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Abstract

Critical micelle concentrations (CMCs) for the formation of inverse micelles have been determined for anionic
surfactants in nonpolar, hydrocarbon solvents. Sodium dioctylsulfosuccinate (Aerosol OT or AOT) was
chosen as the model surfactant, with systematic variations in both the solvent (benzene, cyclohexane, and
dodecane) and the surfactant counterion (sodium and tetrapropylammonium). Recent work (Langmuir 2013
29 3352-3258) has shown that high-resolution small-angle neutron scattering (SANS) measurements can be
used to directly determine the presence or absence of aggregates in solution. No variation in the value of
the CMC was found within the resolution of the measurements for changing either solvent or counterion;
some effects on the structure of inverse micelles were observed. This lack of a significant difference in the
onset of inverse micellization with changes to the molecular species is surprising, and the implications on
the solvophobic effect in nonpolar solvents are discussed.
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Highlights
e CMCs for inverse micelle formation can be measured using neutron scattering
e CMCs for Aerosol OT in aliphatic and aromatic solvents are essentially the same
e CMCs for sodium and tetrapropylammonium Aerosol OT are essentially the same

e Surfactants are too solvophobic for these variations in structure to influence the CMC
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1. Introduction

Klevens proposed a now well-known relationship between the critical micelle concentration (CMC) of a

homologous series of linear chain surfactants in water and the number of carbon atoms in the tails, n. [1 2].
log(CMC) = Ax — Bgn. (1)

Ak depends on the surfactant headgroup (the “hydrophilic” part of the molecule). For ionic hydrocarbons,
the value of By is empirically log2, and it scales the effect of the length of the hydrocarbon chain (the
“hydrophobic” part) on the value of the CMC. Literature data for CMCs of sodium dialkylsulfosuccinate
and alkylsulfate salts with different n. values in water are shown in Figure[l] log(CMC) is indeed directly
proportional to n., and the gradient is —0.31 for dialkylsulfosuccinates and is —0.29 for alkylsulfates (log 2
0.30). Increasing the surfactant chain length decreases the CMC. Tanford has shown that micellization in
water occurs due to the hydrophobic effect, and the contribution of adding hydrocarbon groups to the
free energy of micellization can be calculated from RT'(d1In CMC/dn.). The decrement in Gibbs energy of
micellization is ~ 3 kJ mol~! per CH, group, although it is reduced for ionic surfactants in water due to
the background ionic strength of the free surfactant [3] 4].

Changing from water to a nonpolar solvent (relative permittivity, €, ~ 2) significantly influences the
nature of the surfactant-solvent interactions; the terms hydrophilic and hydrophobic lose meaning. Rather,
the two parts of the molecule are better described as “solvophilic” and “solvophobic.” In nonpolar solvents,
the alkyl tails are solvophilic (in water, hydrophobic), and the ionic headgroups are solvophobic (in water,
hydrophilic). This has the consequence of inverting the aggregate structure; sodium dioctylsulfosuccinate
(Aerosol OT or AOT), for example, forms inverse micelles and reverse water-in-oil (w/o0) microemulsions

[8]. The Klevens equation can still apply in nonpolar solvents, as long as n. is replaced by the number of
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Figure 1: Klevens equation plots (log (CMC) versus number of solvophobic groups) for three systems of amphiphiles (sodium
dialkylsulfosuccinates in water [5], sodium alkylsulfates in water [6], and ethylene glycol dodecyl ethers in hexadecane [7]).
For ionic surfactants in water, the trend is known from Klevens’s publications [I} 2], and it has a gradient of ~ log2. For
the nonionic surfactants in hexadecane, the CMC also depends on the number of solvophobic groups, although the gradient is

shallower.



solvophobic groups. Figure [1| shows how the CMC varies with the number of ethylene oxide solvophobic
groups for nonionic surfactants in hexadecane [7]. There is still a linear relationship between log (CMC)
and the number of solvophobic groups, but the slope is now different. The nonaqueous solvent By per
solvophobic group for ethylene glycol dodecyl ethers in hexadecane is 0.10 or log1.2. Solvophobicity is an
additive property in alkane solvents, just like in water, and it is directly related to the surfactant molecular
structure. The decrement in Gibbs energy of micellization or inverse micellization per solvophobic group
is less for ethylene glycol dodecyl ether surfactants in hexadecane than for sodium alkylsulfate surfactants
in water. This group contribution is found to be ~ 0.5 kJ mol~! per ethylene oxide group in hexadecane,
compared to ~ 3 kJ mol~! for CH, groups in water, despite the larger number of atoms per solvophobic
group.

In this paper, derivatives of the model anionic surfactant AOT are studied in nonpolar solvents. This
surfactant does not have a solvophobic increment like the surfactants shown in Figure [1, but AOT is an
interesting and well-studied model surfactant that is important in numerous applications as, for example, a
microemulsion stabilizer [§], as a micellar nanoreactor [9], or as a charge control agent [I0]. Understanding
how this surfactant forms inverse micelles at low concentrations is important for efficient and controllable
use in applications. Given that there is no solvophobic group to vary in AOT, how would the Klevens
equation apply to such a system? The solvophilicity index (Ag) now relates to the hydrocarbon tails, and
the solvophobicity parameter (Bg) now relates to the surfactant headgroups. As solvophobicity is driven
by the ionic group, Bxn. now needs to be thought of as a single variable. The equation now takes the
form log(CMC) = A — Bg. This two-parameter equation demonstrates the concept that aggregation is a
balance between solvophilicity (Ax) and solvophobicity (Bg). The solvophobicity of the AOT cannot be
readily changed as it is defined by the molecular structure; on the other hand, the solvophilicity of AOT
can be readily changed by varying the solvent quality [I1].

The existence of a CMC for inverse micelle formation is still debated [12, [13]. (In this paper, the CMC
from now on refers to the critical concentration for inverse micelle formation, unless otherwise stated.)
Experimentalists, however, have succeeded in measuring transitions that are consistent with a step change
from monomers to inverse micelles at a critical concentration [I4H22]. Accurate and consistent values of
CMCs for inverse micelle formation are lacking in the literature. Several groups have used techniques as
disparate as iodine solubilization and mercury interfacial tension to measure CMCs for AOT in different
organic solvents, but the results are highly variable between the different studies [I5] [16], 19} 20, 23] 24].
Measuring CMCs in organic solvents is challenging experimentally. Techniques frequently used to detect
CMCs in water (conductivity, surface tension, or dye solubilization) have drawbacks that make them ill-
suited to detect inverse micelle CMCs in organic solvents [22]. Due to high contrast and sensitivity, small-
angle scattering measurements provide perhaps the strongest experimental evidence for a critical micelle
concentration in aliphatic and aromatic nonpolar solvents [I8], [22] 25| [26].
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To compare aggregation of surfactants in nonpolar solvents to water, suitable molecular variations need
to be studied, analogous to the Bxn, term in Equation[I] For surfactants in water, extending the tail length
makes the surfactant more solvophobic. However, changing the surfactant tails is not viable in nonpolar
solvents; they are now the solvophilic groups. Instead, changes to the counterion and the solvent are made.
The CMC of AOT in three organic solvents (benzene-dg, cyclohexane-dy2, and dodecane-dsg) and of an
analogue, where the Na™ counterions have been exchanged for tetrapropylammonium (TPA-AOT) cations
in cyclohexane-d;s, were measured. Varying the identity of the solvent would be expected to modify the
solvent quality for surfactant tails, and changing from a hard counterion (Na™) to a soft counterion (TPA™)
would be expected to modify the surfactant solvophobicity. The effect of varying surfactant structure on the
formation of micelles in water is well-known, but the effect of these variations on the formation of inverse
micelles in nonpolar solvents cannot be predicted. High-resolution SANS measurements have been used
to measure the CMCs for inverse micellar systems, as recently done for a nonionic surfactant (C12E5) and
sodium AOT in cyclohexane-di2 [22]. Values of the CMC measured by this method are among the lowest
in the literature, and this shows the importance of using high-resolution SANS measurements. The results

help to develop new understanding of the nature of aggregation in nonpolar solvents.

2. Methods
2.1. Sample Preparation

Sodium dioctylsulfosuccinate (AOT, 98%, Aldrich) was purified in dried diethyl ether and dried in vac-
uum at 70°C for 12 hours before use. Tetrapropylammonium AOT (TPA-AOT) was prepared as previously
described [27]. Deuterium-labeled TPA-AOT-d34 was prepared in the same way, but 2-ethylhexanol-d;7
(provided by the Oxford Isotope Facility) was used to synthesize AOT-ds4 [28]. Benzene-dg (99.6 atom %
D, Aldrich), cyclohexane-di5 (> 99.50 atom % D, Apollo Scientific), and dodecane-dag (98%, Cambridge
Isotope Laboratories) were used as supplied.

Stock solutions of surfactant in nonpolar solvent were made using 5 mL volumetric flasks with a con-
centration of ~ 10 mmol L~'. Stock solutions were then diluted volumetrically to give the desired final
concentrations. (The actual concentrations of stock and diluted solutions are given in the Supplementary
Data file.) Solutions of NaAOT in cyclohexane and dodecane as well as TPA-AOT in cyclohexane were
diluted with a logarithmic step of 4, and solutions of NaAOT in benzene were diluted with a logarithmic

step of 3.

2.2. Small-Angle Neutron Scattering (SANS)

SANS measurements were carried out on the Sans2d small-angle diffractometer at the ISIS Pulsed Neu-
tron Source (STFC Rutherford Appleton Laboratory, Didcot, U.K.) [29, B0]. A simultaneous Q-range of

0.004-0.80 A~! was achieved by utilizing an incident wavelength range of 1.75-16.5 A and employing an



instrument setup of L1 = L2 = 4 m, with the 1 m? detector offset vertically 150 mm and sideways 269 mm.
Q is the momentum transfer vector, defined in Equation [2 below, where 6 is half the scattering angle and A

is the incident neutron wavelength.
4msin 0

Q=" (2)

SANS experimental and data reduction procedures are described elsewhere [22]. For reasons of experimental
setup, SANS of TPA-AOT-d34 was measured with an 8 mm diameter beam rather than the 12 mm beam
that was used for all other samples.

The intensity I(Q) is a function of the aggregate volume fraction (¢), the volume of the aggregate (V},),
the scattering-length density contrast (Ap), the scattering form factor (P(Q)), and the scattering structure
factor (S(Q)) [31].

1(Q) = ¢V, 00’ P(Q)S(Q) (3)

No S(Q) contribution was required to fit the data, indicating that the aggregates do not significantly interact
in these low dielectric, nonpolar solvents. Data have been fit to either a sphere [32] or a core-shell sphere
[32H34] form factor using the SasView small-angle scattering analysis software package [35]. The scale factor
(equal to ¢), the aggregate radius (r), and the flat background were allowed to vary until the best fit was
achieved. The fit was considered “good” as scale factors were approximately 70% of the experimental volume
fraction. The fit values for radii are considered to have a certainty of £1 A. All form factors included size

dispersity using a Schulz distribution [36], B37].

2.3. Molecular volume

Computational chemistry calculations were performed using Gaussian 09 [38]. Geometry optimization
was performed using DFT at the B3LYP/6-31+G(d) level of theory along with molecular volumes using
tight criteria. The molecular volumes were calculated to be 512 A3 for the AOT anion and 281 A3 for the
TPA cation. The molecular volume of the sodium cation was 44 A3, taken from DFT/B3LYP calculations
in the literature [39]. This gives molecular volumes for the whole surfactant molecules of 556 A% for NaAOT
and 793 A3 for TPA-AOT; the molecular volume of NaAOT compares favorably with the value calculated
from the solid state properties (671 A3) [I1].

3. Results and Discussion

Two molecular variations that influence the solvophobic interaction between surfactant and solvent have
been studied. The effect of varying the solvent (cyclohexane-d;s, benzene-dg, or dodecane-dsg) will be
discussed first. Then the effect of exchanging the sodium counterion for tetrapropylammonium on the CMC

in cyclohexane-di5 will be considered.
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Figure 2: SANS of ~ 10 mmol L~! AOT in different organic solvents. The data in cyclohexane-di2 have been previously
reported [22]. The aggregates can all be fit to a spherical form factor with a radius of 15-16 A with a Schulz dispersity
o = 0.08, consistent with literature values for AOT in cyclohexane [22] [26].

3.1. Solvent Variation

The SANS curves for AOT in three different organic solvents at the highest concentrations studied (~ 10
mmol L) are shown in Figure [2} The inverse micelles in all three solvents can be well described by a
spherical form factor with a small Schulz dispersity (o = 0.08). The fit radii are between 15 and 16 A
consistent with previous SANS measurements of AOT inverse micelles in cyclohexane [22] 26]. Changing
the organic solvent does not appear to influence the aggregates formed in the high concentration regime.

The serial dilution approach used to determine the CMC is the same as previously used for AOT in
cyclohexane-dio [22], and the results are shown in Figure (The results in cyclohexane-djo are shown in
Figure for reference.) The concentration was decreased in logarithmic steps, and I(Q) should decrease
proportionally; indeed, this is the case. No detectable scattering could be measured at concentrations below
the most dilute sample shown in Figure[3} scattering curves for these lower concentration solutions are shown
in the Supplementary Data file.

By comparing the SANS curves in Figure [3| at different concentrations and in different solvents, it is
apparent that the inverse micelles in all systems are similar. The SANS data can be fit using a spherical
form factor with a small Schultz dispersity (o = 0.08). The dispersity was fixed for fitting and plotting, and
the radii were allowed to vary to obtain the best fits.

Using the best fit radii from the SANS data (shown in Figure[3)), it is possible to determine the aggregation
7
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Figure 3: SANS of AOT as a function of decreasing concentration in cyclohexane-dj2, dodecane-dag, and benzene-dg. Only
measurements above the inverse micelle CMC are shown. The scattering curves for in the three solvents are similar, and all
data were fit to a spherical form factor with a small Schulz dispersity (o = 0.08).
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Figure 4: The inverse micelle CMC for AOT in different organic solvents in mmol kg=!. Both nggg and the inverse micelle

radius 7 are shown as nqgg is a function solely of » when the surfactant molecular volumes are equal. The CMCs are essentially
identical, despite the solvents being chemically different.

number (n444) of the surfactants at different concentrations. The value of 1444 is determined from the volume
of a spherical inverse micelle and the molecular volume (v,,) of AOT, given by Equation for spherical inverse

micelles. This approach has previously been used for AOT aggregates studied by SANS [I1].

473

Nagg = ET (4)

This makes the assumption that no solvent mixes with the surfactant tails, which has been shown to be
the case in extensive contrast-variation SANS studies of AOT water-in-oil microemulsions [40]. Some NMR
studies of AOT at water-oil interfaces claim that oils penetrate into the surfactant tails [41], 42], but there is
not sufficient evidence to apply this confidently and quantitatively to the determination of the aggregation
number.

The values of 1,44 for AOT in the three solvents used in this study are shown in Figure @ The CMC
is defined as the midpoint between the lowest concentration where inverse micelles are detected and the
highest concentration where they cannot be detected. Values of the CMC determined from Figure 4 are
shown in Table Il

The aggregation number in dodecane is similar to that previously measured for AOT in cyclohexane
using SANS [22] 26]. Between the highest AOT concentrations measured (~ 10 mmol kg=!) and the CMC
(~ 0.1 mmol kg~!), the aggregation number is constant at roughly 28 and then drops to 1 below the CMC.

9



Table 1: The inverse micelle CMC of AOT in different organic solvents

Solvent CMC (This study) / (mmol kg=!) CMC (Literature)* / (mmol kg~!)
Benzene 0.09 = 0.06 0.84
Cyclohexane 0.13£0.08 0.25
Dodecane 0.11 +0.07 —
Decane — 1.0

* Benzene (SANS) [18], Cyclohexane (SANS) [26], Decane (SAXS) [25]

The stepwise transition in n444 from inverse micelles to monomers is also observed for AOT in benzene;
however, the value of n,44 is not constant over the whole concentration range. At high AOT concentrations,
near 10 mmol kg™!, ng4, is similar to the values in cyclohexane and dodecane. At AOT concentrations
near the CMC, the value of n,y, was found to decrease slightly. The magnitude of this increase is not
large, but it is greater than the standard error expected from SANS data fitting (£1 A). In the mass-action
description of the process of micellization, although aggregates with different aggregation numbers can exist,
only aggregates of size n,qq are present in significant concentrations above the CMC [43]. The fact that
Nagg changes with concentration seems to contradict this description. However, it does agree with previous
literature studies of the aggregation of AOT in benzene; R, (proportional to ngg.,) was found to decrease
at low surfactant concentrations near the CMC [I§]. This suggests that there are minor differences in the

solvophobic effect as the nonpolar solvent is changed.

3.2. Counterion Variation

To study the influence of varying the counterion on aggregation in organic solvents, the inverse micelle
CMC for tetrapropylammonium-AOT (TPA-AOT) was measured and compared to that for NaAOT. This
was done to explore possible variations in solvophobicity when hard inorganic cations are swapped for softer
organic cations, which are expected to be more solvophilic. To determine the microstructure of the inverse
micellar aggregates in solution, two labeled analogues have been studied, the standard TPA-AOT as well
as the deuterium-labeled TPA-AOT-d34 in cyclohexane-dis. The SANS curves of the two surfactants at 14

I are shown in Figure The form factors are qualitatively similar, indicating that the two are

mmol kg~
present in a single aggregated species rather than as separate ions.

The two data sets were fit to a core-shell sphere model, and a simultaneous, co-refined fit was performed
to determine how TPA and AOT are distributed throughout the inverse micelles. The scattering length
density of the TPA cations (assumed to be in the core) are the same for the two samples, but the scattering
length density of the AOT anions (assumed to be in the shell) was different depending on whether AOT
or AOT-d34 was used. The total radii of the inverse micelles are found to be similar to NaAOT (12 A for

TPA-AOT compared to 15 A for NaAOT), but there is significant size dispersity in the core. The best fit

10
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Figure 5: SANS of samples of TPA-AOT and TPA-AOT-d34 at a concentration of 14 mmol kg~! in cyclohexane-dia. A
simultaneous, co-refined fit was performed on the data to enable a more precise determination of the dimensions of the core
and shell. The radius of the core, consisting of TPA, is found to be 2.3 A (0 =0.90), and the thickness of the shell, consisting
of AOT, is found to be 10.2 A (o¢ = 0.17).

core radius is 2.3 A (0 = 0.90), and the best fit shell thickness is 10 A (o; = 0.17). The DFT-calculated
molecular volume of TPA is 282 A3, and the spherical volume of the inverse micelle cores is 50. A®. This
suggests that there is significant penetration of TPA into the shell.

AOT and TPA interpenetration is supported by the values of the scattering length density difference
between the shell and solvent (Apg), which deviates from the predicted experimental values assuming the
shell is formed entirely of AOT anions. The fit value for Ap, for TPA-AOT is found to be 6.34 x 1076
A=2 (predicted Ap, = 6.09 x 10~¢ A=2) and for TPA-AOT-ds, is found to be 3.16 x 10~¢ A=2 (predicted
Apgy = 0.85 x 1076 A=2). If this difference is assumed to originate solely from the penetration of TPA into
the AOT shell, this would give a volume fraction of TPA of 0.21 for TPA-AOT and 0.36 for TPA-AOT-d34.

SANS was measured for TPA-AOT in cyclohexane-dio as a function of decreasing concentration, shown
in Figure @ The sizes of the inverse micelles (core radius plus shell thickness) are found to be relatively
independent of concentration, ranging from 11-13 A. The precision of the contrast between core and shell
decreases as the concentration decreases due to the consequent decrease in the magnitude of 1(Q). However,
as can be seen in Figure [0 scattering above the baseline is detectable; at even lower concentrations, no
scattering could be detected (shown in the Supplementary Data file). This results in a value of the CMC of
0.1940.12 mmol kg~ !, essentially the same as for NaAOT in cyclohexane-d;o (Table , within the error of

11



1 Ll

1 lllHll

1

- 2
g 1074
& E
©) ]
1073
1 e 14 mmol kg™
—4_| v 27
10 E @ 0.85
3 o 0.31
{ T T T T T T T T { T T T T T T T
0.01 0.1
Q/A?

Figure 6: SANS of TPA-AOT in cyclohexane-dj2 as a function of surfactant concentration. Below these concentrations, no
scattering above the solvent baseline can be detected, giving a value for the CMC of 0.19 £ 0.12 mmol kg~ 1.

the measurements.

The values of 1444 calculated using the vy, calculated for the two surfactants and Equation [4|for NaAOT
and TPA-AQOT are shown in Figure m The values of n,gq for TPA-AOT are lower than for NaAOT, and
this suggests a difference in how the two surfactants aggregate. TPA-AOT is a bulkier species given the size
of the soft TPA cation compared to the hard Na't cation. The same inverse micelle volume can be filled by
a smaller number of surfactant molecules. Additionally, the fits to the SANS data in Figure [5| are consistent
with TPA cation penetration into the AOT shell, and this enables stabilization of the polar core with a
smaller number of surfactant monomers.

Despite the differences in the structure and n,y4 of NaAOT and TPA-AOT inverse micelles, the CMC for
forming inverse micelles is similar, indicating that changing the counterion is a second order effect regarding

influences on the CMC.

4. Conclusions

The effect of varying the solvophobicity of surfactants can now be considered in more detail. New high-
resolution SANS measurements have shown that there are no notable differences between the values of the
CMC of sodium AOT in benzene, cyclohexane, and dodecane or TPA-AOT in cyclohexane, at least within

the resolution of these measurements. Some differences in aggregate structure, either for low concentration

12



v NaAOT
4 a TPA-AOT

Nagg

O TTTTT[ T T TTTTTT[ T T TTTTTT[ T T TTTTTT[ T T

0.01 0.1 1 10
[Surfactant] / (mmol kg™")

Figure 7: Inverse micelle CMCs for NaAOT and TPA-AOT in cyclohexane-dj2 in mmol kgfl. Due to the large TPA cation
(compared to Na™), the aggregation number of TPA-AOT is lower than for NaAOT. However, the value of the inverse micelle
CMC is similar for the two surfactants.

AOT aggregates in benzene or TPA-AOT aggregates in cyclohexane, are apparent, but the onset of inverse
micelle formation appears to be independent of the molecular variations studied here. The magnitude of
the solvophobicity is too great to be influenced by the variations introduced, either because the counterions
are too hard or the solvent intermolecular interactions are too weak. It is particularly surprising that there
is no difference in the inverse micelle CMC between NaAOT and TPA-AOT within the resolution of these
measurements, given that the counterions are extremes of hard and soft. Similar observations were recently
made for the aggregation of anionic surfactants with tetralkylammonium counterions in water; CHy groups
in the surfactant cations and anions did not have an equivalent effect on the CMC [27]. This appears to be
broadly the case in nonaqueous solvents as well.

Using more variations than presented in this study will enable further development of relationships
between the surfactant structure and inverse micelle CMC. One such possibility was shown in Figure
nonionic surfactants in an alkane. Additionally, the saturation concentration of both nonionic surfactants
in alkanes and of perfluorinated alcohols in MEK depends on the number of solvophobic groups (ethylene
oxide or CFy units) [44] 45]. However, the literature available on these types of measurements is limited.

This paper does not demonstrate any significant effect of varying solvent-surfactant interactions for ionic
surfactants in alkanes, but these materials are very interesting to study, given their applications as mi-

croemulsion stabilizers [8], as nanoreactors [9], and as charge control agents [I0]. This provides a strong
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motivation to gain further understanding into their aggregation. These species, however, are highly solvo-
phobic in nonpolar solvents, and the results in this study show that reasonable variations to the solvent
and counterion that should influence the CMC do not appear to do so. This raises the question of how it
would be possible to vary the CMC of ionic surfactants in nonpolar solvents. Making counterions harder or
softer, for example, does not appear to be effective. New surfactant chemistry approaches will be needed
to explore this further, and this will be very beneficial to develop a deeper understanding of aggregation in

organic solvents.

Supplementary Data

Additional information about SANS model fitting is provided in the Supplementary Data file.
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