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ABSTRACT OF THE THESIS

DESIGN AND TESTING OF MESOSCALE MODELS OF INDUSTRIAL
SURFACTANTS BY DISSIPATIVE PARTICLE DYNAMICS
By RUNFANG MAO
Thesis Director:
Dr. Alexander V. Neimark

Dr. Aleksey Vishnyakov

Dissipative particle dynamics simulation with novel model is applied to predict
aggregation in ionic surfactants. Anionic surfactant sodium dodecyl sulfate (SDS) and
cationic surfactant cetyl trimethyl ammonium bromide (CTAB) are chosen as
characteristic examples. Coarse-grained models are constructed from infinite dilution
activity coefficient in reference solutions and atomistic simulations. lonic groups are
modeled as beads with charges distributed around the bead centers and placed in
implicit dielectric medium. The model of ionic surfactant semi-quantitatively
reproduces the dependence of self-assembly in solutions of CTAB and SDS on
surfactant concentration, the molarity of added electrolyte. In particular, the decline of
the free surfactant concentration with increasing total surfactant loading, as well as
the aggregation transition in single-component surfactant cause by salt addition are
predicted correctly. Addition of CTAB to a micellar solution of SDS causes a
transition to worm-like micelles and then to mini-vesicles. This systematic
methodology has been further extended to carbopol system. A stable carbopol film

has been observed after equilibrium based on this model. Further investigation to



study rheology of surfactant-carbopol system are required in future work, like add

surfactant into this system.
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Chapter 1 Introduction

Self-assembly of surfactant is a ubiquitous phenomenon and important in various
areas ranging from living systems to non-living systems. Understanding the principle
and process behind self-assembly and self-organization of molecules is crucial for
industry. Most if not all products in food, pharmaceutical, personal and health care
industries either contain surfactants or are produced by using surfactants, which are
prone to self-assembly. Moreover, self-assembled surfactant mesophases are widely
used as templates in the synthesis of advanced nanomaterials, such as nanoporous
adsorbents, catalysts, and drug delivery vehicles.

The ability to predict mesoscale self-assembly and transport properties in complex
multicomponent systems, which depend on the chemical structure of system
components, is a critical step in developing new surfactant formulations for materials
with improved properties. There is a fundamental gap between qualitative
understanding of self-assembly in mixtures of amphiphilic molecules and its
quantitative description for the systems of given chemical structure. This gap is
related with the multiscale nature of self-assembly and the necessity of using coarse-
grained simulation methods, which require a unified, straightforward and
computationally inexpensive approach to parameterization and validation of
interaction potentials.

DPD simulations[2] have been widely used in modelling soft matters over decades
according to its advantages of reaching longer time scale and larger space scale. In
DPD simulations, the molecule is commonly dissected into fragments of
approximately equal volume, according to the number of water molecules. Those

quasi particles are always called beads and interact with pair-wise force. This simple



model provides significant computational efficiency. Besides the traditional
applications to self-assembled non-ionic soft structures (such as micellar solutions,
block copolymers, lipid bilayers),[3-8] soft-core modeling has been recently extended
to more complex systems where long-range electrostatic interactions play a key role.
The first attempts involved no explicit long-range electrostatics but effectively
replaced them by short-range interactions.[9] This approach was applied not only in
DPD, but also in mesoscale dynamic DFT[10].

Introduction of smeared charge model by Groot[11] enabled explicit charge
simulations. Instead of point charge model standard in molecular dynamics (MD), the
charge is modeled as charge cloud around the bead center using a charge density
distribution function. Linear,[11] exponential,[12] Gaussian-type[13] and Bessel-
type[14] decay of charge density have been attempted in the literature.[11, 12, 15-19]
Actually, the charge distributions are artificial. Warren and Vlassov[14] advice
choosing the distribution type and parameters to max the computational efficiency
rather than to match particular thermodynamic or structural properties. Indeed, the
influence of charge distribution on thermodynamics and structure of electrolytes
haven’t been examined carefully yet. Furthermore, even qualitative behavior of
smearing charge theory in DPD simulation has not been tested. All smeared charge
models consider isotropic, spherically symmetric charge distribution that rarely
correspond to the actual structure of complex cations or anions in ionic surfactants
and polyelectrolytes. Secondly, the charges interact in isotropic medium characterized
by a constant dielectric constant & which means that local environment does not
influence electrostatic interactions between two charges.

In this work, we examine the capability of smearing charge theory through DPD

methodology. As a test system, we use micellization in two common surfactants:



sodium dodecyl sulfate (SDS, Figure 1a) and cetyl trimethyl ammonium bromide
(CTAB, Figure 1b) as well as their mixtures. We target critical micelle concentration
(CMC), aggregation number (Nag), their dependence on the concentration of added
electrolyte and difference in the structures of single-component surfactants and
surfactant mixtures. The methodology and results described in Chapter 2 have been
published as “Modeling Aggregation of lonic Surfactants Using a Smeared Charge
Approximation in Dissipative Particle Dynamics Simulations”.[1] We also design the
coarse-grained model for carbopol system with similar systematic methodology. The

stability of carbopol film have been tested in aqueous solution.



Chapter 2 lonic Surfactant

2.1 Simulation Details

2.1.1 Coarse-grained model and force between coarse-grained particles

We consider two ionic surfactants in our study: anionic surfactant Sodium dodecyl
sulfate (SDS) and cationic surfactant Cetyl trimethyl ammonium bromide (CTAB). In
this work, we use coarse-grained model to describe our ionic surfactants. Following
the general DPD methodology,[20] the surfactants are dissected into hydrophobic tail
T beads and charged hydrophilic head H beads corresponding to same size of water W
beads that represent Nw=4 water molecules per bead. Counterions are represented by
C/A beads. For each SDS surfactant, it is dissected into three tail beads (-
CH2CH>CH2CH>-) and one anionic head bead (-OSOs-). CTAB is dissected into four
tail beads and one cationic head bead (-NCH3CHsCHs-). For each charged headgroup,
it is neutralized by a single monovalent counterions according to its headgroup type.

The coarse-grained models for SDS and CTAB are presented in Figure 1.
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Figure 1. Schematic of coarse-grained model of SDS and CTAB molecule. SDS is
coarse-grained as 3 tail T bead and one head S bead while CTAB is represented as 4
tail bead and one head N bead. Counter ions are represented as C and A bead. Water

is represented as W bead.

In a standard DPD simulation, [20] the movement of bead is governed via pairwise
interaction, including conservative soft repulsive, random, drag, bond, and
electrostatic forces.

F,(r,) =F° () +E () +E7 () +E° () + E” (r;, v,) (1)

All beads are assigned an equal effective diameter Rc. The soft repulsion force Fifc)
acts between overlapping beads: F{“(r;) =a,, -1, /R)r; /1 at r <Rc, F(r;) =0
at r > R¢, where ay; is the repulsion parameter specific to the given bead pair of types I
and J. Following the standard approach to DPD simulations of self-assembly, [8] the
intra-component repulsion parameters ai between beads of the same type are set equal,
irrespective to the bead type. The beads are tightly packed with a substantial overlap.
We accepted the reduced bead packing density of pR:2=3, common in DPD

simulations. [8]



The random and drag force also acted between overlapping beads along the line

connecting the bead centers. Random force F{® that accounts for thermal

fluctuations, is taken proportional to the conservative force that is also acting along
the vector between the bead centers: Fi®(rij) = owRrij@j(t)rij . where @;(t) is a
randomly fluctuating in time variable with Gaussian statistics. The drag force is
velocity-dependent: Fii®(rij ,vij) = —mP(rij) (rij=vij)) ,where, vij = vj — vi, vi and v; are
the current velocities of the particles. We assume the common relationship between
the drag and random force parameters WP(r) = [WR(r)]? = (1 — r/R¢)? at r < R¢, WP(r) =
O0atr>Rc. oand yare parameters that determine the level of energy fluctuation and
dissipation; they are related as o= 2ykT that allows to maintain constant temperature
in the course of simulation via the Langevin thermostat. We assumed y= 4.5, a
common value fitted to the diffusion coefficient of water.

Intramolecular forces are introduced by binding beads together into a chain. To
describe the molecule structure, the neighboring beads and second neighbor beads are
connected by FENE bond force F;.B) (r;,)= kolro = ry)/(1 = ((ry = ro)*/rm?))rii/ry .where Ky is
bond rigidity, ro is the equilibrium bond length, and rm is the maximum bond length.
Following our recent papers. [21-23] In addition to this nearest neighbor (1-2) bond,
we also take into account the second neighbor (1-3) bonds in order to control the
skeleton rigidity and sidechain flexibility.

Long-range electrostatic force Fi® has also been applied through smearing charge
theory. The electrostatic interactions are modeled using the smeared charge approach

with the exponential charge density distribution, in order to remove the divergency

2r
when rj—0.[12] f (r) = %exp (— 7) , Where A is smear length. The electrostatic
V7



force F(® between charged particles i and j in eq. 1 is expressed as

e’q,q;

rij
W[l—exp(—ZRcrij 1 2x, YL+ 2Rer, 1 AQL+ R, 1A )

ij

(E) _
FijE (ry) =

2.1.2 Parameterization of the DPD model.

Following the conventional DPD setting, the intracomponent repulsion parameter is
set equal for all bead types aww = arr = ann = acc = 106.5ksT/Rc, which is directly
determined from water compressibility. [18] The repulsion parameters
intercomponent interactions and bond parameters are estimated by the fitting to MD
simulation. [24] We performed MD simulations of pure hexadecane polymer melt.
The MD trajectories of MD simulation were saved. Each hexadecane molecule was
dissected into 4 fragments. Each fragment contain 4 CHx group. The probability
distributions of distances between the centers of mass of each fragments were
calculated. After that, we performed DPD simulations at similar conditions and fitted
the nearest neighbor and second neighbor bond parameter to the MD distance
distribution figure. The results are shown in Figure 2. Our model is capable to
reproduce accurately the rigidity of the hexadecane polymer chain by only applying 1-
2 and 1-3 bonds. The resulting parameters are given in Table 1.

On the next step, we evaluate parameter awt for short-range repulsion between T and
W beads from the solubilities of octane in water and water in octane following our
recent work. [21] Octane molecule is presented as a T-T dimer. awrt is estimated from
the best match between the solubility of DPD model of octane in DPD water bath and
the experimental solubility. The dependence of the solubility on awr is obtained using
the standard Widom test particle method [25]. The procedure was repeated for water

solubility in octane and the resulting awr values are averaged. In the latter simulation,



the bead density in the system was 3.05 in order to equalize the pressures in water and
octane baths. The resulting awt = 129.9 ksT/R.

The surfactant heads are assumed hydrophilic aws= awn = asn= 106.5 ksT/Rc, ars =
136.5 ksT/Rc and atn = 111.5 ksT/Rc. The parameters for 1-2 and 1-3 bonds between
head and tail beads were estimated similarly to those for T-T bonds. We simulated
dilute aqueous solutions of SDS and CTAB in atomistic MD simulations and fitted
the DPD parameters to MD results (Figure 3). DPD simulation showed a very good
match to the MD configurations. All bonded and non-bonded parameters are given in

Table 1.
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Figure 2. Bond rigidity fitting from DPD model of pure hexadecane CisHzs to the
results of atomistic MD simulations at T = 298 K. The solid lines are obtained by MD
simulations and open symbols by DPD simulations. The distribution of distances
between the chain DPD beads separated by one (1-2), two (1-3) and three (1-4)
nearest-neighbor FENE bonds are matched to the distributions of distances between
the centers of mass of the corresponding fragments of the atomistic chain, each of

which contains four CHz or CH. groups.
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Figure 3. Fitting the parameters for head — tail bonds S-T1, S-T2, N-T1 and N-T2 in
the DPD model to the results of atomistic MD simulations of SDS and CTAB in
dilute aqueous solution at T = 298 K. The bead denotations correspond to Figure 1.
DPD distributions of distances between the beads are matched to the distributions of
distances between the centers of mass of the corresponding fragments (Figure 1). The

solid lines are obtained by MD simulations and open symbols by DPD simulations.
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Table 1. Repulsion and bond parameters of the DPD model. Short-range repulsion

parameters aj; are given in ksT/Rc units.

Repulsion parameters

Bead type Fragment w T S N c* A-

w 4H,0 106.5

T (CHy)a 129.9 106.5

S -0S0s~ 106.5 136.5 106.5

N -N(CH3s)s* 106.5 111.5 106.5 106.5

ct Na(H20)s* 106.5 129.9 106.5 106.5 106.5

A Cl/Br(H;0)s5~ 106.5 129.9 106.5 106.5 106.5 106.5

Bond parameters

Bond type Bead types Ko/ k+ ro/Rc rm/Re

1-2 T-T 280 0.605 2.0
T1-S 300 0.5 oo (@)
T1-N 200 04 oo (a)

1-3 T-(T)-T 20 1.5 4.0
T2-(T1)-N 150 1.3 oo (a)
T2-(T1)-S 120 1.1 oo (a)

* (a) harmonic bond

DL_MESO package [26] is employed for the DPD simulations of micellization. All

simulations are performed in periodic cubic boxes, varying from 30 to 40R.. The

surfactant volume fraction ¢ is varied from 0.02 to 0.08. For all simulations, the time

step ot was set equal to 0.02 and the friction parameter yis set to 4.5 in order to keep

temperature deviation under 1%. The length of each simulation was 2 million steps,
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half of that was discarded for equilibration. Configurations are dumped to trajectory
file every 2000 steps after equilibrium for analysis. Visualization of all molecular

configurations is generated by VMD.

2.2 Results and discussion

2.2.1 Critical micelle concentration

Two surfactant molecules are considered to belong to the same aggregate if any two
of their tail or middle beads overlap. If an aggregate contains more than a certain
threshold nmic of surfactant molecules, it was counted as a micelle. If a surfactant
molecule belonged to a cluster containing less than nmono Surfactant molecules, it is
assumed to belong to the aqueous solution of monomers in equilibrium with the
micelles and is treated as “the free surfactant”. Aggregation is considered as complete
and equilibrium reached when the CMC and micelle numbers stabilizes and becomes
practically insensitive to the choice of Nmono and Nmic Within reasonable limits. [21]
Figure 4 shows the probability of a surfactant molecule to belong to an aggregate of a
particular size in CTAB and SDS in aqueous solution at different concentration. It
appears that at ¢ = 0.02 characterizing of aggregation is very difficult since there is no
clear difference between the free surfactant and micelles, which is probably related to
insufficient systems size. However, this difference is very clear for higher
concentrations. We therefore use Nmono= 5 and Nmic=20 for SDS and Nmono= 3 and
nmic=8 for CTAB in order to calculate the free surfactant concentration and the
micelle size. The dependence of the free surfactant concentration ¢ on ¢ is shown in
Figure 5. It is clear that ¢ actually decreases as ¢ increases. This differentiates the

behavior of ionic surfactants from that on non-ionic ones, where ¢ slowly increases

with ¢ and can be with a very reasonable precision assumed as CMC. Below CMC,
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¢ = ¢ Formation of micelles actually leads to a decrease in free surfactant
concentration in the surrounding solution. This behavior results from the electrostatic
interactions between the micelles and surrounding surfactant and is specific to ionic
surfactants. This behavior of ionic surfactant was observed experimentally, [27, 28]
predicted theoretically [29, 30] and by MC simulations [31] and is correctly
reproduced with the smeared charge model in DPD. For non-ionic surfactants, ¢
slowly increases with ¢ and can be with a very reasonable precision assumed as
CMC.[21]

In order to calculate the CMC from ¢ and ¢, we employed a semi-empirical theory of
Sanders et al, [29, 30] which relates the free surfactant concentration Cs and total

surfactant concentration Ct as:

(1_a)(CT _Cf)+CfJ (2)

10g(C;) = (1+ ) 0g(Coye) -~ Iog[ e,
where V is the molar volume of surfactant and Ct, Cs and Ccmc are expressed in

mol/L. a is the degree of association of the counterions with the head groups for the

surfactants forming the micelles.
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Figure 4. Probability distribution of finding a surfactant molecule in an aggregate

consisting of N molecules for (a) SDS and (b) CTAB at different overall surfactant

volume fractions.
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Figure 5. (a) Obtained CMC of SDS from eq. (2). (b) CMC of CTAB obtained from
eq. (2). The blue line is the free surfactant concentration mf obtained from eq. (3).
The red line is the relationship “x=y”. The green triangles are calculated free

surfactant concentration obtained from simulations at different surfactant volume
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fraction. The intersection of red line and blue line is the obtained CMC of SDS and

CTAB.

Figure 5 shows the obtained CMC of SDS and CTAB in aqueous system. The
obtained CMC of SDS system is 18mM while the experimental data is 8mM[32]. The
obtained CMC of CTAB system is 2.4mM and the experimental data is 0.9mM[32].
The free monomer concentration calculated from The CMCs of these two surfactant
systems are around 2 times greater than experimental data, but are still in the
reasonable range. This inaccuracy can be explained as lack of parameterization
method for head and water groups. Micellization of ionic surfactant is not only
controlled by hydrophobic effect, but also affected by hydrophilic interaction between
charged group and water. The repulsion parameters between head and water may be
too strong, which hindered the process of micellization and raised CMC. Overall,
CMCs calculated from the free monomer concentration of these two surfactant
systems are around 2 to 3 times greater than experimental data, but are still in the

reasonable range.

2.2.2 Micelle sizes

In the next step, we evaluate the micelle size of pure surfactant system. The
aggregation number obtained from simulations various with the surfactant volume
fraction at different surfactant systems. It tend to aggregates into larger micelle with
the total surfactant loading of SDS and CTAB. The trend of increased aggregation
number is found to be consistent with the tendency determined from experimental
data[32], but the aggregation number itself is found to be lower than the experimental
value. The aggregation number of CTAB is slightly larger than SDS surfactants. The

larger aggregates for CTAB surfactants can be explained as the fact that CTAB
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molecule is longer and its micelle surface area is greater than SDS so that it can
accommodate more head groups.

The geometrical analysis and probability distributions given in Figure 4 also allows
evaluation of micelle sizes. From the distributions, we calculated aggregation number
Nag (that is the average number of surfactant molecules in a micelle). The micelles
grow with the total surfactant concentration, which is a well-establishes tendency in
surfactant solutions. It should also be noted that experimental Nag for the same
systems vary with the method used. [29, 33, 34] But in general, it is obvious that our
micelles are much (2-3 times) smaller than the experimentally observed sizes. For
example, the experimental aggregation number at 50mM SDS is around 65 while we
obtained value is around 30 at ¢=0.04, which approximately corresponds to 0.14M.
The aggregation number of CTAB calculated from simulation is larger than SDS
surfactants. This is natural and consistent with the experimental results, for CTAB
molecule is longer and its micelle surface area is greater than SDS so that it can

accommodate more head groups.
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Figure 6. Dependence of aggregation number on surfactant volume fraction for SDS

and CTAB. The system size is 40x40x40R:°.

2.2.3 Salt effect

The properties of SDS aggregates in saline solution at the presence of sodium chloride
(NaCl) has been studied through DPD approach as well. Fixed SDS volume fraction
$=0.04 has been chosen at box L=30Rc. A series simulation has been performed by
gradually adding 1:1 electrolyte solution C*A~, approximately regarded as salt, from
0.5M to 2M into this system.

As the concentration of added salt increases, the micelle structure and morphology
between micelle and free surfactants changes as well. At salt free systems, both SDS
and CTAB surfactants self-assembled toward spherical micelles and the spherical
aggregates remains until 0.5M salt added. Rodlike micelles have initially been
observed at the system under 1M salt. With the continually increased total salt
loading, rodlike micelles aggregate into larger size and form longer micelles. At the
meantime, less free surfactants can be detected from the systems. The transition from
spherical micelle to rodlike shape have been inspected from snapshots obtained by
simulations from Csat=0.5M to Csar=1M. This potentially sphere to rod transition has
also been detected from experiments around Cst=0.6M [35, 36]. This good agreement
with experiments proof the capability of DPD approach that can mimic more
complicated long-range electrostatic interaction between anionic surfactant and salt
through smearing charge theory. Although our simulation shows the limitation of
predict aggregates size, the main sphere-rod transition and larger aggregates tendency

have been captured from these simulations.
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Figure 7 shows the snapshots of SDS at different additional salt concentrations after
equilibrium. The micelle size distribution clearly changes along with the distribution
of the asphericity factor, a generalized quantitative measure of the departure from
spherical symmetry of micelles.[37] The asphericity factor A is obtained from the

gyration tensor S calculated for each individual micelle:
N

Sijz}{\lZ“(Si,—SiCMXSjI—SJ—CM), where S stands for the center of mass
1=1

coordinate (i denotes X, y, or z). After three eigenvalues Ri2, R.?, Rs? of the gyration

tensor are  obtained, the asphericity  factor is  calculated as

A= 1 ilRe-R2)+ (RE-RE)+(RE —R:)] . where RZ=RZ+RZ+RE s the
9

radius of gyration. The asphericity factor is O for perfectly spherical micelles and
reaches 1 for perfect cylinders. It is clear that the addition of salt sharply decreases the
fraction of spherical micelles increases the number of elongated micelles at 0.5M and
1M added electrolyte concentrations. In 2M electrolyte solution, the asphericity

distributions show a well-defined peak corresponding to cylindrical micelles.
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Figure 7. Final configuration of SDS at presence of NaCl. (a) NaCIl=0.5 M (b)

NaCl=1M (c) NaCl=1.5M (d) NaCl=2M. The red beads are tail beads and green beads

are head beads of SDS surfactants.
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Figure 8. Distribution of asphericity factors of SDS micelles at different salt
concentrations. A=0 corresponds to the spherical micelle shape; larger values of A

characterize aggregates of elongated shape.

2.2.4 Mixtures of cationic and anionic surfactants.

Mixtures of cationic and anionic surfactants provide another qualitative test for
smeared charge models. When a surfactant with a different charge of the head group
incorporates into the micelles, the overall charge of the micelles surface layer
decreases, a corresponding decrease of the chemical potential of surfactants in the
micelles causes reduction in free surfactant concentration (which means lower CMC)
and growth of micelle size. As introduce of oppositely charged surfactant, initially
spherical micelles adopt a worm-like shape and then elongate into uni-lamella
vesicles. For the particular system considered here, the transition to a vesicular
structure for SDS-rich mixtures is achieved at 35:65 ratio between CTAB and SDS

molarities.
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We perform simulations of SDS-CTAB mixtures at constant ¢=0.08. The SDS/CTAB
molar ratio was varied. We consider 9/1, 2/1, and 1/1 SDS-CTAB mixtures in
aqueous solution. Figure 8 shows a snapshot of surfactant configuration for 9/1
SDS/CTAB mixture. When additional CTAB is added into the system, the micelles
start to elongate and adopt a worm-like shape. As the SDS/CTAB ratio changes to 2/1,
the morphology drastically changes. Rather than cylindrical micelle, we observed a
roughly spherical micro-vesicles. The inner part also contained certain amount solvent.
Interestingly enough, the micro-vesicles never merge or form a single bilayer. If the
surfactant ratio of CTAB is continually raised to 1/1 ratio, the micro-vesicles merge
and a phase separation occurs, which shows an irregular structure. Note that the soft-
core model does not allow for a formation of a crystalline surfactant phase. Overall, in
general the model does reproduce the general features of the phenomenon, but also
shows substantial quantitative deviations from the experimental behavior. We also
observed that although anw barely affect CMC, it has substantial influence on the
segregation morphology changes as the fraction of the opposite charge surfactant
increases. For example, Figure 9 shows structural evolution of the same system with
anw=96.5ksT/R. (that is, head-water interactions are much more favorable, than head-
head or water-water interactions). At 9/1 SDS/CTAB ratio, we observe the formation
some spherical aggregates (Figure 9d). Further increase of CTAB fraction to 2/1 leads
to well-defined cylindrical structure and then unilamella morphology at 1/1. This
model with anw=96.5ksT/Rc seems to give a reasonable agreement with the
experiment as far as the morphology evolution is concerned. However, the absence of
methods for rigorous derivation of the parameters between charged species makes
conclusion of agreement of DPD and experiment very difficult. This suggest a further

development of parameterization method for charged head group in DPD simulations.
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Figure 9. Final configuration of catanionic mixture at different ratio (total surfactant
volume fraction ¢w0=0.08) under different head-water repulsion. (a-c) with
anw=106.5ksT/Rc (d-e) with apw=96.5ksT/Rc. (a) & (d) The snapshots of 9/1 SDS-
CTAB mixture. (b) & (e) The snapshots of 2/1 SDS-CTAB mixture. (¢) & (f) The
snapshots of 1/1 SDS-CTAB mixture. The red beads and pink beads are SDS and
CTAB tail beads while green beads and blue beads are SDS and CTAB head beads

separately.
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Chapter 3 Carbopol

3.1 simulation details

3.1.1 Coarse-grained model

Following the general DPD methodology, we extended our methodology to carbopol
system. Here we dissect the carbopol into beads of approximately similar size
following the former procedure: hydrophobic side chain T beads and hydrophilic
skeleton chain P and M beads as shown in Figure 10. Water is modelled with W beads,
and each W bead contains 4 water molecules. Each T bead equals four
methyl/methylene groups of the alkyl chain. [21] Each skeleton P and M bead
contains -CH,CHCOOH- group. P bead is the skeleton bead while M bead is the

connection bead between side chain and skeleton chain.

Figure 10. Schematic of coarse grained model of carbopol. Carbopol is represented as
polyacrylic acid skeleton chain by P and M beads. The side chain is represented by 5

tail T beads.
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3.1.2 Parameterization method for DPD model

Following the standard DPD implementation, the intracomponent repulsion parameter
is the same for all bead types aww = art= arr= amm = 106.5ksT/Rc and is determined
from water compressibility same as chapter 2. [18] The intercomponent repulsion
parameters between butane and water is awt=129.9ksT/Rc, which is same as chapter 2.
One the next step, we evaluate other intercomponent repulsion parameters following
the similar method as our recent work. [21]The reference compound and repulsion
parameter are listed in Figure 11 and Table 2. The reference compound for connection
bead M is Methyl Acetate due to its increased hydrophobicity while it is connected

with hydrophobic T bead.

Propionic Methyl

Acid Acetate
@) (
)

Figure 11. Schematic of reference compound. The reference compound for skeleton P
bead is propionic acid while the connection M bead is Methyl Acetate. The reference
compound for side chain C bead is octane dimer. Each water bead contain 4 water

molecules.
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Table 2. Repulsion parameters for different bead type of Carbopol. Short-range

repulsion parameters ay; are given in ks T/Rc units.

Bead type Fragment w P M T

w 4H,0 106.5

P -CH,CHCOOH- 109.3  106.5

M -CH,CHCOOH- 110.7 102.6 106.5

T (CHy)4 129.9 116.8 109.5 106.5

3.1.3 Bond parameters

For parameterization of bond potentials, we use a bottom-up approach same as
chapter 2. The parameters of nearest neighbor (1-2) and second neighbor (1-3) bonds
are determined by fitting the radial distribution functions for the conformations of
coarse-grained chains to the results of atomistic MD simulations.

The bonds between side chain T beads are same as the one used in chapter 2. For
main chain, we perform MD simulation with polyacrylic acid skeleton
CH3CH2COOH(CH2CH>COOH)gCH>COOHCH3s in aqueous system. To obtain the
bond parameters for main chain bead, we simulate polyacrylic acid fragments of 10
monomers using a similar procedure. The shapes of intra-molecular bead-bead
distance distributions in polyacrylic acid are much more complex compared to
alkanes. Small peaks on MD distributions correspond to particular preferential
conformations of carboxylate chains. However, the overall rigidity of the polyacrylic
acid skeleton is reproduced within reasonable accuracy as shown in Figure 12. The

bonding parameters obtained with this procedure are given in Table 3.
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Figure 12. Fitting parameters for polyacrylic acid skeleton bonds in the DPD model to
the results of atomistic MD simulations of polyacrylic acid in dilute aqueous solution.
DPD distributions of distances between the beads are matched to the distributions of
distances between the centers of mass of the corresponding fragments. The solid lines

are obtained by DPD simulations and dash lines by MD simulations.

Table 3. Bond parameters for Carbopol.

1-2 bond 1-3 bond

SS PS PP  SSS SSP PPP
K 280.00 360.00 440.00 20.00 40.00  80.00
0 0605 061 0620 1500 126  0.790

rm 2.00 2.00 2.00 4.00 3.33 2.00
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3.2 Results and discussion

Using former coarse-grained model and force-field, we test the carbopol model in
aqueous system with cell dimension 25x25x75, approximately 33% of which is
composed of carbopol beads. After equilibrium, we observe a stable carbopol film.

This model can be further used to examine the rheology of carbopol-surfactant system.

Figure 13. The snapshot of Carbopol film after equilibrium. The blue beads are
skeleton beads while red one is side chain alkane bead. The transparent green bead is

water bead.



29

Chapter 4 Conclusion

In this work, we examine the capabilities to a smeared charge model to reproduce the
basic features of ionic surfactants in a standard DPD simulation. We chose a Slater-
type distribution of charge around the bead center implemented in DL_MESO (to our
best knowledge, currently this is the only standard DPD code where smeared charges
are implements). We consider several phenomena which are unique for ionic
surfactants: (1) dependence of the free surfactant concentration on the total surfactant
concentration (2) the dependence of the aggregation on the concentration of added
electrolyte (3) difference in the aggregation of one-component surfactant solutions
and the mixtures of oppositely charged surfactants.

Overall, the model reproduces the qualitative features of ionic surfactant behavior
fairly well in several different systems. The free surfactant concentration showed a
decrease trend with the overall increasing total surfactant concentration after the latter
has exceeded CMC, and the dependence is described well with standard
semiempirical model. Despite higher than experimental CMCs that agreement
between simulations and experiment is actually reasonable, considering the general
accuracy of coarse-grained models in CMC prediction. An unpleasant results is a
small micelle size predicted in DPD. This may be an effect of isotropic charge
distribution around the ionic group and the uniform dielectric constant. The other
issue is DPD model’s inability to reproduce dissociation and recombination between
ionic heads and counterions. Unfortunately, this problem is inherent to the smeared
charge models of DPD and also to many coarse-grained forcefields and has to be
taken into account when such models are employed in predictions of the behavior of

electrolytes.



30

The effect of charge smearing achieved by addition of electrolyte is also reproduced
well in DPD. The spherical micelle growth and elongation, and the transition location
from spherical micelle to rod-like micelle agrees well with the experimental data.
Finally, the model qualitatively describe the structure of the anionic and cationic
surfactant mixtures. The simulation successfully reproduce the transition of
cylindrical micelle shapes and vesicle-like aggregates and the total charge of the
system decreases. The exact shape of the aggregates and conditions for the transitions
between different morphologies are very sensitive to the parameters of interactions
between the ionic groups and the solvent, but rigorous methods for parameterization
are yet to be developed.

We also design a coarse-grained model for carbopol system, and develop relevant
force-field based on our systematic methodology. The carbopol film in aqueous
system is stable after equilibrium, which can be used in further investigation of the
rheology carbopol-surfactant system. Further examination with additional surfactant,
including both non-ionic and ionic-surfactant, are required in the future work based

on this model.
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