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The self-assembly and surface adsorption of glycerol monooleate (GMO) in n-dodecane are studied

using a combination of experimental and molecular dynamics simulation techniques. The self-assembly

of GMO to form reverse micelles, with and without added water, is studied using small-angle neutron

scattering and simulations. A large-scale simulation is also used to investigate the self-assembly kinetics.

GMO adsorption onto iron oxide is studied using depletion isotherms, neutron reflectometry, and simu-

lations. The adsorbed amounts of GMO, and any added water, are determined experimentally, and the

structures of the adsorbed films are investigated using reflectometry. Detailed fitting and analysis of the

reflectometry measurements are presented, taking into account various factors such as surface rough-

ness, and the presence of impurities. The reflectometry measurements are complemented by molecular

dynamics simulations, and good consistency between both approaches is demonstrated by direct com-

parison of measured and simulated reflectivity and scattering length density profiles. The results of this

analysis are that in dry systems, GMO adsorbs as self-assembled reverse micelles with some molecules
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rsc.li/nanoscale rather than self-assemble.

1 Introduction

The adsorption of molecules at the solid-liquid interface
underpins a vast range of chemical and engineering processes,
including colloidal stabilisation, friction modification, lubrica-
tion, sensing, and surface passivation. The binding of mole-
cules to a solid substrate, their organisation into a monolayer
or multilayer structure, and the response of the adsorbed film
to chemical and mechanical perturbations result in a modifi-
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adsorbing directly to the surface through the polar head groups, while in wet systems, the GMO is
adsorbed onto a thin layer of water. Only at high surface coverage is some water trapped inside a reverse-
micelle structure; at lower surface coverages, the GMO molecules associate primarily with the water layer,

cation of the solid-liquid interface, and its structural and
dynamical properties. In the context of lubrication, it was
shown in the 1920s that the adsorption of fatty acids to form a
monolayer at metal-oil interfaces was sufficient to reduce fric-
tion and improve lubrication." Many similar molecules, with
polar head groups and unsaturated tails, have proven to be
effective organic friction modifiers in engines and motors. The
adsorbed-film structures of such molecules on inorganic sur-
faces in hydrocarbons have been examined using a wide range
of contemporary techniques, including sum-frequency gene-
ration spectroscopy, and (polarised) neutron reflectometry
(NR).*” These methods yield information on the binding of
the adsorbate to the surface, the surface coverage, the film
thickness, and the molecular orientation with respect to the
surface.

In solution, surfactant-like molecules can also self-assem-
ble to form structures such as micelles and reverse micelles
(RMs). RMs formed by amphiphilic molecules in hydrocarbon
solvents are well known.*"*> Small amounts of water are some-
times needed to promote full RM formation, and this water

This journal is © The Royal Society of Chemistry 2024
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becomes localised in the micelle core.'®'” The surfactant of
interest in the current work is glycerol monooleate (GMO), a
non-toxic organic friction modifier, the structure of which is
shown in Fig. 1. GMO forms RMs in aliphatic hydrocarbons,
shown using small-angle X-ray scattering (SAXS), and a variety
of self-assembled micelles and liquid-crystalline phases in
water,'® shown with a combination of NMR spectroscopy,
polarising optical microscopy, SAXS, and rheological measure-
ments. The self-assembly of GMO in hydrocarbons (n-hexane
or toluene) was also studied using a combination of small-
angle neutron scattering (SANS) and molecular-dynamics (MD)
simulations.'® A quantitative comparison was made between
experimental and simulated form factors, which showed that
the micelle radius of gyration was around 15 A, and the aggre-
gation number was in the region of 20-30, depending on the
solvent. The radii of gyration determined from simulation and
experiment were in agreement, with values within approxi-
mately 1 A. This gives confidence on the fidelity of the mole-
cular-scale structures generated using MD simulations, and in
particular, the spatial distributions of GMO, solvent, and any
‘impurity’ (such as water) within the RM structure. Subsequent
simulation work was carried out to study the adsorption of
GMO RMs at the mica-hydrocarbon interface,”® and it was
shown that there is a competition between self-assembly and
adsorption, resulting in micelle-like structures persisting at
the inorganic surface. This has not yet been confirmed
experimentally.

In recent experimental work, a cell has been developed that
allows the interfacial structures of adsorbed films to be
studied under shear conditions using either X-ray or neutron
reflectometry.>" In the initial demonstration of the cell, GMO
was studied at the interface between n-dodecane and planar
iron oxide (hematite, Fe,05) surfaces. It was found that GMO
forms a layer approximately 25 A thick, which does not alter
significantly between quiescent and shear conditions (shear
rate 700 s~'). What has not yet been done in the case of GMO
is to compare directly the results from reflectometry and MD
simulations, and to investigate to what extent adsorbed-
micelle structures can be resolved from the experiments. This
is the objective of the current work.

Herein, a detailed comparison is made between experi-
ments and MD simulations of GMO in n-dodecane (referred to
as dodecane throughout the following sections) in bulk solu-
tion and at the interface with iron oxide. SANS is used to
demonstrate that GMO forms well-defined RMs in bulk
dodecane with and without added water (molar ratio 5:1
H,0: GMO). A comparison is made between the experimental
data and results from atomistic MD simulations of single RMs.

(0]
\/\/\/\/q/\/\/\)ko/\hOH
OH
Fig.1 The molecular structure of  glycerol monooleate

[CH3(CH);,CHCH(CH,);COOCH,CHOHCH,OH].
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The kinetics of RM formation with water are explored with a
MD simulation containing 2 million atoms (including GMO,
water, and dodecane). In the latter case, the system is so large
that, on the simulation time scale of 51 ns, the spontaneous
assembly of around 50 well-defined RMs is observed. The
adsorption of GMO, with and without added water, onto iron
oxide from dodecane is studied by measuring the adsorption
isotherm, and by analysing the neutron reflectivity. These
experiments give details on the amount of adsorbed material
and some structural information on the adsorbed film, includ-
ing its thickness. However, atomistic detail is not achievable
with this approach. Therefore, MD simulations are carried out
with the apparent amounts of adsorbed material, and the
corresponding reflectivity profiles are computed from the
simulated atomic density profiles. It is shown that it is poss-
ible to get almost perfect matches between simulations and
experiments, which shows that the simulated structures are at
least compatible with the available experimental data. Overall,
it is shown that without water, GMO adsorbs onto iron oxide
from dodecane as RMs, while with added water, it binds
instead to a water film preferentially adsorbed to the iron
oxide.

The rest of this article is organised as follows. Section 2
details the materials, SANS experiments, depletion-isotherm
experiments, NR experiments, and MD simulations. Results
are presented in Section 3, and are focused on self-assembly,
adsorption, and the structures of adsorbed films. Section 4
concludes the article.

2 Methods
2.1 Materials

Glycerol monooleate (1-oleoyl-rac-glycerol, >99% purity) was
purchased from Sigma Aldrich, UK, and stored below 0 °C.
Hematite powder (a-Fe,O;) was purchased from Alfa Aesar
(Puratronic, 99.995%). Dodecane-h,s was purchased from
Fisher (>99%, Acros Organics), and dodecane-d,s was pur-
chased from Cambridge Isotope Laboratories (>98% deute-
rated, 98% purity). Experiments were carried out with solu-
tions of GMO in dodecane, both with and without added
water. In the former case, the number of water molecules per
GMO molecule (the hydration ratio) was @ = 5. Ultra-pure H,O
dispensed from a purifier (Milli-Q IQ 7005) and D,O (99.9%
deuterated, Sigma Aldrich) were used to dope the solutions of
GMO dissolved in dodecane, which were then sonicated.
When filling the SANS or reflectometry cells, aliquots were
taken from the top of the wet samples to avoid including any
non-solubilised water droplets that would coalesce at the
bottom of the sample vials.

For the NR measurements, silicon substrates with a quoted
RMS roughness of 3 A were purchased from Pi-Kem, UK, with [
x w x h dimensions of either 55 mm x 55 mm x 10 mm (‘small
substrate’) or 80 mm x 50 mm x 15 mm (‘large substrate’).
Smooth iron oxide surfaces were provided by sputter coating

Nanoscale, 2024, 16,1952-1970 | 1953
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the silicon substrates with iron, which was carried out by Pi-
Kem.

2.2 Small-angle neutron scattering

SANS measurements were conducted on ZOOM at ISIS, UK.
Samples were prepared using dodecane-d,s and analysed in
2 mm path length, quartz Hellma cuvettes that were positioned
in an automated sample changer maintained at 25 °C. The
instrument was configured with pinhole collimation, a source—
sample detector distance set to 4 m, and a beam aperture of
8 mm x 8 mm. The resulting Q range was 0.004-0.7 A™*, with
the magnitude of the scattering vector, Q, being

47 sin 0
=——" 1
2, ey

where 1 is the wavelength of the neutrons (1.8-16.5 A), and 6 is
the scattering angle. The instrument was operated in time-of-
flight mode. Raw scattering counts from the two-dimensional
area detector were reduced using Mantid* to give radially aver-
aged 1D plots of intensity I(Q). Scattering from a neat
dodecane-d,s sample was subtracted from each data set to
yield the final results.

Modelling was performed using SasView V5.0.5 in combi-
nation with Bumps v0.9.0 ** to conduct Markov Chain Monte
Carlo (MCMC) sampling using the DREAM algorithm. A spher-
oid form factor was parameterised (a reparameterisation of the
‘ellipsoid’ model within SasView), so that known character-
istics of the system could be defined and constrained. Further
details of the model are given in the ESI.f The parameter pos-
terior distributions were all tested for normality with the
D’Agostino-Pearson test,”>> where the null hypothesis is that
a given distribution is Gaussian. The parameters found to have
p values greater than 1 x 10~ are reported to be Gaussian with
the subscript NV in the notation x, + y, where x and y are the
mean and the symmetric 95% credible interval for a given
Gaussian distribution.

2.3 Depletion isotherms

Solutions of GMO dissolved in dodecane-h,s were prepared at
known concentrations before 0.5 g of powdered iron oxide was
added to each solution and stirred for at least 5 hours. The
solutions were stirred in a water bath to control the tempera-
ture throughout the experiment. The surface area of the iron
oxide powder was found to be (11.8 = 0.1) m* g * by N, BET
sorption analysis carried out at the Department of Materials
Science and Metallurgy, University of Cambridge, UK. The
solutions were then left to stand for approximately 30 minutes
in the water bath, allowing the majority of the powder to settle
at the bottom. Approximately 7 mL of the liquid from the top
of the sample was then removed and centrifuged at 10 000
rpm. The supernatant was collected and the solutions were
analysed via transmission Fourier transform infra-red (FTIR)
spectroscopy using a PerkinElmer Spectrum 100 spectrometer
equipped with a liquid N,-cooled mercury-cadmium-telluride
detector. The remaining concentration of GMO within each
sample was determined by integrating the IR adsorption in the
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region of 1665-1800 cm™" arising from the ester carbonyl of
GMO, followed by linear regression with a calibration data set
from standards of known GMO concentrations.

2.4 Neutron reflectometry

NR was conducted on INTER at ISIS, UK.?® The range of the
neutron wavelengths was 1.5-17.0 A, and the scattering angles
were 0.7°, 1.2°, and 2.3°. This resulted in a Q range of
0.009-0.331 A™", The illuminated length of the neutron beam
footprint was approximately 40 mm and 60 mm for the small
and large substrates, respectively. The resolution, §Q/Q, was
constant over the Q range at approximately 2% and 3% for the
small and large substrates, respectively.

The substrates were cleaned with UV-ozone for 20 minutes
before they were sealed within solid-liquid cells. Sample solu-
tions were then passed into the cells prior to alignment of the
solid-liquid interface with the neutron beam. The cells were
equilibrated at 25 °C for 20 minutes before alignment, and
were kept at these temperatures for the measurements. The
reflected intensity was then collected for a minimum of
50 minutes over the three scattering angles, after which the
data were normalised with transmission measurements, and
then combined to form composite reflectivity profiles over the
whole Q range using Mantid.**

Model selection was conducted by estimating the Bayesian
evidence, Z, of candidate models for each reflectometry data
set, as defined previously.>”*® This was achieved using the
static nested sampling algorithm provided by the Python
package dynesty V1.2.2 *° in combination with refnx v1.29*° to
calculate the model reflectivity. The number of live points
used in the nested sampling was 500, and the stopping cri-
terion was the default of 0.509. Using the model with the great-
est evidence, the posterior distribution for each parameter was
estimated via MCMC sampling by using either the DREAM
algorithm within Reflid v0.8.14°' or the parallel-tempered
affine invariant MCMC ensemble sampler (PT-MCMC)
implemented as part of refnx. For all analyses, the data were
modelled as evenly weighted linear combinations of the down-
spin and up-spin reflectivities to account for the magnetic
domain scattering on a non-polarised instrument. With this
approach, it is assumed that the magnetic domains of the iron
and iron oxide are larger than the neutron coherence length,
and that there is no off-specular magnetic domain scatter. The
parameter values reported in later sections are the median and
95% credible intervals (percentile). The parameter distri-
butions were tested for normality via the aforementioned
D’Agostino-Pearson test.

2.5 Molecular dynamics simulations

Classical MD simulations were performed using the LAMMPS
software package,®* initial system configurations were
created using Packmol,® and the Visual Molecular Dynamics
software was used for system visualisation and image render-
ing.*® The interactions involving GMO and solvent molecules
were given by the all-atom, L-OPLS-AA force field,””** and

This journal is © The Royal Society of Chemistry 2024
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the Good-Hope*?

cross interactions were evaluated usin
mixing rules.**

((7,']' =, /(7,','(71‘1‘> and Berthelot (“4] = \/€ii€j

2.6 Bulk-liquid simulations

Bulk-liquid simulations were carried out in cubic cells with
periodic boundary conditions applied, Lennard-Jones inter-
actions were cut at 12 A, and long-range Coulomb interactions
were handled using the particle-particle particle-mesh
method with a relative accuracy in the forces of 1 x 107, In all
cases, the systems were energy minimised, and then run under
NPT conditions with T'=298.15 K and P = 1 atm using a Nosé-
Hoover thermostat/barostat.*>*® The simulation time step was
1 fs, the thermostat damping time was 0.1 ps, and the barostat
damping time was 1 ps.

The self-assembly of single RMs was studied using, initially,
20 molecules of GMO in dry dodecane, and 30 molecules of
GMO in dodecane with 150 molecules of water (w = 5).
1400 molecules of dodecane were used in both cases. Each
simulation was started from a uniform, randomly generated
configuration in a cubic box with side 82 A. The aggregation
numbers were determined by a trial-and-error approach, where
single molecules were deleted until the RM remained intact
over the 20 ns simulation period. The radius of gyration, R, of
an isolated RM was computed using a direct formula, and
by fitting the corresponding form factor, P(Q). The direct

formula is
N
RS2 = i
& 2N? &

J

N
Zrﬂf} )
k=1
where the sums include all N atoms belonging to the micelle
(including water), and 7y is the separation between atoms j
and k (with the periodic boundary conditions unwrapped).
The isotropic form factor of the simulated RMs was computed
using the formula

PQ) /1 S5 nsin(Qri)
P(()_<NZZZ erkj > (3)

Again, the interatomic distances were calculated with the
periodic boundary conditions unwrapped.

There are several options for fitting the low-Q portion of
P(Q) without assuming a specific shape of the self-assembled
structures. First, there is the Guinier approximation

P(Q) 2p 2

——~1—-Q°R,"/3 4

P(O) Q g / ) ( )
where the limiting behaviour is exact. Second, to extend the
fitting range, there is the Gaussian approximation

%z exp(—%QzRgz)7 (5)

which also corresponds to an object with an isotropic,
Gaussian radial distribution of the scattering cross section.® A
common approach is to fit the form factor according to some
assumed object. For a uniform object with an isotropic, expo-
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nentially decaying radial distribution of the scattering cross
section, the form factor is'®

% = (1 + %QZRgZ) - (6)

For uniform hard spheres with radius Rys, the form factor is

PQ) _, {sin(QRHS) — (QRuys) COS(QRHS)} 2. -

(QRus)’

and the corresponding radius of gyration is given by
Ry = \/3/5Rus. More complicated expressions apply for non-
spherical objects, such as ellipsoids.

A large-scale simulation was also carried out to examine the
formation kinetics of RMs, and to obtain another estimate of
the equilibrium aggregation number. 1010 molecules of GMO,
5050 molecules of water (w = 5), and 50500 molecules of
dodecane were simulated in a cubic box of side 272 A for 51
ns; this adds up to a total of 1999 800 atoms, a GMO concen-
tration of 83 mM, and a mass density of 747 kg m™. This 51
ns simulation was run on ARCHER2, the UK National
Supercomputing Service. The analysis of the results from this
simulation is described in detail in Section 3.3.

2.7 Solid-liquid interface simulations

Simulations of surface-adsorbed GMO were carried out by con-
fining the liquid between two parallel, planar iron oxide slabs
with the (100) faces exposed. Hematite has a hexagonal unit
cell with parameters a = b = 5.038 A, ¢ = 13.772 A, a = § = 90°,
and y = 120°.*° Slabs were carved from the crystal structure
and oriented in the laboratory frame (x, y, z) such that b||y and
c||x; each slab had dimensions 55.088 A x 50.38 A x 8.61 A,
and contained 2400 atoms.

The numbers of GMO molecules on each surface were
determined from the NR experiments (see Sections 3.6 and
3.7). For a dry solution, full surface coverage equated to 78
GMO molecules per surface, and 156 molecules total. Half-cov-
erage and quarter-coverage simulations were also carried out,
with 78 and 39 GMO molecules total, respectively. For a wet
solution, full surface coverage equated to 68 GMO molecules
and 383 water molecules per surface for totals of 136 and 766,
respectively, so that on the surface, w = 5.6, which is higher
than the bulk solution. This indicates preferential water
adsorption, and as is shown in Section 3.8, the water forms a
wetting layer on the iron oxide surface. Therefore, half-cover-
age and quarter-coverage simulations were carried out with 34
and 17 GMO molecules per surface, respectively, but the
number of water molecules was kept fixed at 383.

The surface interactions were represented by the Lennard-
Jones and Coulomb potentials determined by Berro et al.>°
The specific values are given in Table S1 in the ESI{ along
with a brief discussion of a recent new parameterisation
against density functional theory calculations.”® Lennard-
Jones interactions were cut at 12 A, and the long-range
Coulomb interactions were handled using a slab-adapted par-
ticle-particle particle-mesh method, designed to cancel out

Nanoscale, 2024, 16,1952-1970 | 1955
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interactions between periodic images in the z direction,>* and
with a relative precision in the forces of 1 x 107*.

In each simulation, the system was energy minimised, ther-
mostatted at T = 298.15 K, and allowed to equilibrate at con-
stant volume. Then a constant-load simulation corresponding
to a pressure of P = 1 atm was carried out by applying a con-
stant, normal force to the outermost layer of atoms in the
upper slab, while the outermost layer of atoms in the bottom
slab was kept fixed.>® The system was simulated for 15 ns, and
properties were computed from the last 5 ns of the trajectory.

3 Results and discussion
3.1 Self-assembly in solution: small-angle neutron scattering

Three solutions of GMO in dodecane-d,¢ (20 mM) were pre-
pared, and two of them were doped with H,O or D,O
(100 mM) so that the hydration ratio w = 5. The two solutions
doped with water are termed the wet systems, while the
remaining solution is referred to as the dry system. The nor-
malised scattering data collected with the dry and wet systems
are shown in Fig. 2(a) and (b), where the difference between
the contrasts collected with H,O and D,O arises from the
difference in H and D content within the RMs due to the parti-
tioning of water. The results are plotted on logarithmic scales
rather than as functions of Q* on linear scales because they are
fitted with models that extend beyond the Guinier regime (4),
and in addition, linearisation leads to biased estimates of the
fitting parameters.>® Prior to fitting the data to the ellipsoid
model, the data were fitted to the shape-independent Gaussian
model (5) in the Q range of 0.004-0.081 A™' using SasView.
The R, values for the solutions doped with D,0 and H,0 were
constrained to be the same. The resulting radii of gyration are
shown in Table 1.

The ellipsoid model was then fitted to the data using the
priors shown in Tables S2 and S3 in the ESL{ The dashed
lines in Fig. 2(a) and (b) show the fitted scattering profiles.
The parameter distributions are tabulated and visualised in
Tables S4, S5, and Fig. S1, S2, in the ESL{ The eccentricity
parameter for the dry system was found to be bimodal, where
the mode with the greatest probability indicates that it is likely
the RMs are oblate, although a prolate shape cannot be ruled
out. The bimodal nature of the posterior distribution could
reflect the fact that a unique fit is not achievable with a single
contrast, rather than there being a bimodal distribution of RM
sizes in solution. The equatorial and polar radii of the RMs, R,
and R, were calculated from the fitted volume and eccentricity
parameters for the dry and wet systems. The radius of gyration
derived from the ellipsoid model is then>®

/2R.2 + R,?
Rg,ellip = %~ (8)

The derived radii are shown in Table 1, and the oblate RMs
are depicted schematically in Fig. 2(c). The aggregation
number (AN) for the dry system was calculated to be AN =
NgmoV = 49.8155, where Ngpo and V are the number density of
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GMO micelle

GMO micelle with water

Fig. 2 SANS profiles of 20 mM GMO in dodecane-d,e as (a) a ‘dry’
system and (b) with 100 mM of H,O or D,O added. The scatter data
show the form factors of isolated RMs in both dry (w = 0) and wet (v =
5) conditions; the open points are from SANS experiments, and the filled
points are from MD simulations. The MD form factors are scaled to
match the fitted SANS scale factors for the dry system and the GMO +
H,O system. The dashed lines show the model fit to each data set, while
the full grey lines show the Gaussian model (5) fitted to the MD form
factors (extended beyond the Q = 0.1 A fit limit — see Table 2). (c)
Schematic illustrating the ‘swelling’, depicted by changes in radii, of
GMO RMs in dodecane following sequestration of water molecules into
the reverse micelle interior.

Table 1 The radii of the RMs as determined from fitting the SANS data.
Parameters marked with * and " are bimodal and describe the radii for the
prolate and oblate shaped RMs respectively. The discrete modes of the
bimodal distributions are described by their respective centres and the 95%
highest density intervals (HDIs) of the posterior distribution. The mode
centres are estimated by taking the mean of the 1% HDI of each mode

System Ry/A Re/A Ry/A Ry citip/A

Dry 16.7+0.5  *16.1703,  T12.0+1.0,*30.4 + 0.7 16.6793
24.8+ 0.5

Wet 257y +0.1 35.8+0.2 23.5%0.3 25.0y + 0.1

GMO and RM volume, respectively. The inclusion of water at w
= 5 swells the volume of the RMs by a factor of approximately
four, which is thought to arise from absorption. The GMO

This journal is © The Royal Society of Chemistry 2024
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aggregation number for the wet system was found to be
AN = VomoNomo = 162.9 + 0.9, where ¢omo = 80.6%
(fixed) is the volume fraction of GMO within the RMs.

Given that dodecane and water are essentially immiscible,
the considerable uptake of water by the GMO RMs indicates
highly favourable attractive interactions between the GMO
head groups and water molecules. As previously mentioned,
the swelling by a factor of four upon inclusion of water at w = 5
is believed to be in part due to the added water promoting the
formation of additional micelles (when compared to the dry
system). This would further account for the increased scatter-
ing intensity at low Q with water present [Fig. 2(b)], and
suggests a synergistic interplay underpinning GMO/water co-
assembly.

3.2 Self-assembly in solution: MD simulation of a single
reverse micelle

Simulations of single RMs were carried out, both in dry
dodecane (w = 0), and with five water molecules per GMO
molecule (@ = 5). Using the trial-and-error approach, it was
found that RMs with 18 and 28 GMO molecules remained
intact over at least 20 ns. Final snapshots from each simulation
are shown in Fig. 3.

The radii of gyration were computed directly (2), and by
fitting various functions to the simulated form factor (3). The
values of R, from the fits are collected in Table 2. These show
how the micelles grow in size with the inclusion of water, from
Ry~14 Aatw = 0to Ry~ 17 A at w = 5. Nonetheless, the simu-
lated values are smaller than those obtained from SANS. In the
dry case, the discrepancy is only 2 A, but in the wet case, the
difference is more like 7 or 8 A. Possible explanations for this
include the force field, the system containing only one reverse
micelle that is meant to represent a distribution, and the time
scale for self assembly, particularly for the wet case. The latter
point will be picked up again when the large-scale simulation
is discussed in Section 3.3. The comparison between aggrega-

Fig. 3 Molecular configurations at the end of 20 ns runs: (a) an RM of
18 GMO molecules in pure dodecane; (b) an RM of 28 GMO molecules
and 150 water molecules, in dodecane. GMO atoms are shown in space-
filling representation, while dodecane is shown in stick representation.
GMO carbon atoms are shown in black, GMO oxygens in red, water
oxygens in blue, hydrogens in white, and dodecane molecules in grey.
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tion numbers from experiments and simulations is unreliable
for two reasons: the apparent sizes of the RMs, and the
assumption of a bulk density.

It was shown in earlier work on GMO in n-heptane and
toluene'® that added polar species form the RM core, and that
there is a broad interface between GMO and the surrounding
hydrocarbon solvent. Radial mass-density profiles for RMs of
GMO, with and without water, in dodecane are shown in
Fig. 4. The local mass density p(r) is shown as a function of
distance from the RM centre of mass, for each of GMO,
dodecane, and (in the wet case) water. The results demonstrate
the same effects described in earlier work.'® In the dry case,
the GMO near the core of RM is very dense, but the profile
decays monotonically with increasing r. The dodecane profile
shows that it penetrates into the RM, and at large r,
approaches the correct bulk density; fitting the results for r >
35 A gives p = 738 kg m™, only 1% lower than the experi-
mental value of p = 746 kg m™>. The interface between GMO
and dodecane is broad, and the profiles intersect at around r
~ 12 A. In the wet case, the water is strongly localised at the
centre of the RM, the GMO forms a diffuse layer around the
water, and the dodecane penetrates almost as far as the water
core. The water and GMO profiles intersect at r ~ 9 A, the GMO
and dodecane profiles intersect at r ~ 15 A, and the fitted bulk
dodecane density is 736 kg m™>. These results illustrate the
swelling effect of the water, and show that the assumption of a
homogeneous sphere of GMO and water is an oversimplifica-
tion. The aggregation numbers extracted from the SANS experi-
ment are based on the bulk density of GMO, and this is not
representative of the interiors of the RMs.

3.3 Self-assembly in solution: MD simulation of many reverse
micelles

While a small simulation with a couple of dozen GMO mole-
cules might provide a rough estimate of the size of a self-
assembled RM, it would be better to run a simulation with
enough GMO molecules to form many micelles. Unfortunately,
the number of molecules required to reach a realistic concen-
tration is very large, and at least with atomistic force fields, the
atom count would be immense. An MD simulation has been
carried out with 1010 GMO molecules, but the concentration
is very large, around 83 mM, which is four times higher than
in the experiments.

A movie of the self-assembly process over a period of 51 ns
is provided in the ESLf Fig. 5 shows the last frame of the
large-scale simulation. There are clearly many distinct RMs,
with varying apparent sizes due to the instantaneous positions
and conformations of molecules, and particularly the tails of
the GMO molecules. By eye, a rough estimate of the number of
RMs in this snapshot is about 50, corresponding to an aggre-
gation number of 1010/50 = 20.

This simulation was run at quite a high GMO concen-
tration, so that the total atom count (including solvent) was
kept within reasonable bounds. Early in the self-assembly
process, there are many small GMO and water clusters, and
individual molecules. (See the movie in the ESL{) Therefore,
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Table 2 Details of the MD simulations of single and many GMO RMs, with and without water. » is the hydration ratio, Ngmo is the number of GMO
molecules, N, is the number of water molecules, N is the number of solvent molecules, (L) is the average box length after equilibration, Ry is the
RM radius of gyration, AN is the aggregation number, c(0) and c() are the fitted initial and final RM concentrations, and  is the decay time for self-
assembly. ‘Method’ indicates how the RM dimensions were determined. The fitting range was Q < 0.01 A~ for the Guinier law, and Q < 0.1 A2 for
the Gaussian, exponential, and hard-sphere form factors. Numbers in brackets are uncertainties in the final digit. Rq is not quoted to more than

0.01 A precision

System  Ngmo  Nw Ny (Ly/A Ry/A AN ¢(0)/10** m™ (0)/10** m™  7/ns Method
®=0 20 0 1400 81.81 14.1(3) 18 — — — Direct (2)
14.07(0) — — — Guinier (4)
14.08(0) — — — Gaussian (5)
14.44(2) — — — Exponential (6)
13.88(1) — — — Hard sphere (7)
w=5 30 150 1400 82.35 16.8(2) 28 — — — Direct (2)
17.60(0) — — — Guinier (4)
17.88(1) — — — Gaussian (5)
18.52(4) — — — Exponential (6)
17.48(1) — — — Hard sphere (7)
w=5 1010 5050 50500  271.83  16.06(7)  16.2(3)  11.3(5) 3.11(6) 9.8(7) Gaussian (5) & (11)
18.12(8)  21.4(4)  9.2(4) 2.35(4) 9.1(6) Exponential (6) & (11)
14.68(7)  13.2(3)  13.0(5) 3.80(7) 10.2(7)  Hard sphere (7) & (11)
2000 L | L | L | L
] (a) dry I
1 — —
. 500 — GMO
| = i — n-dodecane L
N
~4 1000 I~
~
< i L
S N
a
500 -
0 T T T T T T T
0 10 20 30 40
2000 L | L | L | L
| (b) wet |
1500 - :
- — GMO : § ;
i g ) — n-dodecane L e
o o ht &
,E\ Fig. 5 Molecular configuration at the end of a 51 ns run. GMO atoms
= are shown in space-filling representation, while dodecane is shown in
stick representation. GMO carbon atoms are shown in black, GMO
oxygens are shown in red, water oxygens are shown in blue, hydrogens
are shown in white, and dodecane is shown in grey.
0 T T T T T T T
0 10 20 30 40
ri A to track the kinetics of RM formation, a mixture of cluster and

Fig. 4 Radial mass-density profiles for GMO (black), dodecane (red),
and water (blue) as functions of distance r from the RM centre of mass:
(a) the dry system; (b) the wet system with @ = 5. The dashed red lines
are fits to the dodecane density for r > 35 A.

1958 | Nanoscale, 2024, 16, 1952-1970

RM criteria would be required to characterise the instan-
taneous state of aggregation. To circumvent this complication,
the kinetics of RM formation were analysed by taking the fol-
lowing ‘experimental’ approach. The 51 ns simulation was
split up into 34 1.5 ns chunks, and 16 configurations were
saved at intervals of 0.1 ns within each chunk. The level of
aggregation was characterised using the atomic structure

This journal is © The Royal Society of Chemistry 2024
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factor, Sarom(Q), computed and averaged for all of the configur-
ations in a chunk.’®

Here, the sums are over the atoms in the GMO and water mole-
cules only, Q = 2n(n,,n,,n,)/L is a wave vector that is commensu-
rate with the periodic boundary conditions, and n, = 0, 1, +2,
.... Because the liquid is isotropic, terms with equal magnitude
Q = |Q| were averaged. This function was then resolved into a
RM form factor P(Q), and a RM structure factor S(Q).

Sarom (Q) = P(Q)S(Q) (10)

As already noted, there are several obvious choices for P(Q),
as given in eqn (5)—(7); to account for there being discrete
atoms in the RMs, and to ensure the limit P(Q —» o) = 1, the
fitting functions were modified to P(Q) = [P(0) — 1]F(Q) + 1,
where F(Q) is given by the right-hand sides of those equations.
The structure factor needs to reflect that RMs cannot overlap.
Adopting a hard-sphere description, and at low RM concen-
tration c, the pair correlation function is simply (r) = —1 when
r < D, and A(r) = 0 otherwise, where D = 2Rys is the hard-
sphere diameter.”® This gives the result

S(Q) =1+ th(r) exp(iQ - r)dr

cos(QD) sin(QD)] (11)

=1+ 4xcD?
7 Tepy?  (opy’

This prescription for S(Q), along with the various options for
P(Q), were found to be sufficient for fitting the atomic struc-
ture factor Syom(Q). The Percus-Yevick hard-sphere structure
factor was also tried,>® but the fitting parameters were hardly
affected, which justifies the low-concentration approximation.
Each fit yielded values of Rys (and hence R,) and c.

The effects of the various choices for P(Q) are illustrated in
Fig. 6, which shows the fits to the atomic structure factor com-
puted for the final interval between ¢ = 49.5 ns and 51.0 ns. The
plot shows three different fits, depending on whether the RM
form factor was based on a Gaussian, exponential, or hard-sphere
radial atomic density distribution. The exponential distribution
gives the best fit, especially so at low-Q and high-Q, and the
corresponding value of R, is within an dngstrom or so of the
direct and fitted values presented in Section 3.2; the factors P(Q)
and S(Q) from this fit are also shown in Fig. 6. All of the fitted
values of R, are collected in Table 2. They decrease in the order
exponential, Gaussian, and hard sphere, but the fits from the
latter two functions are clearly inadequate, especially at high Q,
where P(Q) dominates Syiom(Q).

The RM dimensions from the exponential fit are plotted as
functions of time in Fig. 7(a) and (b), in terms of both the
hard-sphere diameter, and the radius of gyration. The asymp-
totic values are reached after about 40 ns, and fitting the
values for the remaining 11 ns gives hard-sphere and gyration
radii of 23 A and 18 A, respectively. Fig. 7(c) shows the appar-
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Fig. 6 Atomic structure factor S;om(Q) in the interval 49.5 ns <t <51.0 ns
from the large MD simulation. The points are from eqn (9), and lines are fits
using egn (10) with the hard-sphere structure factor (11), and the form
factor corresponding to either a Gaussian (5), exponential (6), or hard-
sphere (7) radial atomic density distribution; the corresponding values of
the radius of gyration Ry are given in the legend. The dashed and dotted
lines show, respectively, P(Q) and S(Q) from the exponential fit.
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Fig. 7 Time-resolved parameters obtained by fitting the atomic struc-
ture factor during 1.5 ns intervals of the 51 ns, large MD simulation: (a)
the hard-sphere radius of the RM, including a fit from t > 40 ns; (b) the
radius of gyration of the RM, including a fit from t > 40 ns; (c) the con-
centration of RMs, including an exponential fit over the whole time
period; (d) the aggregation number, including the asymptotic value
obtained from the asymptotic RM concentration shown in (c).

ent RM concentration as a function of time, obtained from
S(Q) in eqn (11). This decreases with time, as the RMs coalesce
and grow. Fitting the exponential function

€(t) = c(0) + [e(0) — c(o0)]e " (12)

gives a decay time of 7 ~ 9 ns, and an asymptotic concentration
(o) = 2.4 x 10** m™>, There were 1010 GMO molecules in the
cubic box with average side L ~ 272 A, corresponding to a concen-
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tration of 5.0 x 10>> m™>, and thus the asymptotic aggregation
number is about 21. Fig. 7(d) shows the evolution of the aggrega-
tion number with time, along with the value derived from c(co).
The fitted parameters are collected in Table 2. The apparent
asymptotic aggregation number is lower than the value deter-
mined in Section 3.2, but the latter is really an estimate of the
maximum number of molecules that can be accommodated in a
simulated RM, with a given force field. The same analysis was
carried out using the Gaussian and hard-sphere versions of P(Q),
and the fitted parameters are summarised in Table 2. The appar-
ent aggregation numbers are smaller with these fits, since the
radii of gyration are smaller, but as shown in Fig. 6, the fits are
not as good. The decay time is around 10 ns in each case.

As noted in Section 3.2, a comparison between aggregation
numbers from simulation and experiment is unreliable. The sizes
of the RMs should be comparable, but the simulated values are
lower than the experimental ones by around 7-8 A. This could be
due to the force field, or it could also indicate some longer time
scale aggregation processes that are not captured in these simu-
lations. As the MD results show, at the beginning of the aggrega-
tion process, there are many small clusters containing a few GMO
and water molecules. At longer times, these coalesce into RMs,
with well-defined water cores surrounded by GMO molecules. This
may not be the thermodynamically stable state, and there could be
slower processes akin to Ostwald ripening that lead to the ‘dis-
solution’ of molecules from small RMs, and subsequent aggrega-
tion with larger RMs. These processes are extremely slow (micro-
seconds to seconds), and are beyond the reach of MD simulations.

In future work, it may be possible to parameterise coarse-
grained force fields, such as those used in dissipative particle
dynamics simulations,””*® that mimic the specific case of GMO
self-assembly. There are some drawbacks of such an approach.
Firstly, while generic force fields can reproduce self-assembly as a
general phenomenon, the parameters would have to be tuned to
reproduce the experimental results, which defeats the object of
making predictions. Secondly, water would be substantially
coarse-grained in such a force field, and this again militates
against chemical fidelity. Finally, such force fields may not be
reliable for adsorption, where specific chemical interactions with
surfaces are key. This is a significant task that would require dedi-
cated effort, but if successful, it would be possible to extend the
simulations to much longer length and time scales.

3.4 Adsorption onto iron oxide surfaces: depletion isotherms

The adsorption of GMO at the iron oxide-dodecane interface
at 30, 45, 60, and 70 °C is described by the depletion isotherms
shown in Fig. 8. [GMO]eq is the GMO concentration in the
supernatant after centrifugation. The data were found to be
appropriately modelled by the Langmuir isotherm for mono-
layer formation

I Ka[GMO], /¢
Fo 14 Kaas[GMO] /¢’

(13)

where I is the surface excess, Iy, is the maximum theoretical

surface excess, ¢® = 1 mol L', and K,qs is the Langmuir
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Fig. 8 Depletion isotherms for the adsorption of GMO at the iron
oxide—dodecane interface at four different temperatures. The solid lines
are the best fits of the Langmuir isotherm to the data.

adsorption constant. The fits are shown as lines in Fig. 8, and
the fitted parameter values are shown in Table 3. The corres-
ponding adsorption free energy changes AG,qs = —RT1n Kyqs
are given in Table 3, and fitting to the equation AG,gqs = AH,qs
— TAS,gs yields an adsorption enthalpy AH,qs = (—3.2 = 3.0) kJ
mol ™" and an adsorption entropy AS.qs = (61.9 + 9.3) ] K*
mol ™", suggesting that the adsorption of GMO is an entropy-
dominated process, possibly connected with the displacement
of adsorbed solvent molecules. However, the temperature
range is not very large, and so the temperature dependence of
K.gs and AG,qs may not be very reliable. Nonetheless, the
values of AG,qs are comparable to single-molecule adsorption
free energies for GMO in similar solvents,>® which range from
—25 kJ mol™ (measured) to —39 kJ mol™" (simulated). In ref.
59, the experimental values were obtained by fitting an adsorp-
tion isotherm to the apparent surface coverages from friction
data, and the simulated values were obtained from MD calcu-
lations of the potential of mean force (free energy profile) for
adsorption.
The area per molecule was calculated using

1

A = 14
mol FNA’ ( )

where N, is Avogadro’s number. The satisfactory description of
the data provided by the Langmuir isotherm suggests that the

Table 3 Fit parameters from the Langmuir isotherm

T/°C  Kaas/10° I /A? Amo/107°mol m™>  AG,qs/k] mol™*
30 63+1.0 42%0.1 401 —22.1+0.4
45 51+09 3.4+0.1 48+1 —22.6+0.5
60 57+11 3.1+01 531 —24.0+0.5
70 53+1.5 21+0.1 78+3 —24.5+0.8
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adsorption of GMO is not significantly affected by either the 1is also assumed to have grown on the surface of the silicon
heterogeneity of the iron oxide surface or by interactions substrate prior to coating with iron. The data were co-refined
between neighbouring GMO molecules within this concen- by constraining the substrate parameters to be equal across
tration range.®® The area per molecule of GMO (40 + 1 A*) at the contrasts, while the solvent parameters were allowed to
30 °C agrees reasonably well with that of oleic acid adsorbed at  vary. Acceptable fits were only achievable with the inclusion of
the iron oxide-dodecane interface, which was determined to an additional, thin layer at the iron oxide-dodecane interface,
be approximately 45 A* via a depletion isotherm.” The simi- referred to as the ‘adventitious layer’. This can be quantified
larity is likely due to the alkyl chain, which is common to both by comparing the natural logarithm of Z for modelling the
molecules and can be expected to dictate the molecular substrate with (In Z = 804.8 + 0.5) and without (InZ = -177.0 =
packing on the surface. Similarly, there is reasonable agree- 0.5) the adventitious layer, where models with greater Bayesian
ment between the presented area per molecule and values cal- evidences are preferable. The presence of adventitious material
culated from annealing MD simulations of GMO adsorbing at the iron oxide-dodecane interface has been reported pre-
onto iron oxide from hydrocarbons.59 The increase of A Viously,21 and comparable layers have been found at interfaces
with temperature can be attributed to the greater disorder, and between materials of high and low surface energy.®®* The
less ideal packing, in the adsorbed GMO film. details of this model, including the parameterisation of the

adventitious layer and the magnetisation of the iron layer, and

. . . the subsequent results, are given in the ESI.
3.5 Adsorption onto iron oxide surfaces: neutron q ’ & l

reflectometry of neat dodecane
3.6 Adsorption onto iron oxide surfaces: neutron

The small substrate was initially characterised against .
reflectometry of GMO in dodecane

dodecane-d,s and dodecane-h,¢ at 25 °C. The reflectivity from
each contrast is shown in Fig. 9(a), where the Kiessig fringes Three solutions of GMO in dodecane (20 mM) were prepared
mainly arise from both the iron that was deposited on the with different volumetric ratios of dodecane-d,e: dodecane-h,g
silicon substrate, and from the native iron oxide which passi- - 100:0, 65:35, and 0:100. The 65 : 35 contrast is referred to
vates the surface of the iron. A thin layer of amorphous silica as silicon contrast-matched dodecane (CMdod). The solution

0 E|

i 10_7 b) 10 x 1073_&\ = .
| 9
1072 .

m ¢ dod- 26

oV
~

{ 10-64® dod-dys + GMO
= 107 4 CMdod + GMO
S Lo+ dod-hag + GMO
s 10~ 107 10~

T

0 50 200 250
Distance from Interface / A

Fig. 9 NR data collected with the neat dodecane and GMO-dodecane samples. The legend is located in (b), and the same colours are used
throughout. The darker lines represent the profiles using the median values of the parameter distributions, while the shaded bands are comprised of
300 random samples from the posterior distribution. Fits were conducted with Reflld. (a) NR with the neat dodecane-d,¢ and dodecane-hyg
samples. The reflectivity is multiplied by a factor of Q* to aid comparison. The contrast collected with dodecane-hy is scaled by 0.1 in the modified
reflectivity axis. (b) Comparison of NR data collected with the GMO—-dodecane solutions to the data shown in part (a). The inset compares the
modified reflectivity of the two dodecane-dyg contrasts. (c) Fits to the data collected with the 20 mM GMO-dodecane solutions. The contrasts col-
lected with CMdod and dodecane-hy¢ are scaled by 0.1 and 0.01 in the modified reflectivity axis. (d) The median . profile for the dodecane-dg
contrasts. The inset shows the median f,,c profiles for the three contrasts of the GMO-dodecane system centred on the GMO layer.
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in neat dodecane-d,s was measured first, followed by CMdod
and dodecane-h,s, exchanged into the same cell.
Measurements were taken at 25 °C.

The reflectivities collected with the GMO-dodecane solu-
tions are shown in Fig. 9(b). The dodecane-d,s and dodecane-
h,s contrasts are superimposed with the equivalent contrast
measured prior to the GMO addition. Three models were pro-
posed to describe the reflectivity, where for each model both
the thickness and roughness of the GMO layer were allowed to
vary, and either both or one of the nuclear scattering length
density, fnue, and solvation, ¢, of the GMO layer were also
fitted. As in the neat solvent case, the data were co-refined,
with the substrate and GMO parameters constrained across
the contrasts, while the solvent parameters were allowed to
differ. The priors for the GMO layer used in these models, and
the estimated Bayesian evidences for each model, are given in
Table S9 of the ESIL.{ The priors for the underlying layers were
held constant across these models, and are the same as those
given in Table S7 of the ESL.{ The model with the greatest evi-
dence had a fixed GMO f,,., while ¢ was allowed to vary
(Model 1 in Table S97). The fit to the data using this model is
shown in Fig. 9(c); the displayed goodness-of-fit statistic is y;,’
= 4*/p, where p is the number of data points.

The thickness of the GMO layer was found to be 19.471% A
which is less than the extended length of a GMO molecule,
estimated to be 23.8 A, indicating the formation of a film on
the monolayer length scale. The thickness of the GMO layer is
at least 2 A greater than that found for the adventitious layer in
the neat-solvent contrasts. This difference is evident from the
variation in the posterior distributions of the f,,. profiles for
the dodecane-d,¢ contrasts shown in Fig. 9(d). The persistence
of adventitious material at the interface is not resolvable when
GMO is present as they have similar values of f,,.. The mag-
netic scattering length density profile is shown in Fig. S3,T and
the parameter distributions and correlations are visualised in
Fig. S4 of the ESL}

The molar surface excess of GMO can be calculated by
assuming that the layer is comprised solely of GMO and
solvent.

(1 — ¢)ﬂnucd

=
DN,

(15)

Here, d is the thickness of the GMO layer, and b = 13.2 fm is
the total scattering length of GMO.®® Using this equation with
the other, fitted parameters gives I" = (4.7 = 0.1) x 10~° mol
m™. Using eqn (14), the area per molecule Ay, = (36 + 1) A%,
These values agree reasonably well with those determined
from the depletion isotherm at 30 °C, being only around 10%
greater. Such differences have been reported before, where the
surface excesses of hexadecylamine® and oleic acid” at the iron
oxide-dodecane interface were greater when determined from
NR in comparison to depletion isotherms. It has been
suggested that these differences arise from the roughness of
the iron oxide surfaces and the apparent surface area, and
from different phases of iron oxide present at the interface in
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the NR experiments as compared to the depletion isotherms.
In addition to these points, it is possible that the GMO surface
excess continues to increase past the apparent I', from the
Langmuir isotherm as the concentration of GMO increases
beyond those studied in the isotherms, albeit at a reduced
rate. This would imply the formation of disordered multi-
layers, such as those described in Section 3.9. Another possi-
bility that would account for the difference observed is the
presence of adventitious material at the interface; in eqn (15)
it is assumed that the only adsorbed material other than
solvent is GMO. Therefore, if .. of the adventitious material
is greater than that of GMO, then the presence of adventitious
material may inflate the apparent value of I'. However, the
uncertainty in the value of f,,. of the adventitious material
precludes further analysis. It is also possible that some small
discrepancy arises from the temperature difference between
the depletion isotherm (30 °C) and the NR experiment (25 °C).

3.7 Adsorption onto iron oxide surfaces: neutron
reflectometry of GMO in dodecane with added water

Three water-in-dodecane solutions were prepared with GMO at
a concentration of 20 mM, and a hydration ratio @ = 5. Two
solutions were prepared with dodecane-d,s, which contained
either 100% H,O or 100% D,O. The other solution was pre-
pared with dodecane-h,s and 100% D,O. The solutions were
passed into a solid-liquid cell containing the larger iron-
coated silicon substrate in the order dodecane-d,/H,O,
dodecane-d,s/D,0, and dodecane-h,¢/D,0O, while the cell was
held at 25 °C. The reflectivity from each solvent contrast was
measured sequentially, and the resulting profiles are shown in
Fig. 10(a). They are compared to the reflectivity from the same
substrate held against dodecane-d,s and dodecane-h,s. The
greatest differences between the reflectivity profiles arise in
the dodecane-d,s contrasts. When GMO is present (red and
blue) there is a clear difference from the reflectivity measured
without GMO (black), which is due to the adsorption of GMO
at the interface. There is also a difference between the profiles
collected with H,O (blue) and D,O (red), indicating that some
water is present at the interface.

To infer the structure of the adsorbed material and quantify
the surface excesses of GMO and water, the data were mod-
elled. Two models were proposed to describe the reflectivity,
referred to as the single layer (SL) model and the double layer
(DL) model. Briefly, in the SL model, the interfacial layer is
assumed to be a homogeneous mixture of GMO, water, and
solvent, while in the DL model, the interfacial region is split
into two layers, referred to as the ‘inner’ and ‘outer’ layers. The
amounts of GMO, water, and solvent are allowed to differ
between these layers, subject to constraints, effectively model-
ling an inhomogeneous composition of the materials over the
surface normal (see the ESI} for further details on the
models).

Initial fits to the data, which used Névot-Croce factors to
model interfacial roughness, suggested that the iron oxide
roughness was larger than the upper bound of the inner layer
thickness.®® As such, the typical approach of modelling slab-

This journal is © The Royal Society of Chemistry 2024
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profiles using the median values of the parameter distributions, while the shaded bands are comprised of 300 random samples from the posterior
distribution. The data shown in parts (a) and (b) are scaled by a factor of Q* to aid comparison. The legend under part (c) describes the colours used
in parts (a)—(c), while the legend under (d) refers to (d) only. (a) Comparison of NR data collected with the GMO-dodecane—water solutions to the
data of the dodecane samples that were stirred with D,O. The contrasts collected with dodecane-h,¢ are scaled by 0.1 in the modified reflectivity
axis. (b) The fit of the DL model to the data collected with the GMO-dodecane—water solutions. Fitting was conducted with the PT-MCMC sampler
implemented in refnx using 10 temperatures. The dodecane-d,¢ contrast collected with H,O is scaled by 0.1 and the contrast collected with
dodecane-hyg is scaled by 0.01 in the modified reflectivity axis. (c) The S, profiles of the dodecane-d,e contrasts. (d) Volume fraction profiles for

each component in the DL model.

like layers did not lead to physically-relevant results, and so an
approach based on mixing the volume fraction profiles of
layers and micro-slicing was used to model the g and reflectiv-
ity profiles. Similar approaches have been used to model bio-
logical systems.®”°® Further details of the method used here
can be found in the ESL ¥

Care was taken to ensure that the priors for the underlying
substrate structure were consistent between both the SL and
DL models; the complete set of priors for both models is given
in Table S11 of the ESIL.{ The Bayesian evidences were found to
be InZ = 479.4 + 0.6 for the SL model, and InZ = 593.3 + 0.6
for the DL model, indicating that the latter model is a better
representation of the physical system. The final fit from the DL
model is shown in Fig. 10(b), and the resulting f,,. profiles
for the water contrasts collected with dodecane-d,, are dis-
played in Fig. 10(c). The difference between the S, profiles
mainly arises from the presence of a thin film adsorbed at the
iron oxide surface which contains H,O or D,O. A full descrip-
tion of the results is given in the ESL.}

After taking into account the volume occupied by solvent,
the volume fractions of GMO within the inner and outer layers

This journal is © The Royal Society of Chemistry 2024

were found to be 49.5'8%% and 73.071%%%, respectively.
Similarly, the water volume fractions in the inner and outer
layers were 44.9752% and 4.372%%, respectively. The volume
fraction profiles, ®;(z), for each component within the model
are shown in Fig. 10(d). It is clear that the thin inner layer,
which occupies space directly at the interface, is rich in water.
Meanwhile the thicker outer layer, that is held at a further dis-
tance from the iron oxide surface, mainly consists of GMO.
The outer layer contains a small fraction of water, indicating
that these water molecules interact with polar GMO head
groups found within the outer layer. The volume fraction pro-
files for GMO and water were calculated following eqn (S17) in
the ESI.¥ The molar surface excesses of GMO and water were
calculated separately using an equation of the form

ri= Pinue Jcbi(z)dz. (16)

- b;Ny
It was found that the surface excesses were I" = (4.1 + 0.1) x

107° mol m~? for GMO, and I = (22.871:9) x 107°® mol m~> for
water. Hence, the areas per molecule were Ao = (41 + 1) A? for
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GMO, and A, = (7 £ 1) A? for water. In addition, the local
hydration ratio within the layer was o = 5.673%. Comparing
these values to those from the dry GMO-dodecane systems [I”
= (4.7 + 0.1) x 107° mol m™?), it appears that the presence of
water suppresses the surface excess of GMO, while slightly
swelling the interfacial layer. The molecular-scale mechanism
behind this effect is elucidated next.

3.8 Adsorption onto iron oxide surfaces: MD simulations

Using the experimentally determined surface excesses from
NR, full coverage of both 2775 A? iron oxide surfaces required
approximately 157 GMO molecules in the dry case, and 137
GMO molecules and 766 water molecules in the wet case. The
GMO numbers were rounded off so that they were divisible by
4, in order that ‘full’, ‘half, and ‘quarter’ coverage simulations
could be carried out: these involved 156, 78, and 39 GMO
molecules, respectively, in the dry case; and 136, 68, and 34
GMO molecules, respectively, in the wet case. The simulated
full coverages were therefore I'y, = 4.67 x 10" mol m™ (dry)
and Iy, = 4.07 x 10°° mol m™> (wet). 766 water molecules were
used in all wet simulations. Final snapshots from each simu-
lation are shown in Fig. 11. In the dry simulations (a)-(c),
GMO self-assembly on the surface is signalled by the clusters
of oxygen atoms far from the surface, although some head
groups are clearly in contact with the surface. In the wet simu-
lations (d)-(f), water forms a strongly adsorbed layer, and
there is a GMO-rich layer on top of that.

Fig. 12 shows mass-density profiles, p(z), one for each of
GMO, solvent, and water. The dry GMO profiles are oscillatory
within 20 A of the iron oxide surfaces, indicating the atoms in

TS PR ©

Fig. 11 Molecular configurations at the end of 10 ns runs. Parts (a)—(c)
show surfaces in dry simulations, and (d)—(f) show surfaces in wet simu-
lations. Parts (a) and (d) represent full GMO coverage, (b) and (e) half
coverage, and (c) and (f) quarter coverage. GMO and iron oxide atoms
are shown in space-filling representation, while dodecane is shown in
stick representation. GMO carbon atoms are shown in black, GMO and
surface oxygens are shown in red, water oxygens are shown in blue,
hydrogens are shown in white, iron atoms are shown in pink, and
dodecane is shown in grey.
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Fig. 12 Mass density profiles within confined fluid layers. The midplane
of each system is defined as z = 0. Parts (a)—(c) are for dry systems, and
(d)—(f) are for wet systems. Parts (a) and (d) represent ‘full' GMO cover-
age, (b) and (e) ‘half’ coverage, and (c) and (f) ‘quarter’ coverage.

this region have a high degree of order. The extent of ordering
decreases at greater distances from the surfaces, so that the
profiles decay smoothly beyond the extended length of a GMO
molecule (23.8 A). The presence of GMO atoms beyond this
length shows again that some molecules cluster away from the
iron oxide surfaces. The extent of layering of the solvent near
the surfaces increases with decreasing GMO surface coverage,
as the solvent becomes exposed to the surface. The profiles are
not perfectly symmetric about z = 0 because the simulations
were started from fully disordered configurations, it is not
guaranteed that the exact the same number of molecules will
adsorb on each surface, and the time scales for desorption
and readsorption are so long that increasing the run length
will make no difference. For comparison with NR, the profiles
for the surfaces were averaged, which cancels out the asymme-
try artefact in the profiles.

In all cases the systems with water show very different behav-
iour. Firstly, there is a strongly adsorbed, thin layer of water on
each surface. Secondly, the GMO does not exhibit pronounced
ordering near the surfaces, showing that it has almost no contact
with the solid substrate. Finally, there is practically no layering of

This journal is © The Royal Society of Chemistry 2024
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the solvent near the surfaces. The system with full surface cover-
age shows an additional feature, being the presence of water away
from the iron oxide surfaces, in what is interpreted as the
interiors of surface-adsorbed RMs.

The probability distributions, p(z), for the individual atoms
of the hydroxyl groups of GMO on a surface are shown in
Fig. 13. There is a slightly higher probability of the H atoms
than the O atoms being directly coordinated to the surface,
but generally the two profiles are similar. What is more strik-
ing is the presence of an extended tail beyond the first thin
layer around z = 10 A, which signals the association of OH
groups with each other and/or with water. In the dry systems,
there is always such a feature, showing that the GMO mole-
cules self-assemble into RMs. In the wet systems, RMs are
formed at full coverage, but on going to half and quarter cov-
erages, the self-assembly disappears, showing that the mole-
cules instead orient with the polar head groups towards the
adsorbed water layer.

These results show the subtle interplay between self-assem-
bly at the iron oxide-dodecane interface and surface adsorp-
tion. In dry systems, most of the molecules are self-assembled
into aggregates, but some molecules directly associate with the
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Fig. 13 Probability density distribution p(z) of the atoms in the hydroxyl
groups of GMO. Parts (a)—(c) are for dry systems, and (d)—-(f) are for wet
systems. Parts (a) and (d) represent ‘full' GMO coverage, (b) and (e) ‘half’
coverage, and (c) and (f) ‘quarter’ coverage.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

surface via their polar head groups. In the wet systems, water
displaces GMO from the surface. At full surface coverage, GMO
can still self-assemble, and even encapsulate some ‘excess’
water, but at lower surface coverages, no self-assembly is
evident, and the GMO head groups associate only with the
adsorbed water layer. These observations give insights on the
change in GMO surface excess on addition of water, as inferred
from NR. Next, a direct comparison is made between the
measured and computed layer structures.

3.9 Comparison between NR and MD simulations

The general trends inferred from the experimental and MD
systems are consistent for both the dry and wet systems.
However, to ascertain how the details captured from the MD
simulations compare to the experimental system, a direct com-
parison between the theoretical reflectivity from the MD
system and the measured reflectivity is required. To this end,
scattering length density profiles f(z) from the MD simulations
were calculated by the following routine. First, MD concen-
tration profiles, n;(z), were computed for each atom type i,
using the density profile tool from VMD,* with a bin width of
0.5 A, and averaged over the last 5 ns of the MD simulation.
The profiles for each surface were averaged, and then the scat-
tering length density was computed using

pla) =Y bini(2) a7)
i

where the sum is over the types of atoms in the solution, and
b; is the scattering length of the /™ atom.®

Comparison with the NR data requires combination of the
measured f(z) profiles of the underlying substrate layers with the
computed f(z) profiles from the MD simulation. In the simplest
case, the f(z) profiles can be ‘stitched’ together at the interface
between the underlying substrate (iron oxide) and the interfacial
layers. To do this, the median f(z) profiles from the experimental
fit were truncated at the distance at which the median values of
Pruc fell below that of the iron oxide layer. The median values of
Pnuc and the magnetic scattering length density of the iron oxide
were then extended to the point at which the iron oxide thickness
matched the median thickness from the fits. Beyond this dis-
tance, the MD-derived f(z) profiles were stitched onto the iron
oxide. For each contrast, the solvent f(z) was scaled so that the
mean of f(z) at z > 53.5 A matched that of the solvent used in the
NR experiments. Similar stitching routines have been used pre-
viously, and are referred to as ‘splicing’.”®”" The reflectivity from
the combined f(z) profiles was then simulated by micro-slicing
the profiles into slabs of 0.5 A.

3.10 Comparison between NR and MD simulations: GMO in
dodecane

The simulated reflectivity from the MD simulations is compared
to the NR data in Fig. 14(a). The reflectivity was simulated from
the spliced f(z) profiles, which are exemplified by the dodecane-
d, contrast shown in Fig. 14(b). The simulated reflectivities of
the dodecane-h,s and CMdod contrasts appear to be marginally
greater than the measured reflectivity when Q > 0.1 A™". This is
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(a) NR data of the GMO—-dodecane systems compared to the simulated reflectivity, shown by the solid lines, from the MD simulation. The

simulated reflectivity was calculated via the splicing routine. The CMdod and dodecane-h,¢ contrasts are scaled by 0.1 and 0.01 in the modified
reflectivity axis. (b) The S,y profile of the dodecane-d,¢ contrast derived from the MD simulation following the splicing routine. This is compared to
the median f,,c profile resulting from the original fit shown in Fig. 9(c). Parts (c)—(e) compare the f,,c profiles of all three contrasts over the iron

oxide—dodecane interface using the same colour scheme as used in (a).

likely due to the sharp interface between the iron oxide and GMO
as modelled in the MD simulations, which appears to be the
largest discrepancy between the f,,. profiles shown in parts (c)-
(e) of Fig. 14. As described elsewhere,”® any discontinuities within
the p profiles lead to significant features in the reflectivity, which
would otherwise not be present.

The effect of the substrate’s underlying roughness can be
approximated by combining the f(z) profiles from the MD
simulations with the inverse of the summed volume fraction
profiles of the substrate underlying layers, which represents a
cumulative distribution function and is defined as Fg,(2) = 1
— [®si(2) + Psio, + Pre(2) + Preo (2)]. More specifically, this com-
bination can be calculated as a convolution, which smears the
B(z) profiles from the MD simulations due to the underlying
substrate roughness.

B(2) = fun(2) x B2) = rwfsub c—opde  (18)

Here, f;up(2) is the first derivative of Fgy;, with respect to z, and
represents a probability density function. The f(z) profiles
were then added to the f(z) profiles of the underlying substrate
calculated from the volume fractions of the underlying sub-
strate. Fig. 15(a) compares the resulting simulated reflectivity
to the NR data for all three solvent contrasts, where the largest
discrepancy between the data and the simulated reflectivity is
in the region Q > 0.1 A™' in the dodecane-d,¢ contrast. This
deviation likely arises from a small variation in the structure of
GMO and solvent between the simulated and experimental
systems. The structural difference can be estimated by com-
parison of the fitted f(z) profiles and the B(z) profiles, as
shown in Fig. 15(b)-(d) where it appears that the GMO layer as
modelled in the fit is denser and less extended than the
adsorbed structure found at the end of the MD simulations.

1966 | Nanoscale, 2024, 16,1952-1970

In this analysis, it is assumed that the roughness of the
underlying substrate does not significantly alter the structure
of the adsorbed GMO. This assumption is only valid when the
horizontal correlation length of the substrate surface is much
larger than the horizontal lengths of the cell used in the MD
simulation. Therefore, it is possible that some of the discre-
pancy between the MD-derived reflectivity and the experi-
mental reflectivity arises from the influence of the substrate
roughness. In addition, the presence of any impurities, such
as trace water, adsorbed at the interface alongside GMO may
lead to structural differences between the simulated and
measured systems. Furthermore, it is thought that similar
structural discrepancies could arise from differences between
the iron oxide in the experimental and simulated systems. For
example, it is possible that the iron oxide surface is hydroxyl-
ated from exposure to the atmosphere.

Convolution has been used previously to smear f profiles of
components derived from MD simulations with Gaussian dis-
tributions to model their expected out-of-plane fluctuations.”®
Although this approach is different to the one taken here, both
methods show that convolution is necessary for converting
MD-derived structures into appropriate f profiles that can be
used for comparison with NR data. Furthermore, the approach
used here enables the smearing of volume fractions derived
from simulation with non-Gaussian distributions, which can
be used to model more complex interfaces between the
materials of the underlying substrate.”

3.11 Comparison between NR and MD simulations: GMO in
dodecane with added water

The roughness of the larger substrate was approximately
double that of the smaller substrate used in the dry GMO-
dodecane systems. Consequently, splicing the MD-derived j

This journal is © The Royal Society of Chemistry 2024
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profiles onto the median g profiles resulting from the fit
would create a much larger discontinuity around the iron
oxide-dodecane interface than that shown in Fig. 14(a)-(e).
Therefore, only the convolution approach was considered. The
P(z) profiles from the MD simulations were convolved with the
substrate’s underlying roughness following eqn (18). The simu-
lated reflectivity from the j(z) profiles was then calculated and
is shown in Fig. 16(a). In this case, the largest difference between
the measured and simulated reflectivity is the amplitude around
Q ~ 0.1 A7 in the dodecane-d,s contrasts; variations in the fringe
amplitude can arise from differences in g between the interfacial
layers. Fig. 16(b) and (c) show the possible cause of this, where
the f of the interfacial layer does not match the # minimum at z
~ 275 A from the model fit. Furthermore, it seems the inner layer

This journal is © The Royal Society of Chemistry 2024

as modelled in the fit is marginally thicker than the region of
high water content found in the MD simulation, evidenced by the
slightly higher f,,. around the point marked by (I) in Fig. 16(b)
and (d); this is not apparent in part (c) as the f,,. of H,O and
GMO are closer in value than when using D,0 and GMO. Finally,
the fit to the experimental data suggests that the GMO in the
outer layer is more dense and less extended than suggested by
the MD simulations.

4 Conclusions

In this work, a combination of experimental and simulation
techniques was used to study the self-assembly and surface

Nanoscale, 2024, 16, 1952-1970 | 1967


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr05080g

Open Access Article. Published on 21 December 2023. Downloaded on 7/29/2025 11:11:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

adsorption of glycerol monooleate in dodecane, with and
without the presence of added water.

To study the self-assembly in bulk dodecane, small-angle
neutron scattering and molecular dynamics simulations were
used to measure the sizes and aggregation numbers of reverse
micelles. The effect of added water is to swell the reverse
micelles. A large-scale simulation of the self-assembly kinetics,
with water, indicated that the rate coefficient for reverse-
micelle formation is around 10° s™*. The simulated reverse
micelles are smaller than the apparent sizes from small-angle
neutron scattering, indicating that there may be slower aggre-
gation processes akin to Ostwald ripening, which are beyond
the reach of the simulations.

Depletion isotherms and neutron reflectometry experi-
ments were used to study the amount and structure of glycerol
monooleate adsorbed from dry dodecane onto iron-oxide sur-
faces. The adsorption can be accurately described with a
Langmuir isotherm, and the binding free energy is in good
agreement with other published values. A sequence of reflec-
tivity experiments was used to explore the adsorbed film struc-
ture in both dry and wet systems. Detailed analyses accounting
for such factors as impurities, adsorbate molecular orien-
tation, and surface roughness were described. The reflectivity,
scattering length density, and volume fraction profiles
extracted from the measurements yield the apparent surface
excesses, and distributions, of the various adsorbates. Neutron
reflectometry data contain information about the laterally-aver-
aged composition of an interface over macroscopic areas
(mm?) while the limit of resolution in the normal direction is
several angstroms, and so atomistic detail is not obtainable.
To this end, simulations with the apparent surface excesses
were then carried out, and the structures of the adsorbed films
were characterised in detail. Completing the analysis, the
simulated structures were converted into scattering length
density profiles and simulated reflectivity profiles, which were
compared directly with the experimental data. The agreement
between experiment and simulation is generally good. Because
the simulation results are consistent with the available experi-
mental data, it gives confidence that the atomic-scale model-
ling provides a reliable picture of the solid-liquid interface. In
this case, GMO adsorbs as almost intact reverse micelles, with
some molecules coordinating directly to the iron oxide surface
through the polar groups. The structure in the wet system
appears to be similar with a thin water layer adsorbed at the
iron oxide surface. Small amounts of water are also present at
further distances from the interface, and interact with the
head groups of aggregated GMO molecules. At lower surface
coverages, the GMO coordinates directly to the water layer
through its polar head groups.

More generally, this exhaustive study shows the power of
combining experiments and molecular-simulations in eluci-
dating a rather complex and subtle phenomenon - the inter-
play between self-assembly and surface adsorption. Firstly, it
becomes possible to validate the molecular simulations
against experimental measurements; it should be remembered
that the adsorbed molecules here are forming layers of only a
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couple of nanometers thick, and so the comparison is itself
quite challenging. Secondly, the resolutions of the experiments
and simulations are different, and so they provide complemen-
tary information. This combination provides an exquisite level
of detail on the solid-liquid interface, and can be used to
study a broad range of systems and processes.

This investigation sets the scene for future work on organic
friction modifiers, like GMO, under high loads and high shear
rates.”> Some interesting behaviour is likely to be revealed
under such conditions, which are characteristic of boundary
lubrication. As an example, the tribology of adsorbed multi-
layers of stearic acid is very similar to that of adsorbed mono-
layers, which suggests that monolayers are responsible for fric-
tion modification in both cases, and that additional layers are
easily removed under shearing.”*’® In a more complex
example, alkyltrimethylammonium chloride surfactants in
water form micelles under quiescent conditions, but a tran-
sition to a bilayer structure is observed when sheared between
mica surfaces.”® In a similar way, adsorbed GMO reverse
micelles may disintegrate under high-load, high-shear con-
ditions, and then the friction could be controlled by conven-
tional monolayer adsorption, as in many models of boundary
lubrication.”” In any case, the combination of experiments —
with the current NR cell operating under shear conditions®" -
and molecular simulations will provide valuable insights on
such phenomena in situ.
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