross Q c Q
81Q) =t — 2 52 (o v

+ lnA1 — ll’lAz . (6)

InI(Q) = InA + InP,(Q) + 2x

)

Judging from the definition of 4, the value of In4; —In4;
varies upon changing the D/H ratio of solvent but is

independent of Q. The Q dependence of AI(Q) is determined

PCTDSS(Q) C(Q)
bY 5@ 7@

are independent from Ny, N¢, Apm, Apc, Vim and V.. Since the
pre-factor X1 — X3 is a function of Ap, if there is no scattering
contribution from salicylate anions within the examined Q
range, AI(Q) is expected to be a Q-independent constant
value. Therefore Eqn. (6) presents a convenient yet
mathematically rigorous tool to identify the Q range relevant
to counterion association in this study, as long as the scattering
contribution from macroions is dominant. As shown in Fig. 2,
the Q range relevant to the diffuse salicylate atmosphere, c.a.
01A1<Q<0241, is clearly indicated by this
implementation without having to specifying the numerical
values Ap. and Ap,, in advance. Therefore, the identified Q
range is free from any artificial interference.

presenting in the square bracket which

Guided by Fig. 2, we now can readily proceed to quantitative
data analysis. The fact that AI(Q) essentially remains constant
when Q < 0.1 A= suggests that the information of I(Q) in this
Q range is irrelevant for determining the counterion
association. Therefore, the focus of our scattering function
development is placed on providing a quantitative description
of I(Q) given in Fig. 1 in the range of @ > 0.1 A1, Within this
microscopic length scale, our charged micellar system is
schematically considered as a collection of rigid cylinders
dressed by ionic cloud and immersed in structureless
background water. We assume that counterions distribute
uniformly along the direction of cylinder axis and have the
same dimension as that of macroions. Meanwhile, in the
direction of cylinder cross-section counterions distribution
decay monotonically and mostly reside outside the surface of
macroions. Namely, counterions only exist beyond the radius
of macroions, R. Based on this conceptual picture, we
developed Pm(Q), Pc(Q), and Pcross(Q) accordingly. Their
analytical expressions and details of data analysis are given in
the Supporting Information. We give a comparison of the
measured /(Q) and the corresponding model fitting curve in
Fig. 3. A satisfactory quantitative agreement is observed when



Q>0.03A-1 suggesting that the spatial distribution of
salicylate anions around the cationic surfactant aggregates can
be reliably extracted based on our developed scattering
functions. Itis instructive to discuss the disagreement between
the theoretical and experimental scattering functions
observed in the low Q regime: As indicated by the bending rod
plot given in the inset, the global structure of charged CTAB
aggregates cannot be described by the wormlike chain
conformation.?? It is our conjecture that under this ionic
condition, certain degree of branching could have developed.??
As indicted by the combined USANS-SANS coherent scattering
cross section given in the Supporting Information, no
extended-range structure is observed judging from the
statistics of USANS signal. Nevertheless, the main scattering
features of the local cylindrical structure of these charged
micellar systems reflected in the spatial range probed by SANS
can still be captured by our current model.

In developing the functional form of P¢(Q), the distribution of
salicylate anions around the surface of cationic CTAB
aggregates is assumed to follow the feature of Poisson-
Boltzmann distribution,?*%> namely its number density along
the radial direction of cylinder cross-section is proportional to
an exponential decay with a characteristic length or so-called
Debye length Ap from the micellar surface towards the
surrounding solvent. From the structural parameters
optimized in the regression process, the spatial distribution of
salicylate can be determined based on this framework. From
the concentration profiles of salicylate anions given in Fig. 4,
we have found that the ionic environment around the charged
CTAB aggregates declines monotonically within the
temperature variation of 5 °C to 45 °C. However, the
characteristic length of these distributions is insensitive to this
temperature range. As shown in the inset, no quantitatively
distinct dependence of Ap on temperature is found. In general,
the Debye length has the following expression

)

where € is the dielectric constant, kg is the Boltzmann
constant, T is the absolute constant, g; is the charge of jth ion,
and n,(-J is the concentration of jth ion. Within this probed
temperature range, Ap essentially remains around 5 A In
electrolyte solution, Ap would be proportional to the square
root of the ratio of absolute temperature to ion strength as
indicated in Egn. (7).2628 Given that our NaSal concentration is
fixed, Ap would be proportional to the square root of absolute
temperature. Within this temperature range, we can expect no
appreciable changes on Ap values. It is noted that Shukla and
Rehage have reported Ap = 8 nm in the CTAB/NaSal solution
with Cs/Cd = 0.33 and 30 °C based on their results of light
scattering.?’ In our CTAB/NaSal solution with Cs/Cd = 50, the
extrapolation estimation by Cs/Cd ratio would give 8 nm X

1/0.33/50 ~ 6.5 A, which is consistent with our extracted
values. Around this concentration, the counterions are
condensed around the periphery of macroions. Therefore, the
length scale would not be as large as that of Ref. 2°.
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Figure 4. The concentration profiles of salicylate anions
around the surface of cationic CTAB aggregates obtained
at different temperatures with 0 wt% H,0. R is the radius
of cylindrical cross-section. The details of model fitting are
in the SI. The inset gives the evolution of Debye length as
a function of temperature.

In summary, we have quantitatively revealed the ionic
environment in a commonly studied wormlike micellar system
using the technique of contrast variation SANS. By observing
the difference between scattering intensities with different
contrasts, we showed that the scattering signal from
counterion is no longer negligible. Complemented by a
prognostic criterion which indicates the spatial range relevant
to counterion association, the spatial range of diffuse
counterion around the surface of cationic surfactant
aggregates can be determined precisely. We further construct
the analytical scattering functions of CTAB and counterions to
analyze the ion atmosphere distribution along the radial
direction. In comparison to the existing approaches, our
criterion does not require pre-determined scattering
characteristics of structural constituents as inputs to obtain
the relevant length scale of isotopically labeled species.
Therefore, it presents a practical solution to avoid the
potential issue of biased interpretation of experimental data
with scattering model fitting. Moreover, the framework
developed in this study not only is able to quantify the ion
environment of polyelectrolyte self-assembly systems, as
demonstrated in the Supporting Information, it can also be
extended to facilitate contrast vitiation SANS investigation of
complex multicomponent systems commonly encountered in
the structural study of soft matter.
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