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18 Hypothesis
12 Surfactants spontaneously self-assemble in aqueous solutions and are critical in
13 energy, biotechnology, and the environment. The self-assembled micelles may
14 experience distinct topological transitions beyond a critical counter-ion concen-
15 tration, yet the associated mechanical signatures are identical. By monitoring
16 i . o S ) . 1
17 self-diffusion dynamics of individual surfactants in micelles via a non-invasive ‘H
18 NMR diffusometry, we may distinguish various topological transitions overcomin
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19 challenges associated with traditional microstructural probing techniques.
20
g; Experiments
23 Three micellar systems based on CTAB/5mS, OTAB/NaOA and CPCl/NaClOj are
24 considered at various counter-ion concentrations and their rheological properties are
25 assessed. A systematic 'H NMR diffusometry is conducted and the resulting signal
gs attenuation is measured.
28
29 Findings
30 With no counter-ion, surfactants self-diffuse freely with a mean squared displacement
g; Z? ~ Tyyp in the micelles. As counter-ion concentration increases, self-diffusion
33 becomes restricted with Z2 ~ Tiippr and o — 0.5. Beyond the viscosity peak, for
34 OTAB/NaOA system that shows a linear-shorter linear micelle transition Z* ~ Tp2,.
35 Conversely, for the CTAB/5mS system that experiences a linear wormlike-vesicle
g? transition above the viscosity peak, a free self-diffusion is recovered. The diffusion
28 dynamics in CPCl/NaClOs are similar to those of OTAB/NaOA. Hence, a similar
39 topological transition is surmised. These results highlight the unique sensitivity of
40 the 'H NMR diffusometry to micelles topological transitions.
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I. INTRODUCTION

Surfactants are an important class of molecules whose spontaneous self-assembly in aque-
ous solutions gives rise to a host of interesting nano-structures, including spherical, vesicles,
or rodlike in aqueous solutions' . These self-assembled systems are critical in an array of ad-
vanced applications that involve nanomaterials including drug delivery®, nano-templating’,
generating nano-fibers®’ or porous nano-structured materials'’.

In the presence of a counter-ion, these nanoscale colloidal species can further self-assemble
into smart and responsive micro-scale wormlike structures that exhibit strong viscoelastic
properties'!. In a seminal work, Rehage and Hoffman showed that, beyond a critical counter-
ion concentration, a peak in the zero-shear viscosity is observed'?. This seemingly anoma-
lous experimental result spurred considerable interest in the scientific community'®*%?, and
the earliest hypothesis linked the viscosity peak to a topological transition from linear to
branched micelles*>. However, it was not until the late 2000s that researchers discovered
two additional topological transitions might also exist depending on the chemistry of the
surfactant or the counter-ion; linear to shorter linear micelles** or linear to vesicle micelles®.
Due to the critical impact of the topology of the self-assembled micellar system on the per-
formance of these materials, significant efforts have been devoted to establishing a technique
and a micro-nano physical interpretation that could help discern the micellar topologies and
the associated topological transitions around the viscosity peak. Prime examples include
several important articles that employed advanced techniques such as transmission electron
microscopy (TEM)?*2Y  neutron spin echo (NSE)?", X-ray photon correlation spectroscopy
(XPCS)?! or extensional rheology?*#%33,

Despite some advances, these techniques are accompanied by some ambiguities that may
render them not suitable for discerning micellar topologies from each other. Besides being
expensive and extremely challenging, the sample preparation stage of the TEM imaging may
subject the self-assembled micelles to strong flows and inadvertently change their equilib-
rium topologies®® 2?34 In addition, the electrostatic interactions caused by a counter-ion
can generate additional effects on the NSE measurements that are difficult to separate from
the effects of topological transitions®’. In a more recent study, Cho et al.*! used a reverse
wormlike micellar solution and showed that XPCS did not reveal significant differences be-
tween the slow mode segmental dynamics of linear and branched reverse micelles®'. Finally,
techniques based on extensional rheology?*3*%3 are also invasive and may affect the equilib-
rium structure of the self-assembled micelles over the course of measurements. Therefore,
establishing a robust and non-invasive methodology that is sensitive to the type of micellar
topologies and transitions from one to another has remained a critical challenge, mainly due
to the limitations of traditional techniques.

Recently, we illustrated that the solution state proton nuclear magnetic resonance (‘H
NMR) diffusometry provides unique insights that could be used to successfully distin-
guish the linear from branched micellar topologies®>*°. As noted above, besides the linear-
branched micellar topological transition, surfactants may experience other topological tran-
sitions depending on their type and salt chemistry; linear to shorter linear micelles®* or linear
to vesicles?” around the viscosity peak. More interestingly, the topological transitions are
still unresolved for other micellar systems (e.g., cetylpyridinium chloride/sodium chlorate;
CPCl1/NaCl03), and attempts at TEM have been unsuccessful®”. Therefore, it is still un-
clear whether '"H NMR diffusometry is sensitive to any arbitrary micellar topologies and/or
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associated topological transitions in self-assembled micellar solutions.

In this paper, we go beyond the limits of traditional microstructural probing techniques
and employ 'H NMR diffusometry to distinguish various micellar topologies and topological
transitions from each other besides the linear-branched transition. By monitoring and track-
ing the self-diffusion of individual surfactant molecules in nanoporous self-assembled micelles,
we aim to obtain detailed information that could be used toward identifying different types of
micellar topologies for the first time. For this purpose, we used two self-assembled micellar
systems based on cetyltrimethylammonium bromide/ 5-methyl salicylate (CTAB/5mS)%,
and octyl trimethylammonium bromide/sodium oleate (OTAB/NaOA)?! that have been re-
ported to exhibit either a linear-to-vesicle and linear-to-shorter linear micelle transitions
beyond the viscosity peak, respectively. In addition, we assessed the micro-scale diffusion
dynamics of surfactants in a system based on CPCl/NaClO3 and directly compared the
results with other systems, which in turn allows us to identify the nature of topological
transitions in the latter system.

II. EXPERIMENTAL
A. DMaterials:

Three self-assembled micellar solutions were made: The first one consists of Cetyl-
trimethylammonium Bromide (CTAB) and 5-methyl-salicylic acid (5mS) in 99.9% Deu-
terium Oxide (D20O). Both CTAB and 5mS were obtained from Sigma-Aldrich and the DO
from Cambridge Isotopes Laboratories. This system is made at a fixed CTAB concentration
of 12.5mM while the salt-to-surfactant concentration ratio (R) varies from 0 to 1.60. The
second system consists of octyl-trimethylammonium Bromide (OTAB) and Sodium Oleate
(NaOA) in Dy0O. Both OTAB and NaOA were obtained from Tokyo Chemical Industry
(TCI). Although both OTAB and NaOA are surfactants, for the purpose of comparison
with other systems, the systematic study consisted in varying the ratio (R) of OTAB and
NaOA, maintaining the total concentration in the solution of 3 wt %. Finally, the third
system consisted of Cetyl-pyridinium Chloride (CPCl) and Sodium Chlorate (NaClOj3) in
D,0O. Both CP,Cl and NaClO; were obtained from Sigma-Aldrich. This system’s surfac-
tant (CPCl) concentration was kept fixed at 0.3M while covering R values from 0 to 3. All
chemicals were used as received.

B. Fluid Characterizations:

All experiments in this study for CTAB/5mS and OTAB/NaOA were conducted at a
temperature T = 25°C and T = 32°C for CPCl/NaClOj; system. To confirm the transitions
in morphology associated with the viscosity peak, we have measured the zero-shear rate
viscosity of the solutions via a commercial rheometer (Anton-Paar model MCR-302) and a
cone-and-plate geometry. The cone used had a diameter of 50 mm and an angle of 1°.

C. NMR Diffusometry:

'H NMR diffusometry was performed to probe the self-diffusion dynamics of the sur-
factant molecules in the micellar solutions. We used the 21.1-T ultra-widebore magnet
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equipped with Resonance Research Inc gradients (64-mm ID) coupled to Bruker Biospin
60-A Great60 amplifiers accessible through the National High Magnetic Field Laboratory.
The magnet was equipped with a 900-MHz Bruker NEO console, capable of performing
solid-state, liquid-state, and microimaging experiments. The measurements were performed
in a 5mm 'H linear birdcage with the surfactant solutions placed in sealed 5 mm NMR
tubes. As in a previous study®’, 'H NMR spectra were acquired with a diffusion-weighted
stimulated echo (DW-STEAM; see details in**.) Protons (*H) were used as the probe in
order to increase the overall NMR signal-to-noise ratio (SNR). In order to characterize the
diffusion behavior, separate experiments with eight diffusion delay A times (17, 22, 52, 102,
202, 302, 402, and 502 msec) were carried out. Using 32 different values of gradient mag-
netic field strength (g = 0-754.6 mT/m) to vary the diffusion weighting while maintaining a
fixed pulse gradient duration (0) of 6 ms. These parameters covered diffusion times (Tg;ff)
ranging from 15 to 500 ms and ¢ values from 0 to 0.095 1/um. The post-processing of the
diffusion-weighted data is identical to our previous publications and discussed therein®>:3¢.

III. RESULTS AND DISCUSSION:
A. Rheology:

We begin our experiments by characterizing the rheology of the self-assembled micellar
solutions. Fig. 1 shows the zero-shear viscosity as a function of the salt-to-surfactant concen-
tration ratio (R) for the three self-assembled micellar solutions. As expected, the zero-shear
viscosity increases as R increases until it reaches a maximum value at a critical salt concen-
tration. Beyond this critical point, further increase of the salt concentration gives rise to a
decline in the zero-shear viscosity, which is consistent with the existing literature®*2%:3,

® CTAB/5mS
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FIG. 1. Zero-shear viscosity as a function of salt to surfactant concentration ratio, R. The maxi-
mum viscosity corresponds to R = 0.96 in CTAB/5mS, R = 2.33 in OTAB/NaOA, and R = 1.33
in CPC1/NaClOg3 systems. For data points where error bars are not seen, the measured error was
less than the marker size.
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B. 'H NMR diffusometry:

Following fluid characterization, proton (*H) NMR spectroscopy and diffusometry experi-
ments were conducted. In principle, in a self-assembled micellar system, proton self-diffusion
can be associated with the diffusion of four different sources: the medium molecules (in this
case due to the presence of a small amount of water in D,0), salt, surfactant, and/or the self-
assembled micelles themselves. Because individual surfactants, salt, or water molecules are
much smaller than the self-assembled micelles, self-diffusion is dominated by the individual
molecules.

Fig. 2 shows the NMR spectra of the three micellar solutions used in this study. These
spectra were collected at different diffusion weighting B following the application of a DW-
STEAM sequence (see details in experiments). Table (IIIB) below lists the chemical res-
onances associated with each species. As expected, the NMR signal intensity decreases as
a function of diffusion weighting (B; see details below) for all systems. Because chemical
resonances associated with each molecule are distinct, the signal attenuation of each chem-
ical shift allows us to assess the self-diffusion of each species in the solution separately. In
the following, we will first assess the diffusion of proton in the medium (residual water in
the D,O) and then assess the self-diffusion mechanism of the individual surfactant molecule.
Because salt molecules are strongly associated with surfactants, their self-diffusion dynam-
ics are similar to those of surfactants. Therefore, for brevity, we only present the diffusion
dynamics of surfactants in self-assembled micellar solutions (sample plots showing diffusion
dynamics of salt are provided in Fig. S1 and Fig. S2 of the supplementary materials).

5 Xm?o . . 1 20 x10° . . . X1.09 .
(b) —B=0 |[14(c) —B=0
4 —B=681 |4, —B=42
— B = 2980 B = 1360
: 15
3_
8.3
2
g 10
o 2
=
1 5

6 4 2 0 8 6 4 2 0 10 5 0
Frequency [ppm] Frequency [ppm] Frequency [ppm]

FIG. 2. NMR spectra as a function of frequency for (a) CTAB/5mS, (b) OTAB/NaOA, and (c)
CPC1/NaClOg3 micellar solutions. For the chemical resonances associated with each peak, refer to
Table 1.

Water Self-diffusion

As noted in Table I, the chemical resonance associated with the residual protons of the
water molecules resides at 4.7 ppm. Although we used D50 as the medium for the surfactant
solutions, due to the presence of some residual water in the D50, this peak appears in the
NMR spectra. Fig. 3 (a) shows the normalized signal attenuation associated with the protons
of the water molecules as a function of the B value in sample micellar systems. This behavior
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System Chemical Shifts [ppm] Molecule
2.9% (CH,),, (Surfactant)
CTAB/5mS 0.7% w-CHj3 (Surfactant)
1.16" Methyl salicylate ion (Salt)
2.8 (CH,),, (Surfactant)
OTAB/NaOA 2.5 w-CHj (Surfactant)
6.3 Oleic acid ion (Salt)
1.3, 0.86% w-CHj (Surfactant)
CPCl/NaClOg 8.2 Meta-CH (Surfactant)
8.5M Para-CH (Surfactant)
9.0" Ortho-CH (Surfactant)
D,0 medium 4.7% "H (Water)

TABLE I. Chemical resonances associated with different species in the wormlike micellar solutions
used in this study.

is expected for Brownian (free) self-diffusion of a molecule. In a series of papers, Stejskal and
Tanner described the use of pulsed magnetic field gradients to assess the free and restricted
self-diffusion of species in a medium?®*" and illustrated that for a free self-diffusion, the
NMR signal attenuation follows a mono-exponential type decay:

S(B)/S(0) = exp (—B.ADC). (1)

Here S represents the NMR signal intensity, B is the diffusion weighting, and ADC' is the

109
% @) O 1.2 ©
(m] —
S .. y 3
0 K s
= i\\i N g
3 o | E i
A @ CTAB/5mS, R = 0.96 5 ® CTAB/5mS a ® CTAB/5mS
m OTAB/NaOA, R = 0.30 z @ OTAB/NaOA = 08} e oTAB/NaOA
& CPCl/NaClO;, R = 1.50 .| CreyNacio, © CPC1/NaClO,
1 .
10 10
0 500 1000 0 2 4 6 10”" 10° 10’
B [s/mm?] R = [Salt]/[Surfactant] R = [Salt]/[Surfactant]

FIG. 3. (a) NMR Signal attenuation as a function of diffusion weighting B for water molecules in
three surfactant systems. (b) Normalized apparent diffusion coefficient (ADC') as a function R.
The calculated diffusion coefficients are normalized by the diffusion coefficients reported for water
molecules in water, 1.872x107% m? /s for 25°C and 2.189x10~? m? /s for 32°C.*5. (c) MSD exponent
« associated with water proton diffusion in micellar solutions.

diffusion coefficient. B = 0 is the reference state for no diffusion weighting. The diffusion
weighting B = (v09)*Tuiss, where v = 2.67 x 10® rad/(s T) is the gyromagnetic ratio of
the proton, the parameter ¢ represents the time duration of the gradient pulse, and ¢ is
the strength of the magnetic gradient, which is incremented to vary the diffusion weighting.
Moreover, Ty;ry = A — §/3 denotes the diffusion time in the DW-STEAM sequence (see
experiments for more details). The dashed lines in Fig. 3(a) show the best fit to Eq. (1),
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which is used to calculate the apparent diffusion coefficient of the water in these micellar
systems. Fig. 3 (b) shows the ratio of the water diffusion coefficients obtained in this
work normalized by the reported diffusion coefficient of water in the published literature®.
Consistent with our previous measurements in other surfactant systems, the diffusion of
water in self-assembled micellar systems is slower than its self-diffusion in pure HoO*°. The
slower proton self-diffusion in micellar solutions is probably caused by micelles that could
obstruct the diffusion of protons in the bulk D,O or hydration of the protons to the micelles
that could lower the mobility of the protons in self-assembled micellar solutions.

Alternatively, the self-diffusion of molecules in any medium could be described by the
following relation:

S(0)/S(0) = eap (5 2°7%), &)

where Z% oc (A — §/3)® is the mean squared displacement of the molecules and ¢ = vdg.
The a parameter may be used to assess the nature of self-diffusion (whether restricted or
free) in a medium. For example, it is very well-known that a Brownian type (free) self-
diffusion gives rise to a = 1. Fig. 3(c) shows the a exponent associated with the diffusion
of water molecules for the entire range of salt-to-surfactant concentration ratios for the three
surfactant systems. As expected, the self-diffusion of water molecules is well-described by a
Brownian-type diffusion with a =1 4+ 0.02.

Self-diffusion of Surfactants

Self-diffusion of surfactants is far more complex than the residual protons of the water
molecules. Although in the absence of salt R — 0, surfactants self-diffuse in a free manner,
their self-diffusion in the presence of a counter-ion (R > 0) slows significantly and becomes
restricted. This restriction is manifested by a significant deviation from a mono-exponential
decay at high B values (see sample plots in Fig. S3 of the supplementary materials). In
principle, surfactant molecules are strongly associated with their micelles, and their self-
diffusion in micellar solutions should be restricted within the micelles themselves, provided
that they self-diffuse to long distances (or high B values) to notice the presence of the
restriction. Thus, their self-diffusion could occur in the transverse direction (cross-section
of the micelles) or in the axial direction (along the contour length of the micelle). In fact,
for a similar problem that involves self-diffusion of water molecules in randomly oriented
capillary tubes, Callaghan and co-workers showed that the following relation theoretically
can describe the NMR signal attenuation®:

S(B)/S(0) = exp (—BDL)/O exp(—B Dy — D] 2*) dx (3)

Here, D and D denote the axial and transverse diffusion coefficients of water molecules
in the capillary tubes. Eq. (3) provides a general solution that could be applied to restricted
and/or free self-diffusion. For example, if D = D, = D, this model predicts a mono-
exponential signal decay, and therefore, a free self-diffusion behavior is expected. However,
if Dy| # D, the self-diffusion becomes restricted (and could be 1D or 2D). Therefore, as a
first attempt, we used the model proposed by Callaghan and co-workers to assess the ADCs
associated with the surfactants in different micellar systems (see solid curves in Fig. S3 of
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the supplementary materials). Despite the high quality of the fit to the experimental data,
we uncovered an issue that pertains to the values of diffusion coefficients obtained from
fitting to this model. In several instances, the numerical values of the diffusion coefficients
are not meaningful. Table SI in the supplementary material shows the numerical values of
the diffusion coefficients found for some of the surfactant solutions. Note that in several
instances, the diffusion coefficient turns out to be larger than the ones calculated for the
protons of the water molecules suggesting that surfactants self-diffuse faster than water
molecules, which is clearly inconsistent with the signal attenuation behavior. Note that
the peak associated with the water molecule decays much more rapidly than the surfactant
molecules (cf. Fig. 3(a) and Fig. S3). Therefore, ADCs for surfactant molecules should be
much smaller than those measured for residual protons of D;O. For other systems, the best
fit to the experimental data yields a negative value for the diffusion coefficients. The issues
with the fit to Callaghan’s model could arise from differences between our system and those
studied by Callaghan and co-workers®. Particularly in our experiments, surfactants are
strongly associated and bound to the micelles due to the presence of electrostatic attractions.
In Callaghan’s approach, molecules are not associated with capillaries through any attractive
potentials (e.g., electrostatic attractions between the diffusive molecule and the boundary).

Because of the aforementioned issues with the fit to the Callaghan model, an alternative
model was fitted to the experimental data. Ideally, the model considered for this purpose
should capture the underlying physics involved in the restricted diffusion of surfactants in
micellar tubes and produce physically meaningful ADCs. Individual surfactant molecules
self-diffuse through nano and micro-porous wormlike micelles structures that may resem-
ble the porous structure of biological tissues (e.g., brain or nerves). Previous studies in
such biological environments have shown that intracellular water diffusion displays non-
monoexponential diffusion decays, and can be fitted with a slow exchange model to report
fast and slow ADCs' % over a range of diffusion times. In our experiments, we observed
a similar signal decay and elected to fit this decay to a bi-exponential function as both a
model fit to generate reasonable ADCs and a probe of different micellar conditions. The
bi-exponential decay function is given as:

S(B)/5(0) = € exp (=BDy) + (1 = §) exp (=BDs). (4)

Where D, and Dy are slow and fast diffusion coefficients for micellar systems, respectively,
and ¢ is the pool fraction associated with the fast diffusion coefficient. We hypothesize that
these two diffusion coefficients are similar if the micelles’ topology is symmetric (e.g., spher-
ical or vesicle) or vastly different if the micelles form asymmetric shapes (e.g., cylindrical or
wormlike), providing a criterion to distinguish topological transitions from each other.

Fig. 4 shows a series of superimposed NMR signal attenuation at different salt-to-
surfactant concentration ratios for the three surfactant systems. We first begin our discus-
sion by describing the signal attenuation at R = 0. In the absence of any salt, all three
systems indicate a free self-diffusion (or a mono-exponential decay) for surfactant molecules,
which is expected (see left column of Fig. 4 and R = 0). For larger R values below the
viscosity peak, where we expect rod-like micelles to form, a clear deviation from mono-
exponential type signal decay (D; # Dj) is observed (see left column of Fig. 4). The three
systems behave similarly for R values slightly above the maximum viscosity peak (see the
middle column of Fig. 4), which is expected because all these systems still contain a large
amount of linear wormlike micelles. Deviations between these systems start to appear at
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FIG. 4. Normalized NMR signal attenuation of surfactant peaks. The top, middle, and bottom
rows show the data for CTAB/5mS, OTAB/NaOA, and CPCl/NaClO3 solutions, respectively.
Each color corresponds to a different diffusion time Tg;rf: brown (50 ms), orange (200 ms), and
yellow (500 ms). The solid black curves correspond to the best fit of Eq. (4) to the experimental
data. The arrows are guides indicating which horizontal axis the data sets correspond to.

larger salt-to-surfactant concentration ratios beyond the viscosity peak. While signal atten-
uation becomes mono-exponential for the CTAB/5mS system, for the two other systems,
it remains restricted (i.e., significantly deviating from mono-exponential decay) even at the
highest salt-to-surfactant concentration ratios (see right column of Fig. 4 for three systems).

To further analyze this data, we have fitted the bi-exponential function to the experimen-
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FIG. 5. Apparent Diffusion Coefficient in terms of salt-to-surfactant concentration ratio for a)
CTAB/5mS, b) OTAB/NaOA, and c) CPCl/NaClO3. The vertical dashed line denotes the con-

centration at which the maximum zero-shear viscosity is observed.

tal data, and the resulting ADCs are plotted in Fig. 5. The reported ADC values of Fig. 5
are obtained by averaging the measured ADC values for A > 200ms. In fact, the ADC values
depend on the diffusion delay time (Ty;¢r). At small diffusion delay times, the ADC values
are high, and as the diffusion delay increases, the ADC decreases until it levels off beyond a
diffusion delay of 200ms (see Fig. S4 in the supplementary materials). This result is consis-
tent with our previous measurements®” and can be rationalized as follows: At short diffusion
delay times, the surfactant molecules self-diffuse to short distances such that they are not
affected by restrictions (or micelle walls). However, as the diffusion delay time increases, sur-
factant molecules self-diffuse to farther distances, and therefore, their self-diffusion is affected
by the micelles restrictions. Fig. 5 shows that the apparent diffusion coefficients are similar
at low salt-to-surfactant concentration ratios because a mono-exponential type decay best
fits the experimental data. The mono-exponential signal decay also suggests that the micel-
lar shape should be symmetric. Note that surfactant concentration is well beyond critical
micelle concentration (CMC). Therefore, in the absence of a counter-ion, the self-assembled
micelles are expected to form symmetric (or spherical) shapes. As the salt-to-surfactant
concentration ratio increases, these two ADCs become vastly apart, indicating the growth
of one micelles dimension, increasing their asymmetry. Interestingly, while for CTAB/5mS
system, the self-diffusion once again becomes mono-exponential at higher salt-to-surfactant
concentration ratios, for the OTAB/NaOA system, the deviations between these two ADCs
remain significant well beyond the viscosity peak. These results suggest that while micel-
lar asymmetry disappears in CTAB/5mS solution, micelles of OTAB/NaOA remain highly
asymmetric (rod-like with a high aspect ratio) well beyond the viscosity peak. Finally, a
closer look at the Fig. 5 (c¢) on CPCl/NaClO3 system reveals that similar to OTAB/NaOA
solution, the self-diffusion of surfactant molecules remains restricted (with ADCs deviat-
ing significantly) well above the viscosity peak. Hence, we can surmise from these results
that the micellar solutions based on CPCl/NaClOj3 should experience a similar topological
transition to those reported for OTAB/NaOA beyond the viscosity peak; a linear-to-shorter
linear micellar transition.

The diffusion data are further analyzed by monitoring the variations of the mean squared
displacement (Z?) as a function of diffusion time (Tgys). Fig. 6(a) highlights the most
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important results of this study. As the salt-to-surfactant concentration ratio increases, the
MSD exponent a decreases for three systems in a similar manner and approaches o ~ 0.5
around the critical salt-to-surfactant concentration ratios (see also Fig. 6(b)). At R = 0,
surfactants concentration is beyond CMC, and therefore, the micellar solutions consist of a
mixture of spherical micelles and some individual surfactants. The diffusion of this mixture
is well described by a free-self diffusion for which o = 1. As the salt concentration increases,
spherical micelles begin to undergo a geometrical transition to rod-like micelles. At very low
salt concentrations (e.g., R = 0.2-0.3), it is possible that a significant fraction of micelles is
still spherical due to a lack of enough salt to screen out electrostatic repulsion between all
surfactants that exist in the solution. The self-diffusion of surfactants or the self-diffusion of
spherical micelles in DoO would produce a =~ 1, while self-diffusion of surfactants in rod-like
micelles is expected to generate a ~ 0.5°*. Therefore, an intermediate a value of ~ 0.7 — 0.8
in the low salt concentration regime suggests that there exists a mixture of spherical and
rod-like micelles in the solution at very low salt concentrations. This sub-diffusive behavior
(i.e., a < 1) is similar to the results of molecular dynamics (MD) simulations of Dhakal and
Sureshkumar® for a surfactant system based on cetyl-trimethyl-ammonium chloride (CTAC)
and salicylate ions. Dhakal and Sureshkumar showed that for fairly low salt-to-surfactant
concentration ratios with R = 0.2, o ~ 0.74"°,
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FIG. 6. (a) mean squared displacement exponent («) as a function of the salt-to-surfactant con-
centration ratio, R for three micellar systems. (b) MSD (Z?) as a function of diffusion time (Tg;ss)
at different salt-to-surfactant concentration ratios (R). Circles, squares, and diamonds correspond
to experimental data sets at salt-free, relatively low R, and relatively higher R values. Here R4z
denotes the critical salt to surfactant concentration at which a viscosity peak is observed. In part
(b), light-to-dark color symbols correspond to CPCl/NaClO3, OTAB/NaOA, and CTAB/5mS, re-
spectively. The least-squared error (coefficient of determination) for these fittings is beyond 0.990
for all datasets.

As the salt concentration increases and the rod-like micelles become the dominant mi-
cellar shape, & — 0.5 (see Fig 6(b)). In a combined theoretical and experimental study,
Angelico et al.>* showed that o = 0.5 is associated with the curvilinear diffusion of surfac-
tant molecules along the contour length of the wormlike micelles. Consequently, we suggest
that the curvilinear diffusion of individual surfactants along the longest axis of the linear
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wormlike micelles is the dominant surfactant self-diffusion mechanism around the viscosity
peak in our experiments. Beyond the critical salt-to-surfactant concentration ratio, these
systems show distinct responses. While for CTAB/5mS system « increases towards the free
self-diffusion of surfactants (o =~ 1) at higher salt to surfactant concentrations, it levels off
around a ~ 0.5 £ 0.05 for OTAB/NaOA and CPCl/NaClOj systems (see also Fig. 6(b)).
The latter results suggest that while CTAB surfactants diffuse freely inside micelles with a
symmetric shape (in this case, vesicles), OTAB and CPCI surfactants diffuse curvilinearly
inside linear micellar tubes. This interpretation is in line with the published literature on
the topology of the micelles in these systems ?*?° and gives further credence to 'H NMR
diffusometry as a robust and non-invasive technique that could unambiguously predict the
micelle’s topologies and topological transitions in self-assembled systems.

Finally, we note that in their MD simulations, Dhakal and Sureshkumar recovered a
super-diffusive behavior with o sometimes reaching as high as o ~ 2 for high R values.
These authors linked the super-diffusive behavior to the dynamics of branched points in
the micellar solutions®. In the experiments reported in this paper, we did not observe a
super-diffusive behavior for any of the surfactant systems. This is unsurprising because none
of the surfactant systems used in this study are expected to form branched points.

Although we have successfully developed a technique and insights towards distinguishing
different micellar topological transitions, a lingering open fundamental question in the field
is the underlying physics causing different topological transitions in micelles. It is our
hypothesis that salt and counter-ion chemistry may introduce solvency effects and change
the ionic strength of the solution, which may in turn affect micelles stiffness, length, and
possibly their topological transitions®®®”. Molecular dynamic simulations provide a unique
opportunity to assess the impact of surfactant and salt chemistry on topological transitions
in various micellar solutions.

IV. CONCLUSIONS

In summary, by probing the restricted diffusion of individual surfactant molecules within
nano and micro-porous micellar structures, we successfully assessed the topological tran-
sitions in three self-assembled micellar solutions with different chemistries. Our results
indicate that a bi-exponential signal attenuation function with two ADCs fits best over the
entire range of salt-to-surfactant concentration ratios (Fig. 4). As the salt-to-surfactant
concentration ratio increases to the viscosity peak, the deviation between the two ADCs
becomes significant, indicating a geometrical asymmetry in the micellar shape (Fig. 5). In
addition, the MSD exponent « decreases below unity and approaches a ~ 0.5 for these
micellar systems (Fig. 6(a)). Interesting differences arise between these systems for salt
concentrations beyond the viscosity peak. For CTAB/5mS, the deviation between ADCs
decreases until it disappears at high salt-to-surfactant concentration ratios, and the o pa-
rameter increases towards unity (Fig. 6(a)). Conversely, for the OTAB/NaOA solution, the
ADCs remain significantly different, and the o parameter levels off around 0.5 for salt to
surfactant concentrations beyond the viscosity peak (Fig. 6(a)). Finally, the diffusion dy-
namics of the surfactant in CPCl/NaClO3 solution are similar to those measured for the
OTAB/NaOA system. These results clearly indicate that while the nature of topological
transitions above the viscosity peak in CTAB/5mS and OTAB/NaOA should be different,
the system based on CPCI/NaClOj is expected to experience the same topological transition
as that reported for the OTAB/NaOA solution; a linear to shorter linear micellar transition.
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The outcomes of this paper demonstrate that 'H NMR diffusometry is a non-invasive,
robust, and simple technique that not only overcomes challenges associated with TEM or
scattering-based techniques but it can successfully predict and distinguish a variety of self-
assembled micellar topologies and topological transitions. Although this study was restricted
to three micellar systems, it is anticipated that this method could be extended to other
self-assembled surfactant solutions, including reverse micellar solutions®', mixed surfactant
solutions®® or polymer micelle solutions™.
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