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ABSTRACT: Wormlike micelles (WLMs) are long, flexible

EHAC in
cylindrical chains formed by the self-assembly of surfactants in low-freezing
o g g 5 g . lar liquid
semidilute solutions. Scientists have been fascinated by WLMs poariaues + NaCl etc Micelles Other cationic

remain

surfactants + salts

because of their similarities to polymers, while at the same time,
the viscoelastic properties of WLM solutions have made them
useful in a variety of industrial applications. To date, most studies
on WLMs have been performed in water (i.e, a highly polar
liquid), while there are a few examples of “reverse” WLMs in oils
(i.e., highly nonpolar liquids). However, in organic solvents with
lower polarity than water such as glycerol, formamide, and
ethylene glycol, there have been no reports of WLMs thus far. Viscoelastic Wormlike
9n o g g . g even at—20°C! micelles

Here, we show that it is indeed possible to induce a long-tailed

cationic surfactant to assemble into WLMs in several of these

solvents. To form WLMs, the surfactant is combined with a

“binding” salt, i.e., one with a large organic counterion that is capable of binding to the micelles. Examples of such salts include
sodium salicylate and sodium tosylate, and we find self-assembly to be maximized when the surfactant and salt concentrations
are near-equimolar. Interestingly, the addition of a simple, inorganic salt such as sodium chloride (NaCl) to the same surfactant
does not induce WLMs in polar solvents (although it does so in water). Thus, the design rules for WLM formation in polar
solvents are distinct from those in water. Aqueous WLMs have been characterized at temperatures from 25 °C and above, but
few studies have examined WLMs at much lower (e.g., subzero) temperatures. Here, we have selected a surfactant with a very
low Krafft point (i.e., the surfactant does not crystallize out of solution upon cooling due to a cis-unsaturation in its tail) and a
low-freezing solvent, viz. a 90/10 mixture of glycerol and ethylene glycol. In these mixtures, we find evidence for WLMs that
persist down to temperatures as low as —20 °C. Rheological techniques as well as small-angle neutron scattering (SANS) have
been used to characterize the WLMs under these conditions. Much like their aqueous counterparts, WLMs in polar solvents
show viscoelastic properties, and accordingly, these fluids could find applications as synthetic lubricants or as improved
antifreezing fluids.

spherical

+ Binding salt
(Na-salicylate)
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(Figure 1A). " A particularly interesting class of micelles is facing out towards the solvent, have also been reported in

the wormlike micelles (WLMs), also called threadlike
micelles."”® WLMs are long, flexible cylindrical chains, with
diameters around S nm and contour (end-to-end) lengths L
ranging from 100 to 5000 nm. They are formed at relatively ‘
low surfactant concentrations (2—5 wt % or 20—100 mM). however, there have been no reports of WLMs in pure solvents
Much like chains of polymers, WLM chains become entangled of intermediate polarity.

in solution (Figure 1A), thereby imparting high viscosity and

nonpolar liquids (oils).”"~** Lastly, some studies have been
conducted on WLMs in mixtures of water and polar organic
solvents (such as alcohols or diols).”>™*” To our knowledge,
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Figure 1. Overview of this study. (A) Surfactants (with their hydrophilic heads in blue and hydrophobic tails in red) can self-assemble into micelles,
which can be discrete spheres (5 nm in diameter) or wormlike chains (diameter of S nm and length L > 100 nm). The latter, termed WLMs, are the
main structures of interest here. Their formation results in the solution becoming viscoelastic. (B) Scale of solvent properties such as the cohesive
energy density or polarity. WLMs have been formed in solvents at both extremes of this scale: that is, in water (highly polar) and in oils (highly
nonpolar). However, in solvents with lower polarity than water, there are no reports of WLMs thus far, and that is the focus of this work. (C)
Structures of molecules used in this study. These include the cationic surfactants erucyl bis(hydroxyethyl) methyl ammonium chloride (EHAC)
and cetyl pyridinium chloride (CPyCl), and the aromatic salts NaSal and sodium tosylate (NaTos).

With regard to solvent polarity, it can be quantified using
parameters such as the dielectric constant or the Gordon
parameter, as illustrated in Figure 1B. On one extreme of such
a scale is water (highly polar), whereas on the other extreme
are oils such as n-alkanes (highly nonpolar). As the figure
shows, in pure organic solvents with lower polarity than water,
such as glycerol (Gly), formamide, and ethylene glycol (EG),
there have been no reports of WLMs thus far. Self-assembly
has been shown to occur in some of these polar solvents,”* >
but it only results in small micelles with an aggregation number
Noge (i.e., the number of molecules associated into a micelle)
less than about 100. The driving force for self-assembly in
polar solvents is the “solvophobic effect,” analogous to the
hydrophobic effect,’*™ and it too involves the nonpolar
portions of surfactants segregating into the core of the micelles,
whereas the polar portions remain in contact with the solvent.
But the solvophobic effect is generally weaker than the
hydrophobic effect, which is why large aggregates like WLMs
(having N,,, > 1000) are usually not formed in polar solvents.
In recent years, there has been renewed interest in studying
self-assembly in nonaqueous media, including ionic liquids.
One motivation to study polar solvents is that they can have
freezing points (T;) well below 0 °C. Recently, WLMs of a
zwitterionic surfactant in water—EG mixtures were reported to
exist at subzero temperatures.””>” However, self-assembly into
WLMs under such extremely cold conditions has not been
achieved in pure nonaqueous solvents, to our knowledge.

Here, we show that WLMs can indeed be formed in polar
solvents like Gly and formamide if the surfactant and salt are
carefully selected. Our surfactant of choice is a cationic
surfactant with a long (C,,, unsaturated) tail (Figure 1¢).Mh

To form WLMs in solvents like Gly, this surfactant has to be
combined with a salt having an organic counterion like sodium
salicylate (NaSal) (Figure 1C). In addition to pure nonpolar
solvents, we have also studied solvent mixtures, and in
particular, mixtures of Gly and EG that have freezing points
far below 0 °C. We have formed WLMs in these mixtures and
find that the WLMs are preserved down to temperatures as low
as —20 °C. The rheology of these WLMs under both steady
and dynamic shear over a range of low temperatures extending
into the subzero range is reported. In addition, the technique
of small-angle neutron scattering (SANS) is used to probe the
nanostructure of the WLM:s at these temperatures. Our studies
provide insights into the design rules for self-assembly in polar
solvents as opposed to water. Apart from fundamental insights,
our findings may also have technological importance. The
ability to form WLMs and thereby convert a solvent into a
viscoelastic fluid could be useful in a variety of scenarios. One
possibility is as lubricants that can be stable under extremely
low temperatures. Another possibility is as antifreeze liquids,
which when sprayed onto airplane wings (or cars or wind
turbines) would remain in place for a longer time due to their
higher viscosity.*®

B EXPERIMENTAL SECTION

Materials. The following chemicals were obtained from Sigma-
Aldrich: the surfactants CPyCl, cetyl trimethylammonium bromide
(CTAB), and cetyl trimethyl ammonium p-toluene sulfonate
(CTAT); the salts NaSal, NaTos, sodium chloride (NaCl), and
potassium chloride (KCl); and the solvents Gly, EG, formamide, and
propylene glycol. The surfactant EHAC was obtained from Akzo
Nobel. For SANS experiments, deuterated Gly (dg) was purchased
from Cambridge Isotope Laboratories, and deuterated EG (d,) was
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Figure 2. WLMs of EHAC—NaSal in Gly at 25 °C. (a) Steady-shear rheology (plots of the relative viscosity #/%oent 2 @ function of shear rate) for
60 mM EHAC samples containing 30 or 60 mM NaSal. (b) Dynamic rheology (plots of the elastic modulus G’, viscous modulus G”, and complex
viscosity #* as functions of frequency w) for the 60 mM EHAC + 60 mM NaSal sample. This sample shows shear thinning in steady shear and a
viscoelastic response in dynamic rheology, indicating the presence of WLMs. (c) Visual observations further support this finding. The first photo
shows that the sample is viscoelastic and is able to hold its weight in the inverted vial. The second photo, taken under crossed polarizers, shows that
the sample is flow birefringent (streaks of light appear when the sample is shaken).

purchased from Polymer Source, Inc. The molecular structures of key
surfactants and salts used in this study are shown in Figure 1C.

Sample Preparation. Stock solutions of the surfactants and salts
were prepared by adding weighed amounts of each into the solvent of
interest and heating to ~60 °C on a hot plate under constant stirring
for 4—35 h. After clear solutions were obtained, they were cooled and
stored at room temperature. To prepare a sample with desired molar
concentrations of surfactant and salt, the respective stock solutions
were combined and diluted with the solvent. After vortex mixing, the
sample was heated to 60 °C for 10—15 min and then cooled to room
temperature. Samples were left at room temperature for at least a day
before any measurements.

Rheology. Rheological experiments were conducted on an
AR2000 stress-controlled rheometer (TA Instruments). A cone-and-
plate geometry (2° cone) was used to perform the steady-shear and
oscillatory-shear experiments. The temperature was controlled by a
Peltier assembly on the rheometer, which employed a circulating fluid
that was fed from a chiller. A 50/50 mixture of ethanol—water (with a
T¢ < —30 °C) was used as the circulating fluid. Rheological
experiments were conducted at temperatures ranging from —5 to 65
°C. Dynamic rheology experiments were conducted in the linear
viscoelastic regime for each sample, which was determined from
strain-sweep experiments. For rheological experiments at temper-
atures below 0 °C, a crucial issue was the formation of ice on the
cone-and-plate. To minimize ice formation, the plates were coated
with EG, then wiped dry. This allowed experiments to be conducted
down to =5 °C.

Small-Angle Neutron Scattering. SANS experiments were
performed at the National Institute of Standards and Technology
(NIST), Gaithersburg, MD, on the NG-B (30 m) beamline. Neutrons
with a wavelength 1 of 6 A were selected and the range of wave vector
q accessed was from 0.004 to 0.4 A™". The sample holders were 1 mm
titanium cells with quartz windows. The scattering data were reduced
using IGOR-Pro software and were corrected to obtain an absolute
scale of scattering intensity using NIST calibration standards. SANS
fitting was done using the SasView software.

B RESULTS AND DISCUSSION

Formation of WLMs in Glycerol. We first describe the
formation of WLMs in Gly at 25 °C. Gly is a polar solvent that
has high cohesive energy density (CED) and strong hydrogen-
bonding capability.”*” Therefore, Gly can allow the self-
assembly of micelles; however, previous reports of micelles in
Gly have been confined to small micelles with low aggregation
numbers.*® We first attempted to form WLMs in Gly using the
same precursors used previously to form WLMs in water. The
vast majority of the studies on aqueous WLM:s have been done

with cationic surfactants, especially those with a Cy4 tail like
CPyCl and CTAB.°"® To form WLMs, these surfactants are
usually combined with either simple, inorganic salts (such as
NaCl and KCl), or organic “binding” salts (such as NaSal and
NaTos). We studied if any of these surfactant/salt combina-
tions could result in WLMs in Gly. To initially assess the
presence of WLMs, we resorted to visual inspection, looking
for samples with high viscosities (as indicated by a gradual flow
out of a vial or the persistence of bubbles). However, none of
the above combinations yielded WLMs. CTAB was found to
be insoluble in Gly at all concentrations at room temperature,
consistent with previous studies.”” CPyCl was soluble, but did
not form WLM:s with the salts tested (data on the viscosities of
CPyCl/NaSal mixtures are presented later).

Next, we tried EHAC, a cationic surfactant with a longer C,,
tail (see Figure 1C for structure). Because of its longer tail,
EHAC is a much stronger surfactant than CTAB or CPyCl; for
example, the critical micelle concentration of EHAC is about
50 times lower than that of the others.'"'” WLMs of EHAC
have been studied in water and can be induced both by simple
and binding salts."'™"° In Gly, though, we find that EHAC
forms WLMs only when mixed with binding salts like NaSal.
Figure 2 shows visual observations and rheological data at 25
°C for a sample containing 60 mM EHAC + 60 mM NaSal.
This sample is highly viscous (Figure 2a) and viscoelastic
(Figure 2b). Visual observations show that the sample flows
slowly out of a tilted or inverted vial and that bubbles are
trapped in the sample after it is shaken (Figure 2c). The
sample also exhibits flow birefringence, which is a phenomen-
on associated with WLMs.” When a sample of WLMs is
sheared (e.g,, by shaking), the WLM chains align along the
direction of shear, and as a result, the sample shows
birefringence, ie. it has different refractive indices along
perpendicular directions. A simple way to see birefringence is
by viewing the sample under crossed polarizer plates,
whereupon streaks of light become visible in the sample
when shaken (as can be noted in Figure 2c); these indicate
aligned domains of WLMs. Note that there is no birefringence
in the sample at rest because the WLM chains will not be
aligned; rather they will be entangled into an isotropic
network.”

The rheology of the 60 mM EHAC + 60 mM NaSal sample
in Gly at 25 °C is consistent with the presence of WLMs. The
steady-shear rheological data (Figure 2a) are shown as plots of
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the relative viscosity, i.e., the ratio of sample viscosity with
respect to solvent viscosity (#7/7went), 25 a function of shear
rate. The 60 mM NaSal sample shows a constant and high
viscosity at low shear rates (in the Newtonian plateau), with its
zero-shear viscosity 77, being about 20 times that of the solvent.
The hi7gh 1o indicates the presence of long, entangled
WLMs.”® Above a critical shear-rate, 77 drops with increasing
shear, indicating a shear-thinning response. Shear—thinnin§
arises because the WLM chains tend to align with the flow.

For comparison, data are also shown in Figure 2a for a sample
of 60 mM EHAC + 30 mM NaSal. This sample has the same
viscosity as that of the solvent, i.., there is no thickening,
which implies that the micelles in it are not WLMs, but short
cylinders. Long WLMs are only seen around an equimolar ratio
of EHAC to NaSal, as will be further clarified in Figure 3.
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Figure 3. Effects of different salts on the formation of WLMs by
EHAC in glycerol at 25 °C. The plot shows the relative zero-shear
viscosity (77o/Msowent) as functions of salt concentration for various
salts, with the EHAC concentration fixed at 60 mM. WLM formation
is reflected by a substantial increase in 7, and is observed only with
NaSal and NaTos.

The dynamic rheology of the 60 mM EHAC + 60 mM
NaSal sample also reveals interesting features (Figure 2b). The
elastic modulus G” and the viscous modulus G” are both strong
functions of the frequency w, and the data overall reflect a
viscoelastic response, consistent with the presence of a WLM
network.”® However, typical WLMs in water show a single
intersection of G’ and G” at a crossover frequency ®.”” The
relaxation time i of the WLMs is then given by 1/w,.. Here,
the Gly-based WLMs show two intersection points of G’ and
G” over the frequency range. At low ®, a “terminal” region
occurs, as expected, where G” > G, indicative of viscous
behavior. Thereafter, at intermediate @ (1 to 10 rad/s), G’
overtakes G”, indicating a transition to an elastic response at
short timescales. Usually, G’ will then become w-independent
and reach a plateau value, termed the plateau modulus Gy
which correlates with the mesh size of the entangled WLM
network.® Here, instead, G’ shows an upturn at @ > 10 rad/s
and at these short timescales, we again find that G” > G,
indicating viscous dissipation. To our knowledge, such a
rheological response has never been reported before for
WLMs!

We have also plotted the complex viscosity #* as a function
of w in Figure 2b. n*is a quantity derived from G’ and G”, as
per eq 14041

= 1)

Although the complex viscosity #* is comparable to the
viscosity # from steady shear, we note that the #* curve in
Figure 2b shows two plateaus, one at low @ and the other at
high w. In contrast, 7 shows one plateau at low shear rates and
then a monotonic decrease at higher shear rates. The presence
of two plateaus in #* versus @ is again unusual for WLMs, and
it also has never been reported previously.”® Why is the
rtheology different for WLMs in Gly compared to those in
water? This is a complex topic, which we will address in detail
in a separate paper. Briefly, we believe there are two reasons for
the differences: first, the structure of the WLMs in the two
solvents, and second, the differences between the solvents
themselves (ie., the fact that water has a low viscosity
compared to Gly). For the rest of this paper, we will focus on
the physical chemistry of the WLMs in Gly as a function of
salt, surfactant, and temperature.

Effects of Salt Concentration and Type. Figure 3 shows
the relative zero-shear viscosity #o/Hsopen: Of glycerol solutions
with 60 mM EHAC and increasing concentrations (Cg,) of
different salts. The 7, for each sample is obtained from the
Newtonian plateau at low shear rates in the steady-shear data
(similar to the curves shown in Figure 2a). In the case of
NaSal, there is no increase in viscosity until Cy,sy = 36 mM
(i.e., molar ratio Cy,sq/ Ceriac = 0.6), indicating that there is no
growth of WLMs up to this point. Thereafter, the viscosity
increases with increasing Cy,s, and reaches a peak at Cy,s, =
48 mM (Cp,sa/ Craac = 0.8). The viscosity peak occurs close
to the equimolar ratio of salt/surfactant, which suggests that
there is molecular binding of the two species. Beyond the
equimolar ratio, further addition of NaSal causes the viscosity
to decrease and finally reaches a plateau. Note that the peak
value of 7, is 34 Pa s, which is comparable to the 7, values
exhibited by agueous WLMs at similar surfactant and salt
concentrations.”® However, since Gly is a viscous solvent, the
peak enhancement in Gly viscosity due to the WLMs is only a
factor of about 40.

Similar results as those for NaSal are shown in Figure 3 for a
second binding salt, NaTos (structure in Figure 1B). Again,
there is a sharp increase in viscosity of 60 mM EHAC solutions
around Cy,ros = 36 mM, indicating growth of WLMs. The
peak in 7 is reached at Cy,ros = 60 mM (Cyuros/ Crriac = 1)
and the value of 77, at this peak is 13 Pa s. With further increase
in Cy,roy the viscosity drops to a plateau. Note that, between
90 and 480 mM NaTos, EHAC/NaTos samples in Gly at 25
°C separate into two coexisting liquid phases, which is why no
data are shown for the viscosities over this concentration range.
The two phases are a coacervate phase that contains most of
the surfactant and a thin salt solution. Photos of selected
samples are shown in Figure S1 (Supporting Information).
Such “coacervation” is unusual for surfactant solutions, but
interestingly, it also occurs for EHAC/NaTos mixtures in
water at 25 °C."” In contrast to NaSal and NaTos, simple salts
such as NaCl and KCI do not induce any appreciable change in
solution viscosity, regardless of the salt concentration (Figure
3). We conclude that simple salts are incapable of inducing
WLMs of cationic surfactants in Gly (and the same is true in
other polar solvents).

We have also evaluated a variety of surfactants for their
ability to form WLMs in Gly. As mentioned, CTAB has limited
solubility in Gly, and this is also the case for other alkyl-TABs
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with C,4 or Cy, tail.**> Another widely used cationic surfactant
in WLM studies is CTAT,* but this is also insoluble in Gly.
The one cationic surfactant that was reasonably soluble in Gly
was CPyCl. Figure 4 shows the viscosities of 60 mM CPyCl
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Figure 4. Comparison of EHAC and CPyCl for their ability to form
WLMs in glycerol at 25 °C. The plot shows the relative zero-shear
viscosity (17o/Msowent) as functions of NaSal concentration for the two
surfactants, with the surfactant concentration held constant at 60 mM.
WLM formation is reflected by a substantial increase in 7, and is
observed only with EHAC.

solutions in Gly as a function of NaSal. Negligible increases in
viscosity are seen up to 600 mM NaSal, indicating a lack of
WLMs. Thus, CPyCl/NaSal mixtures do not form WLMs in
Gly, although they do so in water. In contrast, EHAC/NaSal
mixtures give rise to WLMs in both Gly and water. The
inability of CPyCl to form WLMs in Gly suggests that its
shorter tail (C;s) is insufficient to induce extensive self-
assembly in nonaqueous systems.

A summary of the results thus far is sketched in Figure 5. To
form WLMs in Gly, both a long-tailed surfactant like EHAC
and a binding salt like NaSal or NaTos are required. All other
combinations of surfactants and salts failed to produce WLMs.
Why are there differences between simple and binding salts in
Gly? In water, both kinds of salts induce WLMs, but by

different mechanisms. It is helpful to relate salt effects to the
critical packing parameter (CPP) = ay;/ay,, where a and ay,,
refer to the average cross-sectional areas of the tail and the
headgroup, respectively.2’3 For a cationic surfactant in water,
the CPP will be ~1/3 and the molecule will have a cone shape
(Figure S). This is because the headgroups, when ionized, will
experience significant electrostatic repulsions with each other,
and thus the effective a,, will be large relative to A
Molecules with a CPP of 1/3 will tend to form spherical
micelles.

When a salt like NaCl is added to the water, the ions will
screen the electrostatic repulsions, reducing aj,; and thereby
increasing the CPP from 1/3 to 1/2. This change in CPP
causes a transition from spherical to cylindrical micelles (and
thereby, eventually, to WLMs). Thus, simple salts induce
micellar growth, not by binding to micelles, but by screening
the micellar charge.g’11 Binding salts like NaSal, on the other
hand, have aromatic counterions that are significantly hydro-
phobic.”** These counterions will penetrate the palisade layer
of the micelles and embed in the hydrophobic core (Figure
5).* At the same time, the anionic (e.g., carboxylate) moiety
of the counterion will bind to the cationic headgroups. Because
of this binding, the micellar charge will be appreciably reduced,
and in turn, the repulsions will be lowered. Thus, once again,
an increase in CPP from 1/3 to 1/2 will occur, causing a
sphere-to-cylinder (WLM) transition.”® If all the counterions
were to bind to the micelles, the net charge on the micelles
would be lowest at an equimolar ratio of salt/surfactant.

Our results suggest that the binding of counterions like
salicylate and tosylate to EHAC micelles occurs quite readily in
a polar solvent like Gly, which explains the growth of WLMs.
This is illustrated in Figure 5. Presumably, the solvophobic
effect with Gly is sufficiently strong to allow the counterions to
insert their aromatic ring into the micellar core. One indication
of such binding is the fact that the viscosity maxima occur at or
near the equimolar ratio of salt/surfactant. However, simple
salts like NaCl seem ineffective at screening the electrostatic
repulsions between EHAC headgroups in Gly. The reason for
this is not completely clear at the moment. It is possible that
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(NaCl, KCl, etc)

>

EHAC in
glycerol

+ Binding salts
(NaSal, NaTos, etc)

Spherical micelles

Large a,, due
to electrostatic
repulsions

Smaller a,,, due
to counterion
binding

CPP~1/3

Micelles remain spherical.
No increase in viscosity.

CPyCl or other cationic
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Figure S. Conditions for WLM formation in polar solvents like glycerol and a mechanistic picture for the same. WLMs form only when EHAC is
combined with binding salts like NaSal or NaTos. For all other cases (EHAC + simple salts; other surfactants + any salts), no WLMs are produced.
In the absence of salt, EHAC has a critical packing parameter (CPP) of ~1/3 because of strong electrostatic repulsions between its headgroups
(and thereby a large area per headgroup ahg). When a binding salt like NaSal is added, its counterions will bind to EHAC micelles. This will occur
with the aromatic rings inserting into the hydrophobic core of the micelle. The anionic counterions, in turn, will neutralize the cationic headgroups
and thus reduce gy which increases the CPP to ~1/2. This will induce the spherical micelles to transform into WLMs.

12786

DOI: 10.1021/acs.langmuir.9b02125
Langmuir 2019, 35, 12782—-12791


http://dx.doi.org/10.1021/acs.langmuir.9b02125

Langmuir

these salts do not completely dissociate into ions in Gly due to
its lower dielectric constant compared to that of water (see
Table 1). Alternately, electrostatic screening by ions may not
be as effective in Gly compared to water. This aspect requires
further study.

Table 1. Selected Properties of Various Polar Solvents
Compared with Those of Water

dielectric ~ surface tension freezing Gordon
constant y (mN/m) point T parameter
solvent e (at 20 °C) (at 20 °C) (°C) G (J mol? m™3)
water 80 72.8 0 2.74
glycerol 47 64.0 18 1.52
formamide 109 582 3 1.73
ethylene 37 47.7 -13 1.36

glycol

WLMs in Other Polar Solvents. Having identified the
EHAC/NaSal system as one that results in WLMs in Gly, we
proceeded to study if WLMs could be formed by the same
surfactant/salt combination in other polar solvents. For a polar
solvent to allow self-assembly through the solvophobic effect, it
must have a high CED, i.e., there must be strong interactions
between the solvent molecules. Solvents with high CED tend
to be highly polar (as quantified by their dielectric constant ¢)
and also have strong hydrogen-bonding ability.**™** One way
to quantify the CED is by the Gordon parameter G, which is
given by’

_
(Vsmol)l /3 (2)

where y is the surface tension of the solvent and V™ is its
molar volume. Table 1 lists ¢, 7, G, and also the freezing point
T for a few solvents in which self-assembly has been studied
previously. Water has the highest values of G and y and is thus
the most favorable solvent for self-assembly. Gly, formamide,
and EG are three other solvents with high G. Note that
formamide also has the highest e. Although Gly has lower G
and & than formamide and water, it has strong hydrogen-
bonding capability through its three hydroxyl groups. We have
already demonstrated the formation of WLMs in Gly. Thus, we
proceeded to try the other solvents in this table.

One further aspect to consider at this stage is the effect of
temperature on self-assembly. Generally, self-assembly be-
comes stronger at lower temperatures,l’2 and WLMs are a case
in point. The contour (end-to-end) length L of WLMs
increases exponentially with decreasing absolute temperature
T, as per the following equationé’11

L ~ ¢ -exp(E_/2k;T) 3)

where kg is Boltzmann’s constant, ¢ is the volume fraction of
the WLMs, and E_ is their end-cap energy. The key parameter
here is E, which is the energy penalty associated with
surfactant molecules that are stuck in the hemispherical end-
caps of the WLMs rather than in their cylindrical bodies. The
higher the E. the longer the WLMs will grow (to avoid
forming end-caps).”'' As T is decreased, the exchange of
surfactants between micelles is slowed down; this mitigates the
influence of the end-caps and thereby allows the chains to grow
longer. Longer WLMs will take a longer time to relax, and in
turn, the solution will become more viscous. Based on eq 3,
even if the WLMs are not very long at room temperature, they

could become much longer upon cooling. For this reason, we
have extended our studies on WLM formation in the solvents
from Table 1 to temperatures well below room temperature.

It should be noted that studies on WLMs in water have
rarely been conducted at temperatures much below 25 °C. The
reason for this lies in a key characteristic of surfactants called
their Krafft temperature Ty.' This is the temperature below
which the surfactant crystallizes out of solution, and hence, no
micelles can be formed below Ty. Generally, Ty increases with
the surfactant tail length:"'® it is ~20 °C for surfactants with
saturated C, tails, such as CTAB and CPyCl, and it is above
room temperature if the tail is saturated-C or longer. Thus,
the relatively high Ty values of CTAB and CPyCl have posed a
limitation to studying their WLMs at low temperatures. In the
case of EHAC, the erucyl tail has a cis-unsaturation in its
middle (Figure 1B), and this represents a kink or bend in the
tail. Due to this kink, EHAC molecules cannot pack tightly into
a crystal, which is why EHAC has a very low Ty (<—20
°C).""'* Thus, our choice of EHAC as the surfactant allows us
to investigate WLMs down to low temperatures.

Figure 6 shows representative data from steady-shear
rtheology on samples in different solvents. All samples have
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Figure 6. Steady-shear rheology of EHAC—NaSal samples in various
solvents. The data are for the relative viscosity #/7gyen: as @ function
of shear rate. All samples contain 60 mM EHAC. The NaSal
concentration is 60 mM in the Gly sample and 90 mM in the
formamide sample. Data are shown for Gly and EG at 25 °C and for
formamide at S °C.

60 mM EHAC, whereas the NaSal is 60 or 90 mM. The data
are for the relative viscosity (17/f;owen:) as a function of shear
rate. In EG at 25 °C, there is no increase in viscosity and the
sample shows Newtonian behavior, indicating a lack of WLMs.
Similar data were obtained in EG at lower temperatures,
regardless of the EHAC or NaSal content. In formamide at 25
°C, the sample exhibited #/#yen: close to 1 and the behavior
was Newtonian. However, at lower temperatures, the rheology
became characteristic of WLMs. Data at 5 °C are provided in
Figure 6 and data at different temperatures are included in
Figure S2 in the Supporting Information. The plot in Figure 6
clearly shows a profile similar to that for Gly: that is, there is a
high 7, at low shear rates and shear thinning at higher shear
rates. This implies the presence of long, entangled WLMs of
EHAC/NaSal in formamide. Note that 7, for this sample is
about 200 times that of the solvent at 5 °C, which is a
substantial enhancement in viscosity.

WLMs at Low and Subzero Temperatures. Next, we
attempted to push the limits of WLM formation to
temperatures below 0 °C. One way to obtain a liquid with a
low freezing temperature T is by mixing pure solvents. For
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example, it is well known that mixtures of Gly and water have
lower T than either of the pure liquids.44 In a similar vein, we
studied mixtures of Gly and EG. As shown in Table 1, the T
for Gly is 18 °C and that for EG is —13 °C. We confirmed that
Gly—EG mixtures over a vast composition range have lower T
than those of the individual solvents (see Figure S3 in the
Supporting Information). For our studies, we used a 90/10
mixture of Gly—EG, which has a T; < =5 °C. To form WLMs
in this mixed solvent, we added 60 mM EHAC + 120 mM
NaSal. Although WLMs did not form in pure EG at this
composition, they did so in the 90/10 Gly—EG mixture.
Through visual observations, we confirmed that the sample
remained clear and viscoelastic even when cooled to
temperatures as low as —20 °C.

Figure 7 shows steady-shear rheological data on the above
sample over a temperature range from —5 to 35 °C. At all
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Figure 7. Steady-shear rheology of WLMs in a low-freezing solvent
(90/10 mixture of Gly—EG) from ambient to subzero temperatures.
The data are for the viscosity 7 as a function of shear rate. The sample
contains 60 mM EHAC and 120 mM NaSal.

temperatures, the sample shows a shear-thinning response
similar to that in Figure 2a; thus the data reflect the presence
of WLMs over the temperature range. The zero-shear viscosity
1o increases significantly with decreasing temperature: 7, is 1.7
Pa s at 35 °C and 285 Pa s at —5 °C, that is, there is a 150-fold
increase in 77, over a 40 °C span. At even lower temperatures,
the viscosity increases further and the sample becomes almost
gel-like, but we could not perform accurate measurements due
to experimental limitations; hence, data are not shown. Still,
Figure 7 is significant because it shows systematic rheological
data on WLMs at temperatures below 0 °C.

The increase in zero-shear viscosity 7, of WLMs with
decreasing temperature is expected to follow an exponential
relation®""

N, = A-exp(E,/RT) )

where A is a pre-exponential factor, T the absolute temper-
ature, and E, the flow activation energy. This relationship arises
from the exponential rise in WLM contour length L with
decreasing T, as given in eq 3. That is, the longer the WLMs,
the higher the #,. To verify if eq 4 holds for our system, we
construct a semilog (Arrhenius) plot of 7, versus 1/T. This is
shown in Figure 8, and the data fall on a straight line, as
expected. From the slope, we calculate the flow activation
energy E, to be 88 kJ/mol for this sample. For comparison,
WLM:s of 60 mM EHAC + 30 mM NaSal in water had a much
higher E, of 198 kJ/mol. At first glance, this suggests that E,
may be higher for WLMs in water. However, WLMs based on
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Figure 8. Arrhenius (semilog) plot of the zero-shear viscosity vs 1/T,
using the data from Figure 7. The sample contains 60 mM EHAC and
120 mM NaSal in a 90/10 Gly—EG mixture.

other surfactant/salt combinations in water have been reported
to show similar E, values to those determined here.'*'™'®

Nanostructure from SANS. Thus far, we have provided
evidence from rheology and visual observations for the
presence of WLMs in polar liquids. To further confirm the
nanostructure, we resorted to SANS. Samples for SANS were
prepared using deuterated solvents to ensure that there was
sufficient contrast between the scattering objects and the
continuous phase. SANS data are provided in Figure 9 as plots
of the scattering intensity I versus wave vector g. In Figure 9a,
data are shown at 25 °C for samples containing 60/30 and 60/
60 EHAC/NaSal in Gly. There is an upturn (higher slope) for
I at low g for the 60/60 sample compared to the 60/30 one.
This is consistent with the presence of longer micelles
(WLMs) in the former, and it also tallies with the higher
viscosities of the former from Figure 3. For comparison
purposes, a slope of —1 on the log—log plot is marked on all
the plots; this corresponds to the scaling relationship expected
from theory for scattering from long, noninteracting cylinders
I~ q_l).45’46 The slope of I in the low-q limit for the 60/60
sample is —0.7, which is close to —1. Both samples show nearly
identical data at intermediate and high g, which suggests that
both contain cylindrical micelles with similar radii (estimated
to be around 2.4 nm; see below), but different lengths.

Next, the scattering from the 60/30 EHAC/NaSal sample in
Gly is studied at a higher temperature of 65 °C. In this case
(Figure 9b), I reaches a plateau at low g, which means that the
micelles present are spherical. Note that the same sample at 25
°C shows a much higher intensity at low q with a low-q slope
of —0.3. The implication is that the relatively short cylinders
present in this sample at 25 °C shorten further and become
nearly spherical at 65 °C. Taken together, Figures 9a and 9b
provide structural evidence for the effects of composition and
temperature on EHAC self-assembly in Gly. The data confirm
that: (a) micelles are present; (b) the micelles grow with
addition of NaSal; (c) the micelles are likely to be long
cylinders (WLMs) at an equimolar ratio of salt/surfactant at 25
°C; and (d) increasing temperature shortens the micelles. We
should emphasize that the above SANS data are very similar to
those reported previously for aqueous WLMs, including those
of EHAC/NaSal.'>>%”

We also conducted SANS studies using the 90/10 mixture of
Gly—EG (both deuterated), corresponding to Figure 7. Data
for a sample of 60/60 EHAC/NaSal in this solvent mixture are
shown over a temperature range from —20 to 80 °C in Figure
9c. Over the entire range, the data overlap at high g, which
suggest that micelles with comparable radii are present at all
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(a) Glycerol, varying salt

(b) Glycerol, varying T

(c) Gly-EG 90-10, varying T
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Figure 9. SANS plots for samples of EHAC/NaSal in deuterated solvents. Each plot shows the scattered intensity I vs wave vector q. (a) Data for
60/30 and 60/60 mM EHAC/NaSal in Gly at 25 °C. (b) Data for 60/30 EHAC/NaSal in Gly at 25 and 65 °C. (c) Data for 60/60 EHAC/NaSal

in 90/10 Gly—EG at temperatures ranging from —20 to 80 °C.

temperatures. At the lowest temperatures, there is increased
scattering at low g and the slope of I at low g becomes
approximately —0.4. This is again indicative of micellar growth
into cylinders (WLMs). As temperature is increased, the
intensity drops at low and intermediate g, implying a reduction
in the cylinder length. An unusual upturn in intensity is
observed at low g in the 40 and 80 °C data. Such an upturn
generally suggests that there are attractive interactions between
the scattering objects,** although it is not clear why that should
arise in this sample. The upturn is much more pronounced for
the 90/10 Gly—EG sample in Figure 9c than for the Gly
sample in Figure 9b. If the upturn is ignored, the conclusion to
be drawn from Figure 9c would be similar to the one from
above: i.e., that the micelles shorten upon heating, or
conversely lengthen (into WLMs) upon cooling.

SANS data can generally be fit to models, from which the
sizes of scatterers can be extracted.**® We have performed
such model fitting, and the details are provided in the
Supporting Information (Figure SS and the accompanying
text). Excellent fits are obtained for a model that incorporates
the form factor for cylinders of radius R and length L along
with the structure factor for hard spheres.”> The values of key
parameters in the model are shown in Table S1 in the
Supporting Information. The micellar radius R is ~2.4 nm, and
this is reliably obtained from the model fits. In fact, the same R
can be calculated in a model-independent manner by plotting
the scattering data in a cross-sectional Guinier plot, i.e., a plot
of In(Iq) versus q2.46

With regard to the model fits in Figure S5, we believe there
is need for caution in interpreting some of the parameters
obtained from the modeling. Specifically, the models are rather
insensitive to the micellar contour length L, and hence L
cannot be accurately obtained from these fits. The underlying
reason is that WLMs are expected to have contour lengths L
exceeding 100 nm. SANS, on the other hand, provides an
accurate window primarily into structures between about 0.2—
30 nm. In effect, when the WLM length exceeds this window,
SANS only probes a portion of the entire WLM chain and is
therefore insensitive to the contour length.*® For example, the
SANS data in Figure 9¢ for WLMs at temperatures of 0 and
—20 °C are nearly identical; however, from the rheology data,
we know that at the colder temperature, the WLMs must be
much longer, which is why the sample is much more viscous.

12789

Despite these issues, it is clear that the SANS modeling
supports the presence of surfactant-based WLMs in polar
solvents.

Another model-independent approach to SANS analysis is
by use of the Indirect Fourier Transform (IFT) method,"”**
which permits the data to be analyzed without making a priori
assumptions about the shapes or sizes of the scatterers. Figure
S6 shows the pair distance distribution functions p(r) obtained
from IFT analysis of the SANS data from the 60/60 EHAC/
NaSal sample at 25 and 65 °C. The p(r) at 25 °C is
asymmetrical and the curve hits the x-axis at around 15 nm.
This shape of p(r) is known to be characteristic of cylindrical
micelles,””*® with 15 nm being a lower estimate for their
length. On the other hand, the p(r) at 65 °C is symmetrical
and this shape is characteristic of spherical micelles.””** In this
case, the point where p(r) hits the x-axis is about 7 nm, which
corresponds to the diameter of the spheres. Thus, the IFT
analysis also suggests that the micelles are larger and cylindrical
(i.e., WLMs) at low temperatures and smaller and spherical at
high temperatures, which is consistent with the discussion
above.

B CONCLUSIONS AND OUTLOOK

We have shown that it is possible for surfactants to self-
assemble into large aggregates, specifically WLMs, in polar
solvents like Gly and formamide. This was achieved by
combining a long-tailed (C,,) cationic surfactant (EHAC)
with a “binding” salt (NaSal or NaTos). Simple salts (NaCl or
KCl) were unable to induce EHAC to form WLMs in polar
solvents, although they are able to do so in water. Also, shorter-
tailed (C,¢) cationic surfactants did not assemble into WLMs
in these solvents, whether they were combined with binding or
simple salts. Thus, both the surfactant and the salt have to be
chosen carefully to enable WLM formation in these non-
aqueous systems. WLMs in polar solvents display viscoelastic
and shear-thinning rheology, much like WLMs in water.
However, the dynamic rheology of the former is quite
unusual—the frequency spectra reveal multiple intersections
of the elastic and viscous moduli (G’ and G”). We have
exploited the low Krafft point of EHAC and the low freezing
points of Gly—EG mixtures to devise formulations in which
WLMs persist down to subzero temperatures (—20 °C). SANS
measurements confirm that WLMs are still present at these low
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temperatures. Thereby, we have been able to extend the range
for WLM formation to much lower temperatures than in
previous studies.

The ability to create nonaqueous viscoelastic fluids that
withstand low temperatures is one notable point of this study.
Because the fluids are formed by mixing commonly available
precursors, they could be prepared in large quantities at low
cost. Thereby, the fluids would be suitable for industrial
applications that require cold temperatures, including as
lubricants or as antifreeze coatings on the surfaces.”® A simple
experiment to illustrate the utility is shown in Figure S4 of the
Supporting Information. Here, aluminum-covered surfaces are
placed at a near-vertical angle, and a given amount of fluid is
introduced onto it. As an example of a low-freezing liquid, we
employ a 90/10 Gly—EG mixture (same as in Figure 7). If the
liquid alone is introduced onto the surface, it flows down and
dewets the surface in a short time, leaving it exposed (Figure
S4a). However, if the same Gly—EG with WLMs of EHAC/
NaSal is introduced, it too flows down, but still maintains a
thin film over the entire surface (Figure S4b). Note that this is
not just because the fluid has a higher viscosity, rather it
reflects the viscoelasticity of the WLM solution. In fact, due to
the shear-thinning nature of WLMs, the viscosity at high shear
rates (that are commonly encountered in spraying or blading
operations) will be close to that of the solvent (see Figure 7).
Thus, spraying such viscoelastic fluids onto a surface such as
aircraft wings can be readily accomplished, and the fluids could
be highly effective for de-icing or lubrication applications.
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Fig S1: Vial photos showing coacervation of EHAC/NaTos samples in glycerol.

Fig S2: Viscosity data in formamide at various temperatures.

Fig S3: Freezing points of mixtures containing glycerol (Gly).

Fig S4: Experiment demonstrating the utility of viscoelastic WLMs in Gly-EG mixtures.
Fig S5: Model fits to SANS data shown in the paper.

Fig S6: IFT analysis of SANS data shown in the paper.

S-1




Figure S1. Vial photos showing coacervation of EHAC/NaTos samples in glycerol. Samples of EHAC/NaTos in
glycerol show a 2-phase region, as discussed in Figure 3 of the main paper. Photos of selected samples are shown here.
The samples contain 60 mM EHAC and varying NaTos (120, 150, 180, 240 and 300 mM). All samples show two co-
existing liquid phases, i.e., coacervation. The phase boundary between the surfactant-rich phase (bluish) and the salt-rich
phase (colorless) is indicated in each sample by a line for clarity.
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Figure S2. Viscosity data in formamide at different temperatures. The relative viscosity data for a sample of 60mM
EHAC + 90 mM NaSal in formamide is shown at different temperatures of 25, 15 and 5°C. The data at 5°C alone is plotted
in Figure 6 of the main paper. Note that the sample remains Newtonian at 15 and 25°C while it is shear-thinning at 5°C.
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(a) Freezing points for Gly-W mixtures (b) Freezing points for Gly-EG mixtures
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Figure S3. Freezing points of mixtures containing glycerol (Gly). The freezing points of glycerol-water (Gly-W)
mixtures (a) and glycerol-ethylene glycol (Gly-EG) mixtures (b) are shown here. Gly-water data are replotted from Ref. 38.
For Gly-EG mixtures, the samples were observed at —20°C (freezer) and —5°C (circulating bath), and the phase (solid or
liquid) was estimated from the flowability of the sample. The red arrows indicate a freezing point below —20°C, i.e., the
sample remained liquid under these conditions. The points with black circles are interpolated values for the freezing points
between -5 and —20°C.
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. . (a) Gly-EG (90:10) (b) Gly-EG (90:10)
So'”.t'o? a%p“fd on without WLMs with WLMs
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Figure S4. Experiment demonstrating the utility of viscoelastic WLMs in Gly-EG mixtures. A Gly-EG (90:10 v/v)
mixture has a freezing point below —20°C. It can be rendered viscoelastic (due to the formation of WLMs) by adding
EHAC-NaSal (60-60 mM). The bare solvent mixture and its viscoelastic counterpart are compared in a simple visual test.
For this, inclined aluminum surfaces were created using glass slides covered with aluminum foil. Red iron oxide pigment
(0.1 wt%) was added to the solutions for better visualization. Approximately 1 g of the respective samples were applied
onto the surfaces using a paint brush (left top) at time t = 0, and the surfaces were then placed in the freezer (T ~ -20°C)
for 15 hours. Due to the low freezing point of the solvent, neither sample froze into a solid. Results are shown in (a) for the
Gly-EG solvent mixture and in (b) for the viscoelastic sample of WLMs in Gly-EG. In (a), the liquid initially coats the
surface (top), but it quickly flows down the surface and collects in a pool below (bottom). The surface is thereby left
exposed. Only 28% of the liquid mass was measured to remain on the surface. In (b), the viscoelastic sample coats the
surface as a thin film (top), and this film persists even after 15 hours (bottom). 98% of the sample mass was found to
remain on the surface.
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Figure S5. Model fits to SANS data shown in the paper. Plots of scattered intensity | vs. wave-vector q are shown for
sample A (EHAC-NaSal 60-30 mM) and sample B (EHAC-NaSal 60-60 mM) at two different temperatures: 25 and 65°C. In
each case, the data (open circles) are fit to a model, and the model fits are shown as continuous lines. The model is

q, A’

discussed below on page S-7. Parameters corresponding to the fits are shown in the table below.

The selected model is for cylinders having a polydisperse radius and interacting via hard-sphere interactions.

Table S1. Fitting parameters for the data in Figure S5.

Sample P
o . Distribution of Volume )
EHAC-NaSal | Temp (°C) | Radius (A) Radius Length (A) Fraction | Reduced x
(mM)
25 23.9 0.105 336 0.057 35.8
60-30
65 235 0.088 93 0.076 335
25 24.0 0.096 473 0.036 33.2
60-60
65 22.7 0.102 425 0.028 271
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(a) 60 mM EHAC + 30 mM NaSal at 25°C
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(b) 60 mM EHAC + 30 mM NaSal at 65°C

10?

—
=

100

Intensity, | (cm™)

10"

\HHH‘ \ \HHH‘ \\
102 0110'1
q(A)

Figure S6. IFT analysis of SANS data shown in the paper. The SANS data for the sample of EHAC-NaSal (60-30 mM)
in glycerol at 25°C and 65°C are analyzed by the IFT method (see page S-7 below) to obtain the corresponding pair
distance distribution functions p(r). (a) At 25°C, the p(r) plot is asymmetrical and indicative of elongated micelles (WLMs).
The point where p(r) hits the x-axis (~ 150 A), indicated by the arrow, is an estimate for the micellar length. (b) At 65°C, on
the other hand, p(r) is symmetrical, which is indicative of spherical micelles. The point where p(r) hits the x-axis (~ 70 A),

indicated by the arrow, is an estimate for the micellar diameter.
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SANS Modeling (Figure S5): SANS data in the figure were fit using a model available in the SasView software package provided
by NIST. This model is described by equations S1 to S6. It models the structures in the sample as cylinders interacting via hard-
sphere interactions. The cylinders are modeled as being polydisperse in their radius, but monodisperse in their length. Fitting
parameters from the model fits are provided in Table S1.

The form factor P(g) in the model accounts for the size and shape of the scatterers. For cylinders of radius » and length L, it is
given by the following (see Refs. 45, 46 in the main paper):

/2
P(q): s;ale .[ F? (q,a)sina da (SH

eyl 0

where the scattering amplitude F is given by:

(qL J, (grsine)
F(q9a) = 2I/Cyl (pcy/ - pso/v).]o [TCOS aj{w (Sz)

Here, ‘scale’ is the volume fraction of cylinders, V., = 2L is the volume of each cylinder, jo(x) = sin(x)/x, J; is the first-order
Bessel function, and a is the angle between the cylinder axis and the scattering vector q. p.,; and py,, are the scattering length
densities of the cylinder and the solvent. To account for polydispersity in the radius, P(q) is averaged over a Schulz distribution of
the cylinder radius. The size-averaged P(g) is given by the following, where f{r) is the normalized Schulz distribution of the radius
rand V., is the volume of the polydisperse object.

P?(q):VLJ.P(q)f(r)dr (S3)

poly 0

Next, the structure factor S(g) accounts for interactions between the cylinders:
S(q)=1+47n, [[g(r) - 1] "L dr (S4)
0 qr

Here g(r) represents the pair correlation function and #, is the number of particles (scatterers) per unit volume. Various models for
S(g) are available in SasView. We have used the simplest one, which assumes that the particles are ‘hard spheres’, i.e., that they
have no interaction at long distances and an infinite repulsion upon contact (see Ref. 45).

SANS Analysis by IFT (Figure S6): SANS data in the figure were analysed by the IFT approach through the SasView software
package provided by NIST. In IFT, a Fourier transformation of the scattering intensity /(q) is performed to obtain the pair distance
distribution function p(r) in real space (with r being distance in real space). p(r) provides structural information about the
scatterers, such as their shape and maximum dimension. The relationship between /(¢) and p(r) is given by the following equation
(see Ref. 47):

I(g)= 471'.[: p(r)%dr (S5)

The characteristic forms of p(r) for structures such as spherical and cylindrical micelles has been discussed in previous papers (see
Ref. 48, for example).



