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The free energy in solutions of amphiphilic molecules leads to the formation of supramolecular structures, often
making spherical aggregates, worm-like micelles, vesicles, and lamellae. In this work, we add a fluorinated
azobenzene, 4-(4-trifluoromethoxy phenyl azo) phenol (Azo-3F) to a solution mainly made of spherical and
rodlike micelles of CetylTrimethylAmmonium Bromide (CTAB) and sodium salicylate (NaSal). These structures
transform to disk-like micelles, which concatenate through hydrogen bridges to form long thread-like structures
highly similar to worm-like micelle structures. This conclusion was reached after observing that NMR results
suggest the formation of aggregates in solution with Azo-3F molecules inside them. Viscosity increases by three
orders of magnitude at low shear rates when Azo-3F is added, and it shear-thins as the shear rate increases. The
viscoelastic spectra show that the fluid changes from viscous to viscoelastic. Cole-Cole plots follow semicircles,
typical of Maxwellian behavior below ~ 35 °C. Cryo-TEM micrographs of the solution with Azo-3F show giant
thread-like structures, and cross-sectional analysis of SAXS and WAXS profiles predict oblate ellipsoidal struc-
tures. In addition, MD simulations show that the disk-like micelles interact mainly through hydrogen bonds and
electrostatics, forming micellar strings. These strings behave similarly to worm-like micelles, explaining why the
solution behaves as a Maxwellian fluid at relatively low temperatures. Consequently, when some specific mol-
ecules are introduced in supramolecular structures, such as a spherical micelle, they can be transformed into
disk-like micelles that assemble into thread-like micelles.

1. Introduction salt addition. Adding hydrophobic counterions (hydrotropes) or co-

surfactants also modifies the assembly. In this way, the whole packing of

In an aqueous medium, surfactants self-assemble in different mor-
phologies. By minimizing the system’s free energy, these supramolecu-
lar structures can be transformed and their shapes modified, which also
introduces a change in the rheological behavior of the fluid where they
are embedded [1-3]. Spherical, Worm-like Micelles (WLMs), vesicles,
and lamellae are the most common aggregates with many important
industrial applications [4,5]. According to the geometrical model, su-
pramolecular structure morphology is a consequence of the geometry of
the involved molecules in aggregation, characterized by a packing
parameter [6,7], which can be modified through changes in surfactant
concentration, temperature, or ionic strength of the medium, as it occurs
when pH is modified, or through the use of different counterions or ionic
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the different entities included in the supramolecular self-assembly de-
fines a spontaneous curvature whose modification has a free energy cost
[6-8]. At concentrations above a first critical micelle concentration
(CMQ), surfactants are usually packed in spherical micelles, and these
solutions usually follow a Newtonian behavior. When the CMC is
exceeded, a sphere-cylinder transition can be achieved once the free
energy is favorable. Cylindrical micelles can be long and flexible
(WLMs), where the way to minimize the free energy is by decreasing the
number of unfavorable hemisphere end-caps by increasing the lineal
cylindrical section [9]. In this case, a large number of solutions with
WLMs present a Maxwellian behavior G(t) = Go exp (-t/7g) at long times
or equivalent, at low and intermediate frequencies, w, in its related
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complex modulus G*(®) = io Ex‘(a)) =[G’ (w) + i’G” (w)]; although,
there are well-known examples of WLMs not following that behavior
[10,11]. The elastic modulus, G,, and the relaxation time, Ty, can be
obtained from the linear viscoelastic spectrum from the crossing be-
tween the G’ (w) and G”’(®) curves. The formation of giant cylindrical
micelles increases the solution’s viscosity and introduces an elastic
contribution to the rheological properties producing a viscoelastic fluid
[12]. Both properties are due to the micellar network formed by the
entanglement of these giant cylindrical micelles [13]. WLMs are of great
interest due to their rheological properties with applications in the
manufacturing of personal care, cleaning products, etc [14,15].

However, other structures, such as Disk-Like Micelles (DLMs), are
not well known and relatively uncommon compared to spherical or
WLMs [16-18]. The ladder model shows that the growth of DLM is
governed by the difference between the standard chemical potentials of
surfactant molecules in DLMs and WLMs, characterized by the param-
eter p = (19 — i?) /kyT; here, 7© and i'® are the standard chemical
potentials of molecules in cylindrical and DLMs, respectively [16]. For p
< 0, the formation of DLMs is energetically unfavorable, and surfactants
form cylindrical micelles. In contrast, for p > 0, DLMs are formed.
However, p > 0 corresponds to a positive excess of peripheral energy in
the micelles, which increases as their diameter increases, limiting
micellar growth. For this reason, DLMs can appear in a restricted con-
centration range and with small peripheral energies, where 0 < p < 0.1.
DLMs present a very low spontaneous curvature in the almost flat part of
the disk, and a non-zero one at the edges, suggesting a different mo-
lecular composition in these two regions when the micelle is made of
several entities. Some DLM systems present a rheological behavior
similar to those with WLMs [16,18].

Disks are a unique form of stable surfactant self-assembly not
commonly found in Nature, although some examples are mentioned in
the literature. Zemb et al. found DLMs in mixtures of myristic acid and
hydroxide-exchanged forms of cetyltrimethylammonium chloride [19],
which at high dilution show small-angle neutron scattering (SANS)
signals decreasing as the second power for low scattering vectors (1 x
1073 < g < 1 x 1072 A1), The formation of disk-shaped micelles is also
stimulated by adding small amounts of lauric acid to a micellar solution
of sodium dodecyl sulfate and cocamidopropyl betaine [18]. This system
presents a Maxwellian behavior just before a nematic transition. The
authors assumed the formation of entangled, flexible, living columnar
objects composed of packed DLMs in the isotropic phase. Sodium
dodecyl sulfate in the presence of the counterion p-toluidine hydro-
chloride shows a sequence of phase transformations on increasing the
counterion concentration: hexagonal, nematic, isotropic, nematic,
lamella. WLMs form a nematic phase close to the hexagonal phase, and
close to a lamellar phase are DLMs, suggesting a gradual prolate to
oblate change in the aggregate morphology with increasing counterion
concentration [17]. In a three-component solution composed of sodium
lauryl ether sulfate, cocamidopropyl betaine, and dodecanoic acid, vis-
cosity was found to pass through a maximum at a particular fatty acid
concentration. Before that viscosity peak, spherical and short worm-like
micelles transform into longer worms as the fatty acid concentration
increases. At some point, after the viscosity peak, flat ribbonlike struc-
tures form as an intermediate state from worms to disks. Finally, the
discoidal micelles become the dominant form of self-assembly at high
enough fatty acid concentrations [16].

The main goal of this report is to present a study on a novel system
that self-assembles in DLMs. As we will describe below, these DLMs are
formed in a solution of spherical micelles made of Cetyl-
TrimethylAmmonium Bromide (CTAB) and sodium salicylate (NaSal)
when a hydrophobic fluorinated azobenzene is incorporated into the
micellar structure; however, these structures are apparently not stable
enough, and they concatenate to form thread-like structures in the
overlapping regime, not observed before at the CTAB concentration and
R = [NaSal]/[CTAB] used in this investigation. On the other hand, we
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engineered this complex fluid to be prone to structural changes given the
photosensitivity of the fluorinated azobenzene, 4-(4-trifluoromethoxy
phenyl azo) phenol (Azo-3F), since it presents trans—cis isomerization
under UV light. As we will see, Azo-3F incorporates into the spherical
micelles of the original micellar system, giving rise to strong intermo-
lecular interactions, as observed with Nuclear Magnetic Resonance
(NMR) spectra, modifying the micellar structure. However, incorpo-
rating this azobenzene does not produce an intelligent fluid. Our group
has previously investigated the effect of including photoswitchable
molecules in WLMs solutions to produce intelligent fluids and the
mechanisms that sometimes prevent chromophores from responding
well to an external stimulus such as UV irradiation [20,21]. In the pre-
sent paper, we show that the high hydrophobicity of the chromophore,
due to its trifluoromethyl moiety, impacts the photoswitchable re-
sponses within the micelles. As pointed out by Lee and coworkers [22], it
is imperative to combine different experimental techniques to charac-
terize self-assembled materials. Otherwise, misleading results might be
considered true. Here, besides the mentioned NMR spectra, we combine
Molecular Dynamics (MD) simulations with real and reciprocal space
imaging techniques to fully characterize the system’s structure, which
has a consequence in the rheological properties. MD suggests the
concatenation of the newly formed discotic structures into thread-like
structures. We observe these structures with Cryogenic Transmission
Electron Microscopy (Cryo-TEM) and identify their cross-section by
Small- and Wide-Angle X-ray Scattering (SAXS and WAXS). Therefore,
the formation of thread-like structures explains the change in the
rheological properties of the original micellar solution induced by the
Azo-3F incorporation producing a Maxwellian fluid at low and inter-
mediate frequencies, as shown later on. In summary, we designed a
system in which some specific photoswitchable molecules are intro-
duced in surfactant-supramolecular structures, such as spherical mi-
celles, to transform them into disk-like micelles that concatenate to
produce thread-like micelles. The different length-scale structures and
rheological responses can improve their implementation for novel
technologies.

2. Experimental section
2.1. Materials

CetylTrimethylAmmonium Bromide (CTAB, > 99%, Fluka,
Switzerland), sodium salicylate (NaSal, 99.5%, Sigma-Aldrich, Canada).
Reagents were used as received. 4-(4-trifluoromethoxy phenyl azo)
phenol (Azo-3F) was synthesized following a method described else-
where [23,24]. It was purified using 9:1 ethyl acetate in hexane as a
diluent through column chromatography. 'H NMR (500 MHz, TMS) of
Azo-3F was measured in deuterated chloroform (CDCls, § ~ 7.25 ppm),
chemical shifts  (ppm): 7.90 (4H, m, Ar-H), 7.33 (2H, d, Ar-H), 6.94
(2H, d, Ar-H), 5.50 (1H, s, Ar-OH). Samples were prepared with ultra-
pure deionized water (Nanopure, USA) and those for NMR with
deuterated water (D20, 99%, Sigma-Aldrich).

2.2. Sample preparation

Azo-3F was suspended in water at a concentration of 10 mM (Cazo =
10 mM), then CTAB was added. The suspension was stirred and heated
up to 40 °C until full solubilization. Then, NaSal was added. The mixture
was stirred for 24 h and left to relax for 48 h. Micellar solution ratio R =
0.33 (R = [NaSal]/[CTAB]) with [CTAB] = 60 mM. Another sample
without Azo-3F was also prepared, following the same procedure, to be
used as a reference for comparison.

2.3. Rheological measurements

Rheological measurements were performed with a MCR-702 Twin-
Drive rheometer (Anton Paar, Austria). Flow curves and oscillatory
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measurements were carried out in a cone-plate geometry (40 mm in
diameter and 2° cone angle) with temperature control (+ 0.1 °C). A
solvent trap was used to avoid water evaporation. The oscillatory ex-
periments were obtained in the linear regime.

2.4. 'H NMR and '°F NMR

'H NMR and '°F NMR spectra were acquired on a Bruker AVANCE III
HD 500 MHz (USA) equipped with a 5-mm z-axis gradient BBFO probe
at various temperatures. NMR experiments were recorded using stan-
dard Bruker pulse sequences. NMR spectra are referenced to the water
signal resonance at each temperature; samples were dissolved in DO
and deuterated chloroform.

2.5. SAXS and WAXS

The experimental setup is a SAXSLAB (XENOCS) Ganesha (Denmark)
apparatus provided with a motorized collimation system consisting of a
JJ X-Ray high precision 4-blade slits with single crystal low-scatter
blades for SAXS and WAXS placed in a 3.9 m long evacuated camera
(2.5 x 1072 mbar), with a Pilatus 300 K solid-state photon-counting
detector. The x-ray source is a microfocus Xenocs GeniX3D CuKa (A =
1.5406 A). The nominal measurement range for the scattering vector, g,
is: 0.006 < q < 3 A"l Raw data were reduced using a SAXSGUI
V2.19.02 implementation software (SAXLAB) and analyzed using the
Igor Pro SANS software according to standard methods [25]. A non-
diluted 200 pL sample was prepared in a quartz capillary (length =
80 mm, outer diameter = 1.5 mm, wall thickness = 0.01 mm) (Hampton
Research, USA). A deionized water sample was used as background for
the data reduction process. SAXS experiments were run for 13 h, and
WAXS experiments for 5 h. All measurements were done at room tem-
perature (25 °C).

2.6. Cryo-TEM

Samples were prepared for cryo-TEM imaging by application of 3.5
uL of sample onto plasma cleaned (Gatan Solarus) Quantifoil grids (1.2/
1.3, copper 200 mesh; Electron Microscopy Sciences) and subsequently
plunge freezing in liquid ethane using the Vitrobot Mark IV (Thermo
Scientific). Grids were imaged on the Thermo Scientific Glacios (200 kV)
with the Ceta-D camera using EPU software (Thermo Scientific). Grids
were stored in liquid nitrogen until use. Control experiment samples
were imaged on the Thermo Scientific Titan Krios 3Gi (300 kV) with the
K3 direct detector (Gatan).

2.7. Molecular dynamics simulations

Molecular dynamics simulations were performed using the GROMOS
force field 54a7 included in the GROMACS 2019 package [26,27]. The
ATB server generated the molecules; the IDs for these are 603322
(Azo3F), 10929 (CTA™), and 16917 (Sal™) [28,29]. Ions were added
after the system was solvated with the SPC/E water model [30]. The
initial configuration was 600 CTAB and 200 NaSal molecules in a box of
size 5 x 5 x 15 nm®, then the box was enlarged to 6.5 x 6.5 x 15 nm°,
and 100 Azo3F molecules were added. This procedure was done to force
a faster micelle formation. Finally, the box was enlarged to a size of 20 x
20 x 15 nm?, and it was filled with water molecules. Bromide and so-
dium ions were added to produce an uncharged system. Periodic
boundary conditions were applied in every direction. The system was
minimized using the steepest descent method and integrated using the
leapfrog algorithm with 50,000 steps with 0.01 nm size. After minimi-
zation, 5 ns in (NVT) canonical ensemble with a V-rescale thermostat at
25 °C was performed. Data production was achieved under the isobaric-
isothermic (NPT) ensemble during 2 ps using a V-rescale thermostat at
25 °C, with a Parrinello-Rahman barostat at 1 bar and compressibility of
4.5 x 107> bar~ . The particle mesh Ewald method was used to calculate
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electrostatic interactions with a cut-off radius of 1.2 nm. For a more
detailed and clear view of the structure, a small system with 273 CTAB,
91 NaSal, and 46 Azo-3F molecules in a box of 6 x 6 x 6 nm> was used,
afterward enlarged to a 14 x 14 x 14 nm® box. In each configuration, R
values and the ratio of Azo-3F/surfactant molecules are preserved as the
experimental ones.

3. Results and discussion
3.1. Rheological behavior

Fig. 1a presents the viscosity, 7, as a function of the shear rate, 7, for
the CTAB/NaSal micellar solution with Cazo = 0 and Cpzo = 10 mM at
25 °C. Without Azo-3F, the viscosity of the solution is almost constant
for two orders of magnitude in 7, and with a small shear thinning at high
7. This behavior corresponds to the micelles’ alignment of CTAB/NaSal
at R = 0.33, consistent with a mixture of spherical and rod-like micelles
without entanglement (See Fig. SM4) [31-35]. However, when Azo-3F is
added, the viscosity at low shear rates increases by three orders of
magnitude (from 480 te- 165,000 mPa s), and it shear thins as the shear
rate increases. It seems as if the system CTAB/NaSal with Azo-3F pro-
duces self-assembled structures that align under flow, lowering the
viscosity as the shear rate goes up. The inset of Fig. 1a presents the shear
stress, o vs. y for the solutions under discussion. A sheet of light in the
gradient-vorticity plane installed in a transparent Couette geometry
showed a few shear-induced structures similar to those in WLM systems
in the dilute regime (not shown) [36]. Fig. 1b presents viscoelastic
spectra for the system with Cyzo = 0 and Cpazo = 10 mM at 25 °C. When
Azo-3F is added to the CTAB/NaSal micelle solution, the fluid changes
from a viscous to a viscoelastic one; for Cazo = 0 mM, G’ (w) and G”’ (@)
do not cross to each other, however, at Cazo = 10 mM, the curves cross
at a very low frequency (~0.0015 s’l). As mentioned, the structure
CTAB/NaSal at R = 0.33 is a mixture of spherical and tiny rod-like
micelles without entanglement consistent with a viscous fluid. Fig. 1c
presents the viscoelastic spectra of CTAB/NaSal with Cazo = 10 mM as
temperature increases and their corresponding Cole-Cole plots (inset
Fig. 1c). As temperature increases, the viscoelastic spectra of the
micellar solution with Azo-3F move up to higher frequencies, G, de-
creases at small pace, and 7g decreases two orders of magnitude when
temperature changes from 25 °C to 45 °C. Cole-Cole plots follow semi-
circles, typical of Maxwellian behavior below 40 °C; at higher temper-
atures, curves deviate from the expected semicircles of Maxwellian
behavior at intermediate and high frequencies. Other stress relaxation
modes start to appear, or structures producing that behavior are
destroyed. In summary, the flow curves and viscoelastic spectra suggest
a change in the aggregate morphology of the solution due to the Azo-3F
addition.

3.2. 'H NMR and "°F NMR

The most apparent reason for explaining why the rheological
behavior of the CTAB/NaSal micelle solution (R = 0.33 and [CTAB] =
60 mM) is so dramatically modified when Azo-3F is added is a change in
the micellar structure. This new structure should be hosting in some way
Az0-3F to prevent it from being in the water, where it is almost insol-
uble. NMR can give us insight into how the Azo-3F is incorporated into
the micellar structure. Fig. 2a shows the structure and assigned proton
labeling for Azo-3F and NaSal used in the spectra description. Fig. 2b
presents the 'H NMR spectra of Azo-3F and CTAB/Azo-3F. The spectrum
of Azo-3F is obtained in a chloroform solution. These signals only
correspond to the trans isomer, as Lim et al. reported [23]. We observed
several signals that do not appear in Fig. 2b because they are outside the
figure range. CTAB signals of CTAB/Azo-3F spectrum in D20 are be-
tween 3 and 0.8 ppm, protons corresponding to —CHp- and -CH3 are
between 1.3 and 0.89 ppm, respectively, and the signal of N™-(CHs3)
protons appear at 3 ppm. Here, we observe that proton signals 1, 2, and 3
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Fig. 1. a) viscosity (1) versus shear rate (y) for CTAB/NaSal ([CTAB] = 60 mM,
R = 0.33) varying Cazo = 0 and 10 mM at 25 °C. Inset: The corresponding shear
stress (o) versus shear rate (7). G’(0) and G’’(w) vs. o for CTAB/NaSal ([CTAB]
=60 mM, R = 0.33) for Cazo = 0 mM and Cazo = 10 mM, at 25 °C in (b), and
for Cazo = 10 mM at several temperatures in (c); the inset presents the Cole-
Cole plots for each temperature in the main figure.

are shifted to lower chemical shifts (less electronegative or hydrophobic
environments), and protons 4 are moved to higher chemical shifts (more
electronegative or hydrophilic environments) compared with signals of
Azo-3F in chloroform. These results suggest the formation of structures
in solution where protons 1, 2, and 3 are inside the aggregates between
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Fig. 2. a) structure and assigned proton labeling of Azo-3F (left) and NaSal
(right). b)'H NMR spectra of Azo-3F (10 mM) in CDCl; at 25 °C (simple signal
at 7.28 ppm correspond to deuterated chloroform) and CTAB (60 mM)/Azo-3F
(10 mM) in D5O. Inset: Azo-3F (10 mM) in D,O and CTAB (60 mM)/Azo-3F (10
mM) in D,0. ¢) 'H NMR spectra in DO of A) CTAB (60 mM)/NaSal (20 mM) at
25 °C, B) CTAB (60 mM)/Azo-3F (10 mM) at 25 °C. CTAB/NaSal/Azo-3F (10
mM) ([CTAB] = 60 mM, R = 0.33) at different temperatures: C) 25 °C, D) 30 °C,
E) 50 °C, and F) 60 °C. The spectra use the water signal resonance as a reference
for each temperature.

the surfactant tails, and protons 4 are close to the aggregate surface.
Signals corresponding to protons 2 and 3 split into two signal groups, as
observed with an azobenzene derivative inserted in a hydrophobic
environment made of cyclodextrin [37]. For comparison, the inset of
Fig. 2b presents the 'H NMR spectra of Azo-3F and CTAB/Azo-3F in D,0.
Azo-3F signals have a small intensity due to the low solubility of this
compound. Proton 1 signal moves to lower chemical shifts when Azo-3F
mixes with CTAB, i.e., these proton moves to a more hydrophobic
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environment. The same fact occurs when Azo-3F is incorporated into the
aggregates formed in solution, where protons 1 are close to the surfac-
tant tails. Fig. 2c presents the 'H NMR spectra of CTAB/NaSal, CTAB/
Azo-3F, and CTAB/NaSal/Azo-3F in D20. Spectrum (A) shows NaSal
signals for proton labeling in Fig. 2a. Spectrum (B) corresponds to
CTAB/Azo-3F, as shown in Fig. 2b. Spectra (C), (D), (E), and (F) corre-
spond to CTAB/NaSal/Azo-3F system at 25, 30, 50, and 60 °C, respec-
tively. Spectrum (C) does not present signals, probably due to low
molecular mobility, indicating strong interactions or the formation of a
very organized structure. The system has a higher viscosity at this
concentration than the CTAB/NaSal system, as previously mentioned in
Section 3.1. We increase the temperature of the solution to increase
molecular mobility. At 30 °C, spectrum (D) presents some NaSal signals.
Azo-3F signals begin to appear at 50 °C, as shown in (E). In (F), at 60 °C,
the signals are more defined. In spectrum (F), proton signals for Azo-3F
and NaSal are clearly observed. Azo-3F signals move to lower chemical
shifts (less electronegative environments) compared to Azo-3F signals in
(B). However, NaSal signals are almost not shifted with respect to the
CTAB/NaSal spectrum (A), indicating that Azo-3F reflects an environ-
mental change when NaSal is added to CTAB/Azo-3F.

In other ranges of chemical shifts (10-12 ppm), there are remarkable
differences between spectra (C) at 25 °C and (D) at 30 °C, not shown in
Fig. 2¢, which are presented in Fig. SM2a. Here, CTAB/NaSal/Azo-3F
spectra are shown as temperature increases from 25 °C to 29 °C. At
25 °C, the spectrum shows a double signal at ~ 12 ppm, which is
attributed to hydrogen bonding, probably as a result of intermolecular
interactions between the OH group of Azo-3F and the carboxyl group of
NaSal, H-bonds between NaSal-NaSal, and intramolecular H-bonds in
NaSal; the latter interaction is probably weaker due to electrostatic
interaction with CTAB [38]. All those interactions fade away as tem-
perature increases; at 30 °C, it is entirely lost. However, proton signals
for NaSal appear more defined. At 29 °C, the spectrum does not present
the hydrogen bonding signals, possibly due to the breaking of the
hydrogen bridges, causing, at the same time, an increase in the NaSal
mobility allowing NaSal signals to be observed with more definition. '°F
NMR spectra were also carried out to get some physical insight into the
interactions involving fluorine in the CTAB/NaSal/Azo-3F solution.
Fig. SM2b shows '°F NMR spectra varying the temperature from 25 to
50 °C. Several peaks are observed at the lowest temperatures (25 °C and
26 °C). When the temperature reaches 28 °C, some peaks’ intensity
decreases while one increases, corresponding to a C-F bond that be-
comes a very well-defined singlet at 50 °C. These results suggest low
mobility of Azo-3F at 25 °C, which sustains a strong interaction with
other molecules that give rise to splitting the signal. However, in-
teractions fade away when the temperature reaches 28 °C, and molec-
ular mobility increases.

In summary, when Azo-3F is added to the micellar solution, it is
incorporated into the original aggregate modifying it, forming a new
self-assembled aggregate with strong interactions with both CTAB and
NaSal. Although azobenzene presents a trans-cis isomerization under
UV light, the CTAB/NaSal/Azo-3F mixture could be prone to be trans-
formed through UV irradiation, inducing further changes in those newly
formed aggregates through the isomerization of the azo compound.
However, the isomerization rate from cis- to trans-isomer is accelerated
in a polar medium [39]. Then, as the cis isomer is formed, it returns to
the trans-isomer, and the structure of the new aggregates is not affected
by UV irradiation. This issue is described in Fig. SM1.

3.3. SAXS-WAXS

We performed static scattering experiments to elucidate the self-
assembled supramolecular structure formed after the Azo-3F addition
to the spherical micelles. We measured the SAXS and WAXS patterns for
CTAB/NaSal solution (Cazo = 10 mM, R = 0.33 at 25 °C), which is in the
semidilute regime. No further dilutions were made to determine the
supramolecular structures in the solution, which produces the
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rheological experiments described above. However, a scattered intensity
profile with components of structure, S(q), and form, P(q), factors is
indeed obtained; q is the scattering vector (q=|q|). To overcome this
inconvenience, we focused on the scattering pattern obtained at the
overlap between small and wide scattering vectors (0.004 < q < 0.4
A’l). In this interval, where P(q) plays a more relevant role, the
observed structures represent individual portions of micelles and their
cross-sectional size. Fig. 3a shows the x-rays scattering intensity pattern
vs. the scattering vector q on the xy plane. An Oblate Core-Shell Ellipsoid
model for the form factor was used to fit the intensity pattern to extract
information from the size of the structures within the micelle [40,41].
The form factor is averaged over all possible orientations of the ellipsoid.
The fitting can be observed as a red curve in Fig. 3a, spanning over the q
interval 0.02-0.25 A~. The overall description of the model is given by:

N

cale [! 5
P(q) = background + % / |F(gq,r:,a) | da, €D)
shell Jo

where F(q> ri, (l) = 3(pcore - pshell)VCorﬁjl (uCDYE)/g(pshell - psolv)VShelljl
(usen) is the form factor for a core-shell spheroid with core semi-major
and semi-minor axes 'mgj,c and rmin,c, Tespectively, and shell semi-major
and semi-minor axes ryq;,s and ryyin s, respectively (see Fig. 3b). F(q,r,a) is
integrated over the orientation variable a, which is equal to the pro-
jection of the unitary vector in the direction of the spheroid’s major axis
and the average of the scattering vector q. Here pcore, Pshell, and psopy are
the scattering length densities of the core, shell, and solvent,

a X
/'\10- E -E
> ]
\(-0110'2'; E
> j
= ]
g ] ]
@ 107 ;
et 3
£
10_4' — Oblate Core-Shell Ellipsoid
107 10 1
(A7)
b
Ermin,c
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Fig. 3. a) saxs-waxs intensity pattern vs. q. The black open circles are the
experimental results. The red curve represents an oblate core-shell ellipsoid
model that fits the experimental curve over the q interval 0.02-0.25 A1, b)
Geometry of an oblate core-shell ellipsoid indicates the semiaxes considered by
the applied model. The dashed arrow shows the size of rjnc. ® rotates around
the z-axis.
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respectively. Viore and Vgpep are the volumes of the core and shell and are
calculated as Ve = (47/3)rmincl g and Vgt = (47/3)Tmin sT2, s(S€€

maj.c maj,s

Fig. 3b). Additionally, j; is defined as j; (x) = (sinx — xcosx)/x2, with x

1/2
defined as core and shell functions, U = q [rzmjvc(l —a?) + rmi,,vcaz]
and ugpen = ¢ Tfmj.s
10~% A2 for water, and the scale = 0.02 as the weight fraction of solids
in the total sample suspension, the fit shows a good agreement with the
experimental profile. The obtained values of the oblate ellipsoid’s di-
mensions are summarized in Table 1. As we will see below, the size of
these structures is close to those of micellar disks predicted with MD
simulations. There is not enough data to obtain some information for q
<0.02A72

5 5 1/2 .
(1 — @®) + Tins@ ] . Upon setting psory = 9.47 X

3.4. Cryo-TEM

Micrographs in Fig. 4 show the supramolecular structures formed
when Azo-3F is added to the micellar solution at different amplifica-
tions, which correspond to thread-like micelles whose total contour
length is longer than 800 nm that is consistent with the high viscosity of
the micellar system. For comparison, when Azo-3F is not added, see
Fig. SM4. Therefore, from the cross-sectional scattering data analysis,
the system presents structures with a discoidal cross-section, and from
Cryo-TEM, we observe thread-like micelles, i.e., the system is made of
worm-like micelles with a disk-like cross-section. This structure is
confirmed with MD simulations.

3.5. Molecular dynamic simulation

MD simulations were performed to determine the most likely struc-
ture of the resulting aggregates after Azo-3F is added to the micelle
solution. MD simulation of our experimental starting point, i.e., CTAB/
NaSal, with R = 0.33 produced, as expected, spherical micelles. The
combined packing factors of CTAB and NaSal molecules and their
intermolecular interaction produce mainly a solution of spherical mi-
celles. These micelles interact through hydrogen bonds between NaSal
molecules and electrostatic attraction among CTAB-NaSal. Spherical
micellar solutions usually produce viscous Newtonian fluid, which co-
incides with the behavior of the original CTAB-NaSal micellar solution
shown above in Fig. 1a. If another type of molecule is incorporated into
the micelles, the packing will be modified, and if the aggregate is stable,
a structure change ensues.

Fig. 5a, 5b, and 5c present how the molecules involved in the
micellar CTAB/NaSal/Azo-3F aggregate self-assemble as viewed from a
side (the narrowest part of the disk) from a box of size 12 x 12 x 18 nm®.
CTAB molecules (gray) are located in the flat region at the disk edge. The
high number of CTAB molecules and their geometrical shape favor
allocating them in a highly curved interface, which constitutes the disk
edge. NaSal molecules (blue) are located in the flat region at the surface
of the micelle, partially discharging that micellar region. Azo-3F mole-
cules (red) in the same region are perpendicular to the micelle’s flat part
region, with their hydroxyls in contact with water molecules. The
packing parameter of Azo-3F seems to be cylinder-like, mainly due to
the location of the aromatic rings in the trans configuration. Embedding

Table 1

Structure values were calculated after fitting an oblate core-shell ellipsoid to the
SAXS-WAXS intensity pattern. The uncertainty of the values corresponds to a
standard deviation.

Oblate core-shell ellipsoid model

Semi-major semi-minor Semi-major Semi-minor
core core shell shell
Semiaxes 3.61 + 0.06 0.81 +0.31 4.14 + 0.06 2.96 +0.18

(nm)
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Fig. 4. Representative cryo-TEM micrographs at three different amplifications
of a micellar solution of CTAB/NaSal ([CTAB] = 60 mM, R = 0.33) where Azo-
3F was added (Cazo = 10 mM).
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Fig. 5. a) disk-like micelle as viewed from its nar-
rowest part, with the azo-3f (red), nasal (blue), and
ctab (gray) molecules. b) The same as in (a), although
NaSal molecules are not shown, allowing us to
observe the Azo-3F molecules located perpendicularly
to the flat part of the disk. ¢) The same as in (a),
where the Azo-3F molecules are not shown, allowing
us to observe the NaSal molecules at the surface of the
micelle, mainly over the flat region. d) View of the
disk flat region, where a homogeneous arrangement
of NaSal and Azo-3F molecules is observed except at
the disk rim.

these cylinder-like molecules induces the spherical micelle to form an
oblate spheroid (b in Fig. 5). A view of the micelle from above, over the
flat area of the disk, is shown in d of Fig. 5. Here, we observe a homo-
geneous arrangement of CTAB, NaSal, and Azo-3F except at the disk
edge, where as mentioned above, there are primarily CTAB molecules.
According to MD simulations, on average, the size of the micellar disk
diameter is ~ 8-10 nm, with a disk thickness of ~ 4 nm, which is close to
two CTAB molecular lengths.

Fig. 6 presents the CTAB headgroups number density vs. distance.
Distance is evaluated by averaging distances from the Center-Of-Mass
(COM) of all CH3 at the CTAB tail tips, which are closest to the
micelle center, to the center-of-mass of every CTAB headgroup near the
micelle surface. Some examples of these distances are schematically
shown in Fig. SM4. For comparison, calculations were done for spherical
micelles and DLMs (Fig. 5). In Fig. 6, the number density profile for the
spherical micelle presents a relatively sharp peak around 2 nm, which is
close to the experimentally and simulated values for the radius of
spherical and worm-like micelles made of CTAB/NaSal [9,42,43]. In
contrast, the DLM number density profile is broader than in the spherical
case. After the peak, the spherical number density profile drops sharply,
but the disk-like one does it smoothly; the change in the number density

2
D 0.8F Headgroup position in:
OC) Disk-like micelles
o = Spherical micelles
S 06} d
[0
€
€ 04} ]
pz4
0.2 J
0.0F 4
0 2 4 6 8
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Fig. 6. Number density profiles of CTAB headgroups vs. distance for spherical
and DLMs.

profiles results from the spherical micelles flattening upon Azo-3F
embedding.

To appreciate how Azo-3F molecules are located inside the micelle
disk, the fluorinated azobenzene is divided into five moieties, namely,
0O-CF3, Ring-F, Nitrogens, Ring-OH, and OH. Fig. 7a presents the number
density profiles of these moieties from the micelle center vs. distance.
Distance is averaged from all CHj at the tail tip of CTAB molecules to the
moieties of interest. Here, consecutive peaks of the mentioned pieces
reveal the actual position of Azo-3F. The Azo-3F molecule, which has
extremely low water solubility, has a hydrophilic moiety (OH), and the
rest of it is quite hydrophobic (see Fig. 2a). This asymmetry, typical of
amphiphilic molecules, is observed in the number density profiles of
Fig. 7a, where the closest peak to the center of the micelle (r = 0 nm)
corresponds to the COM of the O-CFs. The farthest peak, at r = 1.8 nm,
corresponds to the hydrophilic -OH moiety on the disk’s flat surface.
This value is close to the distance from the micelle center to the micellar
surface in Fig. 6 for the polar CTAB group. The Azo-3F molecule places
itself perpendicular to the flat region because its geometrical parameters
fit better for the discotic structure of the micelle (see Fig. 7b).

Therefore, when a non-charged Azo-3F is added to the spherical
micellar solution of CTAB/NaSal, fruitful interactions should occur to
keep the newly formed micellar structure. Direct interactions of Azo-3F
with NaSal are shown in Fig. 8a, where hydrogen bonds between the
terminal OH of Azo-3F and COO™ of NaSal are clearly observed, forming
bridges between the carboxyl group of NaSal and the hydroxyl group of
the Azo-3F. These results agree with the NMR experiments described in
section 3.2 (Fig. SM2a). Simultaneously from our simulations, we can
observe no interaction with the hydroxyl of NaSal attached to the aro-
matic ring, see Fig. 8b. Number density profiles of COO™ and OH™ of
NaSal measured from the hydroxyl group of Azo-3F shows (Fig. 8c) that,
on average, the NaSal hydroxyl terminal group is farther from the Azo-
3F hydroxyl group than from the NaSal carboxyl group.

We have presented DLM formation as given by MD simulation.
However, it is not expected that this kind of micelles dispersed in so-
lution produces the viscoelastic behavior mentioned above; it would be
similar to the spherical micelles in a low concentration regime. Never-
theless, our MD simulations also give a significant result. When the
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Fig. 7. a) Number density profiles for the Azo-3F moieties (see text). Azo-3F
molecules are found only in the flat region of the micelle. They distribute
from the micelle center in the following way: First, the COM of O-CF3; second,
the adjacent aromatic ring; third, the COM of nitrogens; fourth, the aromatic
ring closer to the hydroxyl; and finally, the hydroxyl. Some number density
profiles are multiplied by a numerical factor to compare their peaks easily. b)
The Azo-3F molecule places itself perpendicular to the flat region; its geomet-
rical parameters fit better for the discotic structure of the micelle.

number of molecules increases, as in the box of size 20 x 20 x 15 nm®
(Fig. 9a), which shows the CTAB/NaSal/Azo-3F system, discotic mi-
celles interact and form a DLM string; adjacent DLMs are tilted and
slightly rotated from adjacent micelles (Fig. 9a and 9b). Although
rotation is not entirely mandatory, tilt is mainly explained by the NaSal
location in the flat region. This configuration allows hydrogen bridges
among NaSal-NaSal and electrostatic interactions among NaSal and
CTAB from adjacent micelles (Fig. 9¢). These strings behave similarly to
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Fig. 8. a) Hydrogen bond interaction between OH of Azo-3F and COO~ of
NaSal. b) Average number of hydrogen bonds per molecule of NaSal (hpond)
with Azo-3F; essentially, the most crucial interaction is with COO™ of NaSal. c)
Average distances between OH of Azo-3F and NaSal hydrophilic terminals
(COO™ and OH).
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Fig. 9. a) interconnected disk-like micelles forming a supramolecular structure similar to a giant tubular micelle. b) Same images as (a) slightly rotated, as shown by
the NaSal molecules (blue) in the flat region of the disks; CTAB (gray) and Azo-3F molecules (red). ¢) Intermicellar hydrogen bond interaction.

WLM, explaining why the solution behaves as a Maxwellian fluid at
relatively low temperatures inducing a non-Newtonian (viscoelastic)
behavior. However, as temperature increases (~30-35 °C), hydrogen
bridges are destroyed, as shown by NMR (Fig. SM2a), and the Cole-Cole
plots (Fig. 1c) confirm the loss of Maxwellian behavior.

4. Conclusion

From this study, we learned that when Azo-3F is added to the CTAB/
NaSal micelle solution, the supramolecular structures mainly transform
from spherical to disk-like micelles. There are just a few examples of this
kind of micelles [16-18]. These micelles concatenate through hydrogen
bridges to form long thread-like structures highly similar to worm-like
micelle structures. The following facts support this conclusion: A)
NMR results suggest the formation of aggregates in solution with Azo-3F
molecules inside them; protons 1, 2, and 3 are inside the aggregates
between the surfactant tails, and protons 4 are close to the aggregate
surface. There are strong interactions among Azo-3F molecules and
CTAB and NaSal within the aggregates. B) Without Azo-3F, the solution
behavior is consistent with the micellar structure of CTAB/NaSal at R =
0.33, which is a mixture of spherical and rod-like micelles without
entanglement. When Azo-3F is added, viscosity increases by three orders
of magnitude at low shear rates, and it shears-thins as the shear rate
increases; also, the viscoelastic spectra show that the fluid changes from
a viscous to a viscoelastic one. Cole-Cole plots follow semicircles, typical
of Maxwellian behavior below ~ 35 °C; at higher temperatures, curves
deviate from the expected semicircles because other modes of stress
relaxation start to appear, which is consistent with the breaking of a
structure similar to those of WLMs due to the disk-like concatenation. C)
Cross-sectional analysis of scattering patterns of the solution predicts
oblate ellipsoid structures, which have a major axis of ~ 8.28 nm and a
minor axis of ~ 5.92 nm. D) Cryo-TEM micrographs of the solution with
Azo-3F show giant cylindrical micelles. E) MD simulations also confirm

that embedding Azo-3F into a spherical micelle induces the formation of
an oblate spheroid, with an average diameter of ~ 8-10 nm and a disk
thickness of ~ 4 nm. Azo-3F molecules are perpendicular to the flat part
region of the micelle. In addition, MD simulations show that the disk-like
micelles interact, forming micellar strings with these disk-like micelles.
The interaction between disk-like micelles is mainly due to hydrogen
bonds and electrostatics, which undoubtedly are weakened as temper-
ature increases. These strings behave similarly to WLM, explaining why
the solution behaves as a Maxwellian fluid at relatively low tempera-
tures (< 35 °QC).

This study shows how to transform supramolecular structures as
spherical micelles into disk-like micelles that assemble into long thread-
like micelles. Embedding relatively rigid cylinder-like molecules in a
spherical micelle will induce the formation of oblate spheroids, which
could be a guide to designing these uncommon aggregates. Another
point that deserves a future study is determining the possible molecular
configurations of aggregates that can be concatenated through hydrogen
bonds to form strings with a rheological behavior like those of Max-
wellian fluids (WLMs), with a very high viscosity, as we observed in this
study.
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