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In order to determine the critical micelle concentration (CMC) of aqueous dodecyltrimethylammonium chloride (DTAC),
a screening of the DTAC gathering process at different molalities by performing dissipative particle dynamics (DPD)
simulations over mesomolecules whose beads interact via repulsive conservative forces was performed. Conductor-like
screening model for real solvent quantum methodology, applied to molecular segments that describe the DTAC chemis-
try and were mapped onto the DPD beads, allows us the computing of activity coefficients at infinite dilution to obtain
thermodynamic Flory–Huggins interaction parameters, from which we calculated the maxima repulsive conservative
forces, that is, the DPD interaction parameters. Results indicate that at room temperature the CMC is 0.0217 mol/kg,
the aggregation number ranges from 46 to 54 molecules, and the aggregate radius varies from 19.58 to 22.02 Å; all
values are in excellent agreement with literature reported experimental ones of 0.0213 mol/kg, 47 6 5 molecules, and
20.1 Å. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 4413–4423, 2013

Keywords: critical micelle concentration, dissipative particle dynamics, conductor-like screening model for real solvents,
Flory–Huggins interaction parameter, infinite-dilution activity coefficient

Introduction

One of the major challenges in the oil industry is the
recovery factor enhancement for mature fields possessing
naturally fractured carbonate formations. In order to maintain
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the reservoir pressure and increase the recovery factor after
primary recovery, waterflood processes have been imple-
mented.1,2 However, fractured carbonate reservoirs have the
characteristic of possessing oil- or oil–water-mixed-
wettability because of the adsorption of acidic components
present in the crude oil,3,4 consequently, the capillary driving
force, for the spontaneous imbibition process of water, is
weak and, therefore, the oil migration from matrix to frac-
tures is poor or null, leading to low waterflooding oil recov-
eries.5 It has been reported in a series of articles6–14 that the
recovery efficiency from naturally fractured carbonate reser-
voirs can be improved by dissolving in the injection water
cationic surfactants of the type tetraalkylammonium salts,
RAN(CH3)X (R 5 Cn, 8 � n � 16, X 5 Cl or Br), thereby
achieving to alter the wettability of the reservoir rock to
become more water wet. The extensive experimental work
concludes that cationic surfactants are able to irreversibly
desorb carboxylic materials from the chalk surface via the
formation of ion pairs between the surfactant cationic heads
and the anion components of crude oil.

For those RAN(CH3)X at concentrations above the critical

micelle concentration (CMC), two main facts occur: the

imbibition rate and total recovery increase as the cationic

surfactant concentration increases,6 and the contact angle of

water in air on the chalk surface decreases to zero.14 For the

values well above the CMC, the total recovery decreased

with increasing surfactant concentration; it has been rational-

ized in terms of the solubilization, by means of micelles, of

oil recovered in the surfactant solution. At concentrations

below the CMC, the potential to expel oil from the rock

decreases drastically.6 All these suggest that there exists an

optimum surfactant concentration for cationics, typically

above the CMC, for a considerable wettability alteration that

leads to an effective oil recovery by capillary imbibition in

chalks.
Conversely, computational molecular modeling and com-

puter simulation combine methods that cover a size range of

spatial and time scales, going from the subatomic scale of

the quantum mechanics, passing by the atomistic and nano-

scale level of the molecular mechanics, molecular dynamics,

and Monte Carlo methods, among others, up until the micro-

metric focus of the mesoscale modeling.15 The quantum

mechanics methods allow the simulation of systems contain-

ing hundreds of atoms. The molecular mechanics is an

appropriate method to calculate the structure and behavior of

larger molecular systems. The mesoscale modeling can study

even larger molecular systems and is particularly useful in

the study of the hydrodynamic behavior of polymers and

soft materials, and of the nanocomposite morphology16,17; it

uses a basic unit, an agglomeration of atoms called bead,

obtained through a coarse-graining mapping procedure. An

example of mesoscale theories is the dissipative particle

dynamics (DPD).18

DPD have been used to simulate ammonium quaternary
salts such as cetyltrimethylammonium bromide (CTAB) at
oil/water interface. Three different microstructures, spherical
oil in water, interfacial phase, and water in oil, were
observed with the oil/water ratio increasing; besides, it was
shown that CTAB has a high interfacial efficiency at the oil/
water interface, that is, the increase of surfactant molar frac-
tion from 0.004 to 0.1 corresponds to a 90% reduction of the
interfacial tension.19 By the analysis of the DPD simulated
interface tension and microstructure, a phase diagram has

been predicted, which is consistent with experimental
results.20 DPD simulations of the aggregation of CTAB in
water and ethanol/water mixtures reflected that tail groups of
CTAB interact more strongly with ethanol than with water,
which elucidates the difficulty of micelles to form in etha-
nol.21 A mesoscopic simulation study through the DPD
method on the interaction between the hydrolyzed polyacryl-
amide polymer and C12NBr (dodecyl-oxypropyl-b-hydroxyl
trimethyl-ammonium bromide) or C9phNBr (nonyl-phenyl-
oxypropyl-b-hydroxyl trimethyl-ammonium bromide) in
aqueous solution showed that C12NBr is most likely to form
polymer/surfactant complex in contrast to C9phNBr, and the
DPD results were validated via experiments of binding iso-
therms.22 DPD simulations can be used to predict interfacial
tensions and its modification due to the presence of a surfac-
tant in the interface between oil and water, and also to inves-
tigate the wettability alteration of dolomite reservoir rock
surfaces by surfactant aqueous solutions,23 as well as the
increase of the contact angle of an oil drop on a dolomite
rock surface in a surfactant aqueous solution medium, rela-
tive to that obtained in pure water, due to a lowering of the
interfacial tension at the water–oil interface, instead of rock–
fluid interfacial tension.24

Originally, the mesoscopic simulation technique DPD is
aimed to simulate soft spherical beads interacting through a
pair-wise potential, and thermally equilibrated through
hydrodynamics evolution.25,26 Then, the methodology was
extended to describe polymeric and surfactant systems by
introducing bead-and-spring type models.27–29 A bead repre-
sents several atoms of a molecular fragment owning a spe-
cific chemistry that are lumped together into a single
simulation particle.30 The total force on each DPD particle is
expressed as a sum of three pair-wise additive terms: (1) a
conservative force, which is taken to be a soft repulsion; (2)
a dissipative force, proportional to the relative velocity of
the beads; and (3) a random force, necessary to maintain the
system temperature.31 For molecules of various monomers
an additional force, coming from the spring potential energy,
must be included. Although the dissipative and random
forces act in unison as a thermostat for the simulation evolu-
tion, it is the conservative soft repulsive force that embodies
the essential chemical behavior of the system. This conserva-
tive pair-wise repulsive force fij between the beads i and j is
characterized by a maximum value, aij, and it acts within a
cutoff distance, rcutoff

18: fij rð Þ5aij 12r=rcutoffð Þ if r � rcutoff ;
otherwise fij rð Þ50. The so-called DPD interaction parameter
aij is related with the Flory–Huggins thermodynamic interac-
tion parameter vij,

32 for a mixture of the molecular frag-
ments represented by the beads i and j, through18

aij52513:5vij (1)

This aij–vij relation, which holds when there are q53
beads within a r3

cutoff cubic volume, opened the way to do
large scale simulations, realistically describing millions of
atoms, by first performing simulations of molecular frag-
ments retaining atomistic details to derive vij parameters,
then second using these results as input to a DPD simulation
to study the formation of micelles, networks, mesophases,
and so forth. There are several approaches suggested in poly-
mer science, which link the vij parameter to solubilities and
mixing energies of the polymeric components.33 For instance,
the Monte Carlo method evaluates the averaged mixing ener-
gies hEmix

ij i of two species from their pair contact energies,
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and then Flory–Huggins parameter is obtained as
vij5hEmix

ij i=RT.34 Another extensively used method involves
the di solubility parameter, obtained from atomistic molecular
dynamics simulations for pure species i, allowing the calcula-
tion of Flory–Huggins parameter as vij5Vb di2dj

� �2
=kT,35,36

where Vb is the DPD-bead volume. In a third approach, inter-
action repulsive DPD parameters aij are coupled to binding
energy values between different species resulting from atom-
istic molecular dynamics simulations.37 It is worthy to men-
tion that in all these approaches, the interatomic interactions
are described by forcefields,38–40 that is, the connection from
nanoscale to mesoscale is taken into account via classical
simulations.

In this article, a procedure for transferring molecular infor-
mation from quantum-atomistic scale to mesoscale is presented,
and then applied to obtain the CMC of dodecyltrimethylammo-
nium chloride (DTAC, Figure 1a) in aqueous solution, by
means of computer DPD simulations of the micellization pro-
cess for a series of ammonium quaternary salt concentrations at
room temperature.

Methodology

Now, in this section, we provide the methodology used to
generate input information involved in micelle formation
DPD simulations for surfactant solution models, that is, we
describe the coarse-grained process in which DTAC and
water molecules are mapped into beads, then the quantum
computational methodology used to calculate the DPD inter-
action parameters aij, and, finally, the relationship between

real and simulation surfactant concentrations for mesoscopic
runs.

Along this methodology, four different model entities will
be considered: (1) the whole DTAC and water molecules
that constitute the real system; (2) the substances to be
actually mapped, that is, both the molecular fragments,
which properly capture the chemical nature of segments of
the DTAC molecule, and the water molecule itself; (3) beads
representing the substances; and (4) mesomolecular models
for the DPD simulations constituted by the beads.

From atomistic to mesoscale description of molecules

In the coarse-grained process to build up the DPD beads,
it is a fundamental assumption that all bead types are of the
same volume Vb even when representing distinct species.36

In this manner, we have dissected the molecular structure of
DTAC into three segments properly in view of their chemi-
cal nature (Figure 1b): a polar head composed of both the
cation [N(CH3)4]11 along with the anion Cl12, forming a
substance represented by the bead H, and the hydrophobic
tail composed of two molecules of n-hexane, each one repre-
sented by a bead T. Consequently, the DTAC molecule is
represented at the mesoscale through a so-called mesomole-
cule assembled with two beads T and one H (Figure 1c). For
this article, we define the bead volume Vb as the ratio
between the volume V2 of the whole DTAC molecule (Fig-
ure 1a) and the number of beads of its mesomolecular repre-
sentation, ‘5 3

Vb �
V2

‘
(2)

Particularly, in turn, water substance is represented
through a bead W, whose volume Vb is filled by a cluster of
m water molecules (Figure 1d), being m defined as

m � Vb

V1

(3)

where V1 is the volume of a single water molecule. The vol-
umes V1 and V2 could be obtained at least by either of the
following three different methods: (1) using experimental
mass densities and molecular weights;* (2) performing
forcefield-based molecular dynamics simulations at constant
pressure and constant temperature;† and (3) combining a
quantum chemical description of a molecule with an approx-
imate continuum description of the surrounding solvent, such
as in the conductor-like screening model (COSMO), further
described. For methodological consistency with the
quantum-atomistic–based calculations of the Flory–Huggins
parameter vij here proposed, we use the latter method. There,
a solute molecular cavity is built up in the continuum sol-
vent using atomic radii, typically in the range of 1.2 times
Bondi radii.41,42

Statistical-thermodynamics-based relation to calculate
Flory–Huggins interaction parameters

In order to compute the DPD interaction parameters aij

between any pair of the above mentioned beads H, T, or W,

Figure 1. (a) Atomistic model for the DTAC molecule.

(b) Partition of DTAC into molecular segments. (c) Mes-

omolecular representation of a DTAC molecule. (d) Left:

cluster of m water molecules contained within the vol-

ume of a bead. Right: Mesomolecule representing this

cluster. (Atom colors: white, hydrogen; gray, carbon;

blue, nitrogen; red, oxygen; green, chlorum. Bead colors:

green, T; red, H; blue, W). [Color figure can be viewed

in the online issue, which is available at

wileyonlinelibrary.com.]

*The molecular volume can be estimated by means of v5M= NA � qð Þ, where M, NA,
and q are the molecular weight, Avogadro number, and mass density, respectively.
This equation, however, provides actually the effective volume per molecule.

†The effective volume per molecule for one species is calculated through v5V=N,
where V and N are the simulation cell volume and the total number of molecules con-
tained in the cell, respectively.
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it is necessary, owing to Eq. 1, to obtain the vij Flory–Hug-
gins interaction parameters for each one of the three possible
binary condensed-phase molecular mixtures, specifically:
[N(CH3)4]Cl/n-hexane, [N(CH3)4]Cl/H2O, and n-hexane/H2O
pairs. According to the liquid lattice theory, vij is determined
from the original lij-vij Flory–Huggins thermodynamics rela-
tion (Eq. 4, below). In Eq. 4, lij is the chemical potential of
the solvent i in mixing with the solute j. Explicitly, for
binary solutions in which the solute has higher molecular
volume than solvent

lij /j

� �
2lP

i 0ð Þ5RT ln 12/j

� �
1 12

1

rij

� �
/j1vij/

2
j

� �
(4)

where lP
i is the standard state chemical potential of the pure

solvent, rij5vj=vi is the ratio of molecular volume of the sol-
ute to that of the solvent, and /j is the volume fraction of
the solute in the binary solution.

Conversely, left-side term of Eq. 4 can be related to the
solvent activity coefficient cij by the equation43

ln xicij

� �
5

lij2lP
i

RT
(5)

being xi the mole fraction of solvent i. The liquid lattice
theory replaces the mole fractions by volume fractions;
therefore, in terms of the /j solute volume fraction, xi is
expressed as‡

xi5
12/j

12 12 1
rij

� 	
/j

(6)

Now, combining Eqs. 4–6, the vij Flory–Huggins interac-
tion parameter can be calculated from the expression44,45

vij5
ln cij

� �
2ln 12 12 1

rij

� 	
/j

h i
2 12 1

rij

� 	
/j

/2
j

(7)

In the Flory–Huggins liquid lattice theory, the mixing
enthalpy DHmix;ij is connected with vij through
DHmix;ij 5kTvij�mi/j, where mi is the number of solvent mole-
cules i.32 The product mi/j is the average number of neigh-
bor contacts among unlike molecules; thus, the maximum
transferred mixing heat around sites of molecules i would
occur when these sites are coordinated exclusively by sites
of molecules j, namely, when /j ! 1. As a result, the aij

DPD maximum repulsion forces must be calculated through
the infinite dilution limit of vij

45

v1ij � lim
/j!1

vij5ln c1ij

� 	
1ln rij

� �
2 12

1

rij

� �
(8)

where c1ij is the infinite dilution activity coefficient of the
solvent i in mixing with the solute j.

COSMO-RS calculation of the infinite dilution activity
coefficients

We have used the conductor-like screening model for real
solvents (COSMO-RS) quantum chemical theory41,46 to a
priori compute the natural logarithm of the infinite dilution

activity coefficient, ln c1ij

� 	
, requested in Eq. 8, by means of

a statistical thermodynamics treatment of interacting surface
charges of the molecules i and j. First, using the TURBO-
MOLE software47 through TMoleX interface, Version 3.1
(2011), a density functional theory (DFT) based geometry
optimization of each molecule is performed under the
COSMO continuum solvation model,48 that is, as if embed-
ded in a dielectric medium via a molecular surface or cavity
that is constructed around the molecule. Each segment of
this surface is characterized by a screening charge density
(SCD), which takes into account the electrostatic screening
of the molecule by its surrounding and the back-polarization
of the molecule. In general terms, the cavity surface is dis-
cretized in small segments. On each segment , a constant
SCD is assumed, which yields a screening charge

, with being the area of the segment. This
allows the calculation of the Coulomb interaction matrix A

of the segments. For the molecular charge distribution, that
is, nuclear charges and electronic density, a new set of
screening charges are calculated from the conduc-
tor condition of vanishing total potential:

V total 5Vmolecule 1Aq�50; here, Vmolecule is the electrostatic
potential produced by the molecule on the segments. Further-
more, the screening charges qi of the dielectric medium (of
permeability e) are scaled from the screening conductor

charges through . These screening

charges are substituted again as an external field into the
quantum formalism. At the end of the quantum chemical
self-consistency and geometry optimization loops, the SCD
supplied by the continuum on each position of the molecular
contact surface is known.

Afterward, by using the COSMOthermX software,49 a liq-
uid mixture is considered under the COSMO-RS model, that
is, as an ensemble of closely packed ideally screened mole-
cules i and j in which an electrostatic interaction arises from
the contact of the different SCDs calculated by TURBO-
MOLE. The link between the microscopic surface interaction
energies and thermodynamic properties, such as the macro-
scopic activity coefficient cij of the compound i in mixing
with compound j, is provided by statistical thermodynamics
calculation of the pseudochemical potential, lpseudo

ij , which is
the standard or reference chemical potential lij minus
RTln xið Þ.46,50 So, when the calculation of the activity coeffi-
cient is toggled in COSMOthermX run, the output gives the
result of ln cij

� �
5 lpseudo

ij 2lP
i

� 	
=RT ,41 which is equivalent

to Eq. 5.§

The quantum chemical DFT TURBOMOLE runs used the
resolution-of-the-identity approximation with a triple-zeta
valence polarized atomic basis (def-TZVP)51 and Becke-Per-
dew (BP, i.e., B88-VWN-P86) functional, where VWN
stands for Vosko, Wilk, and Nusair.52 For the purpose of
COSMO-RS applications, COSMO calculations considered
the molecules i and j as if each molecule was immersed in a
perfect conductor (e51).53 For both self-consistent-field and
geometry optimization convergence cycles, energy difference
threshold was set to 1029 Ha. Corresponding to the method
and basis set level of TURBOMOLE runs, COSMOthermX
used the parameter file BP_TZVP_C21_0111.ctd,50 which
contains the parameters required to produce reliable, high
quality calculations of physicochemical data. Then, the natu-
ral logarithm of the coefficient of activity at room tempera-
ture was evaluated at infinite dilution (xi50 and xj51); it is

‡Equation 6 can be deduced by using the relations xj=xi5nj=ni, /j=/i5njvj=nivi,
xi1xj51, and /i1/j51, where nl (l5i; j) is the mole number of substance l in a
binary mixture.

§Equation 5 is obtained by substituting lpseudo
ij � lij2RTln xið Þ into

ln cij

� �
5 lpseudo

ij 2lP
i

� 	
=RT .
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worth to note that the pure “solvent” in COSMOthermX is
actually the solute j.

For methodological consistency, as it has been mentioned,
and because of cavity volumes in COSMO agree quite well
with the molecular volumes derived from experimental den-
sity,41 the COSMO molecular volumes reported in the output
of the TURBOMOLE runs are taken for the evaluation of
the ratios rij of molecular volume of the solute to that of the

solvent. Once the values of ln c1ij

� 	
and rij are obtained, the

DPD interaction parameters aij are calculated by combining

Eqs. 1 and 8. Likewise, the volumes V1 and V2 (required at
Eqs. 3 and 2, respectively) will be the COSMO molecular
volumes of a single water molecule and a whole DTAC one,
respectively.

Definition of the solvent–solute DPD system

We have performed mesoscopic simulations through DPD
module of Materials Studio (MS), Version 6.0.0, by
Accelrys. In aim of generating an input model of the solu-
tion system, we have converted surfactant concentrations c
into uDPD

1 and uDPD
2 volumetric fractions of a DPD-

simulation-cell filled by solvent water and solute DTAC
mesomolecules, respectively, and set up the size of the DPD
simulation cell.

From Figure 1, it can be realized that there will be N1 water

molecules per NDPD
1 5N1=mð Þ water mesomolecules, and N2

DTAC molecules per NDPD
2 5N2ð Þ DTAC mesomolecules. In

this way, the numbers Nb;15NDPD
1 and Nb;25‘NDPD

2 of beads

belonging to water and DTAC mesomolecules in the DPD
simulation cell, respectively, are

Nb;15
N1

m
Nb;25‘N2 (9)

The volume fractions are defined as uDPD
s � Vcell

s =Vcell

(s51; 2), where Vcell 5NbVb and Vcell
s 5Nb;sVb are the

full volume of the DPD simulation cell and the partial volume
occupied by mesomolecules s, respectively, with Nb5Nb;11

Nb;2 as the total number of beads contained in the DPD simu-
lation cell, that is, uDPD

s equals the relative amount of beads
belonging to mesomolecule s, Nb;s=Nb. As a consequence,
uDPD

2 512uDPD
1 and

uDPD
1 5

n1

m
n1

m 1‘n2

(10)

where ns5Ns=N is the mole fraction of molecule s in the
laboratory solution, and N5N11N2 is the total number of all
molecules in the solution (therefore, n2512n1). The solvent

mole fraction n1 connects with the solute DTAC molality c
(mole number of solute per kg of solvent) as¶

n15
1

11cM1

(11)

where M1 is the molecular weight of the solvent water.
Conversely, the DPD simulation cell is a supercell com-

posed of rcutoff -side cubic unit cells allocating q beads each
one. The extents of the DPD simulation cell are Lx3Ly3Lz,
where Lk represents the number of unit cells in the direction
k (k5x; y; z); that is, the DPD space will be adimensional.
Then, the total number of beads Nb contained within the
simulation cell is

Nb5 q Lx3Ly3Lz

� �
(12)

and, finally, the number of water mesomolecules, NDPD
1 , and

those of DTAC, NDPD
2 , are

NDPD
1 5uDPD

1 Nb

NDPD
2 5

uDPD
2 Nb

‘

(13)

Consequently, a precise computation of the corresponding
number of real atoms that constitute the mapped DPD sys-
tem can be done as Natoms 5mZ1NDPD

1 1Z2NDPD
2 , where

Z153 and Z2551 are the number of atoms of a molecule of
water and DTAC, respectively (Figure 1).

Results and Discussion

The molecular COSMO volumes for DTAC and H2O
reported in Table 1 give the DPD bead volume of
Vb5132:58 Å3, which matches to the volume of m55:177
water molecules. For calculations of the solute-to-solvent
molecular volume ratios rij among substances represented by

beads as reported in Table 2, water is taken as the default sol-
vent in [N(CH3)4]Cl/H2O and n-hexane/H2O mixtures, whereas
in the [N(CH3)4]Cl/n-hexane mixture, former compound is
taken as the solvent due to its electric dipolar moment. Values
of the DPD interaction parameters aij among beads i and j, as

calculated through c1ij and v1ij for solvent i in mixing with sol-

ute j, are also shown in Table 2. All diagonal aii DPD interac-
tion parameters, not shown in Table 2, were assigned the value
25, according to Eq. 1, as the interaction parameters vii are zero
for the pure-substance in the Flory–Huggins theory.**

It is worthy to note that the Flory–Huggins interaction
parameter v1WH for water at infinite dilution in the quaternary

Table 1. Molecular Volumes of Aqueous Solution Com-

pounds and those of Species Represented by Beads

Molecule

Volume

Atomic Units Å3

H2O 172.84 25.61
DTAC 2,684.16 397.75
[N(CH3)4]Cl 1,076.33 159.50
n-Hexane 980.59 145.31
Bead Vb5132:58 Å3

For volume conversion, 1 atomic unit 5 0.14819 Å3.

Table 2. Molecular Volume Ratios rij, Natural Logarithm of

Infinite Dilution Activity Coefficients c‘
ij , Flory–Huggins Inter-

action Parameters v‘
ij and DPD Interaction Parameters aij

Bead i
(Solvent)

Bead j
(Solute) rij ln c1ij

� 	
v1ij aij

W H 6.227 22.2579 21.2681 20.66
W T 5.673 7.2214 8.1334 52.85
H T 0.911 14.2369 12.9746 69.43

¶The molality is c5 N2=NAð Þ=mtot
1 , where mtot

1 5N1 M1=NAð Þ is the total mass of the
N1 molecules of solvent. Solving these equations along with N25N2N1, one finds
Eq. 11.

**The Flory–Huggins interaction parameter is defined as vij � zDeij=kT,32 where z
is the lattice coordination number and Deij � eij2 eii1ejj

� �
=2 is the interchange

energy per new formed contact, and eij are the contact energies. Thus, as Deii50, so
vii50.
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nitrogen compound [N(CH3)4]Cl is negative, that is,
aWH < 25, in agreement with Ref. 21 but contrasting with
those aWH > 25 obtained in Refs. 20 and 22 (these literature
values were calculated from Monte Carlo simulations). Com-
parison in Figure 2 of the SCD profiles among water and
[N(CH3)4]Cl helps inferring the correct sign of v1WH .

The broad peaks around 20.015 and 10.015 e/Å2 in the
SCD profile of water (Figure 2a) reflect the ability of water
to act as a charge acceptor as well as an donor, respectively;

negative partial charges of atoms cause positive SCD and
vice versa. When a charge acceptor in another compound
has an SCD that is greater than 10.01 e/Å2, or if a charge
donor has an SCD that is below 20.01 e/Å2, it can form
hydrogen bonds with water.46 The broad peak around
10.015 e/Å2 in the [N(CH3)4]Cl SCD-profile (Figure 2b),
resulting from the chlorine atom, complements with the
charge acceptor peak of water (20.015 e/Å2), whereas the
peak at 20.010 e/Å2 derived from the [N(CH3)4] atoms, lies
just at the edge to complement with the charge acceptor one
(10.015 e/Å2). This means that water and [N(CH3)4]Cl
should mix quite favorably, that is, the corresponding change
in the free energy of mixing, DGWH , must be negative. In
the Flory–Huggins theory,32 DGij5RT niln /i1njln /j1

�
vijni/jÞ; thus, as /l � 1, the entropic contributions satisfy
nlln /l � 0 and, therefore, the limit at infinite dilution of
water in [N(CH3)4]Cl must lead to a negative v1WH . DPD
runs performed for a mix of W and H bead monomers con-
firm that there is a homogeneous mixing (Figure 3a).

The n-hexane is the least polar fragment (Figure 2c). This is
reflected in the narrow distribution of the charge densities for
n-hexane in the SCD region around zero,46 where the SCD of
both water and [N(CH3)4]Cl are relatively low; that is, there is
an insufficient electrostatic interaction among n-hexane and
these polar molecules, leading to phase separations among
monomers of T bead and either W or H beads (Figures 3b,c),
and, therefore, to positive values of both v1WT and v1HT .

Importantly, we can confirm the correct value of v1WT , and
hence of aWT , from experimental interfacial tension at 25�C
among water and n-hexane, r551:10 dyne/cm.54 From
the DPD run output for the mix among W and T bead mono-
mers, it is obtained a dimensionless interfacial tension of
rDPD 52:28, which allows the calculation of the physical one
through r5 kT=r2

cutoff

� �
rDPD ,36 where

Figure 2. SCDs and their distribution functions for (a)
water (black line), (b) [N(CH3)4]Cl (gray line),
and (c) n-hexane (light gray line).

Rainbow colors stand for: blue, negative SCDs; green,

neutral SCDs; and red, positive SCDs. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3. DPD simulations of 1:1 mixes among monomers of (a) W and H beads, (b) W and T beads, and (c) H and
T beads.

Runs were performed in a 20310310 box with an equilibration period of 10,000 steps followed by a production stage of 50,000

steps. Bead colors as in Figure 1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 3. Mole Fractions ns, Volume Fractions uDPD
s , Number of Mesomolecules NDPD

s (s51; 2, or Equivalently, s5 H2O,

DTAC), and Total Number of Real Atoms Natoms Simulated in the Mixing Among Water and DTAC, all as Functions of the

Concentration c of DTAC in Aqueous Solution

c (mol/kg) nH2O nDTAC uDPD
H2O uDPD

DTAC NDPD
H2O NDPD

DTAC Natoms

c1 5 0.0050 0.99991 0.00009 0.99860 0.00140 80,887 38 1,258,197

c2 5 0.0100 0.99982 0.00018 0.99720 0.00280 80,773 76 1,258,365

c3 5 0.0151 0.99973 0.00027 0.99580 0.00420 80,660 113 1,258,497

c4 5 0.0201 0.99964 0.00036 0.99441 0.00559 80,547 151 1,258,680

c5 5 0.0252 0.99955 0.00045 0.99301 0.00699 80,434 189 1,258,863

c6 5 0.0302 0.99946 0.00054 0.99161 0.00839 80,320 227 1,259,030

c7 5 0.0353 0.99936 0.00064 0.99021 0.00979 80,207 264 1,259,162

c8 5 0.0404 0.99927 0.00073 0.98882 0.01118 80,094 302 1,259,345

c9 5 0.0455 0.99918 0.00082 0.98742 0.01258 79,981 340 1,259,528

c10 5 0.0507 0.99909 0.00091 0.98602 0.01398 79,868 377 1,259,660

For calculations of ns, we have used the water molecular weight value of 0.018015 kg/mol.
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rcutoff 5
ffiffiffiffiffiffiffiffi
qVb

3
p

(14)

In general, the Flory–Huggins interaction parameter vij

characterizes the interaction energy per solvent monomer

divided by kT32; in particular, v1WT measures the interacting

energy within a volume equal to that of a water molecule.

Thus, for the binary W-T bead monomer mix (Figure 3b) we

set VWT
b 5V1, which gives rWT

cutoff 54:25 Å and, consequently,

r551:93 dyne/cm, in excellent agreement with the above

experimental value as it deviates only 1.6%, validating our

DPD interacting parameter aWT . Beside, as peaks of the

[N(CH3)4]Cl SCD-profile are more intensive than those of

water, it is expected a stronger repulsion among

[N(CH3)4]Cl and n-hexane than that among water and

n-hexane. Thus, the fact that the H/T interface is most flat

than the W/T one (Figures 3b,c) is due to aHT 569:43 >
aWT 5 52:85 (Table 2).

We have set the DPD-simulation-cell dimensions at
30330330 unit cells; thus, it contains 81,000 beads, which
are representing around 1.26 millions of atoms. Table 3
shows in gray columns the volume fractions uDPD used
through the MS mesostructure builder as input for DPD sim-
ulations for each salt concentration.†† The experimental
value for CMC of DTAC at room temperature reported in

Figure 4. Images of DTAC distribution at the end of 100,000 steps of DPD simulations and for the selected molal-
ities.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

††In the MS mesostructure builder, the dimension units used to build simulation
cells were set to reduced ones (i.e., DPD units). In order to generate the number of
water and DTAC mesomolecules just as in Table 3, we have adjusted the reduced-
density value to exactly 3, instead of the default 3.0833.
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literature is 0.0213 mol/kg.55 Then, we performed DPD sim-
ulations from 0.005 to 0.0507 mol/kg (Table 3).‡‡ The num-
ber of DPD simulation steps was 100,000, which was found
to be sufficient to stabilize the micelle formation. The time
step was 0.05 DPD units, and the mesomolecules positions
were recorded each 100 steps. Figure 4 shows images of the
DTAC distribution just at the step 100,000, where it has
been omitted the water mesomolecules in the sake of a best
visualization.

It can be seen that for the concentration c15

0:0050 mol =kg , mesomolecules move around showing none
tendency to associate with each other. At c25

0:0100 mol =kg , some mesomolecules are grouped into small
aggregates. At c350:0151 mol =kg , the number of small
aggregates raises. At c450:0201 mol =kg , it is evident the
growth of aggregate sizes, and at c550:0252 mol =kg , the
micelles appear in a new stable dispersed phase, as a direct
consequence of the right chemistry, considered in evaluating
the Flory–Huggins thermodynamics interaction parameters,
contained into mesomolecules. Thereafter, the increase in
concentration c increases the micelle number with similar
sizes to that reached at c5. Thus, the CMC is among 0.0201
and 0.0252 mol/kg. It is worthy to mention that the experi-
mental value lies within this range.

In order to quantify the CMC more precisely, we have
computed the aggregation number Nagg of the micelles
formed at each concentration (Table 4) by defining the
aggregate with a cutoff criterion: two surfactants belong to
the same micelle if any of the beads in one mesomolecule is
separated by less than rcutoff from any bead of the another
mesomolecule. For the DTAC-water system, rcutoff 5

ffiffiffiffiffiffiffiffi
qVb

3
p

57:35 Å (Eq. 14), where the Vb value is that reported
in Table 1. Table 4 confirms the micelle evolution described
earlier. Additionally, we observe that the value interval of
aggregation number Nagg in general is split into two regions,
one of small micelles owning an upper boundary at �8 mes-
omolecules, and another one of high Nagg values starting
from the medium size of �10 mesomolecules. The appari-
tion frequency for Nagg in the region of small micelles

Table 4. Aggregation Number Nagg of Micelles and their Apparition Frequency (Freq.), for Each Concentration c (in mol/kg)

at the Final of DPD Simulations

c150:0050 c250:0100 c350:0151 c450:0201 c550:0252

Nagg Freq. Nagg Freq. Nagg Freq. Nagg Freq. Nagg Freq.

1 34 1 46 1 42 1 49 1 46
2 2 2 6 2 9 2 9 2 12

3 2 3 1 3 1 3 2
12 1 4 2 4 1 4 1

6 1 5 2 38 1
8 1 6 2 71 1

13 1 16 1
15 1 18 1

21 1

c650:0302 c750:0353 c850:0404 c950:0455 c1050:0507

Nagg Freq. Nagg Freq. Nagg Freq. Nagg Freq. Nagg Freq.

1 44 1 35 1 38 1 36 1 39
2 5 2 5 2 6 2 7 2 7
3 1 3 1 3 1 3 1 3 3
26 1 28 1 8 1 4 1 4 2
34 1 36 1 15 1 9 1 5 1
54 1 46 1 16 1 12 1 6 1
56 1 52 1 23 1 24 1 18 1

54 1 30 1 32 1 29 1
36 1 34 1 46 1
47 1 56 2 48 1
74 1 60 1 49 1

52 1
54 1

Figure 5. Histogram of the aggregation number N agg

for the concentration c10 5 0.0507 mol/kg.

Insets: representative DTAC micelles with small,

medium, and large sizes. [Color figure can be viewed in

the online issue, which is available at

wileyonlinelibrary.com.]

‡‡Originally, concentrations at our work were screened from 0.005 to 0.050 M at
steps of 0.005 M (i.e., in molarity units). The actual concentration range results from
conversion to molality units.
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decreases quickly with Nagg (Table 4 and Figure 5). For the
greatest concentration, c1050:0507 mol =kg , the region of
high aggregation number is composed of two subregions
(Figure 5), the first one having two medium-size micelles
with Nagg 5 18 and 29 mesomolecules, and the second one
having five large micelles with Nagg values among 46 and
54 mesomolecules. It is important to mention that the
latter subregion is in excellent agreement with the experi-
mental observed values for DTAC of Nexp

agg 54765
molecules at concentrations near to the CMC and room
temperature.56 Similar simulation trends are shown by the
concentrations c650:0302 mol =kg , c750:0353 mol =kg ,
c850:0404 mol =kg, and c950:0455 mol =kg , which possess
large micelles with aggregation numbers distributed over
intervals from 54 to 56, from 46 to 54, from 47 to 74, and
from 56 to 60 mesomolecules, respectively. On the contrary,
for low concentrations, that is, c1, c2, c3, and c4, mesomole-
cules are so separated to form stable large micelles. How-
ever, aggregate number increases with the concentration, so
that at concentration c5 the large micelles have been already
found. At this concentration, the aggregation numbers fall
out of the experimental values, may be due to the very few
micelles existing in the region of high Nagg , as there are
only two micelles in comparison with the seven micelles
found for c10.

Moreover, we have investigated the micellar size through
the aggregate radius Ragg , defined here as the one half aver-
age of the maximum extension of a micelle measured from
each mesomolecule.§§ With the aim of having the best statis-
tical description, we have calculated Ragg for each micelle at
the concentration with the greatest population of micelles:
c5c10 (Table 5). Aggregate radii for Nagg 5 2, 3, and 4 mes-
omolecules increase as Ragg 5 7.72, 8.11, and 9.35 Å,

respectively, whereas for Nagg 5 5 and 6 mesomolecules are
Ragg 5 13.93 and 10.29 Å, respectively. Thus, small micelles
have aggregate radii lower than �14 Å. Medium-size
micelles, with Nagg 5 18 and 29, have aggregate radii of
Ragg 5 13.85 and 17.13 Å, respectively. Large-size micelles,
that is, those micelles with Nagg from 46 to 54 mesomole-
cules, have aggregate radii Ragg from 19.58 to 22.02 Å, in
excellent concordance with literature experimental value of
Rexp

agg 5 20.1 Å.57 Considering the standard deviation of Ragg

for large micelles, the experimental aggregate radius Rexp
agg

lies within the precision of the statistics of the computed
radius as it is shown in Figure 6, in which it is also observed
that thermal movement in general deviates somewhat the
micelle morphology from the ideal spherical shape.

Table 5. Aggregate Radii Ragg 6 their Standard Deviations

for the 21 Micelles Found at the Concentration c1050:0507

mol/kg

Nagg Ragg (Å)

2 5.39 6 0.00
6.57 6 0.00
7.02 6 0.00
7.77 6 0.00
7.92 6 0.00
9.46 6 0.00
9.88 6 0.00

3 6.28 6 0.54
7.64 6 1.07
10.40 6 0.90

4 7.93 6 0.59
10.76 6 1.22

5 13.93 6 1.56
6 10.29 6 1.09
18 13.85 6 1.18
29 17.13 6 1.64
46 19.80 6 2.15
48 22.02 6 2.67
49 19.58 6 1.74
52 20.38 6 2.00
54 20.90 6 1.71

Table 6. Fraction of Gathered DTAC Mesomolecules fgat as

Function of the Concentration c

c (mol/kg) Nmin
agg NDPD

gat fgat (%)

c150:0050 0 0 0.000
c250:0100 12 12 15.790
c350:0151 8 36 31.858
c450:0201 6 67 44.371
c550:0252 4 113 59.788
c650:0302 3 173 76.211
c750:0353 3 219 82.955
c850:0404 8 249 82.450
c950:0455 4 287 84.412
c1050:0507 6 302 80.106

Figure 6. Histogram of the aggregate radius Ragg for
the concentration c10 5 0.0507 mol/kg. Insets:
DTAC micelles.

Dashed circumferences: guide to eye of ideal spherical

micelles having the experimental radius Rexp
agg. Colors for

dashed vertical lines: black, average of aggregate radii;

dark red, limits of standard deviation; and blue, litera-

ture experimental value of Ragg. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

§§Formally, we define Ragg � 1
2 hmax i jjrj2rijj

� �
i where jjrj2rijj � max a;b

jjrb
j 2ra

i jj
n o

is, for a pair of DTAC mesomolecules i and j, the greatest of the distances

over the beads a and b located at ra
i and rb

j , respectively, max i dij

� �
is the maximum of

the distances dij among mesomolecules i and j in a screening of mesomolecules i and a
fixed mesomolecule j, and hDji is the average of the apparent diameters hDji of the
micelle measured from mesomolecules j.
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By using the data of Table 4, we computed and plotted
the fraction fgat of DTAC mesomolecules gathered into
micelles (Table 6 and Figure 7), that is, the ratio of the num-
ber of gathered DTAC mesomolecules, NDPD

gat , to the total
number of DTAC mesomolecules in the simulation cell,
NDPD

DTAC (Table 3). In obtaining the amount of gathered meso-
molecules NDPD

gat , we summed the number of mesomolecules
over all micelles with aggregation number Nagg greater than,
or equal to, the upper margin Nmin

agg of the small micelles
(Tables 4 and 6). From the fit of a straight line at low con-
centrations (Figure 7), it can be estimated a value for the
CMC of 0.0217 mol/kg, since at this molality the adjusted
gathered-molecules fraction fgat reaches the value of 50%.
When fgat is just above 50%, a few micelles with large
aggregation number begin to appear and contain most of the
DTAC mesomolecules available in the system. It is expected
that when concentration c increases, gathered-molecules frac-
tion fgat diminishes its slope to avoid crossing the 100%
limit. Oscillations in fgat after c5 0.0353 mol/kg are an
effect of the saturation in the micelle number due to the sim-
ulation cell size.

Conclusions

Mesoscopic simulations performed to determine the CMC
have been validated for DTAC in aqueous solution. DTAC
and water atomic molecular models have been mapped onto
mesomolecules composed of beads. We have then imple-
mented a methodology to calculate interactions among beads
based on quantum chemistry, in the framework of the DFT,
in combination with statistical thermodynamics for liquids.
The bead interactions so determined are taken into account
in the mesoscopic simulations at DPD approximation, which
provided a CMC among molalities 0.0201 and 0.0252 mol/
kg. A better precise CMC estimation, through the fraction of
gathered mesomolecules as a function of concentration,
yields a value of 0.0217 mol/kg, in agreement with the
measured value of 0.0213 mol/kg from literature. In the
DTAC gathering process, it was observed the appearing of
small micelles starting from 0.0100 mol/kg, and then both
the amount of micelles and their sizes increase with concen-
tration. When concentration reaches the value of 0.0252 mol/

kg, some micelles achieve high aggregation numbers greater
than around 40 mesomolecules. These large micelles are
clearly distinguished from the small micelles possessing
aggregation numbers less than 10 mesomolecules, which
reveals concentration have been gone beyond the CMC. An
analysis over the conformation of micelles produced at the
major simulated concentration, which provides the best sta-
tistical description in this article, reveals that both aggrega-
tion number and aggregate radius for large micelles are also
in agreement with the literature values of 47 6 5 molecules
and 20.1 Å, respectively, as the computed corresponding val-
ues lie in the range from 46 to 54 mesomolecules and from
19.58 to 22.02 Å. In this manner, by accomplishing the strin-
gent criterion of matching simultaneously to experimental
values the calculated CMC as well as the aggregation num-
ber and the size of the DTAC micelles in water, we have
successfully showed that the original definition of the Flory–
Huggins thermodynamic interaction parameters is an alterna-
tive, through quantum and statistical thermodynamics com-
puted infinite-dilution activity coefficients, to the widely
used methodologies in calculating DPD repulsive interactions
based mainly on gas phase Monte Carlo and phase
separation-oriented cohesive energy density.
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