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The interfacial structure of heptane and toluene at oil-silica interfaces has previously been studied
by sum frequency generation [Z. Yang et al., J. Phys. Chem. C. 113, 20355 (2009)]. It was found
that the toluene molecule is almost perpendicular to the silica surface with a tilt angle of about 25◦.
Here, we have investigated the structural properties of toluene and heptane at oil-silica interfaces us-
ing molecular dynamics simulations for two different surfaces: the oxygen-bridging (hydrophobic)
and hydroxyl-terminated (hydrophilic) surfaces of quartz (silica). Based on the density profile, it was
found that both heptane and toluene oscillate on silica surfaces, with heptane showing more oscilla-
tion peaks. Furthermore, the toluene molecules of the first layer were found to have an asymmetric
distribution of orientations, with more CH3 groups pointed away from the silica surface than towards
the silica surface. These findings are generally consistent with previous experiments, and reveal en-
hanced molecular structures of liquids at oil-silica interfaces. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4742696]

I. INTRODUCTION

The experimental probe of molecules at interfaces is
challenging because of the buried nature and relatively small
size, typically only a few molecular diameters wide.1–21 It has
been shown using x-ray scattering with the beam line of the
synchrotron light source2, 3 that the liquid molecules pack in
the vicinity of a solid surface such that the density profile of
the liquid phase oscillates around the bulk value with a peri-
odicity of about one molecular diameter. In the presence of a
nearby second solid surface, the liquid is squeezed out and the
oscillation effect for the “confined” liquid increases. The os-
cillated solvation forces of confined systems have been proven
by using surface force apparatus.4–10 Moving away from the
solid surface, the solvation force oscillation shows a damped
feature up to 2–10 molecular layers, depending on the shape,
size, and internal rigidity of the molecules, as well as the wa-
ter activity and temperature.4–10 It has been found in the case
of the confined liquid that six minima (oscillations) in the sol-
vation forces are observed for alkanes, while there are only
four minima for toluene.7, 8 However, no detailed structural
properties are available.

Sum frequency generation (SFG) vibrational spec-
troscopy has grown to be one of the most versatile and power-
ful analytical tool for investigating liquid-solid, liquid-liquid,
and liquid-vapor interfaces.11–23 Because it is highly surface-
specific and applicable to all the interfaces accessible by light,
SFG spectroscopy allows us to identify molecular species at
interfaces by detecting molecular vibrational modes, and the
orientation of the molecules by detecting the polarization de-
pendence of the SFG signals.13–15, 18 Toluene and heptane are
of particular importance because they are the most commonly

a)Authors to whom correspondence should be addressed. Electronic
addresses: y_liang@earth.kumst.kyoto-u.ac.jp and matsuoka@earth.
kumst.kyoto-u.ac.jp.

used solvents for both industrial and scientific applications,
and their binary mixture is often chosen to simulate the aro-
matic/aliphatic content of crude oil.24 The interfacial structure
of toluene and heptane at oil-silica interfaces has been studied
by SFG spectroscopy.14 However, a quantitative interpretation
of the reported spectra is not straightforward. For example, it
is not clear how the oscillating nature4–10 of liquid molecules
in the vicinity of a solid surface is related to the measured
SFG spectra.

In the petroleum industry, the structure of liquid-
rock interfaces needs to be well understood to optimize
oil production.25 Sandstone reservoir minerals are usu-
ally represented by crystalline quartz and clay minerals.
It is well-known that quartz, like the other inorganic ox-
ides, owes its inherent hydrophilicity to surface hydroxyl
groups.19, 26, 27 Different pretreatments have been employed
in the measurements,14 although it is not fully understood
how such treatments could potentially affect the silica sur-
face, i.e., the ratio of surface hydroxyl groups and siloxane
bridges. Therefore, it is of particular interest to examine how
the purely oxygen bridging (hydrophobic) and fully hydroxyl-
terminated (hydrophilic) silica surfaces could systematically
reproduce the different interfacial structural properties and
adsorption patterns of toluene and heptane.

Molecular dynamics and Monte Carlo simulations have
developed rapidly and offer a molecular-level understanding
of packing structures, adsorption, and other details of liquid-
solid, liquid-liquid, and liquid-vapor interfaces28–47 that can-
not easily be achieved solely through experiments. Most
recently, the combination of simulations and SFG experi-
ments have provided a detailed interfacial structure of the
acetonitrile-silica interface and successfully reconciled the
conflicting interpretations of a wide range of previous spec-
troscopic studies.22, 47 Here, we have undertaken molecular
dynamics simulations of heptane and toluene at the oil-silica
interface. First, we studied how heptane and toluene behave
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FIG. 1. Snapshots of heptane/toluene-quartz interface systems. (a) The liq-
uid (in blue) is placed on top of the silica slab, which is either the hydrophilic
(b), or hydrophobic (c) silica surface. Key: red = oxygen; yellow = silicon;
and white = hydrogen. The snapshot was repeated twice along the horizontal
direction. The molecular structures of heptane and toluene are shown in (d)
and (e). Note that the hydrophilic silica surface structure is terminated with
germinal Si(OH)2 groups and the hydrophobic silica surface is terminated by
siloxane Si–O–Si bridges.

at the oil-silica interface at the molecular scale in terms of
the molecular oscillations and orientations. Second, we in-
vestigated how these orientations and oscillations will be
reflected by SFG spectroscopy. And finally, we have explored
the mechanisms of how to form the specific orientation from
the interaction between the silica surface and the interfacial
liquid molecules.

II. COMPUTATIONAL METHODS

A. Quartz (silica) surface

Each silica polymorph has a specific surface structure.
For example, the fully hydroxylated α-quartz (001) surface
contains vicinal silanol, which has zigzag hydrogen-bonded
networks with both short and long hydrogen bonds.48–50 The
hydrophilic silica surface in this study was constructed by
cleaving the bulk crystal of α-quartz (space group P3121)
along the [001] direction. The fresh silica surface, which is
terminated by O atoms, was saturated by manually adding H
atoms to create the hydrophilic surface. We performed the first
principles calculations using density functional theory with
the Vienna ab initio simulation package,51 similar to what
has been described for previous simulations.49 Our final hy-
drophilic surface structure was in good agreement with the
previous study, as shown in Fig. 1. For the hydrophobic sil-
ica surface, we used the reconstructed structure reported by
Rignanese et al.52 The surface has three- and six-membered
rings after reconstruction of the newly cleaved surface with
siloxane bridges. The surface areas (x, y) of the hydrophilic
and hydrophobic silica surfaces were 5.9172 × 6.8400 nm2

and 5.8920 × 6.8032 nm2, respectively, with a thickness (z)
of about 2 nm for both silica slabs. The surface density of hy-
droxyl groups on the hydrophilic silica is 9.5 OH/nm2, while
there are no hydroxyl groups present on the hydrophobic sur-
face (0 OH/nm2).

B. Details of molecular dynamics simulations

The GROMACS package was used to perform the molecu-
lar dynamics of binary liquid heptane-toluene mixtures on top

of the silica surfaces.53 The hydrocarbon compounds (hep-
tane and toluene) were modeled using the CHARMM27 force
field.54 The CLAYFF force field was chosen for both the hy-
drophilic and hydrophobic silica slabs.55–57 It has been shown
that the CLAYFF force field reproduces the first-principles
molecular dynamics results very well for the local structure
of the silica-water interface.57 The electrostatic interactions
were treated by particle mesh Ewald summation58 and a cut-
off of 12 Å was used for the van der Waals interactions.

The pure liquid heptane and toluene were generated by
compressing the vapor phase at a constant temperature of
298 K and a pressure of 1 bar for 3.0 ns. After the liquid
formed, the mixture of heptane and toluene was composed
of three variations in mole fraction (1:3, 1:1, and 3:1). The
equilibrated densities of the liquid phases were 861.5, 803.4,
761.8, 725.6, and 699.8 kg/m3 for pure toluene, the three mix-
tures, and pure heptane, respectively. They are in good agree-
ment with the corresponding experimental values of 865.9,
803.9, 758.2, 713.0, and 683.9 kg/m3.59 All liquids contained
the same number of molecules (2064 molecules), which were
placed on the hydrophilic and hydrophobic silica surface.
As shown in Fig. 1, the interface system consisted of three
phases, i.e., solid (silica slab), liquid (heptane and toluene),
and vapor (or vacuum), with the vertical size (along z) of the
box being 25 nm for all calculations. The simulations were
performed at a constant temperature of 300 K using the Nose-
Hoover thermostat.60 The total simulation times were 3.0 ns
for the pure liquids and 4.0 ns for the liquid mixture. The
structural properties of the interface system were analyzed
using the last 2.0 ns for every 1.0 ps of the trajectory. The
snapshots were prepared using Visual Molecular Dynamics
software.61

C. Order parameter

For the orientational preference of the heptane and
toluene molecules near the interface, we calculated the order
parameter43

S(z) =3

2
〈cos2 θ (z)〉 − 1

2
, (1)

where θ is the angle between the molecular axis and the in-
terface normal (z axis) and 〈· · ·〉 denotes the averaging over
time and number of molecules. z is the z-component of the
Cartesian coordinate of the center of the mass for any given
molecule and the vapor side of silica slab (i.e., the bottom in
Fig. 1(a)) is chosen as the origin. S(z) ranges from −1/2 to
1, where −1/2 indicates perfectly perpendicular between two
axes and 1 indicates parallel. It is zero if there is no preferred
orientation. The molecular axis of heptane is defined as the
vector from the head carbon site C1 to the tail carbon site C7,
where the head and tail are labeled randomly. The molecu-
lar axis of toluene is defined by two different methods: (i)
the vector from the para-carbon of the phenyl ring to the car-
bon of the methyl group; and (ii) the normal direction of the
phenyl ring plane. Only by a combination of the two different
vectors is it possible to explicitly describe the orientation of
toluene on the top of the silica surface.
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D. Angular dependent radial distribution

Similar to our previous study on the benzene-water in-
terface and benzene aqueous solutions,44 we calculated the
angular dependent radial distribution function of Si–OH from
the hydrophilic silica surface and the center of the phenyl ring
of toluene as follows:

gAB(r,�) = 〈ρB(r,�)〉
〈ρB〉local,�

= 1

〈ρB〉local,�

1

NA

∑NA

i∈A

×
∑NB

j∈B

δ(rij − r)δ(�ij − �)

2πr2 sin �
, (2)

where 〈ρB(r,�)〉 is the particle density of atom B at a dis-
tance r and angle � around atom A. δ is the delta function.
The distribution function described here has been shown to
successfully describe the interplay between the hydrogen site
of water and the center of the benzene ring via weak hydro-
gen bonding.44 Therefore, it is interesting to verify whether a
weak hydrogen bond is formed between the Si–OH group of
silica and the phenyl ring of toluene.

III. RESULTS AND DISCUSSION

A. Density profiles

Segmental density profiles for pure heptane, pure toluene,
and their binary mixture on top of the hydrophilic and hy-
drophobic silica surfaces are shown in Fig. 2. The oscillation

pattern was observed up to ∼3–3.5 nm of z for all composi-
tions. The highest intensity occurs in the nearest liquid-solid
interface, followed by several peaks with lower intensity until
the bulk phase. The first peak in the density profile indicates
a strong anisotropic interaction between liquid molecules and
the silica slab. As shown in Figs. 2(a) and 2(f), heptane has
four peaks, similar to the oscillation pattern of n-octane be-
tween hydroxylated α-Al2O3 (0001) surfaces at 300 K, which
is an analog of the hydrophilic silica surface.38 On the other
hand, toluene shows only two clear peaks in the density pro-
file (Figs. 2(e) and 2(j)). These results are in good agreement
with the surface force experiment, where linear molecules like
heptane and octane usually show more oscillation peaks than
planar molecules like toluene.7, 8

In the case of the mixture, we assumed that toluene acts
as an impurity of heptane. On the hydrophilic silica surface,
we observed that the oscillation pattern of heptane varied and
that the first peak decreased significantly compared with pure
heptane, even with a small amount of toluene. At high con-
centrations of toluene, the first peak of heptane was not ob-
served. This means that more toluene than heptane is ad-
sorbed on the hydrophilic silica surface. Different results were
observed for the hydrophobic silica surface. As shown in
Fig. 2(i), the first peak of heptane can still be observed for
the mixture, although the intensity decreases with increasing
toluene concentration. The different response of heptane upon
the addition of toluene for the hydrophilic and hydrophobic
silica surfaces can be attributed to the different polarities of
the two silica surfaces. The polarity of silica surface increases
with increasing density of silanol groups.42 The surface with a
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FIG. 2. Segmental density profiles along the normal direction of the interface (z) of heptane (red), toluene (green), and their mixture on top of the hydrophilic
((a)–(e)) and hydrophobic surface ((f)–(j)). Heptol refers the heptane-toluene mixture. Note that pure heptanes, (a) and (f), have more oscillations than pure
toluene, (e) and (j).
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FIG. 3. Preferred orientations of heptane and toluene on hydrophilic ((a) and (c)) and hydrophobic ((b) and (d)) silica surface as reflected by the order parameter
defined in Eq. (1). The center-of-the-mass density profiles, corresponding to the orientation of molecules, are shown in the top parts of the respective panels.

high polarity is attractive to aromatics, like toluene, and other
polar compound. Similar behavior was observed for benzene
on top of silica surfaces with various polarities. The surface
with a high density of silanol groups (7-8 OH/nm2) was found
to attract more benzene molecules at the interface than for
a lower density surface (2 OH/nm2), as reported in a recent
Monte Carlo simulation.42

B. Orientation profiles

The strong interaction of the solid and liquid at the inter-
face results in liquid molecules adsorbing with certain orien-
tations with respect to the solid surface. The liquid molecules,
which usually have random orientations in the bulk liquid,
become well-ordered at the interface. As you move away
from the solid surface, the interactions become weaker and
slowly disappear at the bulk liquid phase. The orientation of
molecules near the surface is calculated by the order param-
eter (see Sec. II C for the definition). The normal direction
of the surface (z) has been chosen as the surface axis, while
the axis of heptane and toluene are along the chain from head
to tail carbon and from para-carbon to the methyl group, re-
spectively. Therefore, if heptane or toluene has an orientation
parallel to surface, the S value will equal −1/2. As shown in
Fig. 3, both heptane and toluene molecules lie nearly parallel

to the hydrophilic and hydrophobic silica surfaces in the first
layer (the first minimum in Fig. 3). There are no clear mix-
ture effects in the orientation profile. The fact that heptane
lies nearly parallel to the silica surface is similar to other lin-
ear chain alkanes,34 and also in excellent agreement with the
SFG measurements.14 In the case of toluene, however, another
possibility is that the normal of the phenyl ring may be paral-
lel to the silica surface, i.e., the phenyl plane is perpendicular
to the silica surface. Thus, we have defined another vector us-
ing the normal of the phenyl ring, where “up” and “down” are
randomly chosen and the reference direction is still the nor-
mal direction of the silica surface. We have found that the S
of the first layer is almost 1. This indicates that the phenyl
ring does indeed lie parallel to the silica surface. This find-
ing is in contrast to the SFG measurement, where the toluene
molecules of the first layer adopt an upright orientation with
a tilt angle of ∼25◦ with respect to the normal to the surface.

To attempt to explain the difference, we have investi-
gated the interface structure in more detail. As the orienta-
tion parameter (Fig. 3) is based only on the molecule while
the segmental density profile (Fig. 2) is based on the indi-
vidual atoms, it would be interesting to introduce the density
profile on the basis of the center of mass as well. As shown
in Fig. 3, a similar oscillation was also observed in the cen-
ter of mass density profiles with slightly different features.
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FIG. 4. Two-dimensional orientation profile of heptane on the hydrophilic
silica surface (top) and a schematic representation of the preferred orientation
of heptane in the vicinity of the silica surface (bottom). Inset: the angle is
defined on the basis of the molecule axis and the surface normal direction.

In particular, we observed the appearance of shoulder peaks
and shifted maximum-minimum in the center of mass density
profiles. Because we notice that the differences in the mini-
mum and maximum on the orientation profile originated from
the same peak (i.e., a main peak with a shoulder peak) in the
center of mass density profile, we have named the first min-
imum and maximum as first and second “sub-layers” of the
first layer, respectively.

To obtain more detailed information about the orienta-
tions of the first and second sub-layers, we have analyzed the
two-dimensional orientation profile, the distribution as a func-
tion of the angle (θ ) between the molecule axis and the surface
normal direction, and the z-component of the Cartesian coor-
dinate of the center of the mass for that molecule (z). We took
the case of pure heptane and toluene on top of the hydrophilic
surface as illustrated in Figs. 4 and 5. The layering of hep-
tane and toluene molecules can be clearly seen, where two
clear patterns are repeated about every 0.5 nm in the density
profiles. We confirmed that heptane forms more layers than
toluene, as shown previously in the density profiles. The first
sub-layer of heptane was dominated by the molecules with
cosθ from −0.4 to 0.4, which means that heptane mostly lies
on top of the hydrophilic silica surface, as shown in the bot-
tom panel of Fig. 4. Furthermore, heptane in the second sub-
layer was found to be almost perpendicular to the silica sur-
face with −0.8 < cosθ < −1.0 or 0.8 < cosθ < 1.0.

The second layer shows a similar trend before reaching
bulk heptane at z = 3.5 nm. As shown in Fig. 5, the first
sub-layer of toluene is dominated by molecules lying paral-
lel to the surface, similar to the case of heptane. Surprisingly,
we observe a clear asymmetric orientation pattern of toluene
molecules, i.e., positive cosθ was found to be more frequent
than negative cosθ (as shown in Fig. 5). As θ is defined on the

FIG. 5. Two-dimensional orientation profile of toluene on the hydrophilic
silica surface (top) and a schematic diagram of the preferred orientations of
toluene in the vicinity of the silica surface (bottom). Inset: the angle is defined
on the basis of the molecule axis (from the para-carbon of the phenyl ring to
the carbon of the methyl group) and the surface normal direction. Note that
the region in the black rectangular (|cosθ | ≤ 0.4 and 1.9 ≤ z ≤ 2.35) indicates
the parallel geometry, i.e., the first sub-layer. The region in the red rectangu-
lar (cosθ > 0.4 and 1.9 ≤ z ≤ 2.4) indicates the upright geometry with the
CH3 group pointed away from the silica surface. The remainder of the first
layer is the upright geometry with CH3 groups pointing towards the silica
surface.

basis of the axis from the para-carbon of the phenyl ring to
the carbon of the methyl group, this clearly indicates that the
toluene molecules of the second sub-layer adopts an upright
geometry with the methyl group pointing away from the silica
surface. Furthermore, it is found that toluene has a preferred
orientation with respect to the surface and shows a maximum
of 0.8–0.9 for cosθ , i.e., with a tilt angle of 25◦–35◦, at the first
peak position, which is 2.35–2.4 nm of the order parameter.

Figures 6(a) and 6(b) show the percentages of the upright
and parallel orientations of toluene at different concentrations
in the first layer. In the case of the pure toluene, we found that
about 60% of the toluene molecules are parallel and about
40% are upright with respect to the silica surface. This ra-
tio is almost constant on the hydrophobic silica surface with
increasing heptane concentration (Fig. 6(b)). However, it in-
creases to ∼70% with a heptane concentration equal to 75%
mole fraction on the hydrophilic silica surface (Fig. 6(a)). As
discussed below, this might be due to the specific weak hydro-
gen bonding between the phenyl ring of toluene and Si–OH
of the hydrophilic silica surface. The percentages of toluene
molecules with CH3 groups pointed away from the silica
surface are 55%–60% for the four different concentrations
(Fig. 7(a)) on the hydrophilic silica surface and 52%–60% on
the hydrophobic surface (Fig. 7(b)).

In summary, a schematic orientation at different (sub-)
layers can be drawn as in Fig. 5 (bottom). The toluene
molecules in the first sub-layer lie parallel to the silica sur-
face, whereas in the second sub-layer they lie almost perpen-
dicular to the silica surface with a tilt angle of 25◦–35◦. We
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FIG. 6. Percentages of toluene molecules with parallel and upright ge-
ometries at different concentrations. (a) Hydrophilic and (b) hydrophobic
surfaces.

suspect that the parallel toluene molecules might not be de-
tectable by the SFG experiments, since the asymmetric peak
of the CH3 group of the toluene molecule is not well-defined
and the symmetric peak of the CH3 group will be missing with
this orientation.14

C. Mechanisms: Interplay between silica surface
and first-layer toluene molecules

The parallel toluene and heptane molecules on either sil-
ica surface could be due to the constraining effect of the solid
wall. However, the fact that the ratio of the upright geometry
molecules and the parallel molecules varies for the two dif-
ferent surfaces, i.e., there are more parallel toluene molecules
on the hydrophilic surface than on the hydrophobic surface
after adding heptane (Figs. 6(a) and 6(b)), indicates that there
is a stronger interaction between the hydrophilic silica sur-
face and the parallel molecules. Figures 8(a) and 8(d) show
the angle dependent radial distribution functions of the O and
H atom of the hydrophilic silica surface to the normal of the
ring of toluene. In this figure, the maximum intensity for find-
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FIG. 7. Percentages of toluene molecules with the CH3 group point-
ing away from and towards the silica surface at different concentrations.
(a) Hydrophilic and (b) hydrophobic surfaces.

ing the O atom of the hydrophilic silica interface with an an-
gle less than 20◦ to the normal of the phenyl ring of toluene
is ∼0.3 nm. The highest intensity for the H atom of the hy-
drophilic quartz interface is located at ∼0.2 nm, and at an an-
gle less than 20◦ from the normal of phenyl ring. Considering
the two orientations of toluene in the first layer, we have in-
vestigated the first and second sub-layer regions, and defined
a rectangular block of the certain position (z) and orientation
(cosθ ) ranges, as labeled in Fig. 5. It shows that the maxi-
mum intensity for finding O and H atom of the hydrophilic
silica from normal of the ring of toluene corresponds to the
molecules in the first sub-layer only (Figs. 8(a)–8(f)). This
indicates that the toluene molecules of the second sub-layer
adopt an upright geometry with more CH3 groups pointed
away from the silica surface, which is due to the interac-
tion between these molecules and the molecules lying par-
allel to the surface, presumably by forming a T-shaped struc-
ture with the molecule from the first sub-layer.62 Finally, there
is a slightly higher proportion of CH3 groups pointing away
from the silica surface on the hydrophilic silica surface than
on the hydrophobic surface at the same heptane concentration
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FIG. 8. Angular dependent radial distribution functions from the center of the phenyl ring of toluene to the oxygen ((a)–(c)) and hydrogen ((d)–(f)) atoms of
Si–OH on the hydrophilic silica surface. (a) and (d) are for the total system, (b) and (e) consider only the toluene molecules with parallel geometries, and (c)
and (f) are those with an upright geometry.

(Figs. 7(a) and 7(b)), which can be attributed to the larger
proportion of toluene molecules lying parallel to the hy-
drophilic surface, as mentioned above.

IV. CONCLUSIONS

Our simulations have shown that heptane lies mostly par-
allel to the surface in the first layer. This result is in ex-
cellent agreement with recent SFG spectrum measurements,
where all of the n-alkanes (n = 5, 7, and 14) were found to
adopt the same orientation on the silica surface. The toluene
molecules in the second sub-layer adopt an upright geometry
with a tilted angle of ∼25◦ with respect to the surface normal,
which has also been found with recent SFG experiments. The
presence of the methyl group in the toluene molecule leads to
an asymmetric pattern of orientations with the methyl group
pointing away from both the hydrophobic and hydrophilic sil-
ica surfaces. The knowledge obtained from our simulations
can be used to aid in the understanding of the interfacial struc-
ture obtained by SFG spectroscopy.
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