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Structure and dynamics of an aqueous solution
containing poly-(acrylic acid) and non-ionic
surfactant octaethylene glycol n-decyl ether
(C10E8) aggregates and their complexes
investigated by molecular dynamics simulations†

Lakshmikumar Kunche and Upendra Natarajan *

A detailed molecular dynamics simulation study of the self-assembly, intermolecular structure and

thermodynamic behavior of an aqueous solution of non-ionic surfactant octa ethylene glycol n-decyl

ether (C10E8) in the presence of a non-ionic polar polymer poly(acrylic acid) PAA is presented. The

aggregation number Nagg and concentration of surfactant Cs in the simulation systems were varied in

the range 0.01–0.32 M and 5 o Nagg o 101 (dilute to concentrated) with a dilute polymer concentration

(Cp = 0.01 M). Lamellar aggregates of non-ionic surfactant in bulk aqueous solution are shown by mole-

cular level computations for the first time. Spherical micellar aggregates and lamellar aggregates are

formed at low and high Nagg, respectively. The transition from the spherical micelle phase to the lamellar

phase in a binary solution is captured for the first time. A conformational transition from coiled

to extended PAA chains adsorbed on the surfactant aggregate occurs at a particular value of Nagg,

commensurate with the transition from spherical micelle aggregates to anisotropic lamellar aggregates.

Formation of the surfactant aggregate in binary and ternary solutions and the polymer–surfactant

complex in a ternary solution is enthalpically favored. Adsorption of PAA on the surfactant aggregate

surface is driven by hydrogen bonds (HBs) between carboxylic acid groups of PAA and ethylene oxide

groups of C10E8. A significant number of HBs occur between polar oxygens of C10E8 and hydroxyl

oxygens of PAA. The results are in agreement with the limited available experimental data on this system.

1. Introduction

Liquid mixtures containing polymers and surfactants are

important in applications such as detergents, cosmetics, phar-

maceutical chemicals, paints, adhesives, coating fluids, oil

recovery fluids, emulsion polymerization, rheological modifiers,

stabilization of protein membranes, and surface engineering.1–9

While extensive studies of charged polymers and ionic surfactants

in aqueous solution have attracted considerable attention, those

of uncharged polymers and non-ionic surfactants are fewer. The

interactions between polar polymers and non-ionic surfactants

are dominated by dispersion forces and hydrogen bonding

between polar moieties of the surfactant and the polarizable

groups of the polymer.10,11 Spherical aggregates at lower

concentration, and symmetric and asymmetric lamellar aggre-

gates at higher concentration are formed in aqueous solutions

of nonionic surfactants.9,12,13 Aggregates comprising polymer

chains and surfactant molecules in ternary (polymer–surfac-

tant–water) solutions are formed at the critical aggregate

concentration (denoted as CAC or T1) below the critical micelle

concentration CMC of the surfactant–water binary solution.

The formation of free micelles occurs at the ‘‘free-micelle’’

concentration (denoted as T2, where T2 is greater than the

CAC) in ternary polymer–surfactant–water solutions.1,2 Apart

from spherical micelles, non-ionic surfactants form several

mesophases such as spherical micelles, hexagonal, normal-

cubic-bicontinuous, lamellar, and reversed-cubic-bicontinuous.

Large head-groups and low temperature favor the formation of

spherical micelles and the hexagonal phase while the lamellar

and reverse cubic phases are favored by small head-groups at

higher temperature.9,12,13

Surfactants can be non-ionic or ionic. The interactions

between non-ionic surfactants and polymers, such as PAA–

CmEn and PMA–CmEn, where m denotes the number of CH2

Macromolecular Modeling and Simulation Lab, Department of Chemical

Engineering, Indian Institute of Technology (IIT) Madras, Chennai 600036, India.

E-mail: unatarajan@iitm.ac.in; Fax: +91-44-22574150, +91-44-22574152;

Tel: +91-44-22574184

† Electronic supplementary information (ESI) available. See DOI: 10.1039/d0sm01322f

Received 20th July 2020,

Accepted 2nd November 2020

DOI: 10.1039/d0sm01322f

rsc.li/soft-matter-journal

Soft Matter

PAPER

P
u
b
li

sh
ed

 o
n
 2

0
 N

o
v
em

b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 b
y
 C

ar
le

to
n
 U

n
iv

er
si

ty
 o

n
 1

1
/2

9
/2

0
2
0
 1

:1
2
:5

5
 A

M
. 

View Article Online

View Journal



Soft Matter This journal is©The Royal Society of Chemistry 2020

groups (C) present in the aliphatic part and n denotes the

number of ethylene oxide (EO) groups in the hydrophilic part (E),

have been investigated by experimental techniques such as fluo-

rescence quenching,14,15 surface tension measurements,11,15–17

calorimetry,18 dye solubilization,15 and viscometry.15,17 The surface

tension of an aqueous solution reduces with an increase in the

surfactant concentration up to a critical concentration value,

beyond which it remains constant.1,3,4 The hydrophobic CH2

groups present in the alkyl part of the surfactant are responsible

for the reduction in the excess free energy of the water surface,

thereby reducing the surface tension. Measurements of the surface

tension of an aqueous solution of a surfactant by tensiometry16,18

provide an easy method to determine the CMC as well as the area

per surfactant molecule at the CMC. However, the necessary

information on T1 and T2 in polymer–surfactant–water solutions

can be provided only by calorimetry18 and spectrofluorometric

measurements.17

The intermolecular interactions between anionic poly-

electrolyte poly(acrylic acid) PAA and CmEn type non-ionic

surfactants in aqueous solution are sensitive to pH.11,16,17,20

At low pH, PAA is neutral (acidic) as all carboxylic acid groups

are protonated. At higher pH 4 3.25 the PAA chains are

converted to anionic species by deprotonation of COOH groups,

which results in enhancement of the hydrogen bonding

between the polymer and the surfactant and between the

polymer and water. Surfactants containing a longer hydrophilic

(EO) part tend to interact strongly with anionic polymers such

as PAA.11 For pH 4 5 the interaction between the polymer

and the surfactant is reduced due to significant electrostatic

repulsion between carboxylate groups of the polymer and EO

groups of the surfactant.20 The pH range for strong favorable

polymer–surfactant intermolecular association in the case of

PAA–C12E8 aqueous solution is 3–5.16 The values of the critical

concentrations CAC and CMC decrease with an increase in the

length m of the hydrophobic alkyl chain.16 Experimental

studies16 of surfactant series CmE8 (m = 10, 12, 14) have shown

that the surfactant having a longer tail shows a lower value of

the CMC and CAC. In the surfactant series having the same

length of the hydrophobic tail but different hydrophilic

lengths, the value of T1 is the same but the value of T2 is lower

for a surfactant having a longer hydrophilic part.17 Interest-

ingly, experimental studies21 involving a comparison between

poly(acrylic acid) PAA and poly(methacrylic acid) PMA with

C12E6 and C12E8 surfactants have shown that T1 4 CMC in

the case of PMA whereas T1 o CMC for PAA. The influence of

the polymer molecular weight on the strength of the polymer–

surfactant interaction has been investigated specifically by an

extensive study taking the example of PAA–C8E5–water

solution.19 The value of T1 is independent of the polymer

molecular weight T1, whereas the free-micelle concentration

T2 is less for a solution containing a polymer of lower molecular

weight (o1 � 105 Da) and remains constant beyond 1 � 105 Da.

The cloud point temperature of the solution increases with the

number of EO groups.22

Surfactants self-assemble to form structured aggregates to

avoid thermodynamically unfavorable intermolecular contacts

in aqueous solution.23–26 The hydrophobic CH2 of the alkyl tail

increases the excess free energy of the water surface, thereby

reducing the surface tension.24 The intra-micellar structure of

ionic surfactants in aqueous solution has been studied exten-

sively using molecular dynamics simulations.27–37 Molecular

simulation studies of surfactant aggregates and surfactant

assemblies at interfaces and of polymer–surfactant self-assembly

in solution using atomistic scale, coarse-grained, and dissipative

particle dynamics have been reviewed and summarized.29 Different

micelle morphologies such as bottle brushes, swollen cages and

necklace formations30 have been shown by Dissipative Particle

Dynamics (DPD) simulations of model surfactants in solution.

The seminal model of Nagarajan and Ruckenstein38–40

based on molecular theory provides the free-energy of aggrega-

tion and size distribution of aggregates of ionic and non-ionic

surfactant molecules in aqueous solution. The prediction of the

CMC, shape and size of micelles of model ionic and nonionic

surfactants in solution is possible using the molecular theory

model.39 The necklace-model of polymer–surfactant complexes

and the statistical thermodynamics approach41–44 are useful for

the prediction of the critical aggregate concentration, the

number of micelles bound to a polymer chain, the aggregation

number of micelles bound to a polymer chain, the average

distance between micelles in solution, and the mean-squared

end-to-end distance of the polymer–surfactant complex

aggregates.43

In most of the previous atomistic simulation studies of surfac-

tants involving explicit chemistry (i.e. real chemical systems)31,45,47

the initial configurations of surfactant molecules were taken as

the loosely packed pre-assembled micelle form, as these pre-

assembled micelles require less computational time to equili-

brate to the final aggregate. However, the use of pre-assembled

micelles is not an appropriate way to study new systems or to

unequivocally establish the formation of aggregates. The only

available atomistic simulation studies on the structure of aggre-

gates of non-ionic surfactants in aqueous solution are those

using the pre-assembled micelle approach.31,45,47 To our knowl-

edge, no studies are available on realistic explicit chemistry

based models of aqueous solutions of water soluble polymers

and non-ionic surfactants which have looked at structural,

dynamic and thermodynamic properties. Despite current under-

standing of polymer–surfactant mixtures in solution obtained

from experimental studies, the structural characterization and

behavioral aspects of polymer–surfactant aggregates at the mole-

cular and mesoscale are lacking. For systems in which either or

both the polymer and surfactant are ionic (i.e. charged), atomistic

scale molecular dynamics simulations45–47 have provided mole-

cular insights into the structure of the micelle core, polymer

adsorption on the micelle surface, the penetration of water inside

the hydrocarbon core, and the shape of the micelle. To the best of

our knowledge, there are no existing studies of atomistic mole-

cular simulations of aqueous solutions of water soluble polymers

and non-ionic surfactants in the literature.

We present an atomistic and molecular simulation study of

a realistic aqueous solution of explicit chemistry containing a

non-ionic polar polymer, a non-ionic surfactant and water,

Paper Soft Matter

P
u
b
li

sh
ed

 o
n
 2

0
 N

o
v
em

b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 b
y
 C

ar
le

to
n
 U

n
iv

er
si

ty
 o

n
 1

1
/2

9
/2

0
2
0
 1

:1
2
:5

5
 A

M
. 

View Article Online



This journal is©The Royal Society of Chemistry 2020 Soft Matter

looking at the effect of the aggregation number and surfactant

concentration on the intermolecular structure and thermo-

dynamics of aggregation and the polymer–surfactant complex.

This is also the first computational study which shows for-

mation of lamellar surfactant aggregates of non-ionic surfac-

tants in bulk aqueous solution and the key aspects of the

structural behavior of such aggregates. This study, for the first

time, shows the existence of a new transition (at a concen-

tration or aggregation number) of the aggregate morphology, in

going from a spherical micelle to a lamellar one, for systems

consisting of non-ionic surfactants in binary (surfactant–water)

and ternary (polymer, surfactant, and water) solutions. A new

conformational transition of the polymer chains adsorbed on

the surfactant micelle surface, which occurs at a particular

aggregation number of the surfactant micelle, is observed for

the first time in an aqueous solution containing a non-ionic

polar polymer. It is difficult to probe such a transition via

experiments. This transition is seen in the radius-of-gyration as

well as in the thermodynamic contribution of the conforma-

tional changes of the polymer chain upon adsorption on the

surfactant micelle.

The system studied in this work is the polycarboxylate

type polar acidic polymer poly(acrylic acid) and the non-ionic

surfactant octaethylene glycol n-octyl ether C10E8, over a wide

range of surfactant concentration and aggregation number.

Being a unique simulation study of atomistic explicit chemistry,

this study brings out details not put forth by the earlier few DPD

and MC studies in the literature. Several molecular aspects of the

behavior of such a solution not easily obtained via experiments

are brought out by this study. The initial arrangement of the

surfactant molecules inside the simulation box is completely

random, which makes our study more appropriate as compared

to previous studies. The concentration of surfactant was varied

from low to high in order to capture the different morphologies of

the surfactant aggregates and polymer–surfactant complexes

in aqueous solution. Multiple independent MD trajectories of

sufficiently long times obtained from different starting conforma-

tions were used to sample the polymer conformations upon

adsorption on the surfactant aggregate, by successfully sampling

the configurational space. The structure of the morphologies is

analyzed in detail using radial distribution functions, density

profiles, and the solvent accessible surface area. The solvation

thermodynamic properties of the binary system and ternary

system are described by calculation of the enthalpy of solvation,

aggregate formation and specific interactions, in binary and

ternary solutions. The hydrogen bonding between the polymer

and surfactant molecules is analyzed. Computational details of

this study are given in the methodology section. The results and

discussion section includes structural aspects of the surfactant

aggregates and polymer chains and of the polymer–surfactant

aggregates, and an analysis of the intermolecular structure

through radial distribution functions, shape factor analysis,

density profiles, hydrogen bonding, surface area analysis, and

the chain conformations and chain dimensions of the polymer.

The results are compared with experimental data. The final

section provides a summary of the key conclusions of this study.

2. Methodology and
computational details
2.1. Force-field and chain structure parameters

The distribution of surfactant molecules, polymer chains and

water molecules was spatially uniform with random orientation

and conformations for the initial configuration of the systems.

The use of random configurations and spatial arrangement of

molecules in the initial configuration for the MD runs bears

the disadvantage that it takes a longer computational time to

equilibrate, but provides realistic sampling as compared to the

pre-assembled configurations31,45,47 used in previous studies.

Potential energy minimization and MD simulations in the

NVT and NPT ensembles were carried out using GROMACS

version 4.0.7,48 with the GROMOS 45a3 generic force-field

(Fig. 1).49 The aliphatic CH2 and CH groups in the PAA chain

and the C10E8 surfactant chains were treated as united atoms

and the rest were treated explicitly. Reports in the literature

have shown that the implementation of the GROMOS96 45A3

force-field gives a good agreement of the values of thermo-

dynamic properties with experiments for hydrocarbons, poly-

(acrylic acid),45,49,50 and PEO.47 The use of the GROMOS96 45A3

force-field also gives the correct hydrogen bonding of carboxylic

acid polymers such as PAA and PMA in aqueous solution.51–56

The GROMOS96 generic force-field is appropriate for molecular

dynamics simulations of polar polymers and certain poly-

electrolytes in aqueous solution.50,57,58 Previous simulation

studies in which the GROMOS96 45A3 force-field was used

have shown results in good agreement with results obtained

from experimental studies for the adsorption of non-ionic and

ionic PAA on DTAC cationic surfactant micelles45 and for

polyethylene oxide–SDS complexation.47 Therefore, the GRO-

MOS96 45a3 force-field was chosen for carrying out the simula-

tions in this study. The force-field parameters of PAA and the

C10E8 surfactant are provided in Tables 3S and 4S, respectively,

in the ESI.† The initial configurations of surfactants and

polymer chains with random torsion angles along the backbone

were generated using the Material Studio Visualizer interface.59

The torsion angle potential about the aliphatic backbone

bonds in the polymer and surfactant was described by the

Fig. 1 (a) Chemical structure of C10E8. (b) Chemical structure of C10E8
with the atom description. (c) Repeat unit of PAA. * refers to chiral carbon.
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Ryckaert–Bellemans functional form.60 The van der Waals

dispersion interactions and electrostatic interactions were

modeled using the 6-12 Lennard-Jones potential function and

the Reaction Field method,61 respectively. The dielectric con-

stant of the solution was kept constant and equal to 80 for all

the systems in this study.

First, a polyethylene oxide (PEO) chain of 12 repeat units was

simulated in aqueous solution at a temperature of 300 K and

pressure of 1 bar. The value of hRgi of this PEO chain obtained

using the GROMOS96 45a3 force-field is 0.76 nm, in agreement

with results from experiments as well as previous simulation

studies performed under the same conditions.47,62 This validated

the use of the GROMOS96 45a3 force-field for simulations of PEO

based surfactants in aqueous solution. The partial charges for

oxygen atoms and the neighboring carbon atoms present in the

polar EO group of the surfactant molecules were taken from a

previous study of PEO chains in water.47 A partial charge of �0.5e

was taken on this oxygen atom and 0.25e was taken for carbon

atoms bonded to this oxygen atom.

2.2. Simulations of a binary solution: C10E8–water

The system specifications and simulation parameters are given

in Tables 1 and 2. The concentration of surfactant molecules in

the periodic simulation box was varied from 0.016 mol l�1 to

0.32 mol l�1, which is higher than the range 8 � 10�5 to

10�2 mol l�1 used in experiments in bulk solution.16 The edge

length of the periodic cubic simulation box was fixed at 8 nm

for systems containing up to 53 molecules (i.e. Nagg r 53,

Cs r 0.17 mol l�1) and an edge length of 10 nm was used for

systems containing 61 to 101 molecules (i.e. 61r Nagg r 101 or

0.19 mol l�1
o Cs o 0.32 mol l�1). The aggregation number

Nagg is the number of surfactant molecules present in an

aggregate. In order to observe the possibility of multiple

micelles, the simulations were also carried out in a larger box

of edge length 13 nm, as multiple micelles did not form in 8 nm

and 10 nm boxes. Even in simulations of 101 molecules carried

out in a 13 nm box a single lamellar aggregate is observed.

The simulation box was solvated with water molecules at

each value of Cs. The SPC water model, a standard model for

bulk water at ambient temperature, accepted for description of

aqueous systems, was used in this study.63–65 Studies66 have

shown that the SPC model can be successfully used for simula-

tions of solutes in water in agreement with experimental

results. The SPC water model is an accepted water model for

use in simulations of synthetic polar polymers in aqueous

solution.50,67,68 A comparison was made of the conformational

properties of fully-ionized PAA chains in water, as obtained

using different combinations of force fields and water models,

in a recent MD simulation study of PAA in aqueous solution.69

The conclusion from that study was that the use of the GAFF

Table 1 Specifications of the systems

Cs

(gmol l�1)
Box size
(nm) Nagg Runs

Time
(ns) trun

Time
(ns) tsamp

Time
(ns) teq

No. of water
molecules

0.016 8 5 2 70 60–70 55–70 16 863
0.042 8 13 2 60 50–60 45–60 16 598
0.068 8 21 2 60 50–60 45–60 16 350
0.094 8 29 2 60 50–60 45–60 16 083
0.12 8 37 2 60 50–60 45–60 15 832
0.14 8 45 2 60 50–60 45–60 15 574
0.17 8 53 2 60 50–60 45–60 15 324
0.19 10 61 2 60 50–60 45–60 31 172
0.22 10 69 2 60 50–60 45–60 30 906
0.25 10 77 2 60 50–60 45–60 30 645
0.27 10 85 2 40 35–40 30–40 30 387
0.30 10 93 2 60 50–60 45–60 30 134
0.32 10 101 2 60 50–60 45–60 29 882

Table 2 Simulation, equilibration and sampling times at various concentrations

Cs (gmol l�1) No. of MD runs per system Simulation time (ns) Sampling time (ns) Equilibration time (ns)

0.016 2 70 60–70 55–70
0.042 2 60 50–60 45–60
0.068 2 60 50–60 45–60
0.094 2 60 50–60 45–60
0.12 2 60 50–60 45–60
0.14 2 60 50–60 45–60
0.17 2 60 50–60 45–60
0.19 2 60 50–60 45–60
0.22 2 60 50–60 45–60
0.25 2 60 50–60 45–60
0.27 2 40 35–40 30–40
0.30 2 60 50–60 45–60
0.32 2 60 50–60 45–60
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force field along with the SPC/E water model (parameters

derived from the ab initio RESP charge fitting method) can

accurately predict conformational properties such as the

radius-of-gyration (Rg) and end-to-end distance (R) of charged

PAA chains in aqueous solution in agreement with experi-

mental values.69 The use of the Gromos53a6 force field along

with the SPC/E water model slightly over-predicts the values of

Rg and R of the fully-ionized PAA chain by about 5%. However,

such comparisons for uncharged PAA chains in aqueous

solution are not available in the literature. The combination

of the GROMOS96 force field along with the SPC water model

gives the correct values of the radius of gyration of unionized

PAA chains, as known from previous atomistic MD simulation

studies.50,52 Therefore, the GROMOS96 force field along with

the SPC water model was implemented in this study. The use of

the four-site TIP4P water model leads to a significant increase

in computational cost, so it was not chosen for this study.

For the first set of simulations (denoted set-I), a coiled initial

conformation was taken for surfactant molecules in all systems.

For the second set of simulations (denoted set-II), an extended

initial conformation was taken for surfactant molecules. Thus, the

simulations for each system were carried out with two completely

different initial conformations and orientations of the surfactant

molecules and polymer chains, for obtaining appropriate

sampling and time-averaging of properties. Simulations of the

precise experimental concentration conditions were not possible

due to the requirement of a periodic simulation box of very large

dimensions beyond the scope of the computational resources for

carrying out atomistic simulations.

The solvated PAA–C10E8 systems were subjected to energy

minimization using the steepest descent method with the

convergence criterion of the maximum force on any atom in

the system being less than 1000 kJ mol�1, followed by NVT and

NPT molecular dynamics each for 100 ps. The equilibration

runs were carried out in the NPT ensemble, from which the

final period of 10 ns was taken as the sampling time for

analysis. For the analysis the coordinates were written after

every 500 steps during the trajectory. The simulations were

performed at 300 K and 1 bar. All systems were sampled for

properties subsequent to establishment of equilibration of the

potential energy and the radius-of-gyration of the surfactant

molecules and polymer chains.

The cut-off distance for electrostatic interactions was taken

as 2 nm and the cut-in and cut-off values for the van der Waals

interactions were kept at 1.0 nm and 1.1 nm, respectively.

The cut-in value is the distance at which the potential is shifted

so that the value of the potential goes to zero at the cut-off

distance using the shift function.70 Trial simulations were

carried out with cut-in and cut-off values for van der Waals

interactions taken as 1.3 nm and 1.4 nm. These gave similar

results to those using 1.0 nm and 1.1 nm. However, the use of

longer cut-offs required more computational time for equili-

bration and sampling. Therefore, smaller values of the cut-offs

were chosen for further simulations. Covalent bonds were

constrained using the LINCS algorithm,71 and accordingly a

time step of 2 fs was used to integrate the equations of motion

using the leap-frog algorithm. The atom neighbor-list was

updated after every 10 steps using a 1 nm neighbor list cut-off.

The V-rescale (velocity rescaling)72 and Berendsen algorithms73

were used for the temperature and pressure coupling baths,

respectively. The velocity rescaling thermostat is a Berendsen

thermostat which has an additional stochastic term that ensures

a correct kinetic energy distribution. The velocity rescaling thermo-

stat produces a correct canonical ensemble and has the advantage

of a first order decay of temperature deviations with no

oscillations.72 The velocity rescaling thermostat has been used

for MD simulations of polymers and proteins in solution.74,75

Temperature and pressure coupling time constants tt = 0.1 ps

and tp = 0.5 ps, pertaining to the compressibility of water being

4.5 � 10�10 kPa�1, were used for coupling to the temperature

(T = 300 K) and pressure (P = 1 bar) baths, respectively.73,76,77

2.3. Simulations of a ternary solution: PAA–C10E8–water

A 30-repeat unit atactic (random occurrence of meso and

racemic dyads) PAA chain of molecular weight 2160 Da was

used for all simulations corresponding to the experimental

system available in the literature.18 Two different initial con-

formations of the PAA chain were taken for carrying out

independent simulations: one with a coiled conformation and

another with an all trans (extended) conformation. The tacticity

sequence of the atactic PAA chain is given in Table 1S in the

ESI.† The sequences were generated using Monte Carlo simula-

tions with target Bernoullian statistics for achieving dyad and

triad fractions for a vinyl polymer chain that is synthesized

using free-radical polymerization in bulk solution.78,79 These

tacticity statistics have been used in recent computational

studies on vinyl polymers in aqueous solution50,52,67,68,80 and

have been utilized widely in the field of computational polymer

science of vinyl polymer chains.

The periodic simulation box containing surfactant mole-

cules and the polymer was solvated with water. The water

molecular geometry (i.e. internal degrees of freedom) was

constrained using the SETTLE algorithm.81 For the initial

configuration of the system, the surfactant molecules and

polymer chain were distributed and oriented randomly along

with water molecules. In the first stage, the system was sub-

jected to energy minimization using the steepest descent

method with an upper limit of force-constraint of 1000 kJ mol�1

on each atom. In the next stage, NVT and NPTmolecular dynamics

simulations, each for 100 ps, followed by equilibration runs in the

NPT ensemble, were carried out. The final 10 ns of the trajectory

was chosen for sampling and time-averaging of properties. The

atom coordinates were written after every 500 steps for the purpose

of carrying out the analysis. All simulations were performed at a

temperature of 300 K and pressure of 1 bar. The simulation run

times and sampling times at each concentration are given in

Table 1. All systems were sampled for properties subsequent to

establishment of equilibration of the system potential energy and

the radius-of-gyration of surfactant molecules and PAA chains. The

systems simulated using a relatively large periodic box size took

significantly more computational time to equilibrate.
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3. Results and discussion

In order to check for artifacts in the simulations a distance

length scale (lc) was calculated as given by the relation lc = Sagg +

2 � Cd, where Sagg is the size of the aggregate and Cd is the

cut-off distance for the intermolecular potential. For a spherical

micelle Sagg = 2Rmic, where Rmic is the radius of the micelle, and

for the lamellar aggregate Sagg = dlam or hlam, the diameter or

height, whichever is larger, of the approximately cylindrical

aggregate. The simulations are valid without artifacts if lc is

smaller than the size of the simulation box. lc at the highest and

lowest concentration values (i.e. size of aggregates) at which

lamellar aggregates form in the ternary and binary solutions

was calculated. The calculations were done using visualization

and atom coordinates, without having the need to average over

the top and bottom surfaces and the width cross-section of the

lamellar aggregate, by consideration of the maximum distance

values in each case. In the ternary solution at Cs = 0.094 mol l�1

(Nagg = 29) the values are Sagg = 3.8 nm and lc = 6 nm, which are

less than the box size (8 nm). We calculated a hypothetical

equivalent spherical aggregate that may have formed at

these concentrations (i.e. aggregation numbers) by equating

the volume of the lamellar aggregate to the volume of a sphere, to

obtain the radius of a sphere, denoted as Rmic. The corresponding

value of Rmic is 1.8 nm and the value of lc using Rmic is 5.7 nm,

which is also less than the size of the box (edge length 8 nm).

Therefore, clearly, there are no artifacts in the simulation. At these

higher aggregation numbers lamellar aggregates must form. Simi-

larly, at Cs = 0.32 mol l�1 (Nagg = 101), the upper end of the

aggregation number studied, the values obtained are: lc = 7.7 nm

by using the corresponding Sagg and 7.8 nm using the corres-

ponding Rmic. The value of lc in both cases is significantly less than

the box size 10 nm. In the binary system at Cs = 0.14 mol l�1

(i.e. Nagg = 45) we get Sagg = 3.8 nm and lc = 6 nm, which are smaller

than the size of the simulation box (8 nm). The equivalent

hypothetical spherical aggregate radius Rmic = 2.1 nm and lc =

6.4 nm, which are smaller in value as compared to the box size

(8 nm). At Cs = 0.32 mol l�1 (i.e. Nagg = 101) in the binary solution

we obtain Sagg = 5.6 nm and lc = 7.8 nm, which are smaller than the

size of the simulation box (10 nm). For this the corresponding

values are Rmic = 2.8 nm and lc = 7.8 nm for the hypothetical

equivalent spherical micelle, which are smaller than the size of the

simulation box (10 nm). From these calculations it is clear that lc is

always smaller than the size of the simulation box, so that there are

no artifacts in the simulations.

3.1. Binary C10E8–water solution

The specifications of the systems are given in Table 1. Snap-

shots of the equilibrated binary system are given in Fig. 2 and

Fig. 1S and 2S as ESI.† The concentration of surfactant in the

simulation box has a direct correspondence with the aggrega-

tion number of the micellar aggregate formed, as all surfactant

molecules are part of the final micellar aggregate formed in the

simulation. The concentration of surfactant molecules was

varied in the range 0.016 mol l�1
o Cs o 0.32 mol l�1. At low

concentrations (range 0.016 mol l�1
o Cs o 0.12 mol l�1)

a single spherical micelle is formed and at higher concentra-

tions (range 0.14 mol l�1
o Cs o 0.32 mol l�1) lamellar

aggregates are formed. Spherical aggregates and lamellar

aggregates are formed below and above a critical value of the

aggregation number, respectively. In order to observe the

formation of multiple micelles additional simulations were

carried out using a 13 nm box, but multiple micelles do not

form and only a single lamellar aggregate is obtained. At Cs =

0.016 mol l�1 a single micelle is formed. The transition from

the micelle phase to the lamellar phase is observed in the range

0.12 mol l�1
o Cs o 0.14 mol l�1.

3.2. Ternary PAA–C10E8–water solution

Two independent simulations for each system were carried out

with different initial conformations of the polymer: coiled and

extended. The tacticity sequence of the polymer chain is given

in Table 1S (ESI†). At a fixed value of the concentration of

surfactant, the variation of the initial conformation of the

polymer did not affect the final morphology of the aggregate.

Snapshots of the ternary system are given in Fig. 3 and Fig. 3S

and 4S (ESI†). The concentration of surfactant was varied in the

range 0.016 mol l�1 to 0.32 mol l�1 (corresponding to the range

of aggregation number 5 o Nagg o 101). At lower values of Cs

(range 0.016 mol l�1
o Cs o 0.068 mol l�1; 5 o Nagg o 21)

spherical micelles are formed and at higher values (0.094 mol l�1
o

Cs o 0.32 mol l�1; 29 o Nagg o 101) lamellar aggregates are

formed. The concentration range, 0.016 mol l�1
o Cso

0.068 mol l�1, in which micelles are formed in the ternary

system is slightly smaller as compared to the binary system

(0.016 mol l�1
o Cs o 0.094 mol l�1; 5 o Nagg o 29) given that

in the ternary system the presence of the adsorbed polymer

chain would pose some difficulty to pack surfactants into a

spherical micelle. At Cs = 0.016 mol l�1 the formation of micelles

takes place in the binary and ternary solutions. Even at low

concentration Cs = 0.016 mol l�1 the surfactant molecules

interact with the polymer chain, in agreement with experi-

mental data17 on this system. The aggregates formed in the

ternary solution clearly show the PAA chain adsorbed on the

surface of the surfactant aggregate. This is driven by hydrogen

bonding between the carboxylic acid groups of PAA and ethylene

oxide groups of the surfactant.

3.3. Conformations of the polymer chain

The radius-of-gyration, Rg, of the PAA chain is shown in Fig. 4.

The conformation of PAA is coiled at a lower concentration of

surfactant (i.e. smaller aggregate size of the surfactant, spher-

ical micelle regime) and extended at a higher concentration

(i.e. larger aggregate size of the surfactant, lamellar micelle

regime). hRgi of PAA at the lowest surfactant concentration

(Nagg = 5; Cs = 0.016 mol l�1) is 0.79 nm, in agreement with

the value in dilute aqueous solution obtained from previous

studies.50,53,69 As seen in Fig. 4 there is a clear transition in hRgi

of the PAA chain adsorbed on the aggregate, in going from the

micellar regime to the lamellar regime. This transition occurs

at Cs = 0.09 gmol l�1 (i.e. Nagg = 24). In the micellar regime PAA

wraps around the surfactant micelle in a coiled conformation;
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therefore, the value of Rg is low. The adsorption and coiling of

the PAA chain on the micelle are driven by hydrogen bonding

between carboxylic acid groups of PAA and EO groups of the

C10E8 surfactant. For the lamellar aggregates, the polymer

chain has to expand and extend itself to be able to adsorb in

a site-specific manner for the interaction of COOH groups of

PAA and EO groups of C10E8.

3.4. Size of the surfactant aggregate

The variation of the micelle radius (i.e. size of the micelle) with

the concentration of surfactant is shown in Fig. 4. The size

of the micelle increases with the aggregation number, which

changes with the surfactant concentration. At low concen-

tration the PAA chain adsorbed on the aggregate surface holds

the surfactant molecules together. However, at higher concen-

tration the COOH interacting sites of the PAA chain are

saturated with the EO groups of the surfactant molecules and

PAA chain expansion and simultaneous enlargement of the

aggregate occur. This leads to an increase in the surface area of

the micelle with the surfactant concentration. The values of the

intermolecular distance within the lamellar aggregate are given

in Table 2S (ESI†). The intermolecular distance increases with

the aggregation number, which implies that the size of the aggre-

gate increases with the aggregation number. The intermolecular

Fig. 2 Snapshots in the binary solution at different surfactant concentrations. (a) Nagg = 5, 0.016 gmol l�1, (b) Nagg = 13, 0.042 gmol l�1, (c) Nagg = 21,

0.069 gmol l�1, (d) Nagg = 29, 0.094 gmol l�1, (e) Nagg = 37, 0.12 gmol l�1, (f) Nagg = 45, 0.14 gmol l�1, (g) Nagg =53, 0.17 gmol l�1 (h) Nagg = 61,

0.19 gmol l�1, (i) Nagg = 69, 0.22 gmol l�1, (j) Nagg = 77, 0.25 gmol l�1, (k) Nagg = 85, 0.27 gmol l�1, and (l) Nagg = 101, 0.32 gmol l�1. The magenta colour

represents the polar moiety and the blue colour represents the non-polar moiety of the surfactant.
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distance is more in the case of aggregates in the binary solution as

compared to the ternary solution, which shows the closer packing

of the surfactant molecules in the presence of PAA. The values of

dlam and hlam, the cross-section size and height of the cylinder

approximately representing the lamellar aggregates in the binary

and ternary solutions, are given in Table 2S of the ESI.† The dlam
values of the lamellar aggregate increase by a factor of 2 with an

increase in concentration (i.e. aggregation number) from the

lowest to the highest values, in the lamellar phase regime.

However, the hlam value of the lamellar aggregate remains roughly

constant across these aggregation numbers in the binary and

ternary solutions.

3.5. Geometry of micelles

The values of the aspect ratio (F) and the eccentricity (e) of the

micelle (in the spherical micelle regime) were calculated using

the standard relations82 provided as eqn (S2) and (S3) in the

ESI.† For a sphere, e = 0 and F = 1.83 The geometry of the

Fig. 3 Snapshots in the ternary solution at different surfactant concentrations. (a) Nagg = 5, 0.016 gmol l�1, (b) Nagg = 13, 0.042 gmol l�1, (c) Nagg = 21,

0.069 gmol l�1, (d) Nagg = 29, 0.094 gmol l�1, (e) Nagg = 37, 0.12 gmol l�1, (f) Nagg = 45, 0.14 gmol l�1, (g) Nagg = 53, 0.17 gmol l�1, (h) Nagg = 61,

0.19 gmol l�1, (i) Nagg = 69, 0.22 gmol l�1, (j) Nagg = 77, 0.25 gmol l�1, (k) Nagg = 85, 0.27 gmol l�1, and (l) Nagg = 101, 0.32 gmol l�1. The magenta colour

represents the polar moiety, the blue colour represents the non-polar moiety of the surfactant and the green color represents the polymer chain.
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simulated C10E8 micelles was characterized using the aspect

ratio (F) and eccentricity (e), which are shown in Fig. 5 and

Fig. 5S and 6S of the ESI.† 20–30 ns were required to form a

micelle of reasonable sphericity, as noted by the fluctuations of

these geometric quantities in the MD trajectories. Linear fits of

the simulated data of the eccentricity and aspect ratio, taking

into consideration the fluctuations, gave the relations e =

(�0.0032 � 2 � 10�6) � Nagg + (0.227 � 0.0016) and F =

(�0.0054 � 4 � 10�6) � Nagg + (1.518 � 0.0033). The detailed

procedure for fitting a straight line to the data of the eccen-

tricity and aspect ratio is provided in the ESI† (eqn (S12)–(S21)).

The values of e and F show fluctuations in the range 0.15 to

0.25 and 1.3 to 1.5, respectively. These values show that the

aggregate formed in the simulations corresponds to a spherical

micelle.83 F and e decrease with Nagg, which implies that the

micelles are more spherical at higher Cs (or Nagg) in the

spherical micelle regime. The values of F and e obtained

for micelles in the binary solution are higher than those

obtained in the ternary solutions, which shows that the

micelles simulated in the PAA–C10E8–water solution are more

spherical than those simulated in the binary C10E8–water

solution. This behavior occurs due to the presence of the PAA

chain on the surface of the micelle, which binds with the

surfactant molecules and keeps these together in an aggregate

via favorable interactions between COOH groups of PAA and EO

groups of C10E8.

3.6. Solvent accessible surface area (SASA)

The results for the solvent accessible surface area are presented

in Fig. 6. The SASA was calculated using the DCLM method.84

The SASA values of the micelles in the binary solution are

greater than those in the ternary solution. In principle the three

possible locations where the polymer chain can adsorb are:

(i) on the surface of the micelle, (ii) on the hydrocarbon–water

interface, and (iii) within the hydrocarbon core. Since simula-

tions were carried out with the surfactant molecules placed

randomly inside the simulation box in their initial configu-

ration, there is equal a priori likelihood of the occurrence of any

of these possibilities. As we have noted, the SASA values of

aggregates formed in the binary systems are greater than the

values in the corresponding ternary systems. Therefore, it is

clear that the PAA chain adsorbs on the surface of the micelle.

The visualization snapshots confirm this behavior. On the

contrary, if the polymer would have penetrated inside the

hydrocarbon core then the SASA of the micellar aggregate

would be greater in the ternary system. Clearly, as seen from

Fig. 6, the difference between the SASA values in the binary and

ternary systems increases with the concentration of the surfac-

tant and aggregation number of the aggregate in solution.

3.7. Thermodynamics: enthalpy of solvation and aggregation

The solvation enthalpy was calculated using thermodynamic

relations adopted from a previous implementation for aqueous

solutions of amino acids85 as given by eqn (S7)–(S11) in the ESI†

section. The values are averaged over 10 ns of sampling time

subsequent to the equilibrated trajectory of the final state of the

solution (binary or ternary as it may be taken), and over 5 ns for

the simulations of reference states (isolated PAA in a vacuum,

and pure bulk water in the NPT ensemble), which is sufficient

Fig. 5 Aspect ratio (F) and eccentricity (e) of the micelles in the binary

solution in the spherical micelle regime.

Fig. 6 Solvent accessible surface area (SASA) of the surfactant aggregates

in the binary and ternary solution.

Fig. 4 Average of the principal components of the radius-of-gyration

hRgi of the PAA chain averaged over MD run trajectories for two different

tacticity sequences and the radius of the micellar aggregate R formed in

the binary solution. The equation for the linear fit is hRgi = 2.961 � Cs +

0.7476 in the micellar regime and hRgi = 0.797 � Cs + 0.944 in the lamellar

regime. The inset figure shows the variation of hRgi of the PAA chain with

the same axis labels as the main plot.
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for sampling the reference states. The intermolecular potential

energy of bulk water using the SPC model in the NPT ensemble

was obtained as �40.8 kJ mol�1 in agreement with the reported

value.86

In a similar manner, the total enthalpy of the binary

surfactant–water solution, for each system, was obtained. The

following quantities were calculated and are presented in Fig. 7

and Table 5S of the ESI:† (i and ii) the enthalpy of surfactant–

water solvation (DHsol) in the ternary and binary solutions,

(iii) the enthalpy of solvation (DHsol) of the polymer chain in

the ternary solution, (iv) the enthalpy of formation of the

ternary solution (DHform), (v) the contribution of the conforma-

tional change of PAA to the enthalpy of solvation of PAA in the

ternary solution (DHconf), (vi) the enthalpy of polymer–surfactant

binding in the ternary solution (DHP–S,bind), (vii) the enthalpy of

aggregation (DHagg) of surfactant molecules in water, and (viii) the

enthalpy of aggregation (DHagg) of surfactant molecules in the

ternary solution.

The analysis of the results on the basis of either the

concentration of surfactant Cs or the aggregation number Nagg

would be similar. DHsol in the ternary and binary solutions

becomes more favorable with an increase in Cs, driven by

favorable surfactant–water interactions, which occurs even at

low Cs. For the binary solution DHsol decreases with an increase

in Cs, which indicates that the favorable intermolecular inter-

actions between the surfactant and water become stronger with

an increase in Cs. As seen from Fig. 7(b), DHsol of the polymer

chain in the ternary solution becomes more endothermic

(i.e. unfavorable) with an increase in the aggregation number.

The interaction between PAA and the surfactant given by

Fig. 7 (a) Enthalpy of solvation interaction between the surfactant and water, (b) enthalpy of solvation interaction between the polymer and water,

(c) conformation contribution to the enthalpy of solvation of the polymer, (d) enthalpy of binding between the polymer and surfactant, (e) aggregation

enthalpy of the surfactant in water, and (f) enthalpy of formation of the ternary solution. The error values in the enthalpy calculations are less than 5%.

Paper Soft Matter

P
u
b
li

sh
ed

 o
n
 2

0
 N

o
v
em

b
er

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 b
y
 C

ar
le

to
n
 U

n
iv

er
si

ty
 o

n
 1

1
/2

9
/2

0
2
0
 1

:1
2
:5

5
 A

M
. 

View Article Online



This journal is©The Royal Society of Chemistry 2020 Soft Matter

DHP–S,bind is exothermic in the entire concentration range and

increases with Cs. As seen from Fig. 7(c), the energetic contri-

bution of the conformational change of PAA to the solvation

enthalpy of the polymer in the ternary solution, DHconf, is

clearly exothermic for the entire range of Cs, with the exception

of the very dilute conditions of Cs r 0.07 gmol l�1 (i.e. Nagg r 21).

Interestingly, in the narrow concentration range 0.068 gmol l�1
o

Cs o 0.094 gmol l�1 (21–29 for Nagg), there DHconf shows a

transition from endothermic to exothermic, which is directly

associated with the transition from the micellar phase to the

lamellar phase.

The data obtained on the enthalpy change of binding of the

PAA chain to the aggregate, denoted by DHP–S,bind, with respect

to the reference states of an isolated PAA chain in a vacuum and

the surfactant–water binary solution, with the intermolecular

interactions between the polymer and surfactant taken into

account, is shown in Fig. 7(d). DHP–S,bind is exothermic in

the entire range with the behavior similar to that shown by

DHconf. Thus, the intermolecular interaction between PAA and

the surfactant is conformationally cooperative in the entire

concentration range.

The behavior of DHagg, calculated as the enthalpy change for

the formation of the surfactant aggregate with the reference

states being the isolated surfactant molecules in a vacuum,

denoted as DHagg, in the ternary and binary solutions, is shown

in Fig. 7(e). DHagg is exothermic for all values of Cs in the binary

and ternary solutions, which implies that aggregate formation

is thermodynamically favored, as expected.39 This result is in

qualitative agreement with the theoretical model39 of the free

energy change of aggregation. The behavior as a function of Cs

or Nagg is in agreement with the trend observed in an earlier

study which showed that the free energy change is more

exothermic at higher aggregation numbers.39 As the entropy

change for aggregation is positive (i.e. unfavorable), a negative

change of the enthalpy of aggregation, wherein it is well-known

that it has a dominant influence on the free energy change,

would be in qualitative agreement with the negative free energy

change (i.e. of being favorable) and its variation with the

aggregation number, as known from previous studies39,40 in

the literature.

As shown in Fig. 7(f), the enthalpy of formation DHform of the

ternary solution is exothermic in the entire concentration

range. Our simulations are able to thermodynamically describe

the formation of the polymer–surfactant–water ternary solution

of a non-ionic water-soluble polymer, a non-ionic surfactant,

and water, as the results of the enthalpy change qualitatively

mimic those of the free energy change, which, as expected,

must be exothermic. The value of DHform becomes more

exothermic with an increase in Cs, which implies that the

formation of lamellar aggregates in the PAA–C10E8–water sys-

tem is more favored as compared to spherical micelles at those

aggregation numbers. The micellar range does exist but it is

confined to a shorter range (Nagg = 5, Cs = 0.016 to Nagg = 21,

Cs = 0.068 mol l�1) as compared to the range for the formation

of the lamellar aggregate. While the data for DHform of the

binary (C10E8–water) solution is not provided here, it is

important to note that the range for which spherical micelles

exist is larger in the binary solution (5 o Nagg o 37) as

compared to the ternary solution (5o Nagg o 21). This portrays

the situation of a lamellar aggregate being more favorable than

a spherical micelle for the adsorption of a non-ionic polymer on

a non-ionic surfactant aggregate, and for the formation of the

ternary aqueous solution containing the polymer adsorbed on

the surface of the surfactant aggregate. Therefore, clearly, the

formation of lamellar aggregates is more favorable as compared

to spherical micelles in the PAA–C10E8–water system at higher

values of the aggregation number. These results are important

as these are not known from experimental study16 of this

system.

3.8. Structure of polymer–surfactant complexes

3.8.1. Radial distribution functions. The RDFs involving

carbonyl oxygen (O1 of the CQO group of PAA), hydroxyl oxygen

(O2 of the –OH group of PAA) and water oxygen (OW) with

respect to the polar groups (ethylene oxide, EO) and non-polar

groups (CH2) of the C10E8 surfactant are shown in Fig. 8, and

Fig. 7S–9S of the ESI† section. Here a non-polar group refers to

those in the hydrocarbon tail of the surfactant consisting of

carbon atoms (C1, C2, C3, C4, C5, C6, C7, C8, C9 and C10) and a

polar moiety refers to ethylene oxide groups (Oa, C9, C10, Ob,

C11, C12, Oc, C13, C14, Od, C15, C16, Oe, C17, C18, Of, C19,

C20, Og, C21, C22, Oh, C23, C24, OS and HS). The atom names

are specified as shown in Fig. 1. The peak position of the RDF of

the O1–P pair is located at 0.33 nm and that of the O1–NP pair

is at 0.39 nm for Cs = 0.016 mol l�1. The peak position of the

curve for the O2–P pair is at 0.26 nm and that of the O2–NP

pair is at 0.36 nm for Cs = 0.016 mol l�1. A similar structure

is observed at higher aggregation number and surfactant

concentration.

A comparison of the RDFs of carbonyl oxygen O1 (of CQO)

with respect to the polar (EO) and non-polar (CH2) groups of

the surfactant, on the basis of the location of the first peak

positions, shows that the polar EO groups are located closer to

the O1 oxygens of PAA. A similar behavior of the structure is

seen for the hydroxyl O2 oxygens of PAA. These values indicate

that PAA interacts strongly with the polar groups of the surfac-

tant aggregate as compared to the non-polar hydrocarbon

groups, and it is adsorbed on the surface of the micelle. These

RDFs indicate that the polymer chain positions itself near the

polar groups of the surfactant chains and it is neither present at

the hydrocarbon–water interface nor solubilized in the interior

region of the micelle. This behavior, interestingly, is similar to

the results and behavior of polyacrylate polyelectrolytes and

uncharged PAA interacting with CTAC cationic surfactant

micelles.45

The RDFs shown in Fig. 8(c) indicate that water molecules

interact favorably and preferentially with the polar groups

rather than the non-polar groups of the surfactant. This is

corroborated by the results of the density profile of water as

shown in Fig. 9. This phenomenon is the hydrophobic effect,24

which is the key driving force for the formation of such

micelles. The non-polar groups of the surfactant avoid contact
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with water molecules and cluster themselves to form the core

region of the micelle. A comparison of the RDFs of CH2 groups

with respect to O1, O2 and OW (Fig. 8(d)) shows that distinct

coordination peaks are present for O1 and O2 but not for

OW, due to O1 and O2 being a chemically bonded part of the

PAA chain, while water is kept away due to its hydrophilic

nature. However, a comparison of the RDFs of the polar

EO groups with respect to O1, O2 and OW (Fig. 8(e)) shows

that distinct coordination peaks are present for all three types

of oxygen, due to the polar nature of all these atoms and

the hydrophilic nature of the EO groups. A comparison of

the RDFs of water oxygens OW with respect to the polar EO

and the non-polar CH2 groups of the surfactant, on the

basis of the location of the first peak, shows that there is a

distinct peak in the OW–EO RDF which is absent in the

OW–CH2 RDF. This indicates that water shows a clear first

coordination shell for its interaction and structure with

respect to the polar EO groups and does not exhibit this with

respect to the non-polar CH2 groups. The interaction of water

with the hydrophobic CH2 groups of the surfactant has a

diffuse intermolecular structure. A comparison of the RDFs

shown in Fig. 8(d) and (e) also indicates that, for the polar EO

Fig. 8 (a) RDFs for carbonyl oxygen (O1) of PAA with the polar (P) and non-polar (NP) parts of the surfactant in the ternary solution at different values of

Cs. (b) RDFs for carbonyl oxygen (O2) of PAA with the polar (P) and non-polar (NP) parts of the surfactant in the ternary solution at different values of Cs.

(c) RDFs for carbonyl oxygen (OW) of PAA with the polar (P) and non-polar parts (NP) of the surfactant in the ternary solution at different values of Cs.

(d) RDFs of different oxygens with the non-polar parts (NP) of the surfactant at Cs = 0.14 gmol l�1 in the ternary solution. (e) RDFs of different oxygens

with the polar parts (P) of the surfactant at Cs = 0.14 gmol l�1 in the ternary solution. (f) RDFs of the nonpolar parts (NP) with the nonpolar parts (NP) at

different values of Cs.
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group of the surfactant, the proximity (i.e. the intermolecular

distance) of the peak positions follows the order: O2 o O1 o

OW, while for the non-polar CH2 group of the surfactant the

proximity of the peak positions follow the order: O2 o O1.

Therefore, the carbonyl oxygen as compared to the hydroxyl

oxygen of PAA is closer to water oxygen.

3.8.2. Radial density profiles. The radial density profiles

within the micelles are shown in Fig. 9. As shown in Fig. 9(e),

for Nagg = 21 and Cs = 0.068 mol l�1, the PAA chain is adsorbed

on the surface of the micelle, favorably interacting with

the polar and the non-polar groups of C10E8. Hydrophobic

interactions and hydrogen bonding simultaneously aid the

formation of the polymer–surfactant complex. For micelles

having a small value of Nagg, water molecules are able to easily

penetrate into the micelle (Fig. 9(b) and (c)). Water penetrates

inside the micelle for Nagg = 21 (Cs = 0.068 mol l�1) but not for

Nagg = 29 (Cs = 0.094 mol l�1). It is clear that water shows some

penetration into the hydrocarbon core. Water molecules are

unable to penetrate inside the micelle at higher aggregation

numbers and interact with only the polar EO groups of the

surfactant. At low values of Nagg and Cs 4 CMC (Nagg = 5 and

13) the micelles formed are not structurally well-defined, with

some of the hydrocarbon tails of the surfactant molecules being

on the surface of the aggregate.

Fig. 9 Density profiles of the atoms and groups within the micellar aggregates for different aggregation numbers. (a) Nagg = 13, Cs = 0.042 gmol l�1

in the binary solution, (b) Nagg = 21, Cs = 0.068 gmol l�1 in the binary solution, (c) Nagg = 29, Cs = 0.094 gmol l�1 in the binary solution, (d) Nagg = 37,

Cs = 0.12 gmol l�1 in the binary solution and (e) Nagg = 21, Cs = 0.068 gmol l�1 in the ternary solution.
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3.9. Hydrogen bonding

It has been suggested10,11 that hydrogen bonding is one of the

key driving forces for the formation of polymer–surfactant

complex aggregates of water soluble polymers. The structural

criterion for the formation of hydrogen bonds (HBs) used in our

simulations is as follows: a donor–acceptor distance less than

0.35 nm, and the hydrogen–donor–acceptor bond angle, i.e. H–

O� � �O bond angle, must be less than 301.87 The interactions in

the case of non-ionic surfactants come only from weak electro-

statics, hydrogen bonding and van der Waals dispersion forces,

with hydrogen bonding having a significant contribution

among these. The different types of donor–acceptor pairs in

the case of PAA interacting with water are known,51 of which

significant HBs are seen to occur between oxygens of the polar

EO group and O2HA of PAA as shown by our simulations. The

HBs between EO oxygens and O2HA of PAA obtained from the

simulations are shown in Fig. 10. The number of these HBs

increases with Nagg and Cs and this is the major contribution to

H-bonding, as originally suggested88 by an experimental study.

The contribution of other types of HB is negligible and those

values are calculated and shown in Fig. 11S–13S as ESI.† The

PAA chain, by adopting an extended conformation, is able to

interact more favorably and bind with surfactant molecules via

hydrogen bonding at higher levels of Cs. For Nagg 4 61, Cs 4

0.19 mol l�1 the number of HBs between PAA and the surfac-

tant is almost constant, at a value of 8, which shows that at

higher concentrations the PAA chain is saturated with surfac-

tant molecules. At a maximum 8 HBs are formed, which

specifically are: hydrogen bonds between O2HA of PAA and

oxygens of the polar EO group, per PAA chain. The smallest

number of HBs formed by the PAA chain is 4 at the smallest

aggregation number 5 (Cs = 0.016 gmol l�1), which is contrib-

uted by HBs between O2HA of PAA and oxygens of the polar EO

groups. As seen from Fig. 10(a), the number of HBs between

PAA and water decreases with an increase in Nagg and Cs.

A ‘‘free’’ PAA chain in water forms 2.6 HBs with water per

COOH group,50,51 while the PAA chain as part of the polymer–

surfactant complex forms 0.7 to 0.4 HBs with water, as seen

from Fig. 10(a). At low values of Nagg or Cs the number of HBs

between PAA and the surfactant is less, and hence PAA interacts

more with water as compared to the surfactant. Whereas,

at high values of Nagg or Cs, the PAA chain is saturated with

surfactant molecules, and hence its interaction with water is

reduced. The data on the number of HBs between the surfac-

tant and water per EO group of C10E8 is given in Fig. 10(b). With

an increase in Nagg or Cs, the number of EO groups exposed to

water is reduced, and therefore the number of HBs decreases

with an increase in Nagg or Cs in the binary as well as the ternary

solution. The number of surfactant–water HBs is slightly higher

in the binary solution.

3.10. Cooperativity between the polymer and surfactant

In the literature, the experimental studies of the PAA–C10E8–

water system16,17 and polymer–surfactant mixtures in solution

mention ‘‘cooperativity’’ between the polymer and surfactant

for aggregate formation, but do not provide any analysis or

estimation of the mechanism. From our study it is observed

that uncharged PAA adopts a coiled conformation in aqueous

solution, and undergoes chain extension with an increase in

the size of the aggregate. Also, the simulations show that the

micellar aggregates are more spherical in the ternary system.

These observations suggest that the interaction between the

polymer and surfactant is cooperative. It is well-known from

experiments that the mean value and distribution of the

aggregation numbers of micelles are different in binary and

ternary systems, and this could be a measure of polymer–

surfactant cooperativity. However, this is difficult to capture

using fully atomistic molecular dynamics simulations with

explicit solvent due to the requirement of a prohibitively

large box.

4. Conclusions

The molecular structure and dynamics of aqueous solutions

containing poly(acrylic acid) PAA and octaethyleneglycol n-dodecyl

ether (C10E8) surfactant were investigated using atomistic

Fig. 10 (a) The PAA–C10E8 HB and PAA–water HB formed by the PAA chain in the ternary solution. HBs are formed between polar oxygens (Oa, Ob, Oc,

Od, Oe, Of, Og, and Oh) of C10E8 and hydroxyl groups (O2, HA) of PAA, and between hydroxyl groups (O2, HA) of PAA and water. (b) Number of HBs

between C10E8 and water in the ternary and binary solutions per EO group of the surfactant. The HBs occur between polar oxygens (Oa, Ob, Oc, Od, Oe,

Of, Og, and Oh) of the surfactant and water. ‘‘HB’’ refers to hydrogen bonds.
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molecular dynamics with explicit water molecules as a function

of the concentration of the surfactant. The simulation results

are in qualitative agreement with experimental results for this

particular system. Spherical micelles and anisotropic lamellar

aggregates are formed at lower and higher values of the

surfactant concentration, respectively. The transition from the

micelle phase to the lamellar phase in the binary solution is

observed in the concentration or aggregation number range

0.12 mol l�1
r Cs r 0.14 mol l�1 (i.e. 37r Nagg r 45), whereas

in the ternary solution this transition is observed in the range

0.068 mol l�1
r Cs r 0.094 mol l�1 (21 r Nagg r 29).

For smaller micelles that correspond to smaller values of

Nagg, the PAA chain adsorbs on the micelle surface in a coiled

conformation, while for larger micelles that correspond to

larger values of the surfactant concentration, PAA adsorbs on

the surface of the lamellar aggregate in an extended conformation.

The range of aggregation numbers in which micelles are formed in

the ternary PAA–C10E8–water solution is smaller as compared to the

range observed in the binary C10E8–water solution. Even at low Cs,

the C10E8molecules interact with the PAA chain, in agreement with

experimental data on this system. The values of the aspect ratio F

and eccentricity e for the micelle aggregates in the binary solution

are greater than the values obtained in the ternary solution, which

indicates that the micelle aggregates in the ternary solution

are more spherical as compared to those formed in the binary

C10E8–water solution, due to their strong favorable interaction with

the PAA chain.

Strong favorable interactions between –COOH groups of

PAA and EO groups of C10E8 occur, which facilitates polymer–

surfactant interactions in solution as well as adsorption of

PAA on surfactant aggregates. This result is supported by

computational analysis using RDFs, the solvent accessible

surface area (SASA) and atom density profiles. The SASA value

of the aggregate in the binary (C10E8–water) solution is larger

than the value obtained for the ternary system, and so the PAA

chain adsorbs on the surface of the aggregate. PAA not only

interacts with polar moieties but also with non-polar moieties

of the surfactant. The adsorption of PAA on the C10E8 aggre-

gate is driven by hydrogen bonding between carboxylic acid

groups of PAA and EO groups of the surfactant. Interestingly,

our simulations show that there is a clear transition in

the radius-of-gyration hRgi of the PAA chain adsorbed on the

aggregate, in going from the spherical micellar regime to the

lamellar aggregate regime. The adsorption and coiling of the

PAA chain on the micelle are driven by the formation of stable

hydrogen bonds between carboxylic acid groups of the PAA

chain and EO groups of the C10E8 surfactant. At a low

concentration of the C10E8 surfactant, the water molecules

are able to interact with the hydrocarbon core of the micelle.

However, at higher concentrations the water molecules are

unable to penetrate into the hydrocarbon core, while interac-

ting only with the polar moieties of the surfactant molecules.

The polymer chain is able to interact more favorably to bind

with surfactant molecules via hydrogen bonding at higher

surfactant concentration, as the PAA chain adopts an extended

conformation.

The solvation enthalpy of the C10E8 surfactant in the ternary

PAA–C10E8–water solution indicates that a favorable interaction

of water with C10E8 occurs even at low Cs. For large values of

Nagg the PAA chain is able to interact more favorably and bind

via hydrogen bonding, as it adopts an extended conformation.

The intermolecular interaction between PAA and the surfactant

is conformationally cooperative in the entire range of surfac-

tant concentration investigated in this study. At higher con-

centrations of C10E8 the PAA chain is saturated with surfactant

molecules.

The values of the enthalpy of surfactant aggregation show

that aggregation is favored in the entire range of concentrations

investigated in this study. The number of hydrogen bonds

formed between PAA and surfactant molecules increases with

Cs and attains a constant value. The enthalpy of formation of

the ternary solution, which is exothermic in the entire concen-

tration range, indicates that the formation of lamellar aggre-

gates is more favorable than spherical micelles. These new

structural and thermodynamic results are crucial in furthering

our understanding of such systems, and for promoting new

experimental studies which are absent in the field. The infor-

mation obtained from the simulations is in agreement with

experimental data available on these systems, and additionally

the results presented in this study provide new insights into the

molecular level structural and thermodynamic aspects of

the micelles, surfactant aggregates and polymer–surfactant

complexes in aqueous solutions of non-ionic surfactants and

polymers.
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