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Abstract

Hypothesis

The free energies associated with adsorption/desorption of individual surfactants from
micelles and the fusion/scission of long micelles can be used to estimate the rate
constants for micellar kinetics as functions of surfactant and salt concentration.
Experiments

We compute the escape free energies AGese of surfactant from micelles and the
scission free energies AGsgiss of long micelles from coarse-grained molecular
dynamics simulations coupled with umbrella sampling, for micelles of both sodium
dodecylsulfate (SDS) in sodium chloride (NaCl) and -cetyltrimethylammonium
chloride (CTAC) in sodium salicylate (NaSal).

Findings

For spherical micelles, AGesc values have maxima at certain aggregation numbers, and
at salt-to-surfactant molar concentration ratios R near unity, consistent with
experiments. For cylindrical micelles, SDS/NaCl shows a minimum, and
CTAC/NaSal a maximum in AGes, both at R ~ 0.7, while AGsciss of CTAC micelles
also peaks at around R ~ 0.7 and that of SDS micelles increases monotonically with R.

We explain the non-monotonic dependence of escape and scission free energies on R
1
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by a combination of electrostatic screening and the decrease of micelle radius with
increasing R. Transitions from predominantly spherical to cylindrical micelles, and
between adsorption/desorption and fusion/scission kinetics with changing salt

concentration can be inferred from the free energies for CTAC/NaSal.

Keywords: Surfactant micelles; Free energies; Kinetics; Coarse-grained molecular

dynamics; Umbrella sampling
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1. Introduction

Surfactant solutions self-assemble into a variety of structures, including spherical and
wormlike micelles, lamellar sheets, vesicles and lyotropic liquid crystals. Such
solutions play a significant role in daily life and many industrial applications and
products, such as food, detergents, personal care products, lubricants, and others [1-7].
The diversity of self-assembled structures greatly affects the mechanics, rheology and
dynamics of surfactant solutions [8-10]. As the most common and well-studied
structures, micelles have sizes and shapes that fluctuate in dynamical equilibrium [11],
and whose kinetics are influenced by their structures [12]. The kinetics depend on
many factors, such as molecular geometry, surfactant concentration, temperature, and
solvent properties including salt type, salt concentration, pH, and so on [13-16].
Understanding how these factors affect the micellar structures and kinetics can
contribute to understanding the physics of micelle solutions and provide guidance for
formulation of surfactant-containing products.

It is widely accepted that the micellar size changes are dominated by two major types
of kinetic processes, which for dilute spherical micelles can be separated by several
orders of magnitude in time [11, 17-20]. The so-called “fast” kinetic process is the
adsorption/desorption of individual surfactant to and from micelles, which generally
has an average time of the order of microseconds [11]. The “slow” kinetics is the
micelle fusion/scission whose average time is often on the order of milliseconds to
seconds [17-19]. Just above the critical micelle concentration (CMC), surfactants
self-assemble into spherical micelles, whose size fluctuations are mainly determined
by adsorption/desorption [21]. As surfactant concentration exceeds the so-called
“second CMC,” long thread-like or cylindrical micelles become more common,
whose size fluctuations are believed to be governed primarily by micelle
fusion/scission [22, 23]. Thus, with increasing surfactant concentration, a transition
occurs from predominantly adsorption/desorption to predominantly fusion/scission
kinetics. In addition, upon a sudden jump in temperature or salt concentration the

micelles can find themselves far from equilibrium, leading to a change in the
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dominant kinetics [24].

Recent decades have witnessed the development of experimental technologies,
theoretical models and molecular simulations for investigating micellar kinetics.
Experimental techniques, such as temperature or pressure jump [25, 26], shock tube
[27], ultrasonic absorption [28], stopped-flow [29], time-resolved luminescence
quenching [30], nuclear magnetic resonance [31] and electron spin resonance [32],
have been used to detect the relaxation times of micellar kinetics. On the basis of
these experimental techniques, structural parameters, such as the micelle radius,
aggregation number, and persistence length, as well as the rheological properties of
micellar solutions, can be determined, and are generally consistent with values
obtained, or inferred, from our simulation studies presented in what follows.
Experimental values for rate constants for micelle kinetics are still scarce, elevating
the importance of estimating them computationally. Meanwhile, tracking fast micellar
kinetics (e.g., surfactant adsorption/desorption) with very short timescales, or
involving multiple components, is still difficult and needs to be further developed.
Theoretical modelling of micelle kinetics is a powerful additional tool that has been
greatly developed over the last few decades. Aniansson and Wall [33] first derived the
fundamental theory of micellar kinetics through stepwise adsorption/desorption of
individual surfactants, versions of which have been used to explain the micellar
kinetics of various micellar solutions [22, 34-36]. Becker and Dd&ring [37], in
particular, applied the equations to the evolution of the micelle size distribution under
large deviations from equilibrium [38-41]. These equations, while quite general,
require a large number of kinetic coefficients to account for adsorption and desorption
rate coefficients for micelles of each size. A method for estimating these from
molecular information is needed if the theory is to be applied to real surfactant
mixtures.

For long threadlike micelles, Cates [23, 42] determined the dynamics and rheology in
response to micelle fusion/scission kinetics only, under the assumptions that the rate
of micelle fusion at fixed concentration is independent of micelle length, and that

micelle scission occurs at a constant rate per unit length of micelle. These
4
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assumptions reduce the number of rate constants to just two, related to each other by
thermodynamics. Shchekin et al. [21] avoided these assumptions and adopted the
generalized Smoluchowski population balance equation to describe the micelle
fusion/scission kinetics. Further, combining the Becker-Doring theory and the general
Smoluchowski equations, they obtained a description of both adsorption/desorption
and fusion/scission kinetics for spherical and cylindrical micelles and predicted the
rates of change in micelle sizes from an initial nonequilibrium size distribution to an
equilibrium one [24]. Although the theory of micellar kinetics is thus in principle
solved, how to obtain the many parameters of the general theory remains a great
challenge, as mentioned above. Since the many rate coefficients are not available
experimentally or theoretically, comparisons between such predictions and
experimental results have not to our knowledge been attempted so far.

To make further progress, we therefore turn to molecular simulations, from which one
can calculate molecular influences on micellar structures and dynamics [43-49],
possibly including the rate constants of micellar kinetic theory. Meanwhile, owing to
the very different time scales of the fast and slow micellar kinetics, it has become
more common to use a combination of simulation methods to model micellar
assembly kinetics on multiple scales. For example, using a back-mapping method of
coarse-grained to atomistic resolution, Brocos et al. [50] combined atomistic and
coarse-grained simulations to study surfactant self-assembly in atomic detail. Jusuf
and Panagiotopoulos [51] developed a grand canonical Monte Carlo simulation with
implicit solvent to speed up the simulation of surfactant micellization. Our group
[52-55] has adopted coarse-grained molecular dynamics simulations coupled with
umbrella sampling to infer free energy barriers to escape of a surfactant molecule
from a spherical micelle and to micelle scission/fusion. Combined with an estimate of
a diffusion coefficient, these free energy barriers can be used to infer kinetics of these
processes, which can then be compared to experimental study of these processes.
While measurements of surfactant escape and micelle scission free energies and their
dependencies on micelle size and salt concentration are experimentally difficult, we

show here that enhanced sampling methods in molecular simulations now allow such
5
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properties to be obtained computationally. We use coarse-grained (CG) molecular
dynamics (MD) simulations (via the MARTINI forcefield) combined with umbrella
sampling to obtain the free energies of adsorption/desorption of a single surfactant
(i.e., the escape free energy AGesc) and micelle scission (i.e., the scission free energy
AGgiss) by using the Weighted Histogram Analysis Method (WHAM). We
demonstrate non-monotonic dependences of AGesc on aggregation number N and
salt-to-surfactant concentration ratio R, which depend on the micelle structures
(spherical vs. cylindrical) and salt types (NaCl vs. NaSal). We find that AGgciss of SDS
cylindrical micelles increases modestly and monotonically with R while that of CTAC
cylindrical micelles shows a non-monotonic dependence on R with a maximum at R ~
0.7. Based on these free energies and related theories, we further estimate the escape
and breakage times, and discuss the effects of N and R on micellar kinetics.

We treat electrostatics using both a simple cut-off, which is typical for MARTINI CG
simulations, and a particle mesh Ewald (PME) summation, and find that for spherical
micelles the results are similar, but for cylindrical micelles, although trends are similar,
free energies can differ by a factor of two. While this difference has a very large
impact on equilibrium micelle lengths and absolute rates of change of micelle size, the
ratio of the rate of change by surfactant adsorption/desorption to that by micelle
fusion/scission is less sensitive, because both absolute rates are affected similarly by
the choice of electrostatic approximation. Here we provide the first practical method
to determining from molecular simulations the kinetic coefficients governing the
dynamics of micellar size changes, for both adsorption/desorption of individual
surfactant molecules and fusion/scission of micelles, at equilibrium or in response to a
change of surfactant or salt concentration. While the results obtained need to be
confirmed or improved by more accurate atomistic simulations or experiments, the
methods developed here provide a crucial next step towards obtaining the kinetic
coefficients of Becker-Doring and related models for the micellar kinetics of

experimental solutions.

2. Methodology
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Simulation setup for spherical/cylindrical micelles. All CG MD simulations were
performed using the GROMACS package, version 2019.4 [56]. To reduce the
equilibration time and computational cost, we employed the PACKMOL package [57]
to generate the preassembled spherical and cylindrical micelles. Then, water beads,
hydrated salt ions, including counterions of the surfactant, were dissolved randomly
outside the micelles to form the electrically neutral initial simulation systems. Before
running an equilibrium simulation, an energy minimization with a steepest-descent
algorithm was conducted to keep the force applied on each bead below 1000
kJ-mol-'-nm. We consider here two simulation systems (SDS/NaCl vs. CTAC/NaSal)
with spherical or cylindrical micelles, which are common and well-studied in many
applications including detergents, body washes and personal care products. Figure 1
shows the typical equilibrated states of SDS/NaCl spherical and cylindrical micelles
at T =300 K after an equilibrium simulation. Boxes are cubic with dimensions around
10 nm for simulations of spherical micelles, and are rectangular for periodic
cylindrical micelles with dimensions of around 10-14 nm perpendicular to the micelle
and around 18 nm parallel to the micelle. Exact dimensions depend on the simulation,
and are given in Table S1 in the Supplementary Information (SI). Our goal is to study
the effects of surfactant type, aggregation number and salt concentration on the
micelle shape and kinetics. The parameter R, which is the ratio of salt to surfactant
concentration, describes the effects of salt concentration. Table S2 lists the simulation
details and the resulting shapes of micelles after the equilibration simulations. For
spherical micelles, the equilibrium micelle changes gradually from spherical to
ellipsoidal shape with increasing aggregation number N. As N increases further, the
ellipsoidal micelles grow into elongated rod-like or cylindrical micelles. To study the
latter, we set up periodic cylindrical micelles without end-caps, that span the box. We
found that while, even without salt, a periodic cylindrical SDS micelle can be formed,
only after adding NaSal salt is this cylindrical CTAC stable against rapid breakage.
The box size chosen for our simulations of SDS and CTAC cylindrical micelles
typically corresponds to a concentration of around 0.2 and 0.13 mol/L, respectively.

All configurations in this study were visualized with OVITO 3.0.0 [58].
7
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Figure 1. Typical simulation box containing (a) a spherical micelle and (b) a cylindrical micelle of
SDS/NaCl at T =300 K, P=1 bar. The dashed lines show the scission region (width d = 3 nm)
where the biasing potential is applied. The yellow, cyan, blue and red beads represent the
surfactant head, surfactant tail, sodium and chloride, beads respectively. Water beads are
transparent for clarity.

Force fields. The MARTINI force field [59] with standard coarse-grained water,
which has been widely employed to study surfactants [10, 54, 55, 60-62], was used to
perform the CG MD simulations of SDS and CTAC surfactant micelles. The
coarse-grained representations of surfactants, salts, water and ions used are shown in
Figure S1. The bead types of the SDS and CTAC surfactants are drawn from
published work [15, 59, 63, 64]. For more details, one can refer to Section 1 of the SI.
The short-range nonbonded interactions were implemented using a cut-off distance of
1.2 nm with the bond lengths controlled by LINCS. It is worth noting that the
Coulomb potential in the standard MARTINI force field is shifted to zero between 0
and 1.2 nm with permittivity (&) of 15. However, some studies indicate that this
shifted cut-off scheme causes unphysical aggregation of multiple MARTINI SDS
spherical micelles [49, 65]. As described in previous work of our group [52, 64],
we therefore adopted here the PME summation [66] with & = 80 to calculate the
electrostatic interactions for both SDS and CTAC micelles, since it does not show
micelle aggregation. Since we only consider a single spherical or cylindrical micelle
in our simulations, and thus cannot encounter this aggregation phenomenon, we also

carry out more limited calculations of free energies with the shifted cut-off for both

SDS and CTAC micelles using & = 15. We note that previous work in our group with
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the shifted cut-off has given breakage free energies of cylindrical micelles consistent
with experiments [55]. While in principle, PME electrostatics should be superior to
the shifted cut-off, given the severe approximations used in CG models, including the
use of non-polarizable water beads, it is not a priori obvious which method will be
more accurate in a given situation. In our simulations, the real-space cutoff of the

PME method was 1.2 nm and the Fourier grid spacing was 0.2 nm.

MD Simulation Details. All CG MD simulations were performed in the NPT
ensemble. The temperature (300 K) was controlled using a V-rescale thermostat [67],
the constant pressure held at 1 bar by using the Parrinello-Rahman barostat [68], both
with a time constant of 1 ps. Three-dimensional periodic boundary conditions were
applied on the simulation box. To avoid imposing external tension or compression
along the axis of the periodic cylindrical micelle, isotropic pressure was imposed
using semi-isotropic pressure coupling, which allowed fluctuations of the box
dimension parallel to the micelle to be independent of those orthogonal to it. Isotropic
pressure coupling was employed in the simulations of spherical micelles. The

production simulations were run for 500 ns with a time step of 20 fs.

Umbrella sampling and free energy calculation. To determine the escape free
energy AGese of surfactant from micelles and the scission free energy AGsciss of
cylindrical micelles, we used the umbrella sampling method with a reaction
coordinate that can sample sufficiently configurations needed to calculate the
potential of mean force (PMF) for each process. For surfactant escaping from micelles,
we used as reaction coordinate the center of mass (COM) distance r between the
target surfactant molecule and the micelle. For micelle scission/fusion, we adopted as
a reaction coordinate the number of surfactant beads (Ns) within a “scission region”
(width d = 3nm). A steered “pulling” or “scission” MD simulation was carried out to
generate the initial configurations for windows. For each window, a 20 ns umbrella
sampling simulation was run to create the output files of reaction-coordinate
distributions. Then, we employed the weighed histogram analysis method (WHAM)

[69, 70] to obtain the PMF profiles of pulling and scission processes. More details for

9
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the umbrella sampling and free energy calculations are given in Section 2 of the SI.

3. Results and discussion

3.1 Effect of PME on the free energies

Here, we compare the PMF profiles and associated free energies using both PME and
cut-off scheme under typical cases, as shown in Figure 2. For the SDS spherical
micelle with N =60 at R = 0, the height of the change in the PMF gives the surfactant
escape free energy AGese. The value of AGese obtained using PME (~ 9.9 kT) is
slightly smaller than that obtained using the shifted cut-off (~ 10.5 kT) [52] owing to
the long-range electrostatic interactions. Also, inclusion of PME shifts the PMF
profile toward the COM of the micelle, presumably because PME loosens the
interactions between the charged head groups. However, for high CTAC surfactant
and salt concentrations (e.g., 300 CTAC micelle with R = 1), the use of PME leads to
a significantly smaller AGesc (~ 8.1 kT) and scission free energy AGsciss (~ 14.2 kT) of
the CTAC cylindrical micelle than for the shifted cut-off. This phenomenon may be
due to the stronger repulsive interaction between charged surfactant head beads and
the long micelle it is leaving when using PME. This presumably allows surfactants to
more easily escape from the micelle and for the cylindrical micelle to be more readily
broken. Some studies also suggest that the PME scheme gives a more accurate
description of the interactions between charged macromolecules [71-73]. Therefore,
we adopted the PME electrostatics with & = 80 in most of the following calculations
of free energies, but also include some results from the shifted cut-off to check
sensitivity to this choice. Additional studies with atomistic forcefields, and
comparison with experimental data, will be needed to give reliable quantitative results.
Nevertheless, the results presented here do demonstrate the effect of salt-to-surfactant
ratio and illustrate the ability of free energy methods to infer details regarding both

equilibrium micelle size distributions and rates of micelle size changes.
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Figure 2. Effects of PME on the PMFs for surfactant escape (a) and for micelle scission (b). Blue
lines indicate the result for a spherical micelle with 60 SDS molecules at R = 0 while the data of
blue dotted line is from ref. [52]. Black and red lines are for a cylindrical micelle with 300 CTAC
molecules at R = 1. Error bars are the standard deviations. For (b), error bars are comparable to the
symbol size and hence not seen.

3.2 Spherical micelles

We computed the radius and eccentricity in shape of both CTAC/NaSal and
SDS/NaCl micelles, as described in detail in Section 4.1 of the SI. In brief, the salt
NaSal induces greater increases of radius and eccentricity of CTAC spherical micelles
with increasing R than for is the case for SDS/NaCl micelles. This is apparently due to
stronger electrostatic screening caused by stronger ion adsorption in CTAC/NaSal
than is produced by SDS/NaCl micelles.

Escape free energy. To further study the dynamics of spherical micelles, we here
calculate the potentials of mean force for the escape of a surfactant from the micelle
using umbrella sampling and WHAM. Figure S2 shows the potential of mean force
(PMF), which is similar to that shown in Figure 2a above, and representative
snapshots of micelles along the reaction coordinate r for pulling a CTAC surfactant
from the spherical micelle. The PMF sharply increases as the surfactant crosses the
micelle surface from r ~ 1.5 nm to r ~ 3.0 nm and then starts to decrease slightly as r
increases above 3.5 nm due to the increasing volume of spherical phase space at
increasing 1. The escape free energy AGesc is defined as the height of PMF profile,
from its minimum to its maximum value, which is the free energy barrier that the
surfactant must overcome to escape from the micelle. Figure 3 shows the effects of

aggregation number N and salt-to-surfactant ratio R on AGese of SDS and CTAC
11
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surfactants pulled from spherical micelles. As in previous work [53], an empirical
function given in Figure 3 caption was used to fit the data. As N rises, AGese for a
surfactant from the micelle increases at low N and reaches a peak at N ~ 60 for SDS
and ~ 80 for CTAC. Above this, AGesc decreases with N. The maximum in AGesc
means that the spherical micelle of around this size is the most stable near the CMC
and the surfactant has more difficulty escaping from spherical micelles of this size N.
The CTAC surfactant has larger AGese than does the SDS surfactant at similar N,
owing to the longer hydrophobic tail of the CTAC surfactant. Also, Figure 3b shows
that there is a maximum in AGesc near R = 1.0 for both SDS and CTAC spherical
micelles.

The initial increase in AGesc 1s easily understood as the consequence of adsorption of
ions with opposite charge onto the micelle surface causing a decrease of the total
charge of the micelle, as shown in Figure S7 in the SI; this screens the electrostatic
repulsions among surfactant head groups, making it easier to extract them from the
micelle. For SDS, the net remaining negative charge on the micelle reaches a
minimum near R ~ 1 (see Figure S7 in the SI), which then explains the maximum in
AGesc at this R seen in Figure 3b. For the CTAC micelle, Figure S7 shows that
monotonically increasing surface adsorption of salicylate ions induces a reversal of
the sign of the micelle charge at around R ~ 1.5, so that the absolute value of net
micelle charge reaches zero and then increases. Thus, pulling a CTA™ molecule from
the negatively charged surface containing an excess of Sal” should become
increasingly more difficult at R > 1.5, while the opposite is seen in Figure 3b. This
peculiar result could be due to effects of the increase in ionic strength with increasing
R, and it is possible that the removal of CTA" from the micelle is accompanied by
re-arrangements of the surfactant-water interface, such as the re-arrangements of
adsorbed Sal ions, that are not readily apparent in our averaged profiles. While more
detailed examination of the response of the micellar interface to the removal of a
CTA" might shed light on the issue, these details may be difficult to unravel and
sensitive to the forcefield, and so we leave further investigation of this issue to future

work. Finally, we note that Gesc obtained using cut-off scheme follows a similar trend
12
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with increasing R, but is slightly greater than that obtained using the PME, as shown
in Figure 3a and discussed in Section 3.1.
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Figure 3. Escape free energies of surfactant from spherical micelles as a function of aggregation
number N at R = 0 (a) and salt-to-surfactant concentration ratio R (b). The solid lines in (a) are
fitted by an empirical equation AN) =a+ b x N/ (1 + ¢ x N+ d x N?), and the fitting parameters a,
b, ¢ and d are given in Table S3. For (b), spherical micelles with N = 60 and 80 are adopted
respectively for SDS and CTAC surfactants, both using PME electrostatics. Error bars indicate
standard deviations.

Mean first-passage time. Using the PMF profiles of surfactant pulled from the
micelles, we can obtain the mean first-passage time for a surfactant to escape from the
micelle from the Smoluchowski equation which governs the diffusion of the

surfactant molecule in a potential well without inertial effects, given as follows [74]

exp[W(x")/ kT
D(x")

T(x,x,) = j dx’ j dx" exp[-W (x") | kT (1)

where 7 (x, xr) is the mean time for a surfactant starting at a position x (near the COM
of micelle) to reach the final position xf. xo corresponds to the reflecting boundary for
the Smoluchowski equation. In this study, the reaction coordinate r is the same as the
position x while xo is taken as the smallest value of the reaction coordinate. D(x") is
the diffusion coefficient at the position x". W(x) is the free energy profile (i.e., PMF
profile) along x (i.e., along the reaction coordinate 7). Since the effects of the diffusion

coefficient on the mean first-passage time are far less significant than that of free
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energy profile, we treat the diffusion coefficient as a constant, namely 7.40 x 10
cm?+s! for SDS [52] and 3.81 x 10 cm?-s! for CTAC [75], and we do not attempt to
obtain the position-dependent diffusion coefficient.

The resulting mean first-passage time for a surfactant to transfer from the micelle to
the bulk phase is shown in Figure 4a. As discussed earlier, PMF profiles are
maximum at a distance r of about 3.0 nm away from the COM of the micelle. Beyond
this distance, the mean first-passage time profile levels off. Therefore, in this study,
the escape time is defined as the mean time for a surfactant to travel from its initial
position near the bottom of the PMF well to the position where the PMF reaches a
maximum. We find from Figure 4a that the escape times of SDS and CTAC
surfactants from a micelle with aggregation number N of 60 are around 5.8 us and
32.3 us, respectively. The value for SDS is consistent with the results of atomistic
simulation [52] and experiments [11], which indicates that the surfactant exchange
between micelles and bulk solution dominates the kinetics of size change of spherical
micelles.

We next analyze the influence of N and R on the escape time of SDS and CTAC
surfactant, as shown in Figure 4b and 4c. With increasing N, the escape time increases
at low N and reaches a peak at an N corresponding to the maximum AGes, which in
this study, is N = 60 for SDS and N = 80 for CTAC. As N rises further, the escape time
decreases due to the elongation and reduction of stability of the spherical micelle.
Compared to SDS, a CTAC surfactant has a longer escape time. Moreover, the escape
times of both surfactants show qualitatively similar dependences on R, including a
pronounced maximum near R = 1.0, although remaining much larger for CTAC than
for SDS, as shown by the differing scales of the right and left axes. This means that
the salts significantly increase the escape time at R ~ 1.0 and induce the formation of
more stable spherical micelles, which may due to the stronger electrostatic screening

by the adsorption of ions onto the micelle surface.
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3.3 Cylindrical micelles

For cylindrical micelles, the strong adsorption of relatively large salicylate ions results
in thinner and longer cylindrical CTAC micelles due to the electrostatic screening.
Details of this can be found in Section 4.2 (Figure S13) of the SI.

Escape free energy and escape time. As we did for spherical micelles, we here
calculate the escape free energy AGese of surfactant from a cylindrical micelle using
umbrella sampling and WHAM. Figure 5a shows that AGesc is non-monotonic in R,
and dependent on the surfactant and ion type. While AGese of SDS from a spherical
micelle is maximum at R ~ 1.0 (see Figure 3b), for a cylindrical micelle AGesc
decreases to a minimum at R ~ 0.75, followed by an increase at higher R. For CTAC
micelles, AGese depends similarly on R for both spherical and cylindrical micelles;
compare Figure 5a with Figure 3b; both have maxima, which is around 12 kT at R ~
0.67 for a cylindrical micelle, and around 18 kT at R ~ 1.0 for a spherical one. Both
for SDS and CTAC cylindrical micelles, the cut-off electrostatics gives greater values
of AGesc than does the PME electrostatics, although AGesc shows a similar dependence
on the R. Mandal and Larson showed that the radius of a cylindrical micelle

influences AGese [54], suggesting that the nonlinear dependence of AGesc on R arises
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from a combination of electrostatic screening by adsorbed oppositely charged ions
and the dependence of micelle radius on salt concentration. For AGese of a CTAC
surfactant from a cylindrical micelle, the adsorption of salicylate ions on the micelle
surface screens the electrostatic interaction between surfactant charged head groups
making it harder for charged surfactants to escape the micelle, since there is less
electrostatic repulsion. This can account for the increase in AGesc with R at R < 1. If
we ignore the effect of micelle radius, we might expect AGese to reach a maximum at
R ~ 1.0, where the micelle is effectively charge neutral and has smallest electrostatic
repulsion between surfactant head groups owing to the strong adsorption of salicylate
ions. However, AGesc shows a maximum at a smaller R ~ 0.67, perhaps because the
cylindrical micelle becomes thinner with R increasing, which reduces AGese. Thus, the
combination of micelle charge neutralization and reduced micelle radius might
explain the shift in the maximum AGesc to R < 1.

We find much less adsorption of simple sodium ions onto the SDS cylindrical micelle
surface at low R than is the case for the hydrophobic salicylate ions onto the CTAC
micelle surface. (See Figure S11 in the SI) Thus, the electrostatic screening of ions is
weaker for SDS/NaCl micelles and the micelle radius changes less than for
CTAC/NaSal micelles. More sodium ions locate outside the micelle surface (See
Figure S9(a) in the SI). By integrating the radial dependence of the number density of
salt ions around the SDS head group (Figure S10) we find that the fraction of salt ions
“bound” to the surfactant head group decreases greatly when the surfactant escapes
from the micelle (Table S4). However, the average number of sodium ions bound to
the escaped surfactant is maximum at R = 0.8 for the cylindrical SDS micelle but not
for the spherical micelle (see Table S5). This value of R= 0.8 is the same as that for
which the peculiar minimum in AGesc occurs for the cylindrical SDS micelle but not
for the spherical micelle, as mentioned above, suggesting a correlation between the
two. With R increasing above 0.8, significant numbers of sodium ions adsorb onto the
micelle surface, screening the electrostatic repulsion between head groups, and
allowing them to pack more tightly (see Figure S12). This may explain the increase in

AGesc at higher R, but further work is required to provide a convincing explanation of
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the peculiar dependence of AGesc on R for cylindrical SDS micelles.

Combining the PMF profiles for surfactant escaping from the cylindrical micelle with
Equation 1 for the mean first-passage time, we can obtain the escape time of
surfactant from cylindrical micelles, as shown in Figure 5b, assuming that the
diffusion coefficients of SDS and CTAC surfactants are the same as those used for
spherical micelle. For CTAC cylindrical micelles, a peak in escape time for CTAC
surfactant occurs at R ~ 0.67, which corresponds to the maximum AGesc. This peak is
about one order of magnitude larger than those at other R values. For SDS cylindrical
micelles, there is a minimum of AGesc at R ~ 0.8. The escape time for different R for
SDS/NacCl is in the range of 0.1-1 ps, which means that the effect of NaCl on the
escape time of an SDS surfactant is not as significant as the corresponding effect of
NaSal on the CTAC escape time. Compared to the spherical micelles, the much
smaller escape times of both SDS and CTAC surfactants from their cylindrical
micelles indicates that the surfactant exchange between micelles and the bulk solution
is faster for cylindrical than for spherical micelles. We note that the much smaller
escape time of surfactant from cylindrical micelles relative to spherical ones is likely
due to the stronger electrostatic repulsions between surfactant heads on the micelle
surface, arising from the greater aggregation numbers and the smaller surface

area-volume ratios of the former.
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Figure 5. (a) Escape free energies and (b) escape times of SDS and CTAC surfactants from
cylindrical micelle as a function of R.

Scission free energy. For long cylindrical micelles, the dynamics of micelle size
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change are believed to be controlled by micelle fusion/scission, rather than by
adsorption/desorption of individual surfactants. Here, we obtain PMFs and the
scission free energies AGsciss of periodic cylindrical micelles by umbrella sampling
with WHAM, where the reaction coordinate is the number N, of surfactant beads in
the scission region (d = 3 nm), as discussed in the Methodology section. Typical
PMFs for SDS and CTAC micelles, with R = 1, are shown in Figure 6a. As Ny
decreases, the PMF gradually rises to a plateau that is reached when N, drops to less
than around 100. At large Ny, the PMF has a minimum, which corresponds to the
average number of beads in the scission region at equilibrium. AGsciss 1S then the
difference between the plateau and the minimum of the PMF. At R = 1, AGgciss of the
CTAC micelle is larger than that of SDS micelle, mainly owing to the larger micelle
radius of the former. The inset of Figure 6a shows that the PMF of micelle scission
and its reverse, micelle fusion, are the same, implying that the PMF is reversible, and
hence is a thermodynamic quantity, giving an equilibrium free energy of scission.

Figure 6b shows a weak linear increase in AGsciss with R for an SDS cylindrical
micelle, while for CTAC, AGsciss has a local maximum whose magnitude increases
and corresponding value of R decreases, when a simple electrostatic cut-off is used as
opposed to long-range PME electrostatics. For SDS, since the micelle diameter is
nearly independent of R (see Figure S13(b)), we infer that AGsciss 1s mainly governed
by electrostatic interactions. As R rises, the weak adsorption of sodium ions onto the
micelle surface screens the electrostatic repulsion between surfactant head groups,
which presumably produces the weak increase in AGsciss with R. For CTAC micelles,
AGgciss 1s expected to be strongly affected by both the electrostatics and the micelle
radius. At low R (< 0.8), with increasing R, the micelle radius is roughly constant (see
Figure S13(b)), so that the strongly increasing electrostatic screening by the
adsorption of salicylate ions, induces an increase of AGsciss. At high R (> 0.8), the
adsorption of salicylate ions on the micelle surface gradually reaches saturation (see
Figure S11) and the electrostatic screening begins to saturate. Hence, the reduction of
AGgiss with increasing R at large R is expected to be dominated by the distinct

decrease of micelle radius with increasing R that one finds at large R in Figure S13(b).
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While the dependences of PMF on R for the PME and the shifted-cutoff electrostatics
are qualitatively similar, the use of PME causes a shift of the peak in AGgciss from R ~
0.62 to R ~ 0.8 and a significant reduction in height, relative to the curve for the
shifted cut-off. The latter change is likely due to the longer-range electrostatic
interactions with PME, which makes it easier to break the micelle. Since at low R, the
electrostatics has a more important effect on AGgciss, the difference of AGsciss between
PME and shifted cut-off is greater there than at large R, where AGsciss 1s mainly
controlled by the micelle radius. Since the adsorption of salicylate ions on micelle
surface is saturated at large R, the elongation of cylindrical micelle gradually reaches
a limit. The difference in micelle radius obtained using either PME or the cut-off

scheme is small; thus the AGsciss values for the two cases converge at large R.
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Figure 6. (a) PMFs as functions of the surfactant bead number A in the scission region at R=1 for
SDS and CTAC cylindrical micelles. The inset shows the PMFs for scission and fusion processes.
Error bars are standard deviations, which are of the order of the symbol size and therefore not
visible. (b) Scission free energies of SDS and CTAC cylindrical micelles as functions of R, where
for CTAC results using an electrostatic cut-off rather than PME, from ref. [54], are also shown.
The surfactant concentration in our work (0.13 mol/L) differs slightly from that in ref. [54] (0.15
mol/L), but this difference should not be significant.

3.4 Micellar equilibrium and Kinetics

Spherical micelle CMC. For spherical micelles, we can estimate the mole fraction
Xcuc of surfactants at the critical micelle concentration (CMC), defined as the
concentration at which the number of surfactants in spherical micelles equals the
number that remain isolated in solution, by the following equation, which is based on

ideal mixing of isolated surfactant molecules and micelles in solvent [13, 52],
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Xewe = eXp(_AGeOsc /KT) (2)

here AG&C represents the standard state chemical potential for the transfer of a

surfactant molecule from solution to a micelle at the CMC, which in this study, we
estimate by the surfactant escape free energy AGesc determined by umbrella sampling.
After obtaining Xcuc, we can estimate the CMC in units of molarity, by using CMC =
Xcmce *x 55.5 mol/L. Since AGesc depends on micelle aggregation number N as shown
in Figure 3(a), we use the fitted maximum values of AGesc (~9.7 kT and ~13.9 kT) to
estimate the CMC since this represents the most stable, and most probable, micelle
size, which is around 63 and 80, for SDS and CTAC micelles, respectively. The
corresponding CMC, based on AGes for these sizes, is around 3.4 mM and 0.1 mM
for SDS and CTAC micelles, which are smaller by factors of 2.5 and 13, respectively,
than the measured CMCs, which are 8.2 mM [76] for SDS and 1.3 mM [77] for
CTAC. We attribute these underestimates to inaccuracies AGesc resulting from the
MARTINI forcefield either with PME (AGese ~ 9.7 kT) or with the shifted cut-off
(AGesc ~ 10.5 kT) since a PMF from atomistic simulation gives a lower AGesc (~ 9.0
kT) [52]. The calculated CMC (~6.8 mM) from atomistic simulation is much closer to
the experimental value, suggesting that the deviations in our work are due to the
coarse-grained force field. We note in passing that from the dependence of AGesc on N,
one can estimate the entire micelle size distribution as a function of surfactant
concentration, as described by Yuan and Larson [53].

Transition in cylindrical micellar kinetics. For cylindrical micelles, the micellar
kinetics may be regulated by the adsorption/desorption (a/d) of individual surfactant
molecules or by micelle scission/fusion (f/s), or by a combination of both. To
determine which mechanism dominates at a particular salt or surfactant concentration,
we compare the rate at which a cylindrical micelle changes its size by roughly a factor
two by f/s or by a/d. The rates of a/d and f/s kinetics are controlled by the time
constants 7. and 75, which are the average escape time of a typical surfactant
molecule from the micelle and the breakage time of a cylindrical micelle, respectively.

For growth or shrinkage of a micelle of aggregation number N by a/d kinetics, a net
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addition or subtraction of order ~ N surfactants events must occur. Since 7e 1S the
mean time for a typical surfactant molecule to escape the micelle, the mean time
between single surfactant desorption or adsorption events is At1= 7esc/N. Addition and
subtraction events, if taken to be uncorrelated, cancel each other out except for
Gaussian drift, and so N? such events must occur for the micelle to experience a net
change of N surfactants. Thus, the time for micelle growth/shrinkage by stepwise a/d
is Tv ~ N?At1 ~ Tese N.

For scission/fusion of a micelle of size N, the average breakage time 7, is the time for
the micelle scission/fusion to roughly halve/double the micelle size, which can be

estimated by using the micelle scission energy via the following equation [54]

7, =1,exp(E., | kT) 3)

Scl
A . . . .
where E _=FE —F-dr is the effective scission energy under an external tension F

along the micelle and 70 is a constant that represents the “attempt” time for micelle
breakage. Because there is no external force acting on cylindrical micelle in this study,
we set F' to zero and the effective scission energy then equals the scission free energy
AGgciss of a cylindrical micelle, as we mentioned before. In ref. [54], the constant 7o
was found to have a value on the order of ~ 1 ns, which was obtained by calculating
from MD simulations the breakage time and effective scission free energy at a series
of applied values of external force, needed to accelerate breakage to bring it within
the time frame of molecular dynamics simulations.

Assuming that 7o and dr are independent of salt concentration, we estimate the
constant 7o by calculating the breakage time of a cylindrical micelle with low values
of R =0 and 0.33, for SDS and CTAC cylindrical micelles, respectively under several
applied values of external force. The external force is applied by decreasing the
pressure along the z direction (the micelle axis) while the pressures along the x and y
direction are set to 1 bar. Based on Equation 3, the natural logarithm of 7, should be
linear with the F (see Figure S14). Extrapolating these linear fits to zero F, we can
obtain the average breakage time 75 of a cylindrical micelle under no external force.

Combined with the scission free energy, the constant 7o thus can be determined, which
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is about 0.28 ns and 0.65 ns for SDS and CTAC cylindrical micelles, respectively, in
our simulations.

We note that the breakage time is inversely proportional to the length (or aggregation
number) of the micelle, since each part of a micelle has an equal and independent
chance, per unit length, to break. Thus, if we assume that the constant 7o is
independent of salt concentration and inversely proportional to N we can set 7o = oo/ N
with 7g0 ~68 ns and ~ 195 ns for SDS and CTAC cylindrical micelles respectively to
calculate the average breakage time for micelles of different lengths. Actually, this
constant is likely affected by the type and concentration of salts, and more precise

values deserve to be further investigated, which we leave to our future work. We note

that the average aggregation number N of a cylindrical micelle is related to the

scission free energy AGsciss roughly by [23]

N =2X"exp(AG, /2kT) (4)

sciss
where X is the total mole fraction of all surfactant molecules in the solution. (An
alternative expression for ideal volumetric mixing entropy produces the same
expression except with @' replacing 2Xiot'’?, where @ is the total volume fraction of
surfactant [23].)

We now adopt the ratio 7a/7s, the ratio of the time for the micelle to double in size by
a/d to the time for micelle size doubling via f/s, to estimate which of the two
processes is dominant. If the ratio is smaller than unity, the micelle size change will

be mainly controlled by the stepwise surfactant adsorption/desorption; otherwise,

scission/fusion dominates. Using Figure 5 and 7y ~ Tese N tO compute 7y, and Figure
6b to obtain AGsciss, With 7, = (700/ N ) exp(AGsciss/kT), we plot in Figure 7 the ratio
N/ Thr = (Tese /T00) N2 exp(-AGsciss/kT) as a function of R for SDS and CTAC cylindrical

micelles. To calculate the average aggregation number N in this calculation, we use

Equation 4 and take mole fractions X;; = 0.02 and 0.01 for SDS and CTAC micelles,
respectively, giving the values listed in Table S6 in the SI. PME gives unrealistically

short cylindrical micelles; i.e., with a maximum no higher than ~400 for CTAC
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micelles at R = 0.83, corresponding to micelles only around 25 nm long, and with
SDS micelles being too short even to be cylindrical; see Table S6. We therefore also
use the shifted cut-off free energies to calculate micelle lengths, and obtain lengths of
CTAC micelles ranging from 4 to 14 pum as R increases from 0.33 to 0.50, while SDS
micelle length ranges from 0.069 to 0.185 um, or 69 to 185 nm, for R increasing from
0.4 to 1.2 (see Table S7). These values from the shifted cut-off are more consistent
with experiments [78-81]. We took the same constant oo for both PME and cut-off
electrostatics. The ratios za/7y- in Figure 7 derived from these aggregation numbers
show a non-monotonic dependence on R, which are different for SDS and CTAC
cylindrical micelles. The ratio za/zs- has a minimum at R = 0.8 for SDS cylindrical
micelles while that for CTAC cylindrical micelle shows a maximum at R = 0.67, near
the value at which the scission free energy has a maximum.

The ratios ta/7- for SDS cylindrical micelles, using either shifted cut-off or PME, are
between 0.1 and 10, meaning that the size change of SDS cylindrical micelles is
governed by a combination of the adsorption/desorption (a/d) kinetics and micelle
fusion/scission (f/s) kinetics. The a/d kinetics plays a dominant role at around R ~ 0.8,
at which a smaller escape time of an SDS surfactant from a cylindrical micelle occurs
apparently due to the binding of sodium ions to the escape surfactant. Both a/d and {/s
kinetics are important for SDS cylindrical micelles, because these micelles are
relatively short, no longer than 185 nm, and so not drastically different from spherical
micelles, for which a/d dynamics is dominant.

For the longer CTAC cylindrical micelles, using either PME or shifted cut-off
electrostatics, we find that an increase in NaSal concentration can induce a transition
from a mixture of a/d and /s (at R = 0.33) to predominantly f/s kinetics (at R = 0.67).
The higher scission free energies obtained using the electrostatic cut-off method give
orders of magnitude longer cylindrical micelles, and therefore much faster scission
kinetics, but the trends noted above remain qualitatively the same for both cut-off and
PME electrostatics, in particular the transition from a/d to f/s dynamics with
increasing salt, up to where the micelle length is maximum. The differences between

cut-off and PME electrostatics in the a/d to f/s transitions are not as great as one might
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expect, given the exponential dependences of micelle breakage time and surfactant
escape time on the breakage and escape free energies. This is because the difference
in each of these free energies between cut-off and PME electrostatics are in the same
direction, and so compensate each other to some degree. That is, the much slower
breakage time implied by cut-off electrostatics, relative to PME, is compensated by
the much slower escape time of a surfactant, so that the transition from a/d to f/s is not
affected by the treatment of electrostatics as much as might otherwise be the case. The
prediction of absolute rates of micelle transitions will be affected to a much great
extent, however, which should motivate efforts to carry out free energy simulations

for either atomistically resolved molecules, or for improved coarse-grained

treatments.
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Figure 7. The ratio 7av/75- as a function of R for cylindrical micelles with micelle aggregation
numbers determined from Eq. 4 and tabulated in Table S6 for PME and cut-off electrostatics. The
cyan and gray zone represent the micelle size change dominated by a/d kinetics and f/s kinetics,

respectively.

3.5 Consistency of free energy calculations

A cylindrical micelle of a given size can be built up by either fusing together two
micelles of half that size, at a rate controlled by AGgciss, or by doubling a micelle of
half that size by successive addition of individual surfactants, at a rate controlled by
AGese. Since the micelle size distribution is set by thermodynamics, there must
therefore be an identity relating AGsciss to the AGese values for escape of a surfactant
from micelles of all sizes up to that of a cylindrical micelle. The detailed derivation of

the identity is given in Section 6 of the SI, but the most relevant result is given here:
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1 m p—
Au, = EZFz Ap,=AR, (5)
where Ap° is the average value of Ay° over the distribution of spherical micelles,

and m is the largest aggregation number of a spherical micelle, with larger micelles

considered to be “cylindrical.” Note that A, and Ay°, respectively, correspond to

the escape free energy AGesc from cylindrical and spherical micelles in this work.

Since the above identity requires knowing the escape free energies of all micelle sizes
at a given salt concentration, the only case for which we have in this paper obtained
the data needed to check this identity is that of SDS spherical and cylindrical micelles
with R=0. The average value of the escape free energy for SDS spherical micelles
with R=0 is found to be 8.41 kT while the escape free energy of a surfactant from SDS
cylindrical micelle with R=0 is 8.67 kT. The near equality of these two values
confirms the consistency of the free energies we have obtained by umbrella sampling

from MD simulations.

4. Conclusion

We here developed the first practical method for obtaining the free energies and
kinetic coefficients of micellar size transitions from molecular simulations. This
provides a crucial next step towards supplying the micelle-size-dependent rate
constants needed to make the Becker-Doring [37] and related models [24] applicable
to predictions of micellar kinetics in experiments. Determination of these rate
constants allows us to estimate for the first time the degree to which changes in
micelle size occur by adsorption/desorption of individual surfactant molecules or by
fusion/scission of micelles. To obtain these rate constants, we applied umbrella
sampling simulation methods [52-55] to spherical and cylindrical micelles of sodium
dodecylsulfate (SDS) in NaCl solutions and of cetyltrimethylammonium chloride
(CTAC) in NaSal solutions for various aggregation numbers (N) and salt-to-surfactant
molar ratios (R). We found a non-monotonic dependence of the surfactant escape free

energy AGese on N and R, with a peak at N = 60 and 80 for SDS and CTAC,
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respectively. At this &, a maximum AGe 1s achieved at R = 1, apparently because the
micelle is effectively charge neutralized by salt ions at this value of R. Using the
Smoluchowski equation with the computed values of AGese, we obtained the escape
time of a surfactant from a micelle as a function of N and R, with results consistent
with the literature [11, 52]. In addition, by using AGesc and ideal mixture theory, we
estimated the CMC of a spherical micelle, which was lower for CTAC surfactants
than for SDS ones [77], because of the longer hydrophobic tails of the former.

For cylindrical micelles, our simulations predict non-monotonic dependences of AGesc
and escape time 7 of surfactant as functions of R. For CTAC micelles, this
non-monotonic behavior is attributed to the electrostatic screening induced by ion
adsorption and the reduction of radius with increasing R. The maximum AGesc and 7zesc
occur at R ~ 0.67. The scission free energy AGsciss of a cylindrical micelle increases
slightly with R for SDS micelles, while for CTAC micelles a local maximum in AGsciss
as a function of R is found, which seems to be set by a combination of electrostatic
screening and the salt-dependence of the micelle radius [54]. The use of Particle Mesh
Ewald (PME) electrostatics rather than a simple electrostatic cut-off produces a
smaller AGgciss and a shift of the peak in AGgciss from R ~ 0.62 [54, 55] to R ~ 0.8.

By comparing the scission time estimated from AGsciss With the surfactant escape time
Tesc, W find that for CTAC/NaSal cylindrical micelles, with increasing R micelle
kinetics transition from a mixture of surfactant adsorption/desorption and micelle
fusion/scission to predominantly fusion/scission, and then back again, with
fusion/scission dominating near R ~ 0.67, approximately where the micelle length is
greatest. For SDS/NaCl cylindrical micelles, the micelle length is much less sensitive
to NaCl concentration, and a reverse transition towards greater dominance of
adsorption/desorption is found near R ~ 0.8, due to faster surfactant escape from the
micelle at this value of R. An identity relating the scission free energy to the escape
free energies of a surfactant from spherical micelles of all sizes and from a cylindrical
micelle is verified using our calculated free energies.

While the accuracy of the results presented here is limited by our use of

coarse-grained force fields, the methods pioneered here can in the future be
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implemented with atomistic forcefields, which should improve on their accuracy and

allow more quantitative comparisons with experimental results.
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