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ABSTRACT: Specific ion effects in surfactant solutions affect the
properties of micelles. Dodecyltrimethylammonium chloride
(DTAC), bromide (DTAB), and methanesulfonate (DTAMs)
micelles are typically spherical, but some organic anions can induce
shape or phase transitions in DTA" micelles. Above a defined
concentration, sodium triflate (NaTf) induces a phase separation in
dodecyltrimethylammonium triflate (DTATf) micelles, a phenom-
enon rarely observed in cationic micelles. This unexpected behavior
of the DTATf/NaTf system suggests that DTATY aggregates have
unusual properties. The structural properties of DTATf micelles
were analyzed by time-resolved fluorescence quenching, small-angle
X-ray scattering, nuclear magnetic resonance, and electron para-
magnetic resonance and compared with those of DTAC, DTAB,

and DTAMSs micelles. Compared to the other micelle types, the DTATf micelles had a higher average number of monomers per
aggregate, an uncommon disk-like shape, smaller interfacial hydration, and restricted monomer chain mobility. Molecular
dynamic simulations supported these observations. Even small water-soluble salts can profoundly affect micellar properties; our
data demonstrate that the —CF; group in Tf™ was directly responsible for the observed shape changes by decreasing interfacial
hydration and increasing the degree of order of the surfactant chains in the DTATf micelles.

B INTRODUCTION

The properties of ionic micelles can be affected by salt,”

surfactant concentration,®* and temperature ¢ In partrcular,
the ion adsorption at the micellar interface controls the
ionization degree (a), critical micelle concentration (cmc),
Kraft temperature, aggregation number (N,,), and phase/
shape transitions.” "> Several models of counterion binding to
micelles partially describe the interactions between charged
counterions and monomer headgroups.'*~>* The hydrophobic
interactions between the micellar core and the hydrophobic
moiety of the organic counterions also affect micellar stability.
Theoretical models have included these interactions.”® Large
organic counterions can penetrate into the micellar core to
some extent, inducing micellar growth.”*"*” Tonic dehydration
upon counterion binding’®*’ and ion-pair formation,”””**
parameters that should be incorporated in a full description
of counterion binding, have only been included in a few
models.*>** At the present level of theory, it is difficult to
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predict the properties of ionic micelles with soluble counterions
that are relatively small and dehydrated and possess the ability
to form ion pairs. An increased understanding of the effects of
counterions on the packing of monomers into aggregates would
be beneficial.

Sodium triflate (NaTf) produces a greater decrease in the
surface tension of water than any other simple salt.'>** At 318
K, the @ of dodecyltrimethylammonium (DTA") triflate (Tf")
micelles (DTATY) is three to five times smaller than that of
aggregates formed by the same surfactant with bromide (Br™)
(DTAB)*® or chloride (CI7) (DTAC)* as the counterion,
respectively. The unusually high Kraft temperature of DTAT{
was attributed to an ion pair formation, similar to the formation
observed in cationic micelles with large counterions.”® The low
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hydration of the —CF; moiety® of Tf™ may play a central role
in its binding to DTA micelles. In micelles, Tf™ may have a
preferential orientation comparable to that proposed for the
same counterion in ionic liquids.*® The rotation of water
molecules surrounding DTATY micelles is less affected by the
presence of the aggregates than in other DTA-based
surfactants, suggesting that a more dehydrated micelle is
produced when triflate is used as the counterion.*!

Here, we demonstrate that the properties of DTATf micelles
are unusual, with high aggregation numbers at low surfactant
concentrations. The low degree of counterion dissociation
suggested a favorable interaction between the headgroups and
the counterion, and low hydration at the micelle interface. In
contrast to the spherical or rod-like structures typically
observed in micelle structures, the DTATf aggregate had a
bicelle-like structure, possibly with interdigitated hydrophobic
chains. This micellar shape was the result of highly packed
monomers in the aggregate, which reduced DTA" mobility
inside the hydrophobic core and prevented water penetration.
Molecular dynamics simulations supported high affinity binding
of the triflate to DTA" to generate DTATS aggregates with
increased stability.

B MATERIALS AND METHODS

Materials. Trifluoromethanesulfonic acid (triflic acid), DTAB,
pyrene (Py), and NaOH were from Sigma-Aldrich (St. Louis, MO,
USA, Analytical grade). Water was deionized and bidistilled.
Dodecylpyridinium chloride (Aldrich) was recrystallized in a
methanol/acetone mixture. Deuterium oxide (D,0) from Aldrich
was bidistilled. The 4-(N,N-dimethyl-N-hexadecyl)ammonium-2,2,6,6-
tetramethylpiperidine-1-oxyl iodide (CAT16) was from Molecular
Probes. The 4-hydroxy-2,2,6,6-tetramethylpiperidinil-1-oxyl (Tempol)
and S-doxyl stearic acid methyl ester (SMESL) were from Sigma. All
other reactants and solvents were analytical grade or better and used
without further purification.

Dodecyltrimethylammonium triflate and sodium triflate (DTATf
and NaTf, respectively) were prepared as previously described."®
Dodecyltrimethylammonium methanesulfonate (DTAMs) and chlor-
ide (DTAC) were prepared by passing a methanolic solution of DTAB
(5 g in 30 mL methanol for each surfactant) through an ion-exchange
resin column (Purolite, Purolite, SGASSOOH, OH~ form) previously
saturated with sodium methanesulfonate or chloride, respectively. The
methanol was removed by rotoevaporation, and the surfactants were
recrystallized in methanol/ether.

Methods. Time Resolved Fluorescence Quenching, TRFQ. An
aliquot of a stock ethanolic Py solution was added to the aqueous
surfactant solution. The [Py] and [micelles] ratios were maintained
below 0.025 to prevent excimer formation. Dodecylpyridinium
chloride was added to a final concentration of (up to) 2 quencher
molecules per micelle. Experiments were performed in an Edinburgh
FLS920 fluorescence spectrometer system with Time Correlated
Single Photon Counting (318.0 + 0.5 K). The lifetime fluorescence
decay kinetics were recorded with Agx = 335.6 nm and Agy; = 383.6 nm
with a window of 1 yus with 2048 channels. N, was calculated, based
on the Infelta**—Tachiya* model, from an analysis of the character-
istic time decay of fluorescence intensity of micellized Py as a function

of the [Py] (eq 1):**

N,_..
I(t) = I, exp{—i + =

T, -

M%M%ﬂ—@
mc (1)

where I(t), I, 7o, [q], ¢, and k, are the fluorescence intensity at time ¢,
the fluorescence intensity at time zero, the probe fluorescence lifetime
in absence of quencher, the quencher concentration, the surfactant
concentration, and the second-order quenching rate constant,
respectively. The routine used for the analysis of the TRFQ_curves
is available in the Supporting Information. For each surfactant
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concentration, the fluorescence decay kinetics of pyrene was recorded
with five different quencher concentrations in duplicate. For a given
[DTATI], an apparent aggregation number, N’ g Was calculated for
each [Py]. The N, value for a specific surfactant concentration was
taken as the average over the N',,, computed for this [DTATf], and
the error of N, is the standard deviation of the average.

Small Angle X-ray Scattering (SAXS). SAXS measurements were
obtained with a NanoStar small-angle X-ray instrument (Bruker AXS)
with Cu Kal radiation 4 = 1.54 A. The sample-to-detector distance
was 679 mm. The scattering data were collected by a two-dimensional
position-sensitive gas detector (HiSTAR) with the scattering vector, g
= 47 sin 0/4, ranging from 0.014 A™' to 0.35 A™', using 20 as the
scattering angle. The samples were conditioned in 2-mm inner
diameter quartz capillaries. The temperature was controlled by a water
circulating bath. The SAXS curves were corrected for solvent scatter
and sample attenuation. Experiments were performed at 328 K and
room temperature.

The SAXS curves were fitted with the program GENFIT*** using
two minimization routines (SIMANN and SIMPLEX). Only the form
factor was taken into account during the fitting procedure. For all
tested geometries, the aggregate structure was assumed to consist of
two density levels, representing the hydrated headgroup (shell) and
the hydrocarbon chain (core) regions. The parameters for the bicelle
rim were assumed to be the same as those for the bilayer part. Because
all the curves exhibited a similar peak profile, the curve obtained with
the highest [DTATf] was chosen for the fitting procedure. All fits were
performed assuming pyojven: = 0.33 /A with no background correction.

Nuclear Magnetic Resonance, NMR. All spectra were recorded
with a Bruker 500 MHz Avance III spectrometer at 318 K. Dried
surfactants were weighed in volumetric flasks to obtain the desired
surfactant concentration, followed by the addition of 0.6 M NaTf from
a D,0 stock solution. The volumes were completed with D,O and
transferred to S mm NMR tubes. All samples were pre-equilibrated for
10 min before measurements. The 'H longitudinal magnetization
relaxation times (T;) were measured by the inversion—recovery
experiment. The 'H transverse magnetization relaxation times (Ty)
were measured by a Carr-Purcell-Meiboom-Gill pulse sequence
experiment. Both pulse sequences programs were provided by Bruker.
The 2D ("H—'H) NOE spectra were recorded with different mixing
times (7,,,) varying from 0.2 to 1 s (0.3 MDTAB) or 0.1to 15 (0.1 M
DTATY).

The following procedure was used to calculate the NMR order
parameter (S). For processes dominated by dipole—dipole inter-
actions, such as those in micellar systems, T, and T), are defined by the
following relations:*’

—

1 = AD@ + 4G o

= %[3}(0) + §J(@) + 2J(2w)]

A{ ][ @

The parameter J(w) is the spectral density, and the variables n, y,
Yw b and ry g represent the number of geminal protons, the
permeability of the vacuum, the proton gyromagnetic ratio, Planck’s
constant, and the distance between the geminal protons, respectively.
Using an assumption of two correlation times, Wennerstrom et al.*®
have developed a two-step model for the analysis of NMR relaxation
data. Using a picosecond time scale, one correlation time, 7y, is related
to the fast motion of the monomers. On a nanosecond time scale, the
other correlation time, 7, corresponds to the overall tumbling of the
aggregate. Assuming that 7; is in the extreme narrowing limit and the
micelle tumbling is isotropic, the relationship between the spectral
density function and the two correlations times can be written as
follows:*
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where § is the NMR order parameter of the H—H internuclear vector
and w, is the "H spin Larmor frequency. An expression for S as a
function of T}, T,, and 7, can be obtained by subtracting eq 2 from eq
3 and combining the result with eq 5:*°
1(1 1 2 B
T,
S2 =—]=-—|= + s - - s R
3A\T, 4 1 + (@7 1+ (2wy1,)

(6)

The slow correlation time (7,) can be calculated from the Stokes—
Einstein equation for (pure) DTAB. For the DTATT aggregates, 7, was
calculated according to a model of noncharged disk-like particle
motion in water, which depends only upon the geometric parameters
of the particles.”"

Electron Paramagnetic Resonance, EPR. EPR spectra were
obtained in a Bruker EMX-200 spectrometer (T = 318.0 + 0.5 K).
Samples were added to flat quartz cells and measured at a frequency of
approximately 9.4 GHz, with a sweep width of 100 G, a modulation
amplitude of 1.0 G, and a time constant of 0.163 s. Spectra were
analyzed with WINEPR software (Bruker). Two spin probes, CAT16
and SMESL (Chart 1). The concentration of spin label stock solutions

Chart 1. Structure of CAT16 (top) and SMESL (bottom)
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in chloroform were determined by EPR using Tempol as a standard.>*
Stock solutions of the micelles with the desired concentration were
prepared in water by weighing the proper mass of the salts. The
incorporation of the spin label into the micelles was made as briefly
described. A spin label film was produced in glass vials, after
evaporation under N, of spin label stock solutions. The spin label films
were then put under vacuum for at least 2 h to ensure complete
elimination of the solvent. Micelle solutions of the desired
concentration were used to suspend the spin label films. The vials
were left for at least 30 min under ultrasonic bath at 323 K before use.
The final molar ratio of spin label and micelles was approximately 1 in
all cases.

Rotational correlation times (75 and 7)) of the two probes, CAT16
and SMESL, were calculated from spectral line heights and line widths
using Kivelson®® and Freed and Fraenkel®* theories. The equations for
75 and 7 are (eqs 7 and 8):%°

Ty = —127 X 109%[( ﬁ) - ( ﬁ)}

2 h+1 h—l (7)
o= —119 X 10‘9%{( ﬁ] - [ ﬁ] - 2]

2 h+1 h_y (8)

where W, is the peak-to-peak width of the central line and hy, h,, and
h_, are the height of central, low, and high field line, respectively. The
geometric mean of 7y and 7¢ provide an effective rotational correlation
time (Tpeaqured), 2 reported in micellar systems.56 The value of 7, 0ured
incorporates the micellar tumbling time (zg) and the time for the
reorientation of the probe relative to the micelle (Tprobe)~ In a spherical
aggregate, these rotational correlation times are assumed to be

independent:®’
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Using the same model of DTATY tumbling as described above,*! we
assumed that the separation of both relaxations for a disk-like particle
can be treated as described by eq 9.

Molecular Dynamics Simulations. The simulations were per-
formed within a cubic box with a 120 A edge and consisting of 130
chains of DTA" (united atom) and 130 molecules of triflate or
bromide. The initial DTATf aggregate was built with the Packmol
software package®® with the DTA* molecules in a bilayer arrangement,
with the edges exposed to water and the counterions surrounding the
aggregate, at ca. 4 A from the N atom at the DTA headgroups. The
box was filled with approximately 55 000 SPC/E water molecules. The
force field used for the monomer was OPLS.*® The force field used for
the triflate was that described previously,’” and the bromide
parameters were also from the literature.”’ The DTA" charge was
equally distributed among the four carbons directly bonded to N,
which is neutral. ***> We used the geometric rule for all Lennard-Jones
interactions. The simulations were performed at 318 K with a V-scale
thermostat and a pressure of 1 bar maintained by an isotropic pressure
coupling. Periodic boundary conditions were applied, and the
Coulomb forces were calculated with the particle-mesh Ewald
summation. Cutoff radii of 15 A and 12 A were used for the Coulomb
interactions and the Lennard-Jones interactions, respectively, with a
switch at 11.0 A. The simulations were performed for 35 and 10 ns for
DTATf and DTAB, respectively, with the GROMACS 4.5.5 software
package® in double precision.

The extension of the triflate solvation shell around the DTA*
micelle was determined from the distribution function (PDF) of the
Tf™ center of mass (COM) distance, d, to the proximal atom of the
DTA aggregate. Additional information was obtained from the
residence time of Tf™ in a thin window along the proximal distance
coordinate. Windows were defined so that the distance of the center of
mass (COM) of the Tf™ to the nearest atom of the DTA aggregate was
within a lower bound, r;, and an upper bound, r,. The window
thickness was chosen as 0.3 A. The coarse-grained residence function
f(t) of a given triflate was defined as f = 1 if the Tf™ was within the
window, otherwise, f = 0. The residence time within this window was
determined as the integral over the normalized autocorrelation
function of f(t) averaged over all counterions.

Tpmbe

B RESULTS AND DISCUSSION

Aggregation Number. TRFQ. N,, of DTATf was
determined using time-resolved fluorescence quenching (Figure
1). Values of 7, were in good agreement with the reported
values for DTAB (not shown).%® N,g, increased linearly with
[DTAT(] (Figure 1). The reported N,g, for 0.05 and 0.1 M
DTAMs is 43.*' The decay curves are available in the
Supporting Information (Figure 1).

Increasing [DTAB] in aqueous solution from the cmc to 1 M
increases N,,, from 66 to 83.%¢ N,g, for DTAB also increases
with salt concentrations up to 1 M NaBr. Above 2 M, a further
steep increase in N,g, has been associated with a sphere-to-rod
transition.”” N, decreases moderately with temperature for
both DTAB®® and DTAC® N, values of DTAC vary
slightly with [DTAC] or [NaCI].m_g§3 Despite the differences
in absolute values, which are ascribable to diverse measuring
techniques, under similar conditions, Nige of DTAB micelles is
higher than N, of DTAC. The values of N, of aqueous
solutions of DTAB or DTAC at concentrations up to 0.1 M are
always less than 71 (0.1 M DTAB at 283 K*°). N,q, of DTAB at
4.0 M NaBr is 186,” and N, of DTAC at 2.5 M NaCl is 1017
monomers per aggregate.

For micelles in 0.02 M DTATT, N, was 113, a value that was
more than 1.5 times the highest value observed for pure DTAB
or DTAC, even at low temperatures.56 An additional increase in
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w0l Table 1. Mean Distance between the Aggregates, {(d),
| Calculated from N, Obtained from TRFQ, the Correlation
60 | % Peak, ¥, and the Correlation Distance, d*, Estimated from
I 2/ q*
240 - [DTATf]/10°* M (dy/A g*/A™! d%/A
o0 | 30 208 + 2 0.028 222 + 48
| [] 80 167 + 1 0.032 196 + 42
200 |- 100 166 + 4 0.034 184 + 39
3 b i “Error based on uncertainties in N,,, values. bError estimated to be
=z 180} 20% in g*.
160 | L]
| interference peak indicated a short correlation length, most
140 |- . likely among first neighbors only. The maintenance of this
I correlation at even the lowest [DTATS] resulted from the low
120 - ionic strength of the solutions.
- i The intensity of the SAXS curve is given by I = ¢-P(q)-S(q),
100 |- where ¢ is a constant, P(q) is the object form factor, which is
. * . * . * . * . related to the electron density contrast of the object with the
2 40 & 80 100 solvent, and S(gq) is the interference function, which accounts
[DTAT]/ 10°M for the scattering interference among the objects. Taking into

Figure 1. N,,, calculated from TRFQ_as a function of [DTATL].

[DTATf] led to a further increase in N, reaching 263
monomers per aggregate for [DTATY] = 0.1 M. The N,g; values
obtained for DTAMs were closer to the values obtained for
DTAC rather than DTAT{, demonstrating the importance of
the —CF; group in the triflate anion. The N, of
dodecyltrimethylammonium perfluoroacetate (DTAPFA) is
approximately 70 at 313 K,”* and thus the CFj group by itself
could not lead to high values of the aggregation number and
the counterion binding,

The magnitudes of the N, determined here suggest that the
DTATT aggregates cannot form spherical micelles. Considering
the volume occupied by the hydrophobic chain and the radius
of a sphere," the maximum aggregation number for a spherical
aggregate of a twelve carbon surfactant is approximately 55
monomers/micelle. This value is very close to the average value
obtained for DTAC”®™"® (57 + 9) and smaller than the values
determined for DTAB**%*~%75 (69 + 12), suggesting that the
DTAC micelles are spherical and that the DTAB® and
DTAPFA micelles” are quasi-spherical. DTAB and/or sodium
dodecyl sulfate (SDS) have been proposed to form disk-like
particles in D,O solutions.”>’® The monomers in DTAMs
(Nagg = 43*") can also be confined into a spherical aggregate.

Micellar Shape. SAXS. The scattering curve obtained with
0.1 M DTAT( at room temperature, where some crystals were
present, exhibited a narrow peak at q = 0.267 A™, arising from
DTATY crystals with a cell parameter of 23.5 A, a value that is
consistent with the size of one molecule (Figure 3, Supporting
Information). SAXS curves of 0.03, 0.08, and 0.1 M DTATf
solutions at 328 K showed a broad band centered at g, = 0.20
A™', with a narrow peak around ¢* = 0.03 A™" and the g* value
was a function of [DTATI] (Figure 3, Supporting Information).
A correlation distance, d*, was estimated using the Bragg
equation (d* = 27/q*) for comparison with the mean distance
between the aggregates ((d), (d) = ([(c — cmc)-N,]/
(Nagg-lO”))_l/ *), calculated with N,,, from TRFQ (Table 1).
This interference peak at approximately 0.03 A~', which
resulted from the particle interactions, changed slightly with
[DTAT{] (Table 1). The d* values from the SAXS experiments
were in very good agreement with (d). The width of the
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account only the form factor (ie, S(q) = 1), the fits were
performed using a starting value of g,;, = 0.04 A" to avoid the
correlation peak at g* approximately at 0.03 A™". This choice of
Qumin Was justified by the fact that the SAXS curves for DTATf in
the presence of NaTf, which abolishes the interference among
objects, were very similar to the curves for ¢ > 0.04 A™! in the
absence of salt (Figure 4, Supporting Information).

Micellar systems studied by SAXS exhibited a broad peak in
P(q) because of the interference in scattering between the two
polar heads along the chain direction. This broad peak position
at q; ~ 0.2 A is roughly connected with the distance between
the centers of the two polar heads, and therefore gives a rough
estimation of the thickness d; of the micellar structure, so that
d, ~ 2m/q, ~ 31 A. The SAXS curve is very sensitive to the
symmetry of the micellar object, because P(q) is decomposed
in a factor related to the symmetry and a factor arising from the
electron density profile along the chain direction. In the case of
spherical symmetry, the sphere diameter is connected with the
position q;, but for cylindrical and planar symmetries q; is
connected with, respectively, the cylinder diameter and the
plane thickness, without information on the size of the micellar
object. Therefore only for finite model it is meaningful to
consider polydispersity in the finite size.

Different geometries were tested, including spherical,
cylindrical, and ellipsoidal micelles, as well as an infinite bilayer
and a finite bicelle with rims (Figure 2). The parameters of the
different geometries are shown below (Table 2). For cylindrical
micelles a model of finite cylinders was used, but the cylinder
length was so large that it can be considered infinite. The size of
the bicelle represents the disk diameter, and Ry and R,
represent the thicknesses of the polar shell and the hydrophobic
core, respectively (Chart 2). The bicelle was allowed to exhibit
polydispersion, indicated by the error in Table 2.

Amphiphiles with one chain typically self-assemble into
micelles, which can be spherical, cylindrical, or ellipsoidal.
DTATf does not self-assemble into any of these micellar
structures. These geometries were tested, but none resulted in a
good fit (Figure 2) with reasonable parameters, as summarized
in Table 2. The fits with the spherical micelle model produced a
significantly narrower peak than the experimental curve. The
overall peak shape was similar to the curve generated with the
cylindrical model, but the behavior of the experimental curve at
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Figure 2. SAXS curve obtained with 0.1 M DTATT in water at 328 K.
Four fits using different models are shown. The best fit parameters are
given in Table 2.

Table 2. Parameters Used to Fit the Experimental Data with
the Different Geometrical Models for the Form Factor of the
0.1 M DTAT{ Aggregates in Figure 2

model Ryet/A R /A pga/e/B>  pooe/e/BS  sizey/A
bicelle 6.0 9.2 0.43 0.30 54 + 20
infinite lamella 6.0 8.0 0.40 0.29 Y]
spherical micelle 4.0 15.8 0.40 0.28
cylindrical micelle 9.9 8.6 043 0.29 756

Chart 2. Structure Parameters of the Finite Bicelle Model

1
Hydrophobiccore 1
1 Rcore + Peore

e 1
Hydrophlllcmterfacel]» Rshell 0 pshell

low q was definitely not achieved with the cylindrical geometry.
The ellipsoidal micelle models were discarded (not shown).
The oblate ellipsoid model did not generate a reasonable fit.
The prolate ellipsoid model could reasonably fit the
experimental curve but with very high anisometry between
the two semiaxes, around 4, a value inconsistent with the
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accommodation of the surfactant molecules into this type of
shape. A theoretical limit of anisometry of 1.8 for prolate
micelles was previously determined. Values exceeding this limit
suggest a spherocylinder conformation.””

The other tested geometry was a planar bilayer. Initially, a
simple model with an infinite lamella was used. Surprisingly,
this model resulted in a rather good fit (Figure 2) with realistic
parameters (Table 2). The size of the hydrocarbon chain region
was much smaller than the expected value of 16.7 A for DTATf
in a conventional bilayer in the fully extended configuration."
This observation suggested a high degree of interdigitation
between the DTA" chains.

A refined bicelle model (with finite size) was used to fit the
experimental curve with excellent results (Figure 2). The
bilayer size parameters, shown in Table 2, were similar to those
obtained with the simple infinite lamella model. These results
suggest that the basic structure observed by X-ray was a bilayer
with both size and rim effects contributing to a lesser extent to
the curve profile. Unusual in ionic micellar systems, disk-like
objects have been suggested by SANS experiments for cationic
and/or anionic surfactant systems in D,O solutions”>’® and
observed by microscopy.'' Using a theory based on molecular
thermodynamics, disk-like aggregates of fluorocarbon surfac-
tants have been reported to be stable structures.”® The total
thickness of the hydrophobic DTATT core, i.e., 2R, was 18.4
A, a value that was only slightly higher than the predicted value
of 16.7 A for an all trans 12-carbon chain, suggesting an
interdigitation of the DTA chains."® The predicted radius value
of 16.7 A is not realistic because not all hydrophobic chains of
the monomers in the micelles would be fully extended at the
same time. This value is smaller but very close to the minor axis
obtained for DTAB aggregates.*®

Local Order, Dynamics, and Hydration in DTAX
Micelles. NMR. NMR methods are appropriate to determine
the structural aspects of the micellar core without using
probes.””™** The 'H NMR spectra of DTATf, DTAMs, and
DTAB in the presence of NaTf were assigned based on a
comparison with the 'D 'H spectra of DTAC.*

The measured 'H NMR chemical shifts of DTAB were
consistent with the reported values for DTAC.*® The addition
of NaTf to the DTAB solutions of different [NaTf]/[DTAB]
molar ratios (Rpy,rg,[prap)) led to chemical shift displacements
and line broadening that was more evident in the HI proton
and unresolved (—CH,—) regions (HG) (Figure 3). The HG
protons were split into two peaks in the DTAB solution, with
only one observed peak in pure DTATY (Figure 3). This effect
was similar to that reported for the addition of salicylate to
DTAB, a system which under§oes a sphere-to-rod transition at
a defined Br/salicylate ratio.”* The observed line broadening
resulted from a combination of tight chain packing with a long
tumbling time of the aggregates as a function of [Tf ].

The fundamental role of the —CF; group in the triflate with
regard to the properties reported here and in the literature'
became apparent from the values of the calculated order
parameters (Table 3), S, from T; and T, (the values of
relaxation times are shown in Table 1, Supporting Informa-
tion). We used the two-step model*® to calculate a NMR order
parameter (S) for the protons at different positions in the
DTA" chains (see the Methods section). The calculations
yielded different values of S for HP, HG, and H12. The S value
for the HP protons in DTATf was 5—6 times larger than those
observed in DTAB or DTAMs. This large increase must arise
from a highly packed interface in DTATT relative to DTAB or
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Table 3. Calculated Order Parameters (S) for Protons at

Different Chain Positions in DTAX Micelles (X = Ms, Br,

and Tf as counterions)”

DTAMs. This effect was great enough to lead to a more
ordered HP than H12 in the DTATTf case. The ordering effect
extended through all the DTA hydrophobic chains. For the HG
and H12 protons, S increased 1.5 times from DTAB or DTAMs

DTAX HP (headgroup) HG (chain) H12 (terminal CH;)
- to DTATT.
Ms 0.04 0.28 0.12
B 0.05 032 0.12 NOESY cross-peaks between H12 and the HP, H1, and H2
TF 024 047 0.18 protons were observed in the DTAB aggregates with 7,
4[DTAX] = 0.1 M exceeding 1 s and in DTATS with 7., exceeding 0.25 s. The
NOE cross-peaks between H12 and HP, H1, and H2 in DTATf
and DTAB can be explained by two effects: the folding of the
DTAB DTATf
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Figure 4. 2D 'H—"'H NOE spectra of 0.3 M DTAB and 0.1 M DTAT recorded with mixing times of 1 s (top) or 0.2 s for DTAB and 0.25 s for

DTATYS (bottom): black, positive peaks; red, negative peaks.
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chains, which cause the end of the hydrophobic chain to be
near the headgroup, or the proximity between the terminal
—CH; in the DTA hydrophobic chain and the micellar
interface, as in an interdigitated system. These effects may
also occur simultaneously. These NOEs were absent or were at
the noise level in the nonmicellized DTA* 2D NOE spectra
acquired under the same mixing time, indicating that spin
diffusion is not the major contribution to the NOE effect
(Figure S, Supporting Information). Consistent with the
ordering effect of the triflate ion, the 2D NOE spectra of
DTAB showed negative NOE cross-peaks. By contrast, positive
cross-peaks were observed for DTATY, reflecting a more
restricted mobility of the DTA chains in the DTATT aggregates
(Figure 4).

Local Order, Dynamics, and Hydration in the DTAX
Micelles. EPR. Spin labels have been widely used to obtain
information on the structural and dznamic properties of the
premicellar and micellar aggregates.*>™®" CAT16 and SMESL
probes were used to investigate interfacial properties of DTATT,
DTAB, and DTAC micelles. In the CAT16 spin label, the
nitroxide moiety is located at the headgroup of a
hexadecyldimethylammonium molecule, whereas in SMESL
the nitroxide moiety is located at carbon S of stearic acid
methyl ester. Despite the structural differences in the aggregates
studied here, it seems to be reasonable to assume a similar
position (on average) for the probes when incorporated into
the different aggregates, based on the structure of CAT16 and
the studies reported for SMESL.*’

For motionally narrowed EPR spectra, the difference in the
rate of motion can be quantitatively estimated by calculating
the rotational correlation times (7 casureq)- Figure S presents the

Figure S. EPR spectra of the spin label SMESL incorporated into
DTATf and DTAB (both at 0.1 M) micelles.

EPR spectra of SMESL incorporated into DTAB and DTATf
micelles. All spectra in Figure 5 display narrow lines, indicating
a fast tumbling of the probe on the EPR time scale. The
incorporation of the probe into the DTATTf aggregates led to a
differential line broadening, as indicated by the high field line,
which indicates a slower tumbling of the probe incorporated
into the DTATf compared to the DTAB and DTAC micelles.
In comparison to the DTAB and DTAC micelles (not shown),
a similar slower tumbling was also observed for CATI16
incorporated into DTAT{ micelles. Because all EPR spectra
displayed narrow lines, indicating a high degree of fast motion,
the measured spectra were used to calculate the rotational
correlation times, as described in the Methods section (Table
4). Compared with the values measured for the DTAB and
DTAC micelles, 7, of the micellized CAT16 and SMESL
was clearly higher in DTATY. According to the Stokes—Einstein
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Table 4. Rotational Correlation Time, 7., and Hyperfine
Coupling, ay, of CAT16 and SMESL in DTATf, DTAB, and
DTAC Micelles

CAT16 SMESL
DTAX (M) Torabe/ 107" s ay/G Torobe/ 107" s ay/G
DTATf (0.1) 6.66 16.17 8.40 14.75
DTAB (0.1) 3.87 16.12 5.69 14.95
DTAC (0.08) 3.08 16.12 474 15.00

equation, rotational correlation times increase with increasing
molecular size, increasing viscosity of the environment and
decreasing temperature. Because we used the same spin label at
the same temperature in these experiments, the higher values of
Tprobe fOT the two probes in the DTAT micelles suggest a higher
local viscosity at the interface of the DTATf micelles compared
with the values for DTAB and DTAC, suggesting a higher
packing of the molecules in the DTATf aggregates. The
contribution of 7, to T e,ereq Was approximately 6% in all cases.

The isotropic hyperfine splitting, ay, measured in the EPR
spectrum is polarity-dependent and decreases with a decrease in
the polarity of the environment probed by the spin label. The
values of ay were determined from the separation between the
low field and the center field lines. Table 4 presents the values
of ay for CAT16 and SMESL incorporated into DTATX
micelles. In the case of CAT16, ay values were similar for all
DTAX micelles, indicating an environment with similar polarity
in all micelles, an expected result given the probe’s structure.
However, in the case of SMESL, the values of ay differed and
were similar for DTAB and DTAC and lower for DTATY,
indicating an environment with low polarity for DTATf due to
the less hydrated interface in DTATY micelles.

Molecular Dynamics Modeling. Our MD simulations, as
described in Methods, started with a bilayer arrangement with
water-exposed edges. After ca. one nanosecond simulation time,
the water exposure at the edges disappeared and a rim was
formed (not shown).

The proximal distribution function and lifetime (7;) as a
function of the distance from the micelle surface—taking r, as
the coordinate—for triflate is shown in Figure 6. The values of
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Figure 6. Lifetime of triflate (7;,) and proximal distribution function
(PDF) of the triflate center of mass as a function of the distance from
the micelle surface.
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7, were calculated as described in the Methods section. The
distance of a triflate COM to the closest object of the DTA"
aggregate was analyzed from 2.8 A to 16.0 A in increments of
0.02 A. To obtain detailed, reproducible, and statistically
significant data, a fixed difference of 0.3 A was imposed
between r, and 7.

The proximal distribution function showed one distinct peak
at 3 A, while the window lifetime showed also the sharp peak
near 3 A and a smaller second peak around 6 A (Figure 6). For
longer distances (i.e.,, >8 A) the 7, and the distribution function
functions were both constant, because triflate is freely diffusing
in bulk solution. Defining bound ions as those residing at
distances smaller than 4.6 A, where the first peaks in both
curves decayed (Figure 6), an ionization degree of 0.13 was
obtained. If the second peak in the 7, curve (Figure 6) is
included, the ionization degree was 0.11. Both estimates of
were near the reported experimental value of 0.12,"
demonstrating the capability of the used triflate ion force
field to reproduce the experimental number.

Snapshots of the DTATf and DTAB aggregates taken at
different times along the simulation are shown in Figure 7.

DTATf

0.6 ns

Ons 0 Ons 7ns

DTAB

@

Figure 7. Snapshots of the DTAB and DTAT(f simulations with 130
monomers. The atom labeling is as follows: blue, C; dark blue, N;
pink, Br7; yellow, S; red, O; light pink, F. Water molecules were
removed for clarity.

After only 0.3 ns, the DTAB micelle began to change from its
initial oblate shape to a prolate object. A relatively high fraction
of the Br™ atoms moved away from the DTA aggregate. After
1.4 ns, the aggregate became unstable, splitting the micelle into
two aggregates, one with approximately SO monomers and
another with nearly 80 monomers. At 2 ns, another division
occurred, yielding a smaller cluster of approximately 20
monomers and a larger micelle of almost 60 monomers. The
Br™ atoms freely exchanged between the three aggregates. The
DTAT( aggregate exhibited a higher degree of stability in the
oblate geometry than DTAB: at the beginning of the
simulation, a high fraction of Tf™ moved to the DTA aggregate
interface and the frequency of exit from the r, to higher
distances was small during the full simulation time. The
aggregate maintained the initial shape over the first 7 ns,
followed by a fluctuation of the micelle between an oblate and a
prolate object.

Using higher aggregation numbers than the experimental
values, the results obtained with the DTAB aggregate showed
that a micelle under these conditions was very unstable, with a
split observed even during the equilibrium time of the
simulation. Due to the relatively low affinity of the bromide
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ion for the micelle interface, the headgroup repulsion of the
DTA" monomers was too high to permit the packing of the
DTA" monomers into a large aggregate. The energetically
favorable aggregation had a nearly spherical symmetry with few
monomers. The first step before the micellar splitting was a
deformation of the initial disk-like shape to a rod-like structure,
with fewer counterions bound to the aggregate. A further
bending of the micelle led to a ring-like wrinkling state and,
finally, to an aggregate cleavage. The exit rate of the counterion
from DTAB aggregate interface was higher than it was for the
DTAT( simulation. The DTATf cluster with 130 monomers
was stable, demonstrating that the triflate ion was capable of
aggregating with the DTA™ molecules at higher N,,, values than
the bromide anions. Although shape fluctuations were observed
during the simulation (Figure 7), no micellar cleavage was
observed during the 35 ns of simulation.

General Discussion and Conclusions. The magnitude of
the N,g, for DTATf can only be rationalized by nonspherical
micelles. The SAXS best-fit shape function suggested a
membrane-like model that cannot be infinite because we
measured distinct sizes for the DTATY aggregate. The simplest
model for these types of aggregates was a bicelle, i.e., a small
planar bilayer fragment with rims. In addition to this unusual
shape, the SAXS analysis suggested that the chains on opposite
sides in the bilayer portion of the aggregate might be
interdigitated.

With the addition of NaTf to DTAB, the mobility of the H
atoms in the headgroup of DTA" was significantly affected. Low
interfacial mobility of the triflate at the DTATT interface has
been observed,*' supporting a highly packed aggregate. The
order parameters, calculated from the relaxation and overall
tumbling times, showed that the packing at the DTAT(
interface was higher than that determined for DTAB or
DTAMs. The interfacial ordering effect was transmitted
through the DTA hydrocarbon chain to the terminal methyl
group. Anions that insert into the interface of the surfactant
monolayer induce an ordering in the surfactant chain.®**
Because Ms~ does not produce chain ordering, Tf™ through the
dehydrated —CF; moiety must, to some extent, insert into the
micellar core. This insertion would certainly favor a high
stability of the electrostatically stabilized interaction of the
sulfonate group with the trimethylammonium group.'® Smaller
distances between the terminal —CH; group and the protons
HP, H1, and H2, which are necessarily near the interface,”® in
DTATY were indicated by the NOESY results. These NOEs
could arise from a folding of the hydrophobic chain and/or
from interdigitation. The model used to fit the SAXS results
suggests that interdigitation is a distinct possibility.

In line with the NMR results, the EPR results revealed that
the packing density of the DTATY aggregates was greater than
that of the DTAC or DTAB aggregates. CAT16 seems to be
exposed to a water-rich environment in the three surfactants. A
lower hydration of the DTATf aggregates compared to the
DTAC and DTAB aggregates was suggested by the SMESL
experiments, similar to the results from spectroscopic measure-
ments.*! The differences in the shape and hydration of the
DTATf and DTAB or DTAC aggregates may be related to the
properties of the surfactant-DNA gel particles prepared with
these surfactants.”"

Molecular dynamics confirmed both the high Tf™ affinity for
the interface and the stability of the bicelle-like DTATf
aggregate. In addition, our calculations showed that in silico,
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bromide cannot replace Tf™ in an object of similar shape and
size.
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