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1 Introduction

Effects of surfactant adsorption on the wettability
and friction of biomimetic surfacesy
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The properties of solid-liquid interfaces can be markedly altered by surfactant adsorption. Here, we use
molecular dynamics (MD) simulations to study the adsorption of ionic surfactants at the interface
between water and heterogeneous solid surfaces with randomly arranged hydrophilic and hydrophobic
regions, which mimic the surface properties of human hair. We use the coarse-grained MARTINI model
to describe both the hair surfaces and surfactant solutions. We consider negatively-charged virgin and
bleached hair surface models with different grafting densities of neutral octadecyl and anionic sulfonate
groups. The adsorption of cationic cetrimonium bromide (CTAB) and anionic sodium dodecyl sulfate
(SDS) surfactants from water are studied above the critical micelle concentration. The simulated
adsorption isotherms suggest that cationic surfactants adsorb to the surfaces via a two-stage process,
initially forming monolayers and then bilayers at high concentrations, which is consistent with previous
experiments. Anionic surfactants weakly adsorb via hydrophobic interactions, forming only monolayers
on both virgin and medium bleached hair surfaces. We also conduct non-equilibrium molecular
dynamics simulations, which show that applying cationic surfactant solutions to bleached hair
successfully restores the low friction seen with virgin hair. Friction is controlled by the combined surface
coverage of the grafted lipids and the adsorbed CTAB molecules. Treated surfaces containing
monolayers and bilayers both show similar friction, since the latter are easily removed by compression
and shear. Further wetting MD simulations show that bleached hair treated with CTAB increases the
hydrophobicity to similar levels seen for virgin hair. Treated surfaces containing CTAB monolayers with
the tailgroups pointing predominantly away from the surface are more hydrophobic than bilayers due to
the electrostatic interactions between water molecules and the exposed cationic headgroups.

surfactant adsorption are conducted using flat homogeneous
substrates.” It has been shown that nanoscale surface rough-

The adsorption of surfactants on heterogeneous solid surfaces
is important for the performance of a wide range of industrial
and domestic formulations, from fluids for oil extraction® and
lubricants® to laundry detergents® and cosmetics.” Despite this,
the vast majority of experimental and computational studies of
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ness and chemical heterogeneity can strongly impact surfactant
performance, so it is important to include these substrate
effects in the surfactant design and formulation process.’
Human hair is one such heterogeneous surface where
surfactant adsorption plays an important role in modifying
interfacial behaviour. The outer layer of hair, the epicuticle, is
protected by a fatty acid monolayer that is primarily composed
of 18-methyleicosanoic acid (18-MEA).® This layer is crucial to
maintaining the hydrophobicity, low friction, and satisfactory
look and feel of hair.® The 18-MEA layer is covalently bound to
the underlying cysteine layer via thioester bonds,” and can be
partially removed when hair is damaged through chemical
treatments such as bleaching,® exposed to ultraviolet light,’
or even rubbed vigorously.'® These damage processes expose
oxidised cysteic acid residues, which results in the formation of
negatively charged regions on the hair surface."' Microscopically
damaged regions'? are randomly arranged on the epicuticles,
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leading to heterogeneous surfaces.'®> Due to stronger electro-
static interactions between water molecules and the negatively
charged sulfonate groups than nonpolar 18-MEA chains, bleached
hair is hydrophilic, while virgin hair is hydrophobic.'®****

Hair has no natural self-repair mechanism for the 18-MEA
layer apart from the exposure of fresh cuticles through
delamination,"®"” which only occurs following strong chemical
hair treatments'® or extended weathering.'” Therefore, one of
the main functions of hair care formulations' is to repair the
damaged 18-MEA monolayer.* Hair care products, such as
shampoos and conditioners, contain a wide range of anionic,
cationic, zwitterionic, and non-ionic surfactants to aid the
maintenance and grooming processes.”® The main function
of shampoos is to clean the hair,® while conditioners repair
hair damage to make it easier to comb and improve its feel,
shine, and softness.?! Shampoos contain mostly anionic sur-
factants due to their superior cleaning performance®*>* and
they have been shown to successfully remove dirt and sebum
from the hair surface.?* Conditioners typically contain cationic
surfactants or polymers, which form strong ionic bonds with
negatively-charged regions on the hair surface and act as a
repairing agent that remain bound after rinsing and drying.*"
Many experimental studies have investigated the adsorption of
anionic surfactants,>>?* cationic surfactants**>°>’ and catio-
nic polymers*** on hair.

Chemically damaged and bleached hair shows much higher
friction than virgin hair.>*~*° This is due to the removal of the
protective 18-MEA layer and its replacement with anionic
sulfonate groups.*' Atomic force microscopy (AFM) experiments
showed that the application of a commercial hair conditioner
reduced the friction of chemically damaged and bleached hair to
levels comparable to virgin hair through adsorption onto the
damaged patches.’® More recent AFM experiments suggested that
friction reduction of chemically damaged hair due to treatment
with a commercial conditioner was evident below a normal load
threshold of 5 nN (corresponding to a mean Hertz pressure,
120 MPa for a 15 nm SiN tip), above which friction was
similar to untreated damaged hair.*® In addition to formulated
conditioners, reductions in hair friction have also been observed
with simple cationic surfactants. It has been shown that the
friction between a single bleached hair and hard rubber can be
decreased by increasing the concentration of cetyltrimethylammo-
nium bromide (CTAB).*® Friction reduction of single hair-hair
contacts was also observed using AFM as the concentration of
tetradecyltrimethylammonium bromide (TTAB) was increased.*
Friction reductions with CTAB has also been observed at larger
scales in rubbing experiments with a model finger on hair
bundles.*? In addition to friction reduction, cationic surfactants
and polymers can also be added to formulations to make hydro-
philic bleached hair more hydrophobic.'®*****™*’ Dynamic and
static wetting experiments on bleached hair showed that the water
contact angle can be increased through the deposition of cationic
surfactants.*'>*®

Theoretical and numerical models can help in providing
insights to surfactant interactions with hair surfaces that are
otherwise inaccessible through experiments. Mean-field theory
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approaches, such as self-consistent field theory (SCF) have been
used to predict self-assembly of polymers and surfactants and
their adsorption to hair-like surfaces.*>! These tools ulti-
mately provide useful insights into the equilibrium structure
of surfactants in bulk solution and near substrates across a
wide range of concentrations and molecular architectures.
However, system dynamics and non-equilibrium systems as
well as the three-dimensional structure cannot be accurately
captured with the common mean-field approaches. These
factors can be accounted for using molecular simulation tech-
niques, such as molecular dynamics (MD) and dissipate parti-
cle dynamics (DPD). For example, DPD has been used to study
the adsorption of nonionic n-alkyl poly(ethylene oxide) surfac-
tants on planar hydrophobic surfaces as a model for virgin
hair.”> The adsorption of non-ionic surfactants on chemically
heterogeneous surfaces, comparable to those found on
damaged hair, has also been studied with DPD.>® Recently,
the adsorption and desorption under shear of cetrimonium
chloride (CTAC) and fatty alcohols on 18-MEA monolayers
grafted to a planar surface as a model for virgin hair were
investigated using DPD.>* MD simulations with atomistic reso-
lution have also been used to study the adsorption of fatty acids
onto the 18-MEA-covered ultrahigh sulfur proteins.>

We recently proposed a coarse-grained molecular model to
study the wettability of virgin and bleached hair using MD
simulations.>® We also used these models to investigate the
friction between two hair surfaces at various levels of chemical
damage under dry and wet conditions using non-equilibrium
molecular dynamics (NEMD) simulations.*' Recently, a similar
coarse-grained MD framework was used to study the adsorption
and friction of large biomacromolecules mixed with ionic
surfactants on hair surfaces.””

In this work we study the adsorption of cationic and anionic
surfactants onto virgin and bleached hair surfaces using coarse-
grained MD simulations. We simulate surfactant adsorption
isotherms with bulk systems at concentrations above the critical
micelle concentration (cmc). Subsequently, we investigate the
friction of hair surfaces with adsorbed cationic surfactants using
squeeze-out and NEMD simulations at a wide range of contact
pressures and sliding velocities. Our NEMD simulation results are
compared to previous hair friction experiments with various
cationic surfactants. Finally, we carry out nanodroplet wetting
simulations to compare the contact angle on surfaces with
adsorbed cationic surfactants to previous results on bare model
hair surfaces. The methodology introduced in this work is
expected to be applicable to screening of a wide range of different
ionic surfactants with regards to their surface affinity, aggregation
at heterogeneous surfaces, wetting and ultimately their effect on
friction between hairs and other soft matter interfaces.

2 Methodology
2.1 Surfactant bulk solutions

We carry out MD simulations of the self-assembly of ionic
surfactants in aqueous solution to establish equilibrated bulk
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systems for subsequent surface adsorption simulations. We use
CTAB as a model cationic surfactant and sodium dodecyl
sulfate (SDS) as a model anionic surfactant. We also consider
systems with excess salt (NaCl) to study the effect on self-
assembly and adsorption. An overview of all the molecules
considered and their coarse-grained bead types is shown in
Fig. 1. We employ the MARTINI 2 model®®*® in conjunction
with the polarizable MARTINI water model introduced by
Yesylevskyy et al.®® throughout. This combination has been
validated previously for the structure, wettability, and friction
of virgin and bleached hair surfaces.*'*® All bulk systems
presented in this work were prepared using PACKMOL®" for
both the pre-assembled micelles and randomly distributed
molecules and Moltemplate®> for assembly of the systems.

CTAB is described as a linear chain of four apolar C, beads
with a terminal positively-charged Q. bead and negatively-
charged Q, bead representative of the bromide counterions.** >
For CTAB, we consider bulk concentrations in the range of
Co = 120-973 mM, where ¢, is the concentration prior to any
adsorption. The equilibrium bulk concentration is further denoted
by ¢. and can potentially differ from the initial concentration due
to surfactant adsorption and therefore depletion from the finite-
size bulk.®® SDS is modelled as three apolar C; and a terminal
negatively-charged Q, bead with a positively-charged sodium
counterion (Qg).***”°® Initial SDS concentrations in the range of
Cop = 173-701 mM are considered.

All simulations were performed in the open-source code
LAMMPS.®® We use the velocity-Verlet’® integration scheme
with a timestep of 5 fs.”® The fully periodic bulk systems are
equilibrated to atmospheric pressure (p = 1 atm) for 0.1 ns in
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the isothermal-isobaric (NPT) ensemble and are then run in the
canonical ensemble (NVT) at T = 300 K for at least 100 ns.
We used a global Nosé-Hoover thermostat’™’> and barostat”>
with a damping coefficient of 1 ps for the temperature and 3 ps
for the pressure.

The standard MARTINI shifted Lennard-Jones (L]) potentials®®
are used for all non-bonded interactions between non-aqueous,
charge-neutral beads. The L] contributions are smoothly shifted to
zero between the cut-off radius rij ey = 0.9 and 7y ghige = 1.2 nm.>®
All remaining non-bonded interactions are treated in accordance
with the extensions introduced by the polarizable water model.*°
Short-range electrostatic interactions between charged beads are
considered through direct coulombic potentials below the switch-
ing radius of rc o = 1.2 nm. Long-range electrostatic interactions
are calculated using the particle-particle particle-mesh (PPPM)
method at a relative energy tolerance of 10>.”* The importance of
accurate long-range electrostatics to correctly capture the self-
assembly and adsorption behaviour of ionic surfactant solutions
was highlighted in previous studies using the MARTINI force
field.®*® Bonds and angles are treated using harmonic potentials
as in the original MARTINI framework.’® The SHAKE algorithm”>
is applied to constrain all polarizable water bonds to r = 0.14 nm.

We performed additional simulations with pre-assembled
micelles to assess how a variation in micelle aggregation
number would affect the micelle stability and adsorption to
the hair surface. Aggregation numbers of N, = 82 for CTAB and
N, = 45 for SDS were chosen in accordance with experiments
and previous coarse-grained simulations with standard MAR-
TINI water.®*”®7° The pre-assembled micelles were generated
using PACKMOL.®" For the pre-assembled micelles, we

f) Free ions

Fig. 1 Overview of molecules and MARTINI bead types considered in this work: surface-grafted molecules (a) Cys-18-MEA, (b) cysteic acid and free
molecules (c) CTAB, (d) SDS, (e) polarizable water, and (f) (excess) ions with first hydration shell.
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consider low and intermediate concentrations for both CTAB
(co = 120 mM and ¢, = 509 mM) and SDS (¢, = 170 mM and
¢o = 584 mM) used in the self-assembled systems. Micelle
stability simulations were run in a fully periodic system for
at least 100 ns. Afterwards, we transferred the bulk systems to
the hair surfaces and conducted adsorption simulations, as
described below.

2.2 Surface properties

Coarse-grained MARTINI models are used to describe the sur-
face of virgin and bleached hair.’® In this study, we consider
two surfaces with different degrees of alkyl and sulfonate
groups with a combined packing density of 2.73 nm™>. For
virgin hair, we use a random arrangement of 75% alkyl groups
and 25% sulfonate groups. For medium bleached hair, we use a
random arrangement of 15% alkyl groups and 85% sulfonate
groups. These groups are grafted to a flat graphene sheet made
up of MARTINI C; beads.® The graphene sheet serves as a
simple representation of the protein layers below and conve-
niently serves as a base to apply normal forces and sliding
velocities to the contact. The MARTINI bead types for the
surface-grafted molecules are shown in Fig. 1(a and b). The
18-MEA molecules are represented by a P5 bead, bonded to a Cs
bead, bonded to five C; beads for the alkyl groups.® The
oxidised cysteic acid molecules are represented by a Ps bead,
bonded to a Q, bead with a charge of —1 for the sulfonate group
and a free Q4 bead with a charge of +1 for the sodium counter-
ion. A detailed model description of the MARTINI parameters
and their validation for hair surface wettability can be found
elsewhere.>® The x x y dimensions of both periodic surfaces are
24 x 21 nm for the adsorption simulations. The surface proper-
ties of the two hair models are given in Table 1.

The surface energies (polar + non-polar) were calculated
using the Owens-Wendt*> method from previously reported
contact angle measurements from coarse-grained MD simula-
tions using the same hair surfaces with water (polar) and
n-hexadecane (non-polar) droplets.’® The surface energy is
larger for bleached hair than virgin hair, mainly due to the
increase in the polar contribution. The surface energies in
Table 1 are in good agreement with those obtained from
wetting experiments on real virgin hair (18.9 mJ m ?) and
bleached hair (29.8 m] m™>).*® The virgin hair surface energy
is somewhat overestimated in the simulations compared to the
experiments, while the bleached hair surface energy is under-
estimated. The underestimation of the surface energy of the
medium bleached hair surface is probably due to the system-
atically lower water-vapour surface tension of the polarizable
MARTINI water model.®® On the other hand, the n-hexadecane-
vapour surface tension with the MARTINI force field is close to
experiments,”®*?

The surface charge densities from the simulations are some-
what larger than those from previous experimental measure-
ments of the surface charge density of virgin (—1.5 pC cm™?)
and bleached (—10.0 pC cm™?) hair."* However, the density of
cysteic acid groups on bleached hair is in good agreement with
estimates (pso,- = 2.2 nm ?) from another experimental
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Table 1 Surface properties of virgin and medium bleached hair models

Med. bleached

Property Symbol Virgin hair hair

P

L i

Surface snapshots®

2

18-MEA grafting density pyga 2.05 nm~

SO;~ grafting density  pso - 0.68 nm >

Surface charge density  p. —11.0 pC em > —37.2 uC cm™ >
Surface energy b 20.4 mJ m~? 23.5 m] m~?
RMS roughness g 1.77 nm 0.94 nm
Fractal dimension D¢=3 — H 2.59 2.78

“ Adapted from ref. 41 under a Creative Commons Attribution 3.0
Unported Licence.

study."” This suggests that the surface charge measured in the
experiments'' is lower than the simulations due to partial
screening of the negative charges by the K counterions present
in solution. The screening effect by Na' counterions is not
considered in the simulations surface charge density values
reported in Table 1. The charge density for the medium bleached
hair surface is very similar to that measured for an SDS monolayer
at the hexadecane-water interface (—37.9 pC cm™2).%*

We also determined the root-mean-square (RMS) roughness
of our model surfaces by obtaining a discrete time-averaged
topography map of the surface. The surface was discretized by
treating the coarse-grained beads as hemispheres with a radius
equivalent to half the Lennard-Jones potential energy mini-
mum ¢/2 and using a grid spacing of Ax = 0.071 nm™'. The RMS
roughness of our model surfaces (24 nm x 21 nm) is somewhat
larger for virgin hair than medium bleached hair. On the other
hand, experimental AFM measurements with a 200 x 200 nm
scan area suggested that the RMS roughness of hair increased
slightly from 1.48 nm for a region where the 18-MEA layer was
intact (virgin hair), to 1.74 nm in a region where the 18-MEA
layer had been removed by bleaching.®® This discrepancy
between the experiments and simulations is likely a result of
the simplified atomically-smooth surfaces used in the simula-
tions. In reality, the underlying disordered protein layer® is
likely to be rougher than the graphene layer used to represent
it in the simulations. Despite this opposite trend, the RMS
roughnesses for both model surfaces are quite close to the
experimental values using a small scanning area.® AFM experi-
ments with larger scan areas (10 pm x 10 um) showed higher
RMS roughness values, which also increased from 10 nm for
virgin hair and hair bleached for 10 minutes to 13 nm for hair
bleached for 20 minutes (mean of three locations).*® These
larger area scans also included features such as cuticle edges,
which are not considered in the current simulations.

The fractal dimension of the hair surfaces was estimated
using a surface roughness spectral approach as described
by Persson.®” Approximate experimental fractal dimension of
D¢ =2.20 for virgin hair (2 x 2 pm scan area),*® and D¢ = 2.71 for
bleached hair (7 x 7 um)" were estimated from AFM images

Phys. Chem. Chem. Phys., 2023, 25, 21916-21934 | 21919
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available in the literature. The increase in fractal dimension for
the bleached hair model compared to virgin hair is in good
agreement with these experimental estimates. This observation
suggests that the bleached hair surfaces are more irregular than
virgin ones,*® which is due to the formation of lipid islands as
an increasing proportion of alkyl groups are replaced by
sulfonate groups.’® Previous MD simulations of hydrophobic
surfaces have shown that wettability is sensitive to the nano-
scale RMS roughness, but not the fractal dimension.*> However,
for the current biomimetic surfaces, where hydrophobic groups in
virgin hair are replaced by hydrophilic groups in bleached hair, the
wettability is expected to be affected by both of these parameters.

2.3 Surfactant adsorption

A single hair surface is brought into contact with the equilibrated
bulk solution, similar to previous coarse-grained MD®**° and
DPD>** adsorption studies on different surfaces. The bulk
solution is placed approximately 3 A above the surface to avoid
initial overlap of the beads. Excess counterions in the bulk
corresponding to the number of hair surface charges were
randomly removed for systems with CTAB and added for
systems with SDS to maintain an overall charge-neutral system.
We also investigated the effect of counterion condensation by
considering an initially charge-neutral surface (counterions
adsorbed). The configurational differences arising from the
initial distribution of couterions are discussed in full in the
ESIT (Section S3 and Fig. S2, S3).

The transfer to the surface breaks the periodicity of the bulk
solution in the direction normal to the hair surface (z), so care
was taken to ensure that surfactant micelles in the bulk were
not sliced. For large surfactant concentrations (¢, > 300 mM),
no separating plane could be found that would not divide at
least one micelle. Adsorption simulations were run in the
canonical ensemble (NVT) at a temperature of 7 = 300 K.
Periodic boundary conditions were applied in the x and y
directions, while the systems were finite the z direction.
A repulsive 12-6 Lennard-Jones wall potential was added at
the top of the simulation cell in the z-direction. Long-range
electrostatic interactions were evaluated using a slab imple-
mentation®® of the PPPM method.”* All other simulation para-
meters follow those presented for the bulk systems.

2.4 Friction

We also investigated the effect of cationic surfactants on
friction between two hair surfaces using NEMD simulations.’>
The methodology for the NEMD simulations is similar to that
previously described for water-lubricated hair surfaces.*" First,
squeeze-out simulations between two hair surfaces are per-
formed in a water bath to establish equilibrium contact thick-
ness and composition for a given normal stress, ¢. The cationic
surfactant is pre-adsorbed on the surfaces in the configurations
obtained from the adsorption simulations. We select two sur-
face adsorption densities, I', based on our adsorption study for
the virgin and medium bleached hair surface models. The
surfaces were duplicated and reflected at an initial distance
of 10 nm between the surfaces. This is sufficiently large to
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accommodate the adsorption structures from both surfaces
and an initial water film.

A normal stress of ¢ = 5-50 MPa is applied between two hair
surfaces of equal surface damage. This range is consistent with
our previous estimate of physiologically relevant contact pres-
sures between two hairs.*’ No excess surfactants are present
in the bath since we do not expect the surface coverage of
surfactants to increase during squeeze-out due to micelle
entrapment or further physical adsorption. Very few CTAB
molecules were squeezed out from the contact due to the strong
affinity to the surfaces. Therefore, only the number of water
molecules in the contact varied significantly with respect to the
normal load applied during squeeze-out.

NEMD simulations were then performed to investigate the
friction between two hair surfaces based on the composition
and thickness obtained from the surfactant-containing
squeeze-out simulations. Two hair surfaces with equal surface
damage are slid against each other in the x-direction at a
constant sliding velocity vs. We consider sliding velocities of
0.01-1 m s ', which are deemed realistic for typical hair
manipulations (brushing and combing).”*** During squeeze-
out and sliding, a constant contact pressure (5-50 MPa) is
maintained by applying an average normal force to the
coarse-grained beads of the upper graphene sheet, while keep-
ing the lower graphene sheet fixed in z.** Using a global Nosé-
Hoover thermostat’"”* in the NEMD simulations could artifi-
cially influence the behaviour of the confined fluid molecules.’?
Therefore, temperature is controlled by applying a one-dimen-
sional Langevin thermostat®™ to the grafted Ps; beads in the
direction perpendicular to compression and sliding (y) set at
T =300 K with a time relaxation constant of 1 ps. This leads to a
negligible temperature rise (<1 K) within the contact for the
sliding velocities applied. Production NEMD simulations are
run for at least 200 ns. For the lowest sliding velocities
considered, simulations are run up to 500 ns to sample at least
5 nm of surface displacement.*!

2.5 Contact angle

The wettability of the CTAB-treated hair surfaces is investigated
by the deposition of water nanodroplets. CTAB molecules are
not present in the water droplet and negligible desorption
occurs during the wetting simulations. Thus, we consider the
effect of the surfactant on the solid-liquid and solid-vapour
surface tensions, but not the liquid-vapour surface tension.®
This is equivalent to experimentally measuring the contact
angle of pure water on hair previously treated with a cationic
surfactant."

The methodology for the wetting simulations is the same as
we described previously for base virgin and bleached hair
surfaces.”® This was based on a previous study of the wetting
of graphene by water and various surfactants using the MAR-
TINI model.”” The diameter of the initially hemispherical
droplet is d = 20 nm, containing 18121 polarizable water
molecules.>® In our previous study, this droplet size was found
to be sufficiently large to be representative of the contact angle
of macroscale droplets.>® Larger hair surfaces with simulation
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box lengths of &, = 47.6nm, ¥, = 41.3nm were used for the
wetting simulations to accommodate droplets with low contact
angles. The model surfaces were equilibrated for 10 ns in the
canonical (NVT) ensemble, followed by a production run with
the droplet added for a further 10 ns. We apply a global Nosé-
Hoover thermostat’"”> with a damping coefficient of 1 ps.
We measure the water nanodroplet contact angle at the inter-
face using 10 block averages of 1 ns.

3 Results and discussion
3.1 Surfactant bulk self-assembly

The formation of micelles is expected for both cationic (CTAB)
and anionic surfactants (SDS) in water in the range of concen-
trations used in the current study.> Examples of the bulk
systems containing CTAB and SDS are shown in Fig. 2. Sphe-
rical micelles are observed in all of our systems, apart from the
system with the highest CTAB concentration (¢ = 963 mM),
where the onset of a transition from spherical micelles to
hexagonally-ordered structures is observed. The formation of
non-spherical micelles at high CTAB concentrations is in
agreement with the phase diagrams from experiments®®'
and MD simulations with the MARTINI force field.®® For SDS,
the concentrations considered here are below the phase bound-
ary limit of the hexagonal phase at ambient conditions.®**°
We investigated the implications of using the polarizable
MARTINI water model®® on the aggregation behaviour of the
surfactants. Aggregation numbers as a function of the bulk
concentration are provided in the ESIf (Table S1). The size of
surfactant micelles with the polarizable water model is under-
predicted in comparison to both experiments and the standard
non-polarizable MARTINI 2 water model.** For CTAB at
90 mM, aggregation numbers around N, = 70 were
reported with the standard MARTINI water model,** compared
to experimental aggregation number measurements up to
N,ge ~ 150 above the second eme (m = 0.24 mol kg™ ') obtained

c =

a) b) P
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using nuclear magnetic resonance (NMR) spectroscopy.™*"
Finite-size effects'®> were briefly checked by comparing self-
assembly simulations for systems with box lengths of 11.9 x
10.3 nm and 23.8 x 20.6 nm. No significant differences in
micelle aggregation numbers between these systems were
observed. It has been recently observed that the polarizable
MARTINI force field tends to underpredict the micelle aggrega-
tion numbers of other surfactants, such as zwitterionic
dodecylphosphocholine (DPC) compared to both experiments
and the standard MARTINI water model.'®> At the same time,
the use of the polarizable force field was found to be detri-
mental to producing micelles of zwitterionic surfactants that
are in structural accordance with experiments.'® It is also
worth noting that a systematic underestimation of the aggrega-
tion numbers of CTAB and SDS compared to experiments was
reported for the standard water model on multiple occa-
sions.®*®*'%? This is in contrast to larger-than-experimental
aggregation numbers of SDS above ¢ = 100 mM found during
self-assembly simulations with standard MARTINI water
but with adjusted Lennard-Jones parameters for the beads
representing the SDS hydrocarbon tails.'® We conclude that
capturing the experimental aggregation numbers of specific
surfactant types likely requires fine-tuning of the force field
parameters when using either polarizable or non-polarizable
water models. This is beyond the scope of the current study,
where we are more interested in the adsorption of surfactants
on solid surfaces.

We conducted additional bulk and adsorption simulations
of larger pre-assembled CTAB (Npge = 82) and SDS (Npge = 45)
micelles to investigate if the reduced micelle size due to the
force field parameters would have a significant effect on surface
adsorption. These micelle sizes were selected based on pre-
vious experiments’®”® and molecular simulations with stan-
dard MARTINI water.®® The pre-assembled micelles were stable
in bulk simulations over more than 100 ns. The adsorption
densities and kinetics from pre-assembled and self-assembled
micelles were very similar across a wide range of surfactant

Fig. 2 Snapshots of self-assembled micellar systems at equilibrium: CTAB at (a) co = 120 mM, (b) co = 497 mM and SDS at (c) ¢ = 174 mM, and
(d) co = 664 mM. lonic headgroups are coloured in gray. Counterions are not shown here for clarity. Rendered with VMD.%8
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concentrations, as shown for CTAB in the ESIt (Fig. S1). This
indicates that the aggregation number does not seem to be an
important consideration for the adsorption of ionic surfactants
since the micelles tend to break up in the proximity of the
surface. We therefore only discuss the results using bulk
systems with self-assembled micelles in the remainder of
this study.

3.2 Surfactant adsorption onto hair surfaces

3.2.1 Cationic surfactants. Simulated adsorption isotherms
of the cationic and anionic surfactants are shown in Fig. 3(a and
b). Examples of the temporal evolution of the surface coverage
are given in the ESIf (Fig. S1a). The initial concentration of
surfactants in the bulk ¢, serves as reference to estimate the
effective change in bulk concentration upon reaching equili-
brium. The equilibrium concentration is computed as ¢, = ¢, —
I'-A, where A is the surface area. This approach has been utilized
in a previous coarse-grained MD simulation study of SDS
adsorption.®® Examples of the mass density profiles of the
CTAB/SDS, 18-MEA and counterions are shown for fixed con-
centrations in Fig. 3(c-f).

The adsorption isotherms of CTAB can be divided into three
characteristic regions. (i) At low concentrations, a sharp
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increase in surface coverage is observed, which is due to electro-
static adsorption of the cationic surfactants to the negatively
charged sulfonate sites. (ii) A region of saturation is found at
intermediate concentrations (virgin: ¢, = 300-690 mM, medium
bleached: ¢, = 95-300 mM) where all anionic surface charges are
saturated by adsorbed cationic surfactant molecules. Here,
surfactants are predominantly arranged in a combined mono-
layer with the grafted 18-MEA lipids. The positively charged
terminal bead are oriented towards the surface, as evident from
the mass density profiles in Fig. 3(c and d). For virgin hair, the
region of saturation is shifted towards higher concentrations.
A secondary peak for the charged CTAB beads in Fig. 3(c)
suggests an onset of hydrophobic-driven adsorption at the end
of the saturation plateau. (iii) When further increasing the
surfactant bulk concentration, a sharp increase in the adsorp-
tion densities is observed on both virgin and medium bleached
hair surfaces. Here, hydrophobic-driven adsorption leads to the
formation of a secondary surfactant layer on top of the existing
mixed monolayer of CTAB and covalently-bound 18-MEA.
Overall, the adsorption densities on virgin hair are reduced
compared to medium bleached hair surfaces, as fewer
negatively charged damage sites are available on the virgin hair
surface. Previous experiments of hair fibres treated with hair
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Fig. 3 Top row: Equilibrium surface coverage I'. of (a) CTAB and (b) SDS on virgin (solid lines) and medium bleached (dashed lines) hair surfaces as a
function of the initial bulk concentration co and the bulk concentration at equilibrium ce. Lines only serve as a guide to the eye. Bottom row: Equilibrium
mass density profiles for systems with CTAB on (c) virgin (c. = 687 mM) and (d) medium bleached surfaces (c. = 300 mM), and for systems with SDS on (e)
virgin (ce = 509 mM) and (f) medium bleached surfaces (ce = 516 mM). Vertical lines indicate the cutoff for contributions to the surface coverage

(z =3.8 nm).
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conditioners also found higher levels of cationic surfactants on
bleached than on virgin hair fibres.>*"%>1°¢

It is also worth noting that the initial distribution of
counterions on either the surface or in the bulk can affect the
structure and to some extent the adsorption density of the
cationic surfactants. When all counterions are initially adsorbed
on the surface, the adsorbed structure might appear more
disordered and micelle-like as opposed to the layered structures
discussed here. Further details are discussed in the ESIf
(Section S3).

The multi-stage adsorption behaviour observed here is in
qualitative agreement with experimental investigations of catio-
nic surfactant adsorption on hair. Ran et al.?’ previously
reported a multi-stage behavior of the cationic surfactant
dimethylpabamidopropyl laurdimonium tosylate (DDABDT)
on virgin hair samples. Two plateaus regions were identified
and attributed to monolayer and bilayer configurations of the
surfactants on the surface.”” Tyrode et al'®” also reported
multi-stage adsorption isotherms for CTAB on hydrophilic
silicon surfaces. They also identified two plateau regions, the
first at a CTAB coverage of around 1 nm™> and the second at
around 3 nm ™2, which is the same range seen in Fig. 3 for our
model hair surfaces. These works considered surfactant con-
centrations below and slightly above the cmc, whereas in our
simulations the concentrations are all above the cmc due to the
significant computational cost of these large-scale explicit
solvent simulations.®® Nonetheless, the plateau adsorption
densities reported in this work are similar to those observed
experimentally for comparable cationic surfactants on virgin
hair*” and CTAB on other hydrophilic surfaces.'®” We therefore
expect that, despite the higher surfactant concentrations and
finite-size limitations of the MD adsorption simulations, they
provide a useful pathway for obtaining similar equilibrium
adsorption configurations as seen experimentally for subse-
quent MD simulations of friction and wetting.

3.2.2 Anionic surfactants. For SDS, we observe a mono-
tonic increase of the surface coverage with the logarithm of the
concentration on both virgin and bleached surfaces, as shown
in Fig. 3(b). Adsorption of SDS is much weaker than for CTAB,
as the former is primarily driven by hydrophobic attraction
(physical adsorption), due to the repulsive nature between the
anionic headgroup and the anionic sulfonate surface sites. This
is in agreement with previous experimental comparisons of
cationic and anionic surfactants on virgin and bleached hair.*®
At all concentrations, the adsorption densities on virgin hair
are higher than on medium bleached surfaces, due to the
higher availability of hydrophobic sites from the increased
proportion of 18-MEA lipids and reduced like-charge repulsion
from the lower proportion of anionic cysteic acid groups. This
observation is in contrast to previous experiments, which
showed similar SDS adsorption on bleached and virgin hair
at low concentrations, but higher surface coverages of SDS on
bleached hair than virgin hair at high contractions.>® This is
likely because concentrated SDS solutions can cause significant
damage to the hair cuticle,'*®'*® which will inevitably change
its surface properties. Such damage is likely to be more severe
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on bleached hair, where the protective 18-MEA layer has already
been partially removed.

For virgin hair, SDS primarily adsorbs as a monolayer with
the anionic group extending into the bulk, while the hydro-
phobic tail interacts with the 18-MEA lipids on the surface, as
shown in Fig. 3(e). For medium bleached hair, the mass density
profiles and corresponding snapshot in Fig. 3(f) suggest a more
disordered behavior, where surfactants adsorb to the few
remaining 18-MEA lipids in a hemimicellar configuration. No
preferential orientation of the anionic headgroups is evident
from the snapshots. The interface between adsorbed surfac-
tants and the bulk SDS molecules in solution is also consi-
derably less well-resolved on medium bleached hair than on
virgin hair.

The shape of the adsorption isotherms for SDS are in
qualitative agreement with previous MD simulations of SDS
adsorption at the water-air interface."'® No plateau region is
identified in the accessible concentration range due to the low
affinity of SDS to the anionic surfaces. At higher bulk concen-
trations, further increases in the SDS surface coverage would be
expected for both virgin and medium bleached hair, eventually
reaching a plateau region."'® However, at such high bulk
concentrations, effects such as liquid-liquid phase transitions
from spherical micelles to hexagonally-ordered structures
would need to be considered,®® which are beyond the scope
of the present study.

3.2.3 Surfactant orientation. The characteristic regions in
the adsorption isotherm of CTAB in Fig. 3(a) raise questions
regarding the transitions in adsorption mechanism as the
concentration is increased. Previous analytic models for ionic
surfactant adsorption on solid surfaces considered both
electrostatic-driven and hydrophobic-driven adsorption at the
interface.>””"'»'*> The density profiles shown in Fig. 3(c and d)
suggest the arrangement of CTAB molecules into distinct layers
on the surface. To give additional insights, we calculated the
orientation of surfactants adsorbed on the surface from the MD
simulations. This enables us to quantify the fraction of surfac-
tants residing in a monolayer or a bilayer. We use this informa-
tion to apply a general two-step Langmuir model to the systems
with cationic surfactants:

I = Keibeice

_ Khydbhydce (1)
1+ bejce

1+ bhydce ’

where electrostatic (monolayer) and hydrophobic-driven (bilayer)
adsorption mechanisms are considered by linear superposition.
The adsorption isotherm I'y of CTAB, consisting of primary
electrostatic adsorption and secondary hydrophobic-driven
adsorption, I'e; and I'hyq respectively, is fitted to the individual
adsorption densities from our MD simulations. Fig. 4(a and b)
shows the theoretical fits to the isotherms for virgin and
medium bleached hair and individual contributions calculated
from the orientation of surfactant molecules. Instantaneous
snapshots of the surfactant distribution and orientation on the
surface by treating the surfactants as simplified two-dimensional
disks are shown in Fig. 4(c-f). The coverage snapshots reveal the
formation of heterogeneous adsorption patches at relatively low
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Fig. 4 Top row (a and b): CTAB adsorption densities are fitted to a two-step Langmuir adsorption model for (a) virgin and (b) medium bleached model
hair surfaces. The fraction of surfactants in monolayer and bilayer configuration from simulations is shown for comparison with the individual
components from the theoretical model. Bottom row (c—f): Examples of instantaneous coverage fractions from selected points in the adsorption
isotherms in (a) and (b). Coarse-grained beads are modelled as planar disks with r = g 3/2. Overlapping regions are colored in beige. 18-MEA lipids are not

shown for clarity.

concentrations. These observations agree with previous experi-
mental QCM-D adsorption measurements of CTAB on rough
surfaces by Wu et al,""* which showed a reduction of the
adsorption density above the cme compared to the adsorption
of a monolayer. In our simulations, the surface roughness
changes are accompanied by a change in surface chemistry,
which is expected to be the driving mechanism for the observed
increases in adsorption density between virgin and bleached
hair, rather than roughness effects.

For virgin hair surfaces, a cross-over in the orientation of
CTAB is observed. At low concentrations, electrostatic adsorp-
tion dominates as the a few negatively charged sites on the
surface are quickly saturated by the cationic surfactants. Above
¢o & 500 mM, hydrophobic processes dominate the equili-
brium surface coverage and the majority of free surfactants
adsorb with their hydrophilic headgroup exposed towards
the bulk.

For medium bleached model hair surfaces, the surfactants
predominantly adsorb as a monolayer with the cationic group
facing towards the negatively charged sites on the hair surface.
With increasing surfactant concentration, the contributions
from a secondary layer on top of both adsorbed CTAB and
few remaining 18-MEA lipids start to become significant.
A fraction of 22% of the hydrophobic-driven bilayer component
is found at the highest concentration considered here (c. =
1.3 M). The increase in hydrophobic-driven surface coverage is

21924 | Phys. Chem. Chem. Phys., 2023, 25, 21916-21934

approximately linear with ¢, for both degrees of hair damage
across all concentrations considered. Hydrophobic or physical
adsorption thus becomes the rate-determining process at high
concentrations, where electrostatic adsorption has saturated.
This is in line with our initial hypothesis explaining the three
observed regions in the total adsorption isotherm: (i) at low
concentrations, increases in I" are mostly caused by the electro-
static component. (ii) At intermediate concentration, this com-
ponents saturates and (iii) the hydrophobic-driven contribution
becomes significant. This adsorption behaviour is accurately
described using the general two-step Langmuir model.'**

We also calculated the orientation and distribution of SDS
adsorbed on the hair surfaces, as shown in the ESI} (Fig. S4).
SDS molecules are primarily oriented with the hydrophobic tail
facing towards the surfaces on virgin hair at all concentrations
studied. Adsorption of SDS is localised in the regions of high
18-MEA coverage with damaged regions of anionic cysteic acid
groups remaining uncovered. On medium bleached hair, SDS
molecules agglomerate in a hemi-micellar configuration
around the few remaining patches of 18-MEA on the surface.
This is demonstrated by the increase in the fraction of SDS
molecules favoring a preferential orientation of their anionic
site towards the surface.

3.2.4 Effects of ionic background strength. Hair care for-
mulations usually contain around 0.5-2 wt% salt."*> The addi-
tion of a background electrolyte to the bulk could affect the
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Fig. 5 CTAB adsorption at different levels of excess salt concentrations
(cs = CNa+ + Cc-) for virgin and medium bleached model hair surfaces.

adsorption of ionic surfactants on the hair surface. To study
this effect, we repeated a subset of the CTAB adsorption
simulations with coarse-grained sodium Na" and chloride CI~
ions (with their first hydration shell)’® into the bulk solutions at
Cna+ = Col- = 0.11-0.22 mol L' in addition to the surfactant
counterions. The equilibrium CTAB adsorption densities for
the three levels of background ionic strength are shown in
Fig. 5. For medium bleached hair, a clear decrease in CTAB
adsorption is visible at low and moderate CTAB concentrations
as the concentration of excess salt is increased. Previous
experiments also showed a decrease of cationic polymer
adsorption on hair when excess salt was added.”®''® The
reduction in adsorption is mainly due to the screening of
negative surface charges by the chloride ions in the bulk.
At high concentrations, no clear trend can be identified with
regard to background salt concentration effects on CTAB
adsorption. This is likely because, for the high CTAB concen-
trations studied, the number of surfactant molecules is con-
siderably higher than that of the number of excess sodium ions.

CTAB adsorption densities were much less sensitive to
background salt concentration on virgin hair. This supports
our previous suggestion that CTAB adsorption on virgin hair is
primarily driven by hydrophobic interactions, where charge
screening will not play a significant role.

The type of counterions may also affect the structure and
kinetics of ionic surfactant adsorption and aggregation on solid
substrates.’'”*'® Therefore, it may be interesting to studying
different monovalent and divalent ions and their interactions
with the surface charges and surfactants in future studies.
However, atomistic force fields are likely to be required for
that purpose as the MARTINI 2 force field cannot differentiate
between hydrated monovalent ions.

3.3 Friction with adsorbed cationic surfactants

3.3.1 Shear stress dependence on sliding velocity. We con-
duct NEMD simulations to quantify the friction between hair
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surfaces in the presence of adsorbed CTAB molecules. Friction
simulations with adsorbed SDS molecules are only briefly con-
sidered, due to the much lower adsorption densities of SDS on
the hair surfaces and its potential to quickly desorb during
compression, sliding and rinsing.**''® A set of friction results
from NEMD simulations at intermediate SDS adsorption densi-
ties is shown in the ESIf (Fig. S5). Adsorbed SDS molecules do
provide considerable friction reductions compared to the water
case, which is primarily due to enhanced electrostatic repulsion
between the sliding surfaces. However, concentrated SDS
solutions can cause damage to the hair cuticle surfaces in
experiments,'%*'% which is not accounted for in our current
simulations framework. This is likely to increase the surface
roughness and remove some of the protective 18-MEA layer,
which could perhaps play a more significant role than the
enhanced electrostatic repulsion effect simulated here.

On the other hand, CTAB is not expected to damage the hair
surface, so its effects on friction can be fully captured by the
current simulation framework. We selected two points from
each CTAB adsorption isotherm, corresponding to points (c)(f)
in Fig. 4 to be representative of the adsorption structures low
(co = 120 mM) and high (¢, = 770 mM) CTAB concentrations.
This translates to adsorption densities of I' = 1.1 uM m~> and
I'=2.0uM m 2 on virgin as wellas ' =2.3 yM m 2 and T =
4.0 pM m ™2 on medium bleached model hair surfaces. The
surfaces with adsorbed surfactants were duplicated and
reflected before squeeze-out simulations were applied to deter-
mine the number of water molecules remaining in the contact
for a given normal load, as shown in the ESIt (Table S2). The
number of water molecules in the contact is below the amount
observed for pristine 18-MEA monolayers in water*' and does
not show a strong dependence with respect to the normal
stress, o.

Representative snapshots of the systems studied in the
NEMD simulations are shown in Fig. 6. We first investigated
the friction behavior as a function of sliding velocity v, at
g = 10 MPa. Fig. 7(a and b) show the shear stress, 7, as a
function of sliding velocity for virgin and medium bleached
hair with CTAB adsorbed on both surfaces. Friction results
for the same surfaces lubricated by water without adsorbed
CTAB molecules*' are also shown for reference. We applied
an extended stress-augmented thermal activation (SATA)
model'?® to the shear stress versus sliding velocity data for
vs > 0.1 m s~ . This model was extended from the earlier SATA
model for monolayer friction due to Briscoe and Evans,'*" as
discussed in our previous study.*’ Data points at low velocities,
Vs < 0.1 m s, are excluded from the fits due to the shear stress
plateau.*

The addition of CTAB generally leads to reduction in the
shear stress of hair-hair contacts compared to pure water
across all considered sliding velocities. This observation is in
agreement with previous experiments with CTAB on bleached
hair.>* An exception to this behaviour is observed at v,=1ms™*
for medium bleached hair, where the shear stress for surfaces
with intermediate CTAB coverage is higher than in contacts
with pure water. On virgin hair, intermediate degrees of CTAB
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Fig. 6 Snapshots of NEMD systems considered in this work at ¢ = 10 MPa: (a) virgin hair, I' = 0 uM m~2, (b) medium bleached hair, I' = 0 uM m~2, (c)
virgin hair, I' = 1.1 uM m~2, (d) medium bleached hair, I' = 2.3 uM m~2, () virgin hair, I' = 2.0 yM m~2 and (f) medium bleached hair, I' = 4.0 yM m 2. 18-
MEA (grey), CTAB (orange) and water (cyan/red) molecules are shown. The structure and contact thickness in (a) and (f) underline that cationic surfactants
can efficiently repair the surface of bleached hair.

a) 14— 1 : b) 14— : :
) T=0uMm?2 /] ® r-ouMm?2
127 F=11uMm? L0 127 r=23uMm? 1
o = m?2 4 ([ ] =4, m2
10l I=2.0uM ] 10l I=4.0uM ]
g A e g
= rd = L3
T8 ;T T 27
2 ] -
, -0
41 4 ' o o ‘
> g * ] I s ]
2 o O' "’f’/ 2 o ] ,’,’
0 =20 ' Qhm===2" . :
107 107 100 102 107 10°
-1 -
v [ms™] v [ms™]
C) 14 w d) 14 w
T=0uMm?2 ® r-oumm?
127 L=11uMm?2 il 127 r=23uMm?2 )
10l $ r_20Mm? | 10l $ r_40Mm? ’ ; ]
g | g |
= =
c 6 ] c 6 ]
4+ B 4+ ®- é——’i
IS i S Sl Qﬂj_i_——i""i |
0 : : 0 : :
0 20 40 60 0 20 40 60
o [MPa] o [MPa]

Fig. 7 Shear stress as a function of sliding velocity v, for (a) virgin and (b) medium bleached hair surfaces with pure water (from ref. 41) and pre-adsorbed
CTAB at low and high coverage at a constant normal stress of 10 MPa. The high-velocity data (vs > 0.1 m s73) is fit to an extended SATA model.}2° Open
symbols represent data points excluded from fitting. Normal-load variation for (c) virgin and (d) medium bleached hair surfaces at a constant sliding
velocity v = 0.1 m s,

coverage provide the lowest shear stress, t(I" = 1.1 pM m %) <  stress between moderate and high surfactant coverage is
7(I'=2.0 WM m~?) < 7(I" = 0 pM m ). A cross-over in the shear observed around vs = 0.1 m s~ ". Above this threshold, the shear
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stress at moderate coverage approaches the levels observed in
pure water contacts. On medium bleached hair, the shear
stress is generally reduced monotonically with increasing CTAB
coverage, e, t(I' = 40 pM m™ %) < (I’ = 2.3 yM m %) <
7(I" = 0 uM m™?). These results suggest that, at physiologically
relevant sliding velocities,”®* moderate coverages of CTAB
adsorption tend to be more effective for providing friction
reductions on virgin hair, while a larger coverage is favorable
on bleached hair. This is due to the reduction of 18-MEA on
bleached surfaces, which can be balanced by increased adsorp-
tion densities of the cationic surfactant on the hair surface. The
combined surface coverage of the 18-MEA lipids and adsorbed
CTAB p are 2.82 nm 2 and 3.26 nm~ > for virgin hair at low and
high CTAB coverage respectively. On moderately bleached
hair, the total surface coverage amounted to 1.60 nm > and
2.77 nm™? for low and high surfactant coverage. We previously
estimated the grafting density of a fully-functionalised layer of
the 18-MEA on hair at 2.73 nm™2,>® which is in close agreement
with the reported densities for virgin hair surfaces with low
CTAB coverage, as well as for medium bleached hair with high
CTAB coverage. The total adsorption densities are summarized
in Table 2.

We analysed the structure of the contact during sliding to
investigate the molecular-scale mechanisms linked to friction
reduction with CTAB. Mass density, charge density and velocity
profiles of the contact at v, = 1 m s~ ' are shown in Fig. 8.
We also report additional combined mass density profiles for
the 18-MEA and CTAB at different sliding velocities in the ESI}
(Fig. S6). Mass density profiles and interdigitation are insensi-
tive to the sliding velocity, which is consistent with previous
NEMD simulations of other systems containing adsorbed
surfactants.'>*'?? For virgin hair, there is some interdigitation
between the 18-MEA lipid monolayers grafted to the sliding
surfaces. Interdigitation of the 18-MEA layers is less pro-
nounced at higher CTAB coverages, suggesting that it is more

Table 2 Overview of friction coefficients from linear fits with respect to
the normal stress ¢ (at vs = 0.1 m s™%) and water contact angle from our
CG-MD for model surfaces representative of virgin and medium bleached
hair. Friction coefficient uncertainties resemble the 90% confidence inter-
val of linear fits to the mean data points in Fig. 7(c and d)

CTAB
coverage,
Virgin hair r= 0 nm > 0.77 nm 2 1.21 nm 2
CTAB + lipid  p, 2.05 nm 2 2.82 nm 2 3.26 nm~?
coverage
Friction n 0.054 + 0.010 0.018 £ 0.023 0.019 £ 0.012
coefficient
Contact angle 0 102.2 + 0.9° 106.1 £ 0.6° 79.6 + 0.6°
CTAB
Medium coverage,
bleached hair I = 0 nm > 1.19 nm 2 2.36 nm 2
CTAB + lipid  p, 0.41nm~> 1.60 nm > 2.77 nm~?
coverage
Friction n 0.20 + 0.08 0.055 £ 0.034 0.038 £ 0.040
coefficient
Contact angle 0 49.8 £0.9° 71.6 +£2.7° 106.5 % 0.8°
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effective in separating the two surfaces compared to sodium
counterions. For medium bleached hair, there is much less
interdigitation of the 18-MEA monolayers than for virgin hair.**
Nonetheless, there is reduced interdigitation of the remaining
18-MEA on the surface by high coverage CTAB films. The
interface mostly consists of the hydrophobic tails of the catio-
nic surfactant containing small amounts of residual water
(pw ~ 5.4-8.1 nm ?).

During sliding, the structure of confined CTAB molecules
differs considerably from that on single hair surfaces (Fig. 3).
For the single surfaces, we observed CTAB bilayer on the virgin
hair surface at high coverages, where a significant amount of
surfactant molecules were oriented with their cationic group
facing towards the bulk solution. Conversely, once a dynamic
equilibrium is reached during sliding simulations, most CTAB
molecules are oriented with the hydrophobic tail facing the
centre of the contact, as shown in Fig. 8. We analyzed the mass
density profiles at the beginning and at equilibrium of both
compression and sliding simulations, as shown in the ESIf
(Fig. S7). The bilayer is observed after compression of the two
surfaces for up to 10 ns. For prolonged compression in the
absence of shear for up to 70 ns, surfactant diffusion leads to a
distribution of the bilayer in the contact, as previously observed
in diffusion experiments of ionic surfactants confined between
mica surfaces.'” Once the constant shear is applied, any
remaining bilayer contributions are redistributed within the
first 5-10 ns of sliding, independent of the sliding velocity.
Previous experiments with carboxylic acid surfactants on mica
surfaces have also shown that multilayers are easily removed
and show similar friction behaviour to monolayers.'** Surface
force balance experiments with CTAC on mica surfaces showed
a transition from adsorbed micelles to bilayers under compres-
sion and shear."** The tendency for surfactants to desorb from
the hair surface under shear has also been reported both
experimentally®® and in DPD simulations.>*

The charge density profiles in Fig. 8 highlight the dominant
electrostatic interactions inside the contact during sliding.
Surface charges are locally neutralized by free cationic surfac-
tants and counterions, where relevant. For virgin hair, CTAB
fully adsorbs to the charged sites on the surface for both
degrees of coverage. On medium bleached surfaces with low
CTAB coverage, the number of cationic surfactants is insuffi-
cient to fully neutralize the surface charges. In this case,
positively charged counterions (Na® with its first hydration
shell) equally contribute to local charge neutralisation near
the surfaces. At high CTAB coverage, CTAB again predomi-
nantly occupies the negatively charged sites on the surface. The
centre of the contact is generally sparse in charged beads.
When CTAB molecules are present at the interface, the surface
charges on the opposing surfaces are separated by a larger
distance, as shown in ESIT (Fig. S8). This makes trapping of
the cations between the sliding anionic surfaces'* less likely
for CTAB than when the charges are neutralised by sodium
counterions.*

Fig. 8 also shows the velocity profiles for CTAB and the
18-MEA molecules during sliding. The velocity profiles of CTAB
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Fig. 8 Mass density p (top row), charge density pq (middle row) and velocity profiles v, (bottom row) for Cys-18-MEA and CTAB during sliding at
vs = 1 m s for virgin hair at (a, e, i) I'e = 1.1 pM m~2 (first column) and (b, f, j) I'e = 2.0 pM m~2 (second column) and for medium bleached hair at (c, g, k)
I'e = 2.3 uM m~2 (third column) and (d, h, |) I'e = 4.0 pM m~2 (fourth column).

and the 18-MEA overlap for all contacts, with minor deviations
for virgin hair at high CTAB coverage (I" = 2.0 pM m™?). This
overlap suggests that there is no significant slip of the CTAB
monolayer relative to the grafted 18-MEA lipids. Shear is con-
fined to a small region (d &~ 1 nm) near the contact centre for
all degrees of damage and CTAB coverages. On virgin hair at
I = 2.0 yM m™?, a slightly wider CTAB region is sheared
compared to that for 18-MEA. No slip of cationic surfactants
is observed near the cysteic acid groups on the surfaces, which
suggests that the attractive forces between electrostatically-
adsorbed surfactants and the anionic sulfonate groups on the
surface are strong enough to counteract any shear-driven
desorption. The charge density and velocity profiles for virgin
hair at high surfactant coverage suggest that there are some
CTAB molecules from the bilayer component that are not
adsorbed to either of the sliding surfaces. Here, the combined
CTAB and lipid surface coverage is above that expected for a
pristine 18-MEA monolayer, suggesting that the surface is
somewhat over-saturated. We briefly investigated the mobility
fraction'*® of cationic surfactants at the interface shown in the

21928 | Phys. Chem. Chem. Phys., 2023, 25, 21916-21934

ESIt (Fig. S9). During sliding, there is a much higher mobility
fraction of the CTAB surfactants on virgin hair surfaces at
I' = 2.0 pM m™? than the other surface-coverage combinations,
which confirms our hypothesis of an over-saturation. The mobi-
lity fraction is not sensitive to the sliding velocity for any of the
surfaces or CTAB coverages. The mean-square-displacement
(MSD) of cationic beads (Q,) on CTAB in the directions normal
to the sliding direction (y and z) also confirmed an increased
mobility of surfactants for virgin hair at high CTAB concentra-
tions (Fig. S10 in the ESIt). These investigations show that excess
surfactants from the secondary hydrophobically-adsorbed layer
can desorb in the presence of a wide range of shear rates.

We also investigated the order within the adsorbed CTAB
films. Fig. S11 in the ESI,{ shows the change in nematic order
of CTAB molecules with sliding velocity for the various surfaces
and coverages. The CTAB chains form fluid-like rather than
solid-like monolayers, with a maximum nematic order para-
meter of approximately 0.6 for the high coverage bleached hair
system."® The nematic order only weakly increases with the
sliding velocity.
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3.3.2 Shear stress dependence on normal stress. We also
consider the effect of different contact pressures on the shear
stress. For this purpose, the sliding velocity is kept constant at
Vs = 0.1 m s~ ', while varying the normal stress, ¢ = 5-50 MPa.
Fig. 7(c and d) show the shear stress, t, as a function of the
normal stress, o, for the three degrees of CTAB coverage
considered. We calculate the friction coefficient, u, from the
slope of the linear fits shown in Fig. 7(c and d), T = w-o + 1,
where 7, is the load-independent Derjaguin offset due to
adhesion.*' Table 2 summarizes the friction coefficient values
calculated from Fig. 7(c and d).

For virgin hair, the addition of CTAB to the contact leads to
significant reductions in the CoF compared to water for both
surfactant coverages. The Derjaguin offset, 7,, is comparable for
pure water and the CTAB-containing solutions. Nikogeorgos
et al.*® used AFM to study the friction of the cuticle surface of
virgin and damaged hair at v, = 4 pm s~ . Under wet conditions,
they reported a small increase in the coefficient of friction
(+10%) of virgin hair treated with a conditioner containing
cationic surfactants and silicone polymers compared to the
untreated fibre.>® Conversely, AFM experiments of virgin hair-
hair contacts by Mizuno et al.>® conducted at vg = 4-20 pm s~ "
showed a consistent decrease in friction as the concentration
of cationic surfactant TTAB was increased. From pure water to a
TTAB concentration of 0.2 cmc, the CoF was reduced by
approximately 50% in their experiments. Between 0.2 and
1 cmc, the CoF increased slightly, while at concentrations above
the cme, the CoF remained relatively constant.>® This is con-
sistent with our NEMD results at physiologically relevant slid-
ing velocities (v = 0.1 m s~ '), where the magnitudes of the
shear stress for both CTAB coverages are comparable. The CoF
values for virgin hair (4 ~ 0.6) and treated virgin hair (¢ ~ 0.3)
reported by Mizuno et al.*° are considerably higher than the
values reported in this study. This is likely due to the crossed
fibre experimental setup, where interactions between topogra-
phical features of the hair such as cuticle edges are also
measured. Dhopatkar et al.'*” also observed reductions in the
CoF for CTAB solutions with increased concentrations lubricat-
ing hydrophobic polymer surfaces. They reported a large
reduction in CoF from 0.1 cmc (¢ ~ 1.5) to 1 cmce (¢ ~ 0.5)
and further friction reductions up to 10 cmc (¢ =~ 0.2).
Generally, the surfactant structure on the surface rather than
the bulk concentration is dominating the friction since none of
the micelles remained intact on the surfaces in our adsorption
simulations. Friction reductions due to conditioners on unda-
maged hair have also been observed in macroscopic tress
combing experiments at elevated sliding velocities (vs = 0.1-
20 mm s ')."*® Overall, the friction behaviour of virgin hair
treated by cationic surfactants and polymers observed in
experiments is in good agreement with our NEMD simulations.

On the medium bleached hair surfaces, we observe more
pronounced reductions in the CoF due to CTAB adsorption.
The highest reduction in the CoF (~ 80%) is observed for high
degrees of CTAB coverage, I" = 4.0 uM m ™. No clear differences
in adhesive contributions to friction by means of the Derjaguin
offset 7, are identified from the simulations. Our simulations
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are in excellent agreement with the trend observed in friction
experiments on chemically damaged and bleached hair sur-
faces. Scott and Robbins observed a large decrease in the CoF
in a rubber-on-bleached-hair contact moving from pure water
(1=0.54) to a 0.5 wt% CTAB solution (u = 0.25).>* The treatment
of KOH-damaged hair with a cationic surfactant and silicone
polymer formulation decreased the CoF by up to 65%, as
reported from AFM measurements under wet conditions at
low normal loads (Fy < 5 nN).*® At higher normal loads, the
CoF was similar to untreated KOH-damaged hair, suggesting
that the formulation was removed from the hair surface. This
mechanism would not be captured in our simulations due to
the periodic surfaces. Moreover, the estimated contact pressure
in the hair-AFM tip contact experiments (¢ ~ 120 MPa) is
substantially higher than in our simulations and in real hair-
hair contacts.*’ The CoF from the NEMD simulations of
bleached hair treated with CTAB (1 = 0.041) is comparable to
that for virgin hair with pure water (x = 0.054). This observation
is in good agreement with the findings by Nikogeorgos et al.,*
who also found very similar friction for KOH-treated bleached
hair to virgin hair. The CoF values in our NEMD simulations are
somewhat higher than those observed in experiments of CTAC
bilayers on atomically-smooth mica surfaces (1 =~ 0.001).">*
This can be attributed to the comparatively rough, chemically
heterogenous nature of our simulated surfaces. We observe a
large decrease in the standard deviation of the friction signal
for hair with cationic surfactants (error bars in Fig. 7c and d),
which suggests that stick-slip phenomena are partially elimi-
nated. This is consistent with observations from AFM experi-
ments, where the signal uncertainty was found to be largest for
KOH-damaged hair, followed by conditioned KOH-damaged
and finally untreated virgin hair.*®

We also related the total surface coverage p, from surfactants
and 18-MEA, as summarized in Table 2, to the CoF at vg =
0.1 m s~ '. Fig. 9 shows a consistent decrease in friction as well
as in the amplitude of the shear stress oscillation (prevalence of
stick-slip) with increasing lipid coverage for both virgin and
medium bleached hair surfaces. The overlap between the two
profiles at different degrees of damage clearly motivates that
the presence of the hydrophobic tails (from either the 18-MEA
or CTAB) exposed on each surface dominates the friction
reductions, as the surface heterogeneity is reduced and
damaged surface patches are repaired.

3.4 Wettability with adsorbed cationic surfactants

Finally, wetting simulations at the two surface coverages of
CTAB are performed for the model surfaces representative of
virgin and medium bleached hair. Nanodroplets of pure water
are placed on the surfaces with pre-adsorbed surfactants,
following the methodology described in ref. 56. The equili-
brium contact angles obtained from the wetting of these
droplets gives an indication on how efficiently the hydro-
phobicity of virgin hair can be restored by treatment with
cationic surfactants. Fig. 10 depicts the contact angles for the
four configurations considered here. Contact angles from hair
surfaces without surfactants from ref. 56 are also included for
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comparison. Table 2 further shows a summary of contact
angles at the various degrees of CTAB coverage.

On virgin hair, moderate CTAB adsorption (I' = 1.1 uM m ™ ?)
leads to a moderate increase of the contact angle to 0 = 106.1°
compared to the bare surfaces, 0 = 102.2°. The majority of free
surfactant molecules adsorbs to the few damaged patches on
the surface, therefore increasing the contact angle to nearly the
value reported for a pristine monolayer (0 = 120°).>® At elevated
surfactant concentrations on virgin hair, the contact angle
decreases to 0 = 79.6°. This decrease in 0 is attributed to the
adsorbed CTAB bilayer. In this bilayer configuration, a signifi-
cant fraction of CTAB molecules is oriented with their hydro-
philic cationic sites exposed towards the water droplet, thus
increasing the affinity of water to the surface. The decrease in
contact angle on virgin hair is in good agreement with experi-
mental wetting measurements of virgin hair with adsorbed
proteolipids.'® The agreement with these wetting experiments
also suggest that the observed bilayer might be resistant to

21930 | Phys. Chem. Chem. Phys., 2023, 25, 21916-21934

being rinsed off when being locally wetted at macroscopic
timescales and in the absence of strong shear stresses.
Unconditioned bleached model hair surfaces show an
increase in wettability, as highlighted in ref. 56 and previous
experimental studies on hair wetting.*®'*® This is typically
attributed to the surface oxidation and subsequent increase
in the polar component of the surface energy.**'*° The
presence of cationic surfactants on the surface restores the
hydrophobicity of the medium bleached surface (6 = 49.8°), as
indicated by the increase in contact angles to 6 = 71.6° and
0 = 106.5° for low and high CTAB coverage, respectively.
On surfaces representative of bleached hair, nearly all cationic
surfactants adsorb through electrostatic interactions with their
cationic site facing towards the cysteic acid groups on the
surface and exposing their hydrophobic tail to the bulk.
At high concentrations, the observed contact angle exceeds that
observed on bare virgin hair surfaces. The increase in contact
angle observed in our MD simulations is in agreement with
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experimental results on conditioned bleached hair reported by
Schulze Zur Wiesche et al.® Treatment of bleached and permed
hair with K-peptide and K-protein also led to moderate
increases in advancing contact angle from dynamic wetting
force measurements."”® In contrast, virgin hair wetting was
largely unaffected by treatment with these molecules.'* The
observed increase in water contact angle and decrease in the
CoF on bleach damaged hair surfaces treated with CTAB
demonstrate that cationic surfactants can restore the hydro-
phobicity and low friction properties of the virgin hair surface.

4 Conclusions

In this study, we have investigated the adsorption, friction and
wettability of ionic surfactants on virgin and chemically
bleached model hair surfaces using coarse-grained MD simula-
tions. For virgin hair, which contains 75% 18-MEA alkyl groups
and 25% sulfonate groups, adsorption of cationic surfactants
occurs through both electrostatic and hydrophobic-driven
adsorption. At low concentrations, CTAB forms a complete
monolayer where the cationic headgroups point towards the
surface due to electrostatic attraction to the anionic sulfonate
groups. At higher concentrations, CTAB forms a bilayer due to
hydrophobic interactions with the tailgroups of the adsorbed
CTAB molecules.

On medium bleached hair, which contains 15% alkyl groups
and 85% sulfonate groups, CTAB adsorption is dominated by
electrostatic attraction between the anionic sulfonate groups
and the cationic headgroup of the surfactant. At low concentra-
tions, CTAB forms a partial monolayer, while a complete
monolayer is formed at higher concentrations. We also high-
lighted that the background salt concentration significantly
reduces CTAB adsorption to the surface at lower CTAB con-
centrations. The shape and plateau surface concentrations in
our multi-stage adsorption isotherms are in qualitative agree-
ment with experimental studies of cationic surfactant adsorp-
tion on hair, despite the increased bulk concentrations
required in our simulations. Adsorption of the anionic surfac-
tant SDS is solely driven by hydrophobic interactions of the
tailgroups with the grafted 18-MEA alkyl layer due to the like-
charged nature of surfactant headgroups and the surface
sulfonate groups. Adsorption densities for SDS were found to
be significantly lower compared to CTAB.

We subsequently investigated the tribological response of
adsorbed CTAB molecules on virgin and bleached model hair
surfaces using NEMD simulations. Cationic surfactants reduce
friction on both virgin and bleached hair to below the value of
the untreated virgin hair surface. On virgin hair, an intermedi-
ate CTAB coverage was found to be most effective at lowering
friction at low sliding velocities. At physiologically relevant
sliding velocities, no strong difference in friction was observed
for the two degrees of surfactant coverage considered. Excess
cationic surfactants residing in a secondary layer on virgin hair
surfaces were found to desorb during sliding. On bleached hair,
increased adsorption densities are necessary to achieve low
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friction comparable to untreated virgin hair, due to increased
surface heterogeneity caused by the lower coverage of alkyl
groups and a higher coverage of sulfonate groups on the
surface. Friction reductions of up to 80% were observed on
bleached hair at high surfactant coverage.

Water nanodroplet wetting simulations confirmed that
cationic surfactants effectively restore the hydrophobic charac-
ter of untreated hair after bleaching. On virgin hair, moderate
levels of CTAB adsorption further increased the hydrophobicity
of the surface due to electrostatic adsorption of surfactants
to the few available damaged sites on the surface. Excessive
CTAB adsorption on virgin hair led to a decrease in contact
angle induced by the formation of a bilayer on the surface.
On medium bleached hair, the contact angle monotonically
increased with higher adsorption densities due to the for-
mation of a CTAB monolayer with increasing surface coverage.
Our results are in excellent agreement with experimental
friction and wetting measurements on hair and show why hair
conditioners based on cationic surfactants are effective at
repairing chemically damaged hair fibres.

Our simulations also highlight that the structure of surfac-
tants during sliding of two hair surfaces in contact is perturbed
in comparison to the structure on a single hair surface.
We expect the results of this study to be applicable to further
screening of more complex and multi-component hair care
formulations, including the interactions of charged polymers
and polymer-surfactant complexes with hair and in the
presence of excess background electrolytes.
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