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Abstract
We have developed a method for predicting the solvation contribution to solid-liquid
interfacial tension based on density functional theory and the implicit solvent model
COSMO-RS. Our method can be used to predict wetting behavior for a solid surface
in contact with two liquids. We benchmarked our method against measurements of
contact angle from water-in-oil on silica wafers and a range of self-assembled
monolayers (SAMs) with different composition, ranging from oil-wet to water-wet.
We also compared our predictions to literature data for wetting of a
polydimethylsilane surface. By explicitly including deprotonation for the silica
surfaces and carboxylic acid self-assembled monolayers, very good agreement was
obtained with experimental data for nearly all surfaces. Poor agreement was found for
amine-terminated SAMs, which could be a result of both method and model
insufficiencies and impurities known to be present for such surfaces. Solid-liquid
interfacial tension cannot be measured directly, making predictions such as from our
method all the more important.
Keywords: solid-liquid interfacial tension, surface energy, contact angle, density
functional theory, COSMO-RS

Introduction
The solid-liquid interfacial tension (IFT) is a determining factor for many physical
and chemical phenomena. If a solid is in contact with more than one liquid, the
balance of the IFTs, together with the surface structure, determine the wetting
behavior of the liquids on the solid. This in turn determines e.g. how much oil can be
recovered from a reservoir or how clean the water in an aquifer can become after
being contaminated with organic compounds. The solid-liquid IFT not only
determines solid wettability towards fluids1 but it also strongly influences the rate of
mineral formation on organic solids2. Heterogeneous nucleation of minerals on an
organic template is considered to be a limiting mechanism for how organisms control
biomineralisation 2-3. Heterogeneous nucleation of a mineral on a surface is also the
first step in unwanted mineral scaling in industrial processes such as cooling systems,
geothermal energy production4 and oil recovery 5. In a supersaturated solution, when
a mineral grows, the solid-liquid IFTs for each of the mineral surface orientations
ultimately determines the shape of the formed crystal. Therefore, finding the right set
of IFT modifiers and predicting the ensuing surface energies accurately would allow

design of nanoparticle shape and size. Sometimes, the solid-liquid surface free energy
is termed the interfacial tension. In this paper, the terms are used synonymously.
Unfortunately, the solid-liquid IFT cannot be measured directly using existing
techniques. At most, only differences in solid-liquid IFT can be determined, e.g. via
contact angle measurements of one or two phase wetting on a solid6. The IFT can, on
the other hand, be calculated using molecular modelling, e.g. using molecular
dynamics for self-assembled monolayers of organic molecules (SAMs) on calcite7
and for the ice-water interface 8. Density functional theory or other first principles
methods have also been used to predict solid-vacuum IFT on crystalline solids. It has
been shown that the choice of the method plays a large role in the validity of the
predicted surface free energy of the termination of a solid in vacuum9.
In this paper, we present a method for predicting solid-liquid IFT based on the
COSMO-RS model for liquid-liquid IFT10. Our method is able to predict the
solvation contribution to the total solid-liquid IFT so it would be useful for predicting
wetting phenomena, where only the differences between the solvents enter into the
equations. Our results are limited to flat surfaces and only consider the contribution of
surface chemistry to wetting but our results could be combined with knowledge about
the surface structure to predict wetting for more complex surface geometries, where
e.g. nanodimension domains have been shown to influence the whole surface free
energy in a nonlinear fashion with respect to total composition11. Classical methods
for predicting solid-liquid IFT require experimental input from contact angle
measurements for a few different liquids on the particular solid, in order to provide
empirical dispersive and polar contributions and finally solid-liquid IFT values. Our
method is complimentary in that no experimental input is required in order to
calculate the solid-liquid IFT, and the calculation can be made for liquids of arbitrary
complexity. Our method is also significantly faster than molecular dynamics based
methods by several orders of magnitude.

Computational details

The density functional theory calculations were performed using Turbomole, v 6.5 12,
the BP functional 13 14, the TZVP basis set 15 for geometry optimizations and the
COSMO implicit solvent model, 16 using an infinite dielectric constant, which is
required for subsequent COSMO-RS calculations 17. An extra single point energy
calculation with the TZVPD basis set was performed after the successful geometry
optimization so we could use the BP_TZVPD_FINE_C30_1601 parameterization for
the COSMO-RS calculations, all of which were performed using COSMOtherm 18.
The resulting molecular screening charge surface is called either a COSMO surface or
a -surface, interchangeably in the literature. All parameterizations in COSMO-RS
based on Turbomole calculations require the BP functional to be used.
The solid-liquid IFT method presented here is based on our recently developed
method for liquid-liquid IFT 10 and uses similar underlying equations, all of which are
based on the flatsurf module of COSMOtherm 18. Because COSMO-RS handles
solvation via interaction of local screening charge surface interactions, the method
allows for partial solvation at an interface. Flatsurf calculates the free energy of
transferring a molecule from a bulk phase to a featureless interface via the partition
function of all possible positions and orientations of the molecule at that interface.

Analogous with our liquid-liquid method, we introduce a surface phase, which is
allowed to have a different composition than the bulk liquid (the composition of the
solid phase is kept unchanged throughout the calculation). One main difference
between the liquid-liquid and solid-liquid methods lies in how the free energies of
transfer are calculated (Figure 1). Because COSMO-RS interactions within the solid
are meaningless, we had to change how some of the contributions to the total IFT
were calculated from the two interfaces. The interface between the bulk liquid and the
surface phase was handled in the same way as in the standard liquid-liquid IFT
method but for the interface between the surface phase and the solid, the COSMO-RS
interaction, had to be calculated with the surface phase as the “bulk” phase. Also,
because the free energy contributions to the IFT are two sided at each surface phase
interface, we had to divide the contributions from the surface phase-solid interface by
2 to take into account that only one side contributes to the IFT. This is shown as a
smaller G arrow in Figure 1 and adds a factor of 1/2 to Equation 2. The contribution
from the solid side is not taken into account in our method but could potentially be
accounted for by a separate calculation of the surface energy of the solid in vacuum.
The equations required to calculate the solid-liquid IFT are:
𝐼𝐹𝑇

=∑

()

𝐼𝐹𝑇

=∑

()

, →

()

()

( ( ))
, →

, →
, →

()

()

.

()

()

, →

()

and

(1)
(2)

𝜃(𝑖) is the mole fraction of component i in the surface phase S, 𝐺 , → (𝑖 ), is the free
energy of transferring molecule i from phase A to the surface phase S, 𝑥 (𝑖) is the
mole fraction of component i in phase A and 𝐴 , → (𝑖) is the average crosssection
area for the molecule i at the interface between phases A and S .
The total COSMO-RS IFT of the solid-liquid interface is then:
𝐼𝐹𝑇 = 𝐼𝐹𝑇 + 𝐼𝐹𝑇

.

(3)

An additional modification, which does not show in the equations, was required for
the (surface phase)-solid interface, which stems from the fact that the adhering
molecule cannot penetrate into the solid. We constrained the partition sum in the
flatsurf calculations by imposing a maximum penetration depth (Figure 2) of 3.0 Å in
all flatsurf calculations at the surface phase-solid interface, excluding all
configurations with a larger penetration depth. This constraint, which affects the G tot
values in Equations (1) and (2), was imposed via the maxdepth keyword in
COSMOtherm and enabled some parts of the molecule in solution to interact with the
solid interface, but not all. This simulates the situation where a part of the molecular
surface could be in contact with the solid, where the rest of the molecule, not
interacting with the solid, would interact with the surrounding liquid, mimicking
adsorption. Too large values of maxdepth does not make physical sense, as during
adsorption, not all parts of a molecule can be in contact with the surface at the same
time. We therefore investigated maxdepth values of 1, 2, 3 and 4 Å for five SAM
systems (-CH3, -C6H5, -NH2, -COOH and –OH, Table S1 in supporting
information).Values of 2 and 3 and 4 Å gave the lowest mean absolute deviation with
rather similar results, showing that our IFT calculations are not very sensitive to the
choice of maxdepth. We chose to use 3 Å throughout the paper because it was the

middle value of the three, as well as being most in agreement with the experimental
results for the SAM –OH system, where no deprotonation is occurring and no
contamination is known. The calculation script is freely available in GitHub at
github.com/LasseNikolajsen/ift_from_lle.
Our method does not predict the absolute solid-liquid IFT, only the contribution from
the liquid phase – the solvation part. In the case of e.g. a crystalline solid, the
termination energy in vacuum would have to be added, from experiment or from e.g.
DFT calculations, and these contributions are generally quite large. The crucial aspect
for this paper is that for wetting phenomena, this vacuum contribution cancels as long
as the solid surface is the same in the two liquids. For a system with a surface, s, in
contact with oil, o, and water, w, the contact angle of a water-in-oil droplet on a flat,
featureless surface is described by Young’s equation:
cos 𝜃 =

(4)

.

The os is the solid-liquid IFT between oil and solid, the ws is the solid-liquid IFT
between water and solid and ow is the liquid-liquid IFT between oil and water.
Because the total IFT can be viewed as a sum of the surface energy for forming the
surface in vacuum plus the COSMO-RS solvation contributions that act on the solid
surface, the solid-liquid IFTs or surface free energies in Eqn 4 can be written:
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Because the solid formation free energy is the same in both cases (no solvent), the
predicted contact angle is:
cos 𝜃 =
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Exactly which terms would constitute the non-COSMO-RS interactions to the IFT is
not the focus of this paper. We conjecture that for a crystalline solid, the contributions
would include the vacuum surface termination energy and for a crystalline solid with
a strongly adsorbed layer such as the SAMs in this paper or the first monolayer of
water on strongly hydrated surfaces, such as calcite 19, the contributions would include
the surface termination energy and the adsorption energy of the layer (per unit area).
A detailed investigation of this topic is left for the future.
In order to take into account that only the end groups of the SAM are exposed to the
liquid phase, we used a weighting factor of 0 for the spacer chain of the SAM in the
COSMOtherm calculations to eliminate solvation interaction. In this way, we were
able to model a system, where the spacer chain is not exposed to the solvent, while
the end group is. We used the following molecules to model the various SAM
components: n-decane, acetic acid, 1-propylamine, 1-octanol and benzene. The partial
COSMO surfaces are shown in Figure 3. By using the COSMO surface of the
functional group only, no noticeable difference was observed for a different alkyl
chain length. Two conformers related to the OH group geometry for acetic acid and 1-

octanol were included in the calculations but only one conformer for each molecule is
shown in Figure 3.
We used a model for the polydimethylsilane (PDMS) surface, based on the structure
shown in Figure 4. The formula is (CH3)3Si-(OSi(CH3)2)3-OSi(CH3)3. As is
commonly done in COSMO-RS modelling of polymers, we excluded the two end
monomers in the definition of the COSMO surface.
Two simple models for the silica surface were used, a silica monomer and a silica
tetramer, both shown in Figure 5, together with the monomer model for the
deprotonated surface groups.
For mixed SAMs, we assumed no island formation. The water droplet, for which the
contact angle was measured, was thus much larger than the spatial scale over which
chemical heterogeneity would be observed. As a consequence, the COSMO-RS
solvation IFT was calculated by simply weighting over the relative composition of the
constituents A and B (the COSMO-RS subscript is omitted):
𝛾
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where 𝑥 , represents the mole fraction of Component A in the surface of the self
assembled monolayer.
In the case where surface chemical heterogeneities are larger than the extent of the
probing liquid drop, a range of contact angles would be expected, which would be
different, depending on where on the surface the droplet was located. By probing the
chemical composition of the surface with enough spatial resolution, local contact
angles could be predicted and compared with calculations for the various surface
compositions.
Charged solid surfaces
While COSMO-RS in principle requires neutral phases for thermodynamic
consistency, it is possible to override this check using the ignore_charge keyword.
While this makes little sense for bulk liquid phases, we made calculations for charged
surfaces by performing calculations using ions as models for the solid. The
thermodynamic consistency is not lost in this case because there is no mixing of the
solid phase into the liquid and surface phases, keeping all liquids neutral. In principle,
this neglects the countercharge of the layer adjacent to the surface but because our
method does not provide a size for the surface phase, it is difficult to define the proper
concentration of the counterions. Therefore, we choose to take the simplest approach,
by keeping the surface phase neutral, also when interacting with a charged surface.
The only contribution comes from the flatsurf calculations, where molecules from the
surface phase interact with the solid phase. For determining the contact angle when
some sites were deprotonated, this correction was only made for the water phase. We
assumed that no deprotonation would occur in the nonpolar oil phase. For any partly
deprotonated surface in water, a linear interpolation of the IFT, according to Equation
7, was used.
If some surface functional groups can protonate or deprotonate, such as -COOH, the
free energy of the system can be decreased by allowing some groups to become

charged. This in turn affects the wetting properties and we can account for this in the
COSMO-RS interactions. For pH above the surface pKa, there is a chemical driving
force for deprotonation of such functional groups. Because the deprotonated groups
are stuck on a surface, a counter force occurs from electrostatic repulsion between
surface charges, which is screened in saline aqueous solutions. We have developed a
mean field model, based on Yukawa potentials for the electrostatic interactions
(simple screened electrostatics), which provides the change in free energy from
deprotonation as a function of the fraction of deprotonated groups, 𝜃, pH and ionic
strength:
Δ𝐺 = 2.3𝑅𝑇𝜃 𝑝𝐾

− 𝑝𝐻 +
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)

− 𝑅𝑇𝜃 ln

.
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𝑝𝐾
represents the pKa of the functional group at the interface, d0, the nearest
neighbor distance between surface groups in a hexagonal lattice and d, the Debye
length (which can be calculated from the ionic strength) and e is the elementary
charge. The first term in Equation 8 is the chemical driving force for deprotonation,
the second term is the screened electrostatic repulsion and the last term is the
configurational entropy for deprotonating a fraction,  of the surface in a mean field
model. The derivation of the electrostatic repulsion term is based on an approximation
via a geometric sum and is described in the Supporting Information. By minimizing
the free energy for a given surface pKa, solution pH and ionic strength, the degree of
deprotonation, , can be determined.  in turn, determines the balance of COSMORS interactions between the charged and neutral models for the surface by means of
Equation 7. A detailed comparison between the mean field model and an explicit
treatment of various deprotonation configurations as well as experiments is in
progress. In short, a full statistical mechanical description of summation of explicit
configurations of deprotonated surfaces gives quite similar results to the mean field
model presented here, which is also in qualitative agreement with Atomic Force
Microscopy measurements of forces between SAM -COOH surfaces at varying pH.

Experimental details
Preparation of self assembled monolayers
Flat gold substrates for making self assembled monolayers (SAMs) were prepared
using the template stripping approach 20. One hundred nanometer gold films on four
inch Si wafers from Tebu-bio/Platypus Technologies were used. A 2 µL drop of EpoTek 353ND epoxy glue (Thorlabs) was put on a clean Si wafer measuring 5 mm × 7
mm. The Si wafer was placed with its glue face down on the gold film without
applying any additional pressure. The sandwich structure was put on a hot plate at 120
°C for 30 min to cure the epoxy glue. The small Si wafer/Epo-Tek/gold structure was
stripped from the large Si wafer by gently pushing the edge of a scalpel blade under
one corner of the small Si wafer.
The SAMs were formed by immersing the Au coated substrates into a 4-5 mM
solution of thiol terminated molecules for at least 24 h at room temperature. Thiol
solutions consisting of just one type of molecule were made by dissolving
HS(CH2)10CH3 (98%, Sigma Aldrich), HS(CH2)10COOH (99%, Sigma Aldrich),
HS(CH2)11OH (98%, Sigma Aldrich) or HS(CH2)10or11NH2 (>90%, Dojindo Molecular

Technologies) in 99.8% pure ethanol (HPLC grade, Sigma Aldrich). Solutions for
mixed SAMs were made by mixing two of the solutions. The composition for a mixed
SAM is reported using the mole fraction of the thiols in the solution. The thiol
terminated molecules order themselves on the gold surfaces into a dense, self
assembled monolayer with the sulfur atoms bound to the gold and the -CH 3 or COOH group pointing away from the surface 21. After removal from the solution, the
samples were rinsed with ethanol and dried in a flow of clean N2.
Materials for the silica wafer experiments
We used boron doped silicon wafers (Silicon Material Inc.) that had been chemically
polished to a final surface roughness <2 Å. The initial diameter of the wafers was 150
mm, thickness was 675 ± 15 μm and the surface (100 nm) had been wet oxidized so
they were SiO2. The wafers were cut into 10×10 mm squares by the manufacturer. The
silica wafers were treated in a UV-ozone cleaner for 30 min, rinsed with ultrapure
deionised water (MilliQ; MQ) and blown dry with a pure N2 gas stream. Cleaned silica
wafers were used for contact angle measurements straight after the cleaning procedure
or after being placed in n-dodecane for 20 hours. The n-dodecane on the silica wafer
was blown dry with a N2 stream and the contact angle was measured directly after that.

Measurement of water contact angles on solid substrates
Self assembled monolayers
The SAM coated substrates were carefully put at the bottom of a quartz cuvette filled
with n-dodecane (>99%, Sigma Aldrich). A 1-5 μL droplet of 100 mM NaCl at pH
5.5 was carefully placed on the SAM surface using a Hamilton syringe. An image of
the droplet was taken immediately using a USB microscope. Typically a second
droplet was placed without touching the first droplet. The USB microscope was used
to capture an image of the second droplet immediately after placement. The contact
angle of the saline water droplet was determined using the contact angle plugin for
ImageJ by Marco Brugnara 22. A photo from such a measurement is shown in Figure
6.
Silica wafers
Contact angle images were taken using DNT DigiMicro Profi USB camera and
captured using the MicroCapturePro software. The water droplet was put on the silica
surface in n-dodecane using a 10 µL pipette. The volume of the water droplets was
equal to 1 µL and duplicate measurements were made on the right and left sides of the
droplet. Contact angles were determined using the ImageJ software.

Results and Discussion
The predicted and measured contact angles for water in n-dodecane on a range of
SAMs are shown in Figure 7 and Table 1. Our predictions for the contact angle fit the
experimental results reasonably well (generally within ~30°) for surfaces with quite
different composition, ranging from an oil-wet surface consisting of -CH3 end groups
to an almost completely water wet surface with -OH end groups. In particular, the

qualitative behavior is very well described and the trends are clearly reproduced,
including the observed difference between aliphatic and aromatic SAMs. The mean
absolute deviation was 26 °, If we removed the –NH2 SAM from the comparison, the
mean absolute deviation was only 15 °. This corresponds to an error in solid-liquid
IFT of ~2 mN/m for contact angles near 0 or 180 ° and ~12 mN/m for contact angles
around 90 °. This deviation between calculations and experimental results is generally
larger than what we found for our liquid-liquid IFT method 10, where it was ~3 mN/m.
There could be several reasons for this. First, our solid-liquid interface method
depends on two additional approximations: the use of maxdepth to model the surface
as a solid and the use of partial COSMO surfaces to model the surface composition of
the SAMs. The choice of maxdepth influenced the contact angles by about 10 degrees
(Table S1). Part of the deviation between experiments and predictions could also arise
from our assumptions about the surface composition for the two systems with the
largest deviations, namely for -COOH and -NH2, which we will now discuss in more
detail.
For -COOH, no deprotonation of the surface was considered for constructing Figure
7. The pH of the solutions we worked with was 5.5, meaning that at least part of a
carboxylic acid surface would be deprotonated, which would explain the
overestimation of the contact angle made by the method. A charged surface would
result in a more water wet surface. We investigated the effect of allowing some
surface -COOH groups to deprotonate into -COO-. We used acetate as the model for
the deprotonated surface to obtain the IFT and assumed a specific ratio for
deprotonated surface acid groups, with Equation 7. The results are shown in Figure 8
for 0%, 22% and 100% deprotonated surface groups. Indeed the water wetness of the
surface increased when the surface was charged, with 22% deprotonation agreeing
well with the experiments. The reason for the increased water wetness is that the IFT
between the charged surface and water becomes much more negative than for the
corresponding neutral composition (Table 2). The pH was 5.5 in our measurements
and the pKa for–COOH at the SAM-water surface was predicted to be 4.7 23 for a
small degree of deprotonation. Based on normal aqueous equilibria, the degree of
deprotonation would thus be >50% but when confined at an interface, the chargecharge interactions at the surface must be taken into account. We have implemented a
model for estimating the degree of deprotonation at a surface using the mean field
model in Eq. 8, requiring only the pKa of the surface group and the ionic strength of
the solution. For a solution of pH = 5.5, ionic strength = 0.1 M and pKa = 4.7, the
model predicts the degree of deprotonation to be 22%, which fits very well with
experiments (Figure 8). Qualitatively, the charge-charge repulsion between
deprotonated acid groups would disfavor deprotonation, so we would expect the
degree of deprotonation to be lower than estimated from aqueous equilibria, which is
consistent with our estimate of 22% based on the theoretical model. For surfaces with
functional groups that can deprotonate, computational methods that can predict the
degree of deprotonation would allow for a more accurate prediction of the solid-liquid
IFT.
In contrast with behaviour of the -COOH surface, the -NH2 surface is less water wet
in experiments than our predictions. This could be a result of the high reactivity of NH2 SAMs 24, which in XPS, yields a peak for water even in ultrahigh vacuum. Thus
the -NH2 surface is quite prone to adsorption of contaminants, which would generally
make the surface more oil wet. Such adsorption was not taken into account in our

predictions and neither was any protonation. If the concentration and nature of the
surface active compounds were known, they could in principle be taken into account
in the calculations. However, our focus in this work was to develop the predictive
methods.
We also predicted the solid-liquid IFT for another set of experimental interfacial
energies, derived from contact angles 25. The experiments used a PDMS surface and
tested the wetting behaviour of a range of organic molecules and water. The
comparison between our predictions and the experimental data is presented in Figure
9 and Table 3. The correlation was quite good for all liquids, with a very low mean
absolute deviation of 4 mN/m between our predictions and the experiments.
A comparison between predicted and experimental contact angles for water in ndodecane on silica is shown in Table 4. For a completely neutral surface, the results
from the experiments suggest a more water wet surface than our predictions. The
experimental pH was ~5.5. This is higher than the point of zero charge for silica,
which lies around pH = 2-3 26. Therefore, some of the surface -SiOH groups would be
deprotonated, giving rise to negative surface charge, as for the -COOH SAM. By
including more negatively charged groups, modelled by the deprotonated monomer,
our predictions for 10% deprotonated groups agree with experimental contact angle in
Table 4. The degree of deprotonation is less than for the acid SAM, which
qualitatively agrees with a higher pKa for the -SiOH monomer than for the -COOH
group. The pKa for the silica monomer was 8.1 from our calculations but the surface
model is rather crude. In general, IFT predictions for inorganic surfaces should be
considered qualitative until more sophisticated surface models have been explored.
The silica surface that was exposed to n-dodecane was more oil-wet than the freshly
ozone cleaned surface, which is likely caused by surface active contaminants in the ndodecane 27. The contaminants accumulate at any interface between hydrophobic and
hydrophilic surfaces, such as between n-dodecane and silica.
The comparison between experimental data and our predicted solid-liquid interfacial
energy is very good for many, quite different systems, with one important caveat: A
reasonable model of the solid surface is required and this is not always
straightforward. Sometimes, the surface composition and structure are not known well
enough, as for the silica surface and the -NH2 SAM. Finally, for surfaces, where
functional groups exist, that can protonate or deprotonate, the charge state should be
estimated as accurately as possible and taken into account in the calculations.
It is possible in some systems to get the values of the solid-liquid IFT from experiments, and
when possible that is absolutely a good idea. The point with our computational method is that
it’s complimentary and can provide additional information. For example, when for most
systems the experiments and calculations agree, large deviations can be a hint that the model
system is not equal to the experimental system. Then, the model itself needs to be updated to
provide better understanding of the real system, like the amine based SAMs, which have been
shown in other experiments to be impossible to keep as pristine -NH2 surfaces (like the
model). Even in vacuum, surface contaminations are observed. And second, the speed of the
method could allow for computational screening of material properties, much faster than
experiments could do.

Conclusions

We have developed a method for predicting the solvation contribution to solid-liquid
interfacial tension, based on density functional theory and the COSMO-RS implicit
solvent model. The method is particularly useful to predict the wetting behavior of
two liquids in contact with a solid surface, where other contributions in addition to
solvation cancel. We benchmarked our method against experimentally measured
contact angles and interfacial energies and found that the method reproduced the
influence of surface composition on wetting, for flat surfaces. The trends were
captured by our method for hydrophobic to hydrophilic surfaces, including both
organic surfaces and a silica surface. For two negatively charged surfaces, a -COOH
self assembled monolayer and a silica surface, the predicted contact angles for water
in oil were higher than from experiments, i.e. the surface was more water wet than the
predictions, because deprotonation and surface charge were initially not taken into
account. By including deprotonation of the surface, our contact angle predictions
agreed with the experimental data. Because solid-liquid IFT is very difficult to
measure, the availability of a predictive method is quite important. Our method could
find application in designing surfaces with desired wetting properties and could help
explain the influence of surface composition and structure on heterogeneous
nucleation of minerals on organic substrates, such as in a biomineralization model
system. The method could also be combined with other calculations for the vacuum
surface energy, to obtain the total IFT, which would be required to model growth
morphology where the IFT of several solid surfaces becomes relevant.
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Table 1. Experimental and predicted water-in-oil contact angles on a range of self
assembled monolayers (SAM). The average standard deviation for the measurements
was 6 °.
Composition of the SAM

Experimental
contact angle [◦]
164

Calculated
contact angle [◦]
180

22 % -COOH, 78 % -CH3
44 % -COOH, 56 % -CH3
72 % -COOH, 28 % -CH3
100 % -COOH

130
100
68
33

136
114
90
66

6
14
22
33

22 % -OH, 78 % -CH3

139

129

-10

100 % -CH3

Calculation experiment [◦]
16

48 % -OH, 52 % -CH3
72 % -OH, 28 % -CH3
100 % -OH

95
51
28

98
72
34

3
21
6

22 % -NH2, 78 % -CH3
48 % -NH2, 52 % -CH3
72 % -NH2, 28 % -CH3
100 % -NH2

155
140
90
75

120
82
44
0

-35
-58
-46
-75

100 % -C6H5

123

143

20

Mean absolute deviation
Maximum deviation

26
75

Table 2. Solid-liquid IFT predictions for our methods used to calculate the contact
angles for the SAMs and the silica surface.
Surface model (Figures 3 and 4)

Predicted water/surface
IFT [mN/m]
59
48
-53
-0
-5
-22
-26
-3
-6

-CH3
-C6H5
-NH2
-COOH (conformer 1)
-COOH (conformer 2)
-OH (conformer 1)
-OH (conformer 2)
Si(OH)4
Si-tetramer
HCOOSi(OH)3O-

-145
-356

Predicted n-dodecane
/surface IFT [mN/m]
5
7
20
17
18
17
20
30
24
2
-9

Table 3. Experimental and predicted IFT of various liquids on a PDMS surface. All
values are in mN/m.
Liquid

nitromethane
DMSO
ethylene glycol
20 % ethanol in water
Water
Mean absolute deviation

Experimental
IFT
PDMS-liquid
8.5
10.2
17.9
26.0
40.5

Predicted Predicted –
Exp. IFT
IFT

13
11
15
31
37

5
1
-3
5
-4
4

Table 4. Experimental and predicted contact angle of water in n-dodecane on silica.

System
DFT/COSMO-RS for silica monomer
DFT/COSMO-RS for silica tetramer
DFT/COSMO-RS for silica monomer, 3 % deprotonated
DFT/COSMO-RS for silica monomer, 6 % deprotonated
DFT/COSMO-RS for silica monomer, >6 % deprotonated
Experiment on silica wafer, measured directly after ozone cleaning
Experiment on silica wafer, measured after 20 hours in dodecane

Contact angle [◦]
51
54
36
6
0
29
40

Figure 1. Schematic depiction of how the free energy contributions in the solid-liquid
IFT method presented in this paper compare with the original liquid-liquid IFT
method 10. The Surface phase S is a fictious phase which can have a different
composition than either of the liquid phases, depending on if surface active molecules
are present or not. The white arrows represent the free energy contributions calculated
using COSMO-RS for transferring a molecule from one phase (Liquid or Surface –
start of arrow) to an interface between two phases (end of arrow).

Max depth

Figure 2. Schematic diagram showing the constraint in the flatsurf calculations for
interactions of molecules from the surface phase (blue) with the solid (red-brown).
The molecule is only allowed to penetrate to a certain depth into the solid, to make
sure that only part of the molecule in the surface phase can interact with the solid.

Figure 3. COSMO surfaces used to model the surface composition of the self
assembled monolayers.

Figure 4. The model molecule used for polydimethylsilane PDMS (top) with the
COSMO surface used for the molecule (bottom). The end groups were not used, in
order to better model a polymer chain.

Figure 5. COSMO surfaces (top) and molecule geometries (bottom) used to model the
silica surfaces. Left: Silica monomer, Si(OH)4. Middle: Singly deprotonated silica
monomer, Si(OH)3O-. Right: Silica tetramer, Si4(OH)13.

oil
water
Figure 6. Camera view of a water droplet in dodecane used for the contact angle
measurements.

Figure 7. Comparison of experimental and predicted contact angles for a range of self
assembled monolayers with mixed composition of -CH3 and the functional group
indicated in each graph.

Figure 8. Comparison of experimental and predicted contact angle as a function of the
degree of deprotonation in the -COOH SAM. 22% was the predicted degree of
deprotonation from our mean field model at ionic strength of 0.1 M.

Figure 9. Comparison of the predicted and experimental solid-liquid interfacial free
energies for PDMS and a range of liquids 25.
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