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A coarse-grained model is presented for the gemini block copolymer surfactant Ci3Hay CONH-POgs-
EO12.5-PO3-NHCOC;3H27, otherwise known by its trade name Jeffamine ED900Myr, used in the prepa-
ration of ordered mesoporous materials. From Single-Chain Mean-Field simulations, we find that the
surfactant is able to form spherical micelles whose structure is qualitatively similar to experimental
data. The critical micelle concentration, however, is orders of magnitude lower than the one reported
experimentally. This discrepancy between calculated and experimental critical micelle concentrations has
previously been observed for other strongly hydrophobic surfactant systems and suggests the presence of
non-equilibrium effects in the experimental system. By taking the kinetic effects into account in the for-
mation of the micelles, an apparent critical micelle concentration is found which is quantitatively similar
to the experimental value.
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1. Introduction

Surfactants are amphiphilic molecules with hydrophilic and hydrophobic moieties that interact
favourably and unfavourably with the surrounding solvent, respectively. Because of this particular
characteristic, surfactants are able to self-organise into well-defined geometric structures above a
concentration known as the critical micelle concentration (CMC). Over the last decades, surfac-
tants have appealed to researchers who have attempted to maximise their versatility for a broad
range of applications including: drug capture, transport and delivery mechanisms [1], waste water
purification treatments [2], hydrogel synthesis [3], design of biological materials [4] and nanotech-
nology development [5]. More recently, surfactants have been widely explored as templates for the
synthesis of mesoporous silica materials [6-10] whose dimensions and properties can be controlled
by modifying the chemical and physical properties of the surfactants. Depending on the experi-
mental conditions, two common methods are found for synthesizing mesoporous materials. At high
surfactant concentrations, liquid crystal can be used to set up the building blocks of the materials
whereas at low concentrations micellar phases are employed.

A significant number of theoretical works can be found in the literature that attempt to model
these templating systems. For instance, free energy models [11, 12] based on the different free en-
ergy contributions are able to describe important equilibrium properties such as the CMC, micellar
shape or phase behaviour. Unfortunately, there is a lack of explicit microscopic information given
the semi-empirical foundations of this approach. Conventional simulation techniques like Monte
Carlo (MC) [13] and molecular dynamics (MD) [14, 15] have been applied to study the aggregation
process for several kind of surfactant molecules. Nevertheless, equilibration problems have been
reported even for coarse-grained models of short nonionic surfactants, affecting the comparison
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of equilibrium properties like the aggregate size distribution or the CMC with experimental data
[15]. Alternative mean-field methods have also been considered where the system’s free energy is
formulated in terms of a set of sampling chains representing the surfactant, to be later minimised
ensuring an equilibrium regime. For example, the self-consistent field (SCF) [16] and single-chain
mean-field (SCMF) [17, 18] theories have been used to study block copolymer surfactants and have
proven to be efficient tools in the prediction of equilibrium properties. In both cases, the intermolec-
ular interactions are expressed by mean molecular fields. However, the SCF theory considers the
presence of overlapping conformations. This assumption affects the intramolecular energy given the
absence of excluded-volume interactions. Contrary to this, the SCMF theory can take into account
non-Markovian conformations by only including self-avoiding configurations in the set of sampling
chains. This leads to more realistic surfactant models and, in consequence, more precise estimates
of the system’s free energy. The results obtained by the SCMF theory have been compared with
Monte Carlo simulation [17] as well as with available experimental data such as the CMC, as in
the case of nonionic gemini surfactants [19], diblock poly(ethylene oxide) alkyl ether surfactants
(CLEOw) [18], and, poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) block copoly-
mers (EO,POLEO) [20].

Given the increasing interest to formulate mesoporous structures based on surfactant copolymers
with large molecular weights, this work is devoted to the development and simulation of a coarse-
grained model at 25 °C for the gemini surfactant C13Ho7CONH-PO3-EQ155-PO3-NHCOC3Ho7,
also known as ED900Myr, which has been synthesised by May and co-workers [8]. This surfactant
has been used as a molecular sieve for the preparation of ordered mesoporous materials. In the
following Methodology section the fundamentals of the SCMF theory and the connection with
macroscopic observables are described. In addition, the surfactant coarse-grained model and the
energetic parameters are introduced and details of the fitting procedure are given. In the Results
and Discussion section, the CMC and micellar structural properties are compared with the avail-
able experimental data. An explanation is given of the discrepancy found between the experimental
CMC and the one obtained by our simulations. This discrepancy is expected for very hydrophobic
surfactants [19-22] such as the one studied in this work and is discussed within a kinetics micelliza-
tion framework combined with the SCMF results. The article finishes with a section on the main
conclusions of this work.

2. Methodology

2.1. The Single-Chain Mean-Field Theory

The SCMF theory [17, 18, 20, 23, 24] is based on a central chain, «, whose intermolecular interac-
tions are described by molecular mean fields of other chains and solvent, whereas the intramolec-
ular contributions are obtained in an exact manner. These intermolecular fields are determined
self-consistently. The starting point of the theory is to consider the free energy of a system of N
physical chains in terms of the individual contributions from a set of sampling chains {a},

F= N/DaP[a]U[a] —|—kT/drcS(r) log ¢s(r) —i—Nk:T/DaP[a] log Plal, (1)

where k, T and Pa] are the Boltzmann constant, the temperature of the system and the probabil-
ity associated with conformation «, respectively. The term U[a] on the right hand side of the above
equation represents the intra and intermolecular energies of chain « with other conformations and
solvent. The solvent medium, denoted as S, is represented by its concentration fields cg(r) and is
related with the volume fraction by ¢g(r) = vgeg(r) where vg is the volume of a solvent monomer.
The second and third terms are the translational and conformational entropies of solvent and chain
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molecules.

The equilibrium solution of the system can be found by minimising the free energy given in Equa-
tion 1 with respect to the chain probabilities P[a] and the solvent concentration cg(r). A set of
Lagrange multipliers are used in order to include the volume-filling constraints which ensure that
the space is occupied by either solvent or chain molecules,

¢s(r) + NZ<¢i<r>> =1, (2)

where, (¢;(r)) is the average volume fraction of chain « at r. The subscript i refers to the different
chemical groups composing the surfactant which depends on the details of the chain model being
used. The averages in Equation 2 can be calculated from

(@i(x)) = [ PaPla] 6.1, (3)
(ei(r)) = / DaPla] cila, ),

where ) . ¢i(c,r) is the volume fraction of conformation « at r. Note that the previous expression
is also used to calculate the average concentration fields (c;(r)) based on the individual chain
contributions ¢;(a,r). The chain probabilities in Equation 3 are found to follow a Boltzmann
distribution

o~ Hlo]/kT

Pla] = o

(4)

where (@ is a constant that ensures the correct normalisation of the set of probabilities and H][«] is
the equivalent SCMF Hamiltonian for conformation « obtained from the minimisation procedure.
This Hamiltonian is found to contain three main terms, namely, (i) an intramolecular term which
can be calculated in an exact manner, (ii) an intermolecular energy representing the interaction of
chain « with the surrounding surfactant and solvent molecules through mean molecular fields, and,
(iii) a repulsive term containing the intermolecular steric repulsions. The explicit analytic form of
this Hamiltonian depends on the approximations taken into account during the minimisation of F,
for instance, see reference 20 for more details. Solutions of the nonlinear set of Equations 2-4 and
H o] provide all the required quantities for a surfactant system in an equilibrium regime, including
the concentration and volume fraction fields of solvent and surfactant chains, the size distribution
and the exchange chemical potential of surfactants. Moreover, the whole system of equations is
affected by the chain model taken into consideration given that the number of different moieties
directly affects the number of concentration and volume fraction fields as well as the number
of interaction parameters. This can be observed, as will be shown later in Section 2.4, in the
incompressibility condition given in Equation 2 and the SCMF Hamiltonian.

2.2. Connection with Macroscopic Quantities

We consider a system to be in equilibrium when the chemical potentials of free, u1, and aggregated,
(p2, ..., uN), surfactants are found to have the same value. Let us assume that the surfactant
system behaves ideally, that is, we consider that there are no interactions between aggregates and
free chains. This is a good approximation as long as the concentrations of free surfactants and
aggregates are sufficiently small. The concentration of aggregated, Xy, and free, X7, surfactants
can then be related by their corresponding standard chemical potentials u%, and ud, respectively,
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by

A
Xy=N [Xl exp (—NkTﬂ . (5)
The above equation is derived from the mass action model and can be related to the SCMF

equations. For a finite and non-Markovian set of sampling chains the following relation can be used
[24],

v 3, exp q) jwla]
= —log NZ exp(( Hla])>/W[] , (6)

1 — 1l
kT

where V' is the volume of the simulation box, Hi[a| and Hy[a] are the SCMF Hamiltonians for
free and aggregated surfactants, respectively, and W[a] is the Rosenbluth and Rosenbluth weight
which takes into account the bias introduced by the chain generation algorithm of self-avoiding
configurations [25].

2.3. Micellization Kinetics

According to Nyrkova and Semenov [26], the micellization mechanism can be assumed to be an
activation process involving collective energy barriers that may suppress or reduce certain relaxation
paths depending on their values. Under this assumption, the equilibrium distribution of surfactants
in aggregates in a dilute solution of surfactants and aggregates is,

Xy = N Xpe PN, (7)

where F (N, X) is the dimensionless thermodynamic potential that contains the difference between
the free energy of micellar aggregates and free chains. By relating the standard chemical potentials
and the thermodynamic potential, a connection with the SCMF formalism can be obtained through
the use of Equation 6 [19],

F(N,X;)=N (W) — (N —1)log X;. (8)

Given that the potential only depends on the size of the aggregates N and the concentration of
free monomers X7, it can be inferred that for surfactants to associate into micellar aggregates a
minimal energy regime must occur. This means that this potential ensures the existence of collective
energetic barriers that when overcome allow for the formation of micelles from the free chains in
solution.

2.4. Surfactant Model and Simulation Protocols

In this work we have chosen to model a block copolymer known by its trade name ED900Myr
(C13Ho7CONH-PO3-EO12 5-PO3-NHCOC3Hy7) where hydrophobic PO and hydrophilic EO
units represent the propylene oxide (CH(CH3)CH20) and ethylene oxide (CHyCH20) groups,
respectively. This system was synthesised from a polyoxyalkyleneamine by May and co-workers
[8]. In this work we have modelled both hydrophobic and hydrophilic groups by beads of size
o, which is also the distance between the centres of two consecutive beads. For simplicity, the
NHCO groups are not considered in this work since the free energy of the system is not expected
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Figure 1. Schematic diagram of the coarse-grained model used in this work to model the ED900Myr surfactant where blue, red
and gray beads represent PO, EO and methylene groups respectively. Top: the different chemical groups composing ED900Myr.
Middle: the coarse grained beads of the different monomers. Bottom: A typical chain conformation used in the simulations.

to be significantly affected by their presence or absence compared to the 32 CHs and PO units.
The schematic representation of the coarse-grained model used in this work can be observed in
Figure 1. We take into account the chain rigidity by including Kuhn segments of length eight
[18], four [20] and five [18, 20] consecutive beads for the CHy, PO and EO blocks, respectively.
If the block length is not exactly divisible by the Kuhn segment length, we assign a block of the
remaining beads as a rigid segment of shorter length. The interaction volumes are defined around
every bead by a spherical shell of volume 4/37(r3 , — o) where the value of the interaction radius
rint = 1.620 has been adjusted to maintain a coordination number of z = 26. In the interior
of these interactions volumes, the beads interact with the surrounding mean fields through the
corresponding square-well potential whose depth ¢ depends on the cross interactions. In addition
to the solvent field, we include the presence of the different chain moieties representing the
hydrophobic and hydrophilic units in the concentration, volume fraction and volume interaction
fields by the indexes {i,j} = {CHs, PO,EO}. This, together with the volume-filling constraint,
explicitly introduces the configurational details of the chain model as can be observed on expanding
Equations 2 and 3.

Taking into account the relationship between the Flory-Huggins and the energetic parame-
ters, €;; = kT'x;j/%, and that the interactions are symmetric, x;; = X;,i, the SCMF Hamiltonian
is found to be of the form

Ha] ~uingra(a) + (N — l)ij /erX@fI)i(a, r){c;(r)) + k7T /erXi7s¢i(a, rics(r) (9)

1] %

_kT/ 10g¢s Z@ar

The first term on the right hand side is the intramolecular energy of configuration « and can
be calculated in an exact way. In this work this value is calculated as the product between the
number of non-consecutive EO-PO, CHz-EO and CH3-PO contacts and the Flory-Huggins xro,po,
XcH,,Eo and xcH, po. The second and third terms represent the intermolecular interactions of «,
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Table 1. Energetic and structural parameters in the
coarse-grained model for ED900Myr at 25 °C.

Diameter (o) 1.0
Bond length (o) 1.0
Interaction radius (o) 1.62
EO-S interaction parameter (xgo,s) 0.5
PO-S interaction parameter (xpo,s) 1.77
CH2-S interaction parameter (xcH,,s) 3.984

CH2-PO interaction parameter (xcH,,p0) 0
CH2-EO interaction parameter (xcu,,r0) 0.34
PO-EO interaction parameter (xgo,pPo) 0.08

through its interaction volumes ®;(«,r) with the mean concentration fields of the chains (c;(r))
and solvent cg(r) molecules together with their energetic parameters x; ; and x;s. In Table 1 the
structural and energetic coarse-grained parameters adopted to model the surfactant ED900Myr
are shown. In this case we have a total of four different chemical species which gives rise to
6 independent interactions [27]. This is a good approximation for incompressible systems such
as the one studied in this work where the total number of contacts is approximately constant.
The interaction parameters between CHo, EO and the solvent species were given by Gezae and
co-workers for a set of nonionic polyethylene oxide alkyl ether diblock surfactants at a temperature
of 25 °C [18]. In a similar way, the energetic parameters between EO, PO and solvent units
were fitted in a previous work for poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
triblock copolymers at a temperature of 37 °C [20]. To obtain the Flory-Huggins energetic values
to model ED900Myr at our target temperature of 25 °C, we performed an optimisation procedure
based on the minimisation of an objective function which takes into account the difference
between the experimental and calculated CMCs [20]. In this case, it was only necessary to fit the
energetic parameters for PO-EO and PO-S interactions for this new temperature. We used as
target values the experimental CMC values of 1 x 1072 mol/L and 8.8 x 1072 mol/L for Pluronics
P94 (EO21PO49EO21) and L64 (EO13P030EO13), respectively, reported by Lopes and Loh [28] for
a temperature of 25 °C. These surfactants were selected given the considerable difference in the
number of their hydrophobic units which allows for the impact of the PO-S interaction to be more
accurately estimated. The initial estimates for the parameters were taken from our previous work
at 37 °C [20] to finally obtain the fitted values shown in Table 1. In addition, and due to the lack
of available experimental data, we assume a value of xcn, po = 0 as a reasonable estimate given
that xcwn,,ro is already relatively small and the PO group is expected to be more hydrophobic
than the EO group.

The SCMF simulations are separated into two stages. First, a set of non-overlapping sam-
pling chains {a} is generated inside a simulation box using the Rosenbluth & Rosenbluth
algorithm [25]. From these configurations the volume fractions ¢;(a,r) and interaction volumes
®,(a,r) can be estimated for every conformation, a, via a Monte Carlo integration method.
Furthermore, the intramolecular energy uintra(c) and the concentrations ¢;(a, r) can be calculated.
Second, by the solution of the SCMF equations, the mean molecular fields (¢;(r)) and (¢;(r)) are
found by solving Equations 3 which in turn requires the knowledge of ¢g(r), P[a] and the SCMF
Hamiltonian H[«| that are calculated from Equations 2, 4 and 9. As can be observed, the whole
process is self-consistent and is solved in an iterative manner.

In this work we assume that the aggregates have a one-dimensional spherical symmetry by dividing
the simulation box into concentric spherical shells with a width in the range of 1.00 — 1.20.
Different simulation boxes of sizes (500)3, (600)3 and (700)% were used to help check for the
presence of finite size effects. Sampling sets {a} of 1 x 107 conformations were generated to run
the simulations in 24-core AMD workstations with RAM memories of 32 GB.
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Figure 2. Schematic diagram of the surfactant micelles obtained from the set of most probable conformations of the chains.
(a) Spherical micelle with N = 100 for ED900Myr. (b) Cross-section view of the micellar aggregate where the chain with the
highest probability is highlighted. Red beads represent the hydrophilic EO groups and the hydrophobic PO and CHz units are
represented by blue and gray beads, respectively.

3. Results and Discussion

Our simulations reveal the presence of spherical micellar aggregates whose hydrophobic units
are placed in the interior of the micelle to minimise contact with the water solvent molecules.
A snapshot of the most probable configurations comprising a spherical micelle of aggregation
number N = 100, can be observed in Figure 2(a). A cross-section of the same micelle with the
highest probability conformation highlighted is given in Figure 2(b). These snapshots are merely
schematic and do not correspond to a real micelle given the mean-field nature of the SCMF theory.
The ED900Myr surfactant has a central hydrophilic block surrounded by exterior hydrophobic
blocks which force the surfactant to make a loop to place both these hydrophobic blocks in the
micellar core. The PO groups, which are positioned between the central hydrophilic and exterior
CHy block and have a weaker interaction with the solvent in comparison with the CHy groups,
are found in a shell around the hydrophobic core. In contrast, the more favourable interactions of
water solvent molecules with the EO hydrophilic groups promotes the formation of the EO units
in a final exterior shell around the more hydrophobic groups to prevent their contact with the
water medium. In Figure 3 the volume fraction profile as a function of the radius of the different
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Figure 3. Average volume fraction profile as a function of radius, r, for a ED900Myr micelle with an aggregation number
N = 100. The black line represents the volume fraction of methylene groups, blue and red lines correspond to the presence of
PO and EO units, respectively, while the dashed line represents the solvent profile.

surfactant groups, {(¢cm,(r)), (¢ro(r)), (¢ro(r))}, and solvent, (ps(r)), is given for a micelle
of aggregation number N = 100. As can be seen, the CHs groups occupy a maximum of about
94% of the available volume in the centre of the micelle to then decrease to eventually reach its
bulk value of 0.02% after 110. In contrast, the solvent has the opposite trend and in the bulk
occupies close to 100% of the solution and reaches a minimum and almost constant value of 6%
in the micelle core. The cores of the micelles found in our simulations are therefore not dry as we
find a significant fraction of solvent to be present. The volume fraction of hydrophobic PO units
increases smoothly away from the micelle centre to reach a maximum value close to 12% at 8o of
the available volume to later decrease. This behaviour is similar to the one corresponding to the
more hydrophilic EO corona which exhibits a much larger contact with the solvent molecules as it
forms the most external shell of the micelle with a maximum at 10c.

However, as can be observed in Figure 4, when the aggregation number of the micelle is increased
to N = 245 the hydrophobic methylene units are no longer able to occupy the centre of the micellar
core. As expected, as the micelle becomes larger, at some point the length of the methylene
blocks is not sufficient to reach the entire inner region. In consequence, the volume fraction of
water increases in the centre in order to occupy the available space in the hydrophobic core. The
surfactant chains are composed of five blocks with two hydrophobic ends. This means that there
is a high entropic cost needed to accommodate the hydrophobic blocks in the centre of the micelle
because of the looping of the surfactant. In addition, the chains have a certain rigidity according
to the already quoted Kuhn segments which make it even more difficult to form a loop. The
thicknesses of the PO and EO shells remain relatively constant for the two micelles at ~ 50 and
~ 60, respectively, as can be observed in Figures 3 and 4. This is because the imposed rigidity and
number of segments representing these blocks lead them to be relatively stretched. In contrast,
the fraction of occupied volume by these blocks in the larger micelle is almost double, reaching
approximately 20% of the available space.

Experimental data for ED900Myr [8] reveal the existence of spherical micelles with a diameter of
7 nm. However, no information on the aggregation number of the micelles could be found so it is
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Figure 4. Average volume fraction profile as a function of radius, r, for a ED900Myr micelle with an aggregation number
N = 458. The black line represents the volume fraction of methylene groups, blue and red lines correspond to the presence of
PO and EO units, respectively, while the dashed line represents the solvent profile.

difficult to compare directly with the experimental data. The aggregation numbers of N = 100
and N = 458 shown in Figures 3 and 4 were chosen as they correspond to two local minima in
the equilibrium state. From Figures 3 and 4 we obtain from our SCMF calculations radii of 12.5¢
and 17.50, respectively. If we assume that o = 0.5 nm as suggested in the literature [29] we obtain
diameters in the range 12.5-17.5 nm which is clearly far from the value reported by experiments.
It should be noted that each CHs unit in our simple coarse-grained model was taken to have
the same size as the EO or PO groups. The use of ¢ = 0.5 nm is without a doubt too large and
a much smaller value of half this amount would fit in better with the experimental observation,
particularly for the smaller aggregate. This is a rough approximation particularly when analysing
the structural properties of the micelles however the micellar free energy is expected to be less
affected by this assumption as the energetic and entropic contributions should be reasonably well
modelled. In any case, the value of ¢ = 0.5 nm should be valid for both PO and EO units. As
mentioned above, the thickness of the PO shell appears to be almost independent of the size of the
micelle and is found to be roughly 50 ~ 2.5 nm. Again, this value is much larger than the reported
experimental value of 1 nm. Another property that is useful to compare in micellar systems is the
aggregate size distribution. Unfortunately, this value was not reported.

To calculate the CMC, we start from the evaluation of the thermodynamic potential in Equation 8
from the SCMF simulations and Equation 6. In particular, we compute F(Nggq, CMC) = 0, and,
OF(N,CMC)|n=n,,, = 0 giving rise to association, Fy, and dissociation, Fy potentials. These
two potentials are responsible for the formation and dissociation of micelles by overcoming the
associated energetic barriers, as shown in Figure 5. As can be observed, F, is defined as the
maximum of the thermodynamic function F(N,X;) for X; = CMC, and corresponds to the
energetic barrier to be overcome by the surfactants to associate into micelles. On the contrary,
Fy is defined as the barrier to be surpassed for surfactants leaving micelles. Both are dependent
on the enthalpic/entropic balance influenced by the free monomer concentration according to
Equation 8. Based on this, three scenarios are possible [19, 26]. First, association of surfactants
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Figure 5. Thermodynamic Potential (N, X1) as a function of aggregation number in the equilibrium regime where F, = Fy
and X7 = CMC.

into micelles when the free monomer concentration is higher than the equilibrium CMC (F, < Fy).
Second, expulsion of surfactants from micellar aggregates when the free surfactant concentration
is below the CMC (F, > F;). Third, an equal rate of association and dissociation of surfactants
leaving or entering into micelles. In this case there is no net change and the number of micelles is
kept constant when the free surfactant concentration is the same as the CMC, (F, = Fy).

In addition to the global maximum energy barrier commented on in the previous paragraph, an
interesting series of local minima and maxima for the thermodynamic potential can be observed.
The presence of these minima can be expected to give rise to metastable micelles, subject
to the time scale applied in order for the system to stay within a given local minima. These
non-equilibrium structures can doubtlessly be related to the formation of premicelles which have
been reported by other authors in the literature. Only a few simulation studies have been devoted
to study the presence of premicelles and these studies have been restricted to relatively short
surfactants because of the spatial and temporal limitations found when equilibrating the systems
[30]. As a consequence, the nature of the physical mechanisms responsible for the presence of
these structures is still unclear from a microscopic point of view however our work shows that
these are likely to be metastable aggregates whose stability depends on the time scale used in the
simulations or experiment.

In general, the characteristic time for micellization to occur is defined by T, = Tpef™, where
Ty = 6mnR3/(NaggkT) is the elementary association time [26], n = 8.91 x 10~%kg/m.s is the
viscosity of water at 298.15K, R = 6.15nm is the hydrodynamic radius obtained from SCMF
simulations for free chains, k7 = 4.11 x 10~3kg.nm?/s? and Nagg the aggregation number in the
equilibrium regime. According to Figure 5, Ny4y = 1922, in consequence Ty = 4.9 x 10719, In
addition, F, ~ 1171 which corresponds to an association time T}, ~ e''7! being an astronomically
large time scale for the equilibrium micellization process to occur with the CMC of ~ 10~!"mol/L.
As already mentioned, the equilibrium CMC was calculated as the free monomer concentration
X1 that ensures that the association and dissociation potentials have the same value based on
Equation 8 and the standard chemical potential difference obtained from the SCMF simulations.
This CMC value that we find from our SCMF calculations is many orders of magnitude lower

10
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Figure 6. Thermodynamic potential (N, X1) for X1 = 1.1 x 1076 mol/L.

than the experimental values reported for similar nonionic gemini surfactant [21] systems with
a comparable number of hydrophobic methylene units. It is also orders of magnitude lower than
other diblock and triblock block copolymer surfactants [31]. In general, reported experimental
CMCs for the most hydrophobic surfactants lie in the range 108 — 10~%mol /L [22].

In order to understand this substantial difference between our calculated CMCs compared to the
reported experimental ones, it is useful to consider the definition of apparent CMCs made by
Nyrkova and Semenov [26], CMCP? which take into consideration the laboratory time scales used
in measuring experimental CMCs. In the CMC%? the number of free surfactants X7 is increased
arbitrarily in the thermodynamic potential in Equation 8 which forces the aggregation to occur
at much smaller time scales. As a result, F, decreases to an apparent value, Fy;'’, that causes
micellization to occur in the available experimental time Tg*P = Tpefs" . In essence, by taking an
initial estimate of Ty'7, it is possible to calculate the corresponding value of F,*" and hence the
apparent free monomer concentration CMCP,

An entropic contribution can be included in the association energy barrier to take into account
the non-continuous nature of the aggregation mechanism, namely that a whole surfactant has to
be added at one time to a micelle. Two processes are proposed in the elementary entrance of a
surfactant into an aggregate. In the first place, there is a slow approach of the surfactant to the
inner core, and second, a diffusion of the hydrophobic blocks of the surfactant into the aggregate
core. If the first scenario is taken as the dominant one [26], then the thermodynamic potential also
includes the term F(N +1/2, X;) = F(N, X1) —log 1, where ®; = X;v, and v, is the surfactant
molecular volume. This term affects the calculation of the time necessary to form micelles for
this regime given that the association barrier is taken from Fy"’ = max{F(N + 1/2,X1)}. In
Figure 6 the behaviour of the association barrier is given with an association time T5*’ = 1 h.
From our calculations Fy*P =~ 30 for a free surfactant concentration X; which corresponds to
CMCP = 1.1 x 1075 mol/L.

As can be observed, there is a difference of 11 orders of magnitude between the equilibrium CMC
and CMC?P, This huge difference shows the importance of the kinetic effects in the micellization
process for the ED900Myr surfactant. It should be possible to observe these kinetic effects

11
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experimentally, at least indirectly, for surfactant systems which are controlled by these processes.
For example, experimental observations of the CMC should show an unexpected behaviour when
either the experimental timescale is raised or the surfactant solvophobic length is sufficiently
increased. In the first case, the CMC is expected to decrease when the experimental timescale is
increased [19, 22, 26]. Although few experimental articles comment specifically on these effects,
surface tension measurements have been reported for stilbene-based geminis [32] where a decrease
of 2-fold of the CMC was found for samples aged over 24 hours at different temperatures. Similarly,
samples of Pluronic P85 aged over 1 or 16 hours are found to exhibit a decrease of one order
of magnitude [33]. It should be noted, however, that the authors suggest that this difference
was caused by experimental effects of the fluorescence measurements due to the presence of
supramolecular complexes of the DPH probe.

In the second case, the CMC is expected to decrease exponentially with respect to the length of
the hydrophobic block of the surfactant. If kinetic effects appear then the CMC is expected to
deviate from this exponential decay and saturate at a constant value. This statement is supported
by the fact that no CMCs have been reported below approximately 10~% mol/L [22]. In addition,
in the case of bis quaternary ammonium surfactants, a saturation of the CMC was found at
1075-107% mol/L [34, 35]. Furthermore, for dimeric poly(ethylene oxide) surfactants the CMCs
were found to saturate at 107¢ — 10~7 mol/L [21]. In contrast, shorter surfactants with higher
CMC values above 107° mol/L are not expected to exhibit non-equilibrium effects on typical
experimental timescales of an hour as has been corroborated from theoretical [12] and simulation
studies [19, 20]

It is also interesting to note that our predicted value CMC? when a time scale of one hour is
used is surprisingly close to the experimental one reported by surface tension measurements [8]
of 1 x 107%mol/L, although at a temperature of 20 °C. This temperature differs from the 25 °C
used in this work to optimise the energetic parameters, however, we do not expect a difference
of 5 °C to significantly affect our CMC value. Previous experimental data used to compare with
SCMF simulations for analogous diblock surfactants reveal only slight changes over a wide range
of temperature [31]. Furthermore, the PO units give a relatively small free energy contribution
in comparison with the methylene blocks given their larger number of units and the higher value
of the repulsive interaction. As a result, a difference of 5 °C is not expected to significantly
change the calculated CMC value and the good agreement between our simulated CMC to the
experimental value is expected to be conserved.

4. Conclusions

In this work we have presented a coarse-grained model for a polyoxyalkyleneamine based surfactant
ED900. The energetic parameters for interactions between methylene, ethylene oxide and water
units were taken from our published previous models, whilst the cross terms with propylene oxide
species were optimised using a previously developed fitting procedure. Our calculations reveal the
presence of spherical micelles whose structure agrees qualitatively with available experimental data
where the surfactants adopt loop configurations to form a hydrophobic methylene core surrounded
by less hydrophobic PO units and finally a corona composed of hydrophilic EO blocks. The coarse-
grained model could be further improved particularly in the treatment of the methylene groups
since their relatively much smaller size is not taken into account, or in the addition of the NHCO
groups which were not included in the present model. Although such improvements would be
expected to enhance the structural properties of the micelle such as the physical size of the core or
the aggregation number, the free energy estimates and hence the CMC should not be significantly
affected.

The calculated CMC value was found to deviate from the experimental one by several orders of
magnitude. In addition, the very low numerical value of the CMC indicates, according to the kinetic
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theory of micellization, that astronomical times must be needed to observe the equilibrium CMCs.
The formation of aggregates on a shorter time scale, typical of the ones available in a laboratory,
requires the use of surfactant concentrations well above the equilibrium ones. In other words, non-
equilibrium aggregates can be forced to form at a chosen time scale by arbitrarily increasing the
free surfactant concentration giving rise to an apparent CMC for ED900Myr close to 10~% mol/L on
a time scale of one hour. Strikingly, this apparent CMC is very close to the reported experimental
value.
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