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Interfacial structure within thin films of decane isomers adsorbed on a metal
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ABSTRACT

Canonical-ensemble Monte Carlo simulations were used to examine the solid—liquid interfacial
structure within neat and multicomponent solutions of decane isomers at 350 K. As seen both exper-
imentally and computationally for many fluids, layering within the liquid film near the solid substrate
was exhibited in all fluids examined here. The amount of branching within a molecule, though, lim-
ited the range of density oscillations, particularly for multicomponent fluids. Analysis of molecular
orientation within the first layer showed a strong preference in most cases for molecules to adopt ori-
entations that enhance the energy of adsorption. To this end, preferential absorption was observed
in all fluid mixtures with n-decane present. For both n-decane and 2,2-dimethyloctane, whether
neat or in solution, the preference for orientations that maximise interactions between the alkane
backbone of the molecule and the substrate led to additional in-plane alignment between adja-
cent adsorbed molecules. In contrast, for 4-propylheptane little in-plane alignment or orientation
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preference was observed at the interface.
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1. Introduction

In the past 70 years, a number of important analyti-
cal developments expanded our ability to probe inter-
actions at the liquid-solid interface [1-3]. Interfacial
effects, including increased viscosity and induced struc-
tural order, have been observed both experimentally and
via simulation [4-9]. As a result of the varied appli-
cations of solid-liquid interfacial effects, these systems
have been studied extensively using molecular simulation
and density functional theory. While many studies focus
on one-component fluid phases, multi-component liquid
films and droplets are of interest for applications such as
lubricants, separations, catalysis, and in environmental
systems. Model systems, such as Lennard-Jones particles

or hard cylinders, provide an avenue to probe the fun-
damental properties of adsorption from mixtures. Exam-
ples include variations in unlike intermolecular interac-
tions between fluid components in symmetric mixtures
[10-13], adsorption from asymmetric binary mixtures
[14-17], the influence of solid-fluid interaction strength
[12,13,18-20], and the role of molecular shape or size
[21-26].

Studies of molecular systems build on these model
studies to gain insight into molecular-level adsorp-
tion behaviour. Competitive adsorption is observed
from liquid mixtures of alkanes [7,27-38], halohy-
drocarbons [39-42], water—alcohol solutions [42-50],
water—acetonitrile [51-54], acetone—chloroform [55],
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and salt water—acid solutions [56]. These studies feature
many types of surfaces, different intermolecular interac-
tions, varying molecular sizes and shapes, and different
surface architectures. Preferential adsorption results in
variations in composition as a function of position within
the film or droplet. The impact of this variation is of great
importance for understanding processes directly at the
solid-liquid interface, such as wetting [42-44,47,49].

Simulation studies allow researchers to examine the
structural impacts of adsorption in detail. Experimen-
tal studies show that for a variety of types of molecules,
including different molecular architectures, oscillations
in fluid density occur and vary as a function of surface
separation [2,3,5,6,9,57-59]. These density oscillations
correspond to the formation of layers within the fluid,
an effect that is particularly strong for linear alkanes
[5]. Early studies did not show the same effect within
liquids composed of branched alkanes, but both exper-
imental and computational studies later confirmed that
molecular layering occurs within these liquids as well
[7,30,31,60-62].

A number of studies focus on thin films of branched
molecules adsorbed onto solid substrates. Examining
branched alkane adsorption provides a means to focus
on the role of molecular architecture on interfacial
properties. Balasubramanian et al. [7,29] used Monte
Carlo (MC) and molecular dynamics simulations to
examine the structural features of thin films of n-
hexadecane, three branched hexadecane isomers, and
squalane adsorbed on a featureless Au(111) substrate.
These simulations showed the emergence of density
oscillations for all five liquids within 15 A of the solid sub-
strate. The most highly branched isomer, 2,2,4,4,6,8,8-
heptamethylnonane, showed the most interdigitation
between the first and second molecular layers and a
lower density within the first molecular layer as com-
pared to n-hexadecane and the less extensively branched
6-pentylundecane isomer. The lower density of hep-
tamethylnonane within the first layer suggests a less
ordered phase adjacent to the substrate.

Wang and Fichthorn [30] examined the effect of
chain branching within molecular films of three decane
isomers chosen to show the impact of increasing
degrees of branching. All three isomers - n-decane, 2-
methylnonane, and 2,2-dimethyloctane - show layering
as a function of distance from the Pt(111) surface. Wang
and Fichthorn also looked closely at the ordering of
the molecules within the plane adjacent to the Pt sur-
face. All three isomers exhibited in-plane ordering where
the long molecular axes align parallel to the substrate
and parallel to adjacent adsorbed molecules. In addi-
tion, 2,2-dimethyloctane, which had the bulkiest struc-
ture, exhibited a ‘pillared-layered structure’ where a few

molecules were aligned with the long molecular axis per-
pendicular to the interface, forming a molecular pillar
between the first and second layers. In these cases, the
t-butyl end of the molecule was adsorbed at the inter-
face. The presence of these pillared molecules led to an
intermediate layer in the centre-of-mass density profile
as compared to n-decane. The authors concluded that
the formation of these pillars is driven by several factors
including the bulkiness of the ¢-butyl group reducing the
in-plane ordering of adsorbed molecules. This results in
a lower density of molecules within the first layer and,
thus, spaces between the molecules adsorbed parallel to
the substrate. These spaces allow for the ¢-butyl groups of
nearby molecules to adsorb at the interface.

Wang and Fichthorn [31] followed this work by look-
ing at the effects of confinement on the structure of
branched alkane fluids. As in the free-standing film, they
note the formation of layers within the fluid adjacent to
both solid-liquid interfaces as well as the adsorption of a
few molecules that bridge adjacent layers, i.e. a pillared-
layered structure. In contrast to the stepwise changes in
density between the surfaces that are observed for linear
molecules as whole layers are added or squeezed out, as
the distance between the surfaces changes, a smoother
transition is observed for branched alkanes. In these flu-
ids, the molecules transition between parallel and per-
pendicular alignments with respect to the surfaces such
that the changes in density are less abrupt.

The majority of the existing simulations exploring the
structural features of branched alkane films adjacent to
solid substrates have focussed on one-component fluids.
In this work, we expand on these studies to examine the
impact of branching on adsorption from multicompo-
nent fluid phases. In our previous work [34], we found
that preferential adsorption from mixtures of linear alka-
nes was observed even when the alkanes differed by only
one methylene unit. Here, we look at isomers of decane
and explore how branching impacts adsorption.

2. Simulation details

Monte Carlo simulations for all fluid phases were com-
pleted in the canonical (NVT) ensemble using Monte
Carlo for Complex Chemical Systems-Minnesota [63].
Three isomers of decane were examined here: n-decane
(DEC), 2,2-dimethyloctane (OCT), and 4-propylheptane
(HEPT). Each simulated fluid consisted of a thin, lig-
uid film composed of 1700 molecules (1701 for the
ternary solution) with the substrate surface located at
z = 0 and a vapour-liquid interface at the other edge of
the film. A rectangular simulation cell with dimensions
100 A x 100 A in the xy place was used. A ceiling was
applied at 100 A from the substrate interface, which was



at least 30 A above the liquid surface, similar to other
recent studies [35,50]. This ceiling was applied to keep
molecules from leaving the system. Periodic boundaries
were applied in the x and y directions only.

Seven fluids composed of the three decane isomers
were examined: neat liquids of each isomer; equimo-
lar binary mixtures of DEC-OCT, DEC-HEPT, and
OCT-HEPT; and an equimolar solution of all three
isomers. Each film was simulated at 350 K. Four inde-
pendent simulations were completed for each, starting
from different initial distributions for the binary and
ternary mixtures. At least 250,000 MC cycles (where
1 cycle = N MC moves) were completed to equili-
brate each simulation, and results were tabulated for an
additional 250,000 MC cycles. The statistical uncertain-
ties reflect the standard error of the mean determined
from the four independent simulations. For all simu-
lations, the standard MC moves were used: centre-of-
mass translations and rotations, and configurational-bias
Monte Carlo (CBMC) conformation sampling [64-66].
For one-component fluids, moves were chosen as follows:
30% CBMC, 35% translation, and 35% rotation. For the
binary and ternary mixtures, CBMC identity exchange
moves were also employed to facilitate better sampling
[67,68]. The resulting distribution of moves types was
20% identity exchange, 20% CMBC, 30% each, trans-
lations and rotations. During all CBMC regrowth steps
involving conformational moves and identity switch
moves, 10 trial positions were explored. This choice has
been shown previously to provide satisfactory sampling
efficiency for united-atom alkane models [69,70].

Many force fields are available throughout the litera-
ture to model linear and branched alkanes [71,72]. Recent
work comparing all-atom, united-atom, and coarse-
grained force fields showed that the choice of poten-
tial form is particularly important for examining ther-
mophysical properties, such as density, viscosity and
self-diffusion, under extreme conditions [73]. Here, the
transferable potentials for phase equilibria—united atom
(TraPPE) force field was chosen in light of its previous
use to examine adsorption properties, the mild simula-
tion conditions, and good agreement with experiment for
liquid phase structural properties [34,60,66,69,74].

Within the TraPPE force field, the 12-6 Lennard-Jones
potential is used to describe nonbonded interactions,
a cosine series for dihedral (1-4) interactions, and a
harmonic potential for angle bending [66,75]. All bond
lengths were kept fixed. Unlike interactions were mod-
elled using the Lorentz-Berthelot combining rules. A
14 A cutoff was used for all alkane-alkane interactions.
No cutoff was used for surface-alkane interactions.

The choice of solid-fluid interaction force field is
very important for adsorption studies as the resulting
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behaviour will be strongly influenced by this choice
[49,76-81]. Here, alkane-substrate interactions were
described using the Hautmann-Klein 12-3 potential
with parameters appropriate for a smooth Au(111) sub-
strate [82]. Additional parameters for CH and C inter-
actions with the substrate were taken from the work
of Potoff and Siepmann [60]. The parameterisation of
this model was developed to examine the structure of
alkyl thiols chemisorbed onto Au(111). This work found
that using a 12-3 potential form to describe the inter-
actions of the physisorbed alkane interaction sites with
the surface better reproduced the binding energy, dis-
tance from the surface, and dispersion coefficient than
a 9-3 potential form [82]. Balasubramanian et al. [7,29]
showed that the Hautman-Klein 12-3 potential is able
to describe the heats of adsorption for linear alkanes
in very good agreement with experimental findings for
both single atom adsorption and multilayer films. Addi-
tionally, this interaction potential is able to reproduce
the density oscillations observed near solid surfaces for
both linear and branched alkane films, 2D critical prop-
erties for adsorbed alkane monolayers, and the experi-
mental preferential adsorption behaviour in mixtures of
similarly-sized linear alkanes [7,29,34,60,83-85].

3. Results and discussion

Images of the side view of the films and top view of the
first adsorbed layer are shown for each system in Figures 1
and 2.

3.1. Density profiles

Centre-of-mass (COM) density profiles for each iso-
mer — n-decane (DEC), 2,2-dimethyloctane (OCT), and
4-propylheptane (HEPT) - are shown in Figure 3. The
details of the density profile highlight the structural dif-
ferences of the molecules. DEC features a clear region
of high density at the substrate-liquid interface, near
z=3.9A, followed by a second region of high den-
sity at approximately 8.3 A and a third near 12.5 A. The
interpeak distance (4.4 A) is commensurate with the size
of a CH, united atom bead in the TraPPE force field,
where ¢ = 3.95A for CH, and ¢ = 3.75A for CHj.
This behaviour, as is seen for many linear alkanes, arises
from molecules adsorbing parallel to the solid inter-
face and molecular layering in the surrounding liquid
[5,27,29,34,38,39,58,59,86,87]. The locations of the first
three peaks agree well with previous simulations [34,38].

Both branched isomer COM density profiles show
similar density oscillations, but the details of these
regions vary. For OCT, the location of the first high den-
sity region is shifted slightly further from the surface
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Figure 1. Side view (left) of each neat liquid film and top view
(right) of the first adsorbed layer. n-Decane is shown at top (grey),
2,2-dimethyloctane in the middle (red), and 4-propylheptane
(blue) at bottom.

as compared to DEC (Figure 3). The first density peak
occurs at 4.1 A. This is followed by a second, lower den-
sity peak at 6.3 A. A third region where the COM den-
sity is slightly higher than the bulk density follows from
approximately 8 A to 12.5 A, with the peak of this region
at approximately 9 A. For HEPT, the initial high density
peak occurs at approximately 3.9 A, as is observed for
DEC. For this molecule, though, the initial peak reaches
a lower maximum density than DEC and is marked by a
shoulder at 4.7 A. A somewhat more complicated density
oscillation pattern follows the initial peak. It is clear that
the different molecular topologies have a strong influ-
ence on the density profiles near the solid interface. In
all cases, though, by approximately 20 A, the surface-
induced structural features have disappeared and the
unstructured liquid is present.

In order to better investigate the density features
near the surface, we examined the density profiles for
the individual united-atom beads within each molecule
(Figure 4). In all three neat liquids, the first peak for each

Figure 2. Side view (left) of each liquid film and top view (right) of
the first adsorbed layer for binary and ternary liquids. n-Decane is
shown in grey, 2,2-dimethyloctane in red, and 4-propylheptane in
blue. From top to bottom, the solutions are as follows: DEC-OCT,
DEC-HEPT, OCT-HEPT, and DEC-OCT-HEPT.

CHj profile occurs at 3.5 A. Similarly, the first peak in the
CH, profile also occurs at 3.5 A for all three neat liquids.

The shapes of the two united-atom bead density
profiles are very similar to the COM profile for DEC
(Figure 3). When we integrate the area under the first
peak out to 6.6 A, we find that the area under the first
peak in the CH; profile is 3.74 times larger than the area
under the first peak in the CHj profile, in good agreement
with the composition ratio of the molecule CH,/CH3; =
4/1. Integration values and relative ratios for all fluids are
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Figure 3. Centre-of-mass density profiles for neat DEC (top, grey),
OCT (middle, red), and HEPT (bottom, blue). Each inset figure
shows the profile within 20 A of the interface. The brown dashed
line at 5.75A is the cutoff used for orientational and surface
adsorption analyses.
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Figure 4. United-atom bead density profiles for DEC (top), OCT
(middle), and HEPT (bottom). CH3 beads are depicted in orange,
CH; beads in pink, CH beads in green, and C beads in blue. Insets
show the profile within 20 A of the interface.

available in supporting information (Table S1). The inte-
gration ratio is consistent with the observation that most
of the DEC molecules near the interface are adsorbed
with the long molecular axis parallel to the surface so as
to maximise the intermolecular interactions.
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While the CH; profile closely matches the COM pro-
file for DEC, for OCT this is not the case. The first
difference is a small secondary peak in the CH3 profile at
6 A that is nearly absent in the CH, profile. Interactions
with the substrate are maximised when the molecule lies
with its long axis parallel to the interface. As a result, only
two CHj3 groups in the ¢-butyl head group lie directly
adjacent to the interface. The remaining CH3 group lies
near, but not directly next to, the substrate leading to the
secondary peak evident in the CHj3 profile and the qua-
ternary C group is found slightly further from the surface
compared to the CH; and CH3 beads. From the inte-
gration of the first peak in these three profiles the ratio
of beads present is 5.76/5.01/1.00 (CH,/CH3/C). These
integrations are taken out to 6.6 A from the interface. As
for DEC, these ratios are very similar to the molecular
ratio for OCT (5/4/1, CH,:CH3:C), providing evidence
for near planar orientations at the interface.

Beyond 6.6 A, there are additional regions of enhanced
density within 25 A of the interface, including peaks in
both the CH, and CHj profiles near 8.5 A, 14 A,and 19 A.
These regions do not include features that distinguish the
CHj; and CHj; profiles, as is seen closer to the interface.
The relative structures of these features seem to be more
similar to those observed in DEC, even if they appear at
somewhat different distances from the interface.

As noted above, the HEPT COM density profile shows
a clear shoulder at 5 A followed by a very different den-
sity oscillation pattern compared to DEC as a result of
the propyl side group. From the bead density profile, it
is evident that the shoulder is the result of the propyl
group as the largest type of united atom group contribut-
ing to this peak is CH; beads. The COM profile features
more oscillations between 5 A and 10 A than are seen
in the bead profile. This suggests that there are a vari-
ety of orientations that the molecule can adopt in the
first and second layers adsorption, leading to a broader
range of COM positions represented as compared to
DEC. From the COM profile, it is clear that the HEPT
molecules do not uniformly align themselves at the inter-
face in a particular orientation, as is suggested by the
DEC and OCT profiles. Regardless, the peak integration
ratio 6.37/3.30/1.00 (CH,/CH3/CH) agrees well with the
molecular ratio 6/3/1.

Selected COM density profiles of binary mixtures of
these isomers are shown in Figures 5-7. The overall den-
sity profile and individual profile for each molecule type
for the DEC-HEPT mixture is shown in Figure 5. The
overall density profile for the mixture is nearly identical
to the neat DEC profile (Figure 3), with small differ-
ences in the region between 4.5 A and 8 A. When the
COM density profiles of the molecular species within
the mixture are examined, one sees a preference for the
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Figure 5. Centre-of-mass density profile for an equimolar mix-
ture of DEC and HEPT. The total density profile is shown at
top (orange). In the bottom panel, the density profile for each
molecule is shown. DEC is shown in grey and HEPT is shown in
blue. Insets show the profile within 20 A of the interface. The
brown dashed line is at 5.75 A, the cutoff used for orientational
and surface adsorption analyses.

adsorption of DEC at the surface. It is also clear that the
small shoulder in the overall density profile at 4.8 A is
a result of the presence of HEPT adsorbed at the inter-
face, as is true for the feature at 7.2 A. By 15 A from the
interface, the two species are well-mixed all the way to the
vapour-liquid interface.

An examination of the bead density profile for CH3
groups provides some initial insight into the relative ori-
entations of DEC and HEPT at the interface (Figure 6).
The overall density of CH3 beads from DEC is greater
than that of CH3 beads from HEPT molecules within 6
A of the interface. When the profiles are normalised for
the number of CHj beads per molecule, the density of
DEC CHj beads is nearly twice that of HEPT CHj3 beads.
Additionally, this peak does not show the shoulder at 4.8
A evidentin the COM density profile for this solution and
for neat HEPT. The lack of an intermediate peak between
the initial regions of increased density in the HEPT pro-
file suggests that the propyl arm of the molecule spans
from one ‘layer’ to the next or lies in the plane parallel to
the interface.

The overall density profile for the mixture of DEC and
OCT strongly reflects the density profile of DEC at dis-
tances near the substrate (z < 10 A) with a very small
secondary CH3 peak from OCT and a tail on the second
density peak (near 8 A) reflecting the shift of the sec-
ond density region away from the substrate as seen in
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Figure 6. United-atom bead density profiles for an equimolar
solution of DEC and HEPT for z < 20 A. The left side shows the
profiles for CH3 beads while the profiles for CH; beads are shown
at right. In the bottom figures, the data are normalised relative to
the number of beads of the given type per molecule type. DEC is
shown in grey. HEPT is shown in blue.
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Figure 7. Centre-of-mass density profile for an equimolar mix-
ture of DEC and OCT. The total density profile is shown at
top (orange). In the bottom panel, the density profile for each
molecule is shown. DEC is shown in grey and OCT is shown in red.
Insets show the profile within 20 A of the interface. The brown
dashed line is at 5.75 A, the cutoff used for orientational and
surface adsorption analyses.

neat OCT (Figure 7). When the COM profiles for the two
types of molecules are separated, it is clear that, as in the
case of DEC-HEPT, DEC is preferentially adsorbed at the



interface. The united-atom bead density profile for this
system is available in supporting information (Figure SI).
Similar trends to those already observed are present in
both the OCT-HEPT binary mixture and the solution of
all three isomers (Figs. S2-54).

3.2. Surface adsorption

The appearance of the mixture density profiles reflects
the adsorption behaviour at the substrate-liquid inter-
face. Adsorption at the substrate interface is characterised
by the surface excess for component i, I';, calculated from
the fluid phase density according to Equation 1

T = /lei(z) —pPdz (1)

0

where zj is where the adsorbed density first equals the
bulk density, z; is the edge of the liquid region before the
vapour interface, and pib is the average density of com-
ponent 7 in the bulk liquid region [76]. For each system,
zo was set to 3.5 A. The edge of the liquid region was
chosen at z; = 50 A, which is below the vapour-liquid
interface for all systems examined here. The bulk liquid
density was calculated from z = 25 A toz = 50 A. A pos-
itive value of I'; means that the density of component i in
the interfacial region is greater than the density of com-
ponent i in the bulk liquid region, and, thus, there is an
excess of i at the surface. The values of T'; are provided in
Table 1.

All fluids show a total surface excess near 0.65
molecules/nm?. Within the mixtures, there is a strong
the preference for decane at the substrate interface, as
is observed in the density profiles. The surface excess
of DEC is nearly four or more times greater than the
surface excess of either OCT or HEPT within the mix-
tures, despite all three having similar I" values for the neat
liquids.

3.3. Preferential adsorption

Additional analyses of these solutions focus on the
behaviour of the liquid phase in the near vicinity of the

Table 1. Surface excess, T'j, of component i at the solid interface.
Subscripts denote the uncertainty in the last digit.

I'; (molec/nm?)

Fluid DEC ocT HEPT Total
neat DEC 0.644 0.64¢
neat OCT 0.657 0.657
neat HEPT 0.65- 0.657
DEC-OCT 0.61; 0.04, 0.65
DEC-HEPT 0.535 0.115 0.644
OCT-HEPT 0.293 0.363 0.651
DEC-OCT-HEPT 0.47, 0.065 0.125 0.65
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solid substrate. We used the COM density profile for the
ternary mixture in order to define which molecules are
in different layers adjacent to the interface (Figure S4). In
this profile, the first layer extends to 5.75 A. In examining
the neat COM density profiles, it is clear that this cutoft
is a compromise across the three isomers (Figure 3). It
will be used for all of the analyses of properties of the
first molecular layers within the fluids simulated here to
provide a standard basis for comparison.

In mixtures of normal alkanes, preferential adsorption
of longer chain alkanes is observed both experimentally
and computationally [34,38,86,88-90]. As the difference
in chain length between the alkanes present increases,
the enhanced adsorption of the longer chain molecule
increases. Here, the molecules present are constitutional
isomers leading to very different footprints at the inter-
face. Table 2 provides the average number density of
molecules absorbed at the interface for each simulation
and the mole fraction enhancements/depletions, the ratio
of the mole fraction in the layer to the bulk mole frac-
tion, at both interfaces. Figures 1 and 2 show represen-
tative snapshots of the first layer of each fluid phase. The
molecules shown are approximately equal to the average
surface densities in Table 2.

In the mixtures, when decane is present, there is
a clear preference for the adsorption of decane at the
interface. Across the mixtures, the average total den-
sity of adsorbed species is constant within the uncer-
tainty. Yet, when present, decane is observed at mole
fractions well over 0.5, with mole fraction enhance-
ments 1.32 and higher (Table 2). Consistent with earlier
studies of linear alkanes, maximising interfacial interac-
tions between substrate and liquid molecules, and, thus,
adsorption enthalpy, dominates adsorption behaviour.
DEC has the longest linear axis of the molecules
represented here and no branch points, allowing for
the strongest adsorption energies and tightest surface
packing.

The only mixture for which preferential adsorption is
not observed is the 1:1 mixture of OCT and HEPT. Here,
there is a slight preference for HEPT to adsorb at the
interface, but the preference is not as strong as for DEC.
Note that for this mixture, the total density of molecules
in the first layer is midway between the surface coverage
for the two neat liquids.

3.4. Molecular orientation

To more fully examine the behaviour of the liquid adja-
cent to the solid substrate, we next examined the molec-
ular orientation of the fluid at the substrate interface.
To identify the most likely molecular orientations at the
interface, we looked first at the neat liquids in detail and



8 (@) M.W.HASLAM AND K. E. ANDERSON

Table 2. Surface coverage density within the first layer adsorbed at the solid interface and mole fraction enhancements/depletions at
the solid and vapour interfaces.? Subscripts denote the uncertainty in the last digit.

Mole fraction enhancement/depletion

Average number density by

solid-liquid interface

vapour-liquid interface

molecule type (molecule/nm?)

Fluid DEC oCT HEPT DEC ocT HEPT DEC ocT HEPT TOTAL
neat DEC 1.26; 1.264
neat OCT 1.234 1.23;
neat HEPT 1324 1.324
DEC-OCT 141, 0.59; 0.88; 1124 0.87, 0.374 1.24,
DEC-HEPT 1.325 0.685 0.954 1.05¢ 0.843 0.433 1.27¢
OCT-HEPT 0.967 1.04g 1.064 0.944 0.614 0.665 1.279
DEC-OCT-HEPT 1.53¢ 0.713 0.765 0.88; 1124 1.00¢ 0.65; 0.304 0.32; 1.27¢

aThe solid-liquid interface includes molecules with zcom < 5.75 A. The vapour-liquid interface includes all molecules within the Gibbs dividing surface as defined

in Table S2.
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Figure 8. Top (left) and side (right) views of orientations 1, 2, and
3 for DEC (grey; top), OCT (red; middle), and HEPT (blue; bottom).
Descriptions of each orientation are provided in the text.

compared the relative orientations of adsorbed molecules
within the mixtures to these distributions.

We defined three main orientations for each type of
molecule in this interfacial region. The nine orientations
discussed below are shown in Figure 8. The first orienta-
tion for each molecule was the orientation that included
the largest proportion of the molecule, in terms of united-
atom beads, adjacent to the solid substrate. Here, these
molecules are identified by the number of CH3 beads
within the first layer region. For DEC, this means that
both ends of the molecule are within 5.75 A of the inter-
face. For OCT, the CH3 bead at the end of the hexyl tail
as well as at least two of the three CH3 beads in the head
group are all within 5.75 A of the interface. For HEPT,
this includes all three CH; groups lying within 5.75 A of
the substrate.

In the remaining orientations for each, the molecule
extends beyond the first layer. For DEC, only one of the
two CHj groups is found within the first layer cutoft for
the second orientation. A third possibility features the
middle portion of the molecule within 5.75 A of the sur-
face but the both CHj3 groups outside this cutoft. The
two additional orientations for OCT account for the head
group being in either the first or second layer with the

hexyl tail primarily in the opposite layer as defined by
the CHj3 bead location. In orientation 2, the ¢-butyl head
group is orientated such that all three CH3z groups are
at the interface and the tail CHj points away. In ori-
entation 3, the opposite is true, with the t-butyl group
pointing away from the interface. Similarly, for HEPT,
the two additional orientations take into account whether
two propyl ‘arms’ (orientation 2) or one propyl ‘arm’
(orientation 3) are in the first layer region.

The relative frequencies of these orientations in each
fluid phase are provided in Table 3. As noted previously,
these data include only molecules with the COM within
5.75 A. Fewer than 0.1% of molecules fitting this criterion
in any of the seven liquid phases are not represented by
one of the nine orientations evaluated.

For DEC and OCT, the most common orientation fea-
tures the molecular axis parallel to the substrate (orienta-
tion 1). This maximises the energy of interaction between
the adsorbed molecule and the substrate (Table 4). These
alignments also allow for higher packing efficiency, as
noted by Wang and Fichthorn [30]. The other 16% and
28% of molecules for OCT and DEC, respectively, adopt
orientations where at least one end of the molecule is out-
side of the first layer cutoff. These ‘pillar’ molecules were
also observed by Wang and Fichthorn in their simula-
tions of OCT.

For HEPT, the first and second orientations are
observed at a nearly equal likelihood. While the average
energy of adsorption for the first orientation is the most
favourable, this orientation has a very large footprint at
the interface (Table 4, Figure 8). When HEPT molecules
are absorbed such that they are nearly planar and parallel
to the interface, as in orientation 1, less space is available
for other molecules to interact with the surface. In ori-
entation 2, the majority of the molecule is still directly
adjacent to the substrate but the more surface area is
available for other molecules to approach the interface.
The overall adsorption energy may be lowered by allow-
ing more molecules to get closer to the substrate, even
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Table 3. Fraction of molecules adopting specific orientations relative to the substrate at the solid-liquid interface.? Subscripts denote

the uncertainty in the last digit.

Decane 2,2-Dimethyloctane 4-Propylheptane
Fluid 1 2 3 1 2 3 1 2 3
neat DEC 0.723, 0.267, 0.0114
neat OCT 0.839; 0.0861 0.0734
neat HEPT 0.506+ 0.4804 0.0144
DEC-OCT 0.7383 0.253, 0.0104 0.8215 0.0954 0.082,
DEC-HEPT 0.739, 0.2514 0.0104 0.4865 0.4994 0.0151
OCT-HEPT 0.8387 0.088, 0.0714 0.5105 0.4765 0.0134
DEC-OCT-HEPT 0.7364 0.2544 0.009, 0.8274 0.093, 0.079, 0.495¢ 0.4904 0.0154

3Representations of chosen orientations are shown in Figure 8. The solid-liquid interface includes molecules with zcom < 5.75 A.

Table 4. Adsorption energy for different molecular orientations
within the first adsorbed layer for each isomer.? Subscripts denote
the uncertainty in the last digit.

Average interaction energy (kJ/mol)

Orientation DEC ocT HEPT
1 —46¢ —39s —445
2 —33¢ —27¢ —325
3 —275 —274 —224

@Representations of chosen orientations are shown in Figure 8. The first
adsorbed layer includes molecules with zcom < 5.75 A.

though this does not maximise the adsorption interaction
for any given molecule of HEPT. In Table 2, the flu-
ids with the highest surface density of molecules always
have HEPT present. This observation is consistent with
the adoption of a smaller-footprint orientation by a large
portion of the interfacial molecules.

The presence of more than one type of decane iso-
mer in the fluid phase has little to no impact on the
distribution of molecular orientations observed among
the adsorbed molecules (Table 3). The preferred orienta-
tions of the molecules at the interface are strongly influ-
enced by the energy of attraction between the molecules
and the substrate (Table 4). In each case, the lowest
energy conformation is also the most common orienta-
tion and the fraction of molecules in a given orientation
generally decreases with increasing interaction energy.
Adsorption energy, though, is not sufficient to explain all
of the trends observed with respect to molecular orienta-
tion.

Examining the in-plane two-dimensional ordering
for both neat liquids and mixtures, we observe fewer
regions of 2D alignment as compared to films of
longer n-alkanes [34,38,60]. In their simulations of n-
hexadecane/n-hexane mixtures, Math et al. [38] observe
n-hexadecane adopting ordered domain regions at a
smooth interface with n-hexane interspersed between
adjacent domains. Our previous work [34] showed that
for n-octane/n-nonane and n-octane/n-dodecane mix-
tures, few molecule-specific domains were observed, but
there was a general preference for all molecules to align
with adjacent molecules regardless of species.

In the current simulations, the presence of the side
chains impacts the two-dimensional alignment of adja-
cent molecules. We looked for domains at the interface
where two or more molecules were aligned such that
their centres of mass were within 7 A and the cosine
of the angle between their long molecular axis vectors
was greater than 0.9, which corresponds to an angle less
than 25.8°. Table 5 presents the results of this analysis.
First, we note that the presence of DEC or OCT greatly
increases the percentage of molecules with at least one
aligned neighbour. For HEPT, 93% of molecules are not
aligned with other species at the interface. Examination
of the snapshot of the HEPT surface in Figure 1 supports
this finding. Additionally, the presence of HEPT at the
interface reduces the overall alignment in general when
comparing the three binary solutions.

Among the domains present, in most cases, alignment
exists between only two molecules given the criteria used
here. In all cases, more than 70% of the aligned domains
present consist of pairs of molecules. Consistent with
previous studies of linear alkanes, for DEC we see the
greatest degree and extent of alignment with nearly half
of all molecules aligned with a neighbour in the neat lig-
uid and 30% of the aligned domains consisting of three
or more molecules. The type of branching present in
the isomers greatly impacts the molecular alignment. In
the DEC-OCT solution, the extent and degree of align-
ment is very similar to the neat DEC liquid and slightly
greater than the neat OCT liquid. When HEPT is intro-
duced, though, the degree of domain formation drops
sharply with fewer than 30% of molecules aligned in the
DEC-HEPT solution. In contrast to the neat HEPT lig-
uid, though, this degree of ordering is substantial. More
than two-thirds of these aligned pairs in the DEC-HEPT
solution consist of only one type of molecule, primar-
ily DEC whereas for the DEC-OCT solution, more than
40% are aligned DEC-OCT pairs.

Two-dimensional COM radial distribution functions
for the solid-liquid and liquid—vapour interfaces, and a
region in the bulk fluid, are available in supporting infor-
mation for comparison (Figs. S5-S7). Consistent with
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Table 5. Distribution of domain sizes for groups of molecules with parallel alignment of the long molecular axes of adjacent molecules
at the solid-liquid interface.? Subscripts denote the uncertainty in the last digit.

Fraction of molecules

Distribution of domain sizes

with one or more

Fluid aligned neighbours 2 3 4 5 >5
neat DEC 0.4594 0.7014 0.2075 0.0653 0.019, 0.008,
neat OCT 0.3919 0.768g 0.182;7 0.040; 0.008, 0.0024
neat HEPT 0.0703 0.942; 0.054; 0.0043 0.001;

DEC-OCT 0.4367 0.71919 0.2045 0.0554 0.015; 0.007,
DEC-HEPT 0.28914 0.79218 0.16911 0.0305 0.007; 0.002;
OCT-HEPT 0.1889 0.8627 0.1227 0.014; 0.0024 0.0014
DEC-OCT-HEPT 0.319s 0.776g 0.1694 0.0423 0.011; 0.0024

aThe solid-liquid interface includes molecules with zcom < 5.75 A.

the domain analysis, there is little preference for specific
neighbouring molecule types, particularly in the bulk and
liquid-vapour interfacial regions. When present, HEPT
exhibits some preference for interaction with other HEPT
molecules, but the domain analysis shows that this does
not extend to molecular axis alignment between the
molecules.

3.5. Vapour-liquid interface

Each system modelled here also features a vapour-liquid
interface above z = 55 A following a bulk liquid region.
An examination of the COM density profile for each sys-
tem shows that this interface is significantly more diffuse
than the solid-liquid interface and no density oscillations
are observed (see Figs. 3,5,7, S2 and S4). To examine the
behaviour of the system at the vapour-liquid interface,
a hyperbolic tangent fit to the total COM density profile
was used to determine the position of the Gibbs dividing
surface (GDS), zgps, and the width of the interface, dgps,

p(2) = Pliq T Pvap |:1 — tanh (Z - ZGDS):| )

2 oGDs

where pjiq and pyap are the densities of the bulk liquid
and vapour phases, respectively. The interface is defined
using the ‘10-90” range of the liquid density [91,92]. The
position and width of the GDS for each system, as well as
the bulk liquid and vapour densities and vapour pressure,
are provided in the supporting information (Table S2).
The mole fraction enhancement for each mixture at
the vapour-liquid interface is provided in Table 2. When
present, OCT is preferentially found within the 10-90
interfacial region. The surface tension of branched alka-
nes is generally less than that of linear alkanes as a result
of weaker intermolecular forces for the branched iso-
mers [93-96]. A strong enhancement of OCT, and HEPT
when it is the only branched alkane present, at the inter-
face results. In contrast to the liquid-solid interface, no
orientational preference is observed here. A compari-
son of the distribution of molecules as a function of
the angle between the long axis of the molecule and the

surface normal at the liquid-solid interface, bulk, and
vapour-liquid interface for the ternary system is available
in supporting information (Figure S8) for reference.

4. Conclusions

Using Monte Carlo simulations, we showed that molec-
ular geometry has a strong impact on surface adsorp-
tion from liquids at a solid metal surface, particularly
as branch length increases. At the interface, favourable
interactions between the adsorbed molecule and the sub-
strate drive both preferential adsorption and preferences
in molecule orientation upon adsorption. With the intro-
duction of branched molecules, the interplay between
entropic and enthalpic driving forces for adsorption shifts
from enthalpic for linear alkanes towards entropic fac-
tors as the degree of branching increases. In equimolar
solutions, the enthalpic gain from parallel adsorption,
both with respect to the substrate and to neighbouring
molecules, of n-decane at the interface dominates over
the entropic gain of more molecules adsorbed at the
interface as observed in 4-propylheptane. Strong prefer-
ential adsorption of n-decane was observed in all mix-
tures studied here. Without decane present, though, no
preferential adsorption was observed for the remaining
isomers.
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