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To explore the wetting behavior of alkanes on bulk water interfaces, molecular dynamics (MD) simu-

lations were carried out for united-atom PYS alkane models, and for SPC/E and TIP4P /2005 water
models over a wide temperature range. The MD results at each temperature were used to find (1)
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the surface tension of the alkanes (octane, nonane) and water, and (2) the interfacial tensions of the
alkane-water systems. These quantities were then used to calculate the spreading coefficient () and
contact angle (6,) for each alkane on water. At higher temperatures, the contact angle of octane and
nonane on water is found to behave in accord with conventional expectations, i.e., it decreases with
increasing temperature for both water models, as each system approaches the usual high-temperature
transition to perfect wetting. At lower temperatures, we found an unusual temperature dependence
of S and 6, for each PYS alkane on SPC/E water. In contrast to conventional expectations, 6,
decreases with a decrease in the temperature. For octane-SPC/E water, this unusual behavior of 6,
occurs due to the presence of second inflection points (SIP) in the vapor-water and the octane-water
interfacial tensions, whereas the SIP effect is much less important for the nonane-water system. The
unusual temperature dependence of 6. observed for nonane on SPC/E water is also found for nonane
on TIP4P /2005 water. On the other hand, such unusual wetting behavior has not been observed in
the PYS octane-TIP4P /2005 water system, except possibly for the two lowest temperatures studied.

1 Introduction fined as the following difference of the interfacial tensions:

Aqueous organic systems play an important role in many envi-
ronmental and industrial processes, such as the formation and
growth of atmospheric aerosols, crude oil recovery from an oil-
field, on-site cleaning of natural gas, and clean-up of oil spills.
One of the common features underlying these processes is how
well the water surface is wetted by the organic compound. When
an oil droplet is present on the water surface in the presence of
vapor, the wetting behavior is determined by the surface free en-

SZYW_(Ya+Yaw)7 €Y)

where ¥, (1) denote the surface tension of water (alkane) and
Yaw represents the alkane-water interfacial tension. The corre-
sponding contact angle 6, is defined by the rigorous thermody-
namic formula®

cos 6, = (szv - '}’3 - ng)/(z')/a'yaw)' 2

ergies, or equivalently the interfacial tensions. Usually, the sum of
the interfacial tensions for the vapor-oil and oil-water interfaces
exceeds that of the vapor-water interface, leading to the partial
wetting of water by the oil droplet with a finite contact angle and
a negative spreading coefficient. The spreading coefficient? is de-
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Oil completely wets water when the vapor-water surface tension
exactly balances the sum of the tensions of the remaining inter-
faces. In this case, we find S = 0 and 6, = 0 at the critical wetting
transition temperature, 7,,. The transition from partial to perfect
wetting actually proceeds through several intermediate stages, 2%
but here we are concerned only with the final transition to com-
plete (or perfect) wetting. In principle, it is straightforward to
determine the wetting state of water by another liquid using mea-
sured or computed values of the tensions to calculate S or 6., but
there is a subtle complication, first noted by Gibbs,®in the proper
use of Eq. 1| and Eq. Although vapor-liquid surface tension
values for pure alkanes (oil) and water are commonly available
in the literature, what is actually required for wetting studies is
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the surface tension of each liquid fully saturated with the other
liquid.' These values are rarely available, although there have
been a few relevant studies of the adsorption of smaller alkanes
on water and its effect on the surface tension. 210

Moreover, experimental data on oil-water interfacial tensions
and their temperature dependence are also quite limited. Goebel
and Lunkenheimer, L' and Mitrinovié et al. 12 reported the inter-
facial tension of several alkane-water systems at a single temper-
ature, as did Donahue et al.,13 and Rehfeld.1* Matsubara et al.?
studied the temperature dependence of the pentane-water inter-
facial tension. Aveyard and Haydon,® Mori et al., 1€ and Zeppieri
et al 17 also studied the temperature dependent interfacial ten-
sion of several alkane-water systems, but it is difficult to obtain
a high level of agreement among these studies. For example, the
interfacial tension values in the latter six studies are consistently
lower than those reported in Refs. [[11)12] for the identical sys-
tem and temperature, perhaps due to low levels of surface-active
contaminants. Thus, the study of alkane-water wetting using ex-
perimental interfacial tension values is impractical due to the lack
of appropriate or reliable interfacial tension data for a wide tem-
perature range as just discussed. For a detailed example, see the
EST'.

If one considers a computational approach to implement Egs.
(1) and (2), similar difficulties are encountered. While compu-
tational studies of surface tension are numerous, they also are
largely limited to pure liquids with a few exceptions.1812 Many
studies of water surface tension have been published using a va-
riety of different models.2%2l' The temperature dependent sur-
face tension for decane and the shorter alkanes has also been
studied computationally, but to a lesser extent than water.22722
Similarly, relatively few molecular dynamics (MD) studies have
considered the interfacial tensions of oil-water systems using var-
ious alkane/water models, 2242 but many of these studies are at
a single temperature or over a restricted range of temperature.
It is also difficult to find models whose results are generally in
close agreement with experiment. Moreover, even when nomi-
nally identical models are used, the published outcomes of such
studies may differ because they depend upon key details of the
simulations, such as system size, force field parameters, the cut-
off range of the potentials, the simulation timestep and run time,
and whether or not the results include the long range potential
tail correction to the interfacial tension. In view of these factors,
it is not feasible to conduct a study of wetting behavior from ex-
isting simulation results.

Experimental studies of temperature dependent wetting of
alkanes on water are also scarce. A few studies have focussed
on alkane behavior on wateri®4346l and on aqueous ionic so-
lutions. 4748 All of these studies are consistent with a transition
from partial wetting to perfect wetting at a higher temperature
(T,,). Takii and Mori,*® and Akatsuka et al.4© showed that the
spreading coefficients (S) of octane and shorter alkanes on water
increase, i.e. become less negative, with increasing temperature.
The negative S values below T,, correspond to the partial wetting
of water by alkane. Rafai et al. 8 experimentally studied the tem-
perature dependence of the contact angle 6, formed by hexane on
brine, and found that 6, decreases with increasing temperature

2| Journal Name, [year], [vol.], 1

as T, is approached. A similar temperature dependent behavior
of 8. was found theoretically for alkanes on water®">3 and on
brine.2%1 On the other hand, Hrahsheh and Wilemski>% found
a highly unusual increase of 6. with an increase in temperature
in their MD simulations of nonane-water nanodroplets below 300
K. Such a positive correlation between the contact angle and the
temperature is known to occur only for a pair of partially miscible
liquids having a lower consolute temperature.22% At and below
the consolute temperature, the two liquids are miscible. Some-
what above the consolute temperature, the system undergoes a
transition to perfect wetting.

Octane and nonane have very limited miscibility with water
and no lower consolute temperature, so an increase of the con-
tact angle with temperature is not expected. Consequently, we
undertook the present study with two goals: (1) to ascertain
whether or not the unusual behavior of the contact angle found in
the nonane-water nanodroplets simulations would also be found
in bulk systems and (2) to understand better how this unusual
behavior depends on the molecular models used and, perhaps,
on other details of the simulations. In particular, we seek to ex-
plore how the wetting of water is influenced by the "second in-
flection point" (SIP) in the water surface tension curve®” and in
the alkane-water interfacial tension curves computed here.

In this work, we use MD simulations to study the temperature
dependent wetting behavior of octane and nonane on water. We
determine the alkane-vapor, water-vapor, and alkane-water inter-
facial tensions at planar interfaces. The computed interfacial ten-
sion values are then used to calculate the spreading coefficients
and contact angles formed by the alkanes on water. Due to sys-
tem size and simulation time limitations, our simulated interfacial
tensions have the same deficiency as the experimental tensions in
that they are for pure liquids not equilibrated with the other lig-
uid. As a result, our simulated values of S and 6, are probably
more representative of initial values, rather than full equilibrium
values.! Finally, we also explore the effect of the potential cutoff
radius on the interfacial tensions, and examine the significance
for wetting behavior of long-range tail corrections to the interfa-
cial tensions. We are unaware of any other study of temperature
dependent wetting in alkane-water systems using MD techniques.

2 Simulation Details

To determine the temperature dependent interfacial tensions, the
simulation systems were typically constructed as follows: (i)
an alkane slab containing 620 octane molecules or 550 nonane
molecules was placed at the middle of a rectangular box of cross-
section of 5.5 x 5.5 nm? such that liquid occupies one third the vol-
ume of the box, (ii) a slab of 990 water molecules was kept at the
middle of a rectangular box with volume 3.1 x 3.1 x 9.0 nm?, and
(iii) a slab of 990 water molecules was sandwiched between a pair
of identical alkane slabs, each containing 105 octane molecules
or 100 nonane molecules. The cross-sectional area of the liquid-
liquid simulation boxes was 3.1 x 3.1 nm?, and the length of the
box varied with temperature. All the dimensions were chosen to
satisfy the minimum image criterion.

As in the previous work2# on nonane-water nanodroplets, the
alkanes were treated with a united-atom PYS (Paul-Yoon-Smith)
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forcefield.2870L This model has been used to study crystallization
and nucleation in bulk liquid alkanes,>?%©l freezing of alkane
nanodroplets,©2 surface freezing of alkanes,® the orientations
of alkanes at free and water interfaces during crystallization*1
and wetting in aqueous-organic nanodroplets.># Two rigid wa-
ter models were studied: the popular SPC/E®4 model and the
TIP4P/2005°> model, which gives quite accurate surface tension
values over a very wide temperature range. In addition to a
Lennard-Jones interaction between each pair of water molecules,
charged sites in the water molecules interact with Coulomb po-
tentials. In the united-atom (UA) approximation for the alkanes,
each carbon atom represents a single effective interaction site (C),
and individual H-H interactions are ignored. The intermolecular
interactions and the intramolecular interactions separated by four
or more bonds were handled with a Lennard-Jones (LJ) potential

wr=se] () (2)]

where € and o are the LJ energy and size parameters, respec-
tively. For oxygen-oxygen (0O-O) interaction in water, € = 0.1553
kcal/mol (SPC/E) or 0.1852 kcal/mol (TIP4P/2005) and ¢ =
3.166 A (SPC/E) or 3.1589 A (TIP4P/2005). The PYS model
does not assign different interaction parameters for the methyl
and methylene groups. For methyl (CH3) or methylene (CH,) in-
teractions in PYS alkane, € = 0.112094 kcal/mol and ¢ = 4.01
A. In alkanes, the nearest neighbor UA-sites interact with bond
stretching (V) and bond angle vibrating (V,) potentials. Also
included are torsional interactions®® (V,) for all groups of three
consecutive sites. These potentials are given by the formulas

Vi = ky(1—1p)?,

V= ka(0 — 6)2,
(6—6) 4)

Vi Y ka1 — cos(ng)],
n=1

where [, 6 and ¢ are the bond length, bond angle and the tor-
sional angle, respectively. The equilibrium bond length /; is 1.53
A and the equilibrium angle 6 is 109.526°. The bond stretch-
ing constant k;, is 349.0 kcal/mol A2, angle bending constant &,
is 60 kcal/mol rad?, and the torsional constants are k; = 0.7995
kecal/mol, k; = -0.4338 kcal/mol and k3 = 1.6205 kcal/mol.

The O-C interactions are also described by the LJ potential
with the interaction parameters &,., 0, optimized to roughly
match the experimentally determined spreading coefficient (S)
of alkane on water near 300 K. Since the computer models of
pure water and alkanes do not reproduce experimental values of
the surface tensions perfectly, we felt it preferable to match the
S values rather than the liquid-liquid interfacial tensions with the
hope of balancing the inaccuracies of the three interfacial tensions
to achieve realistic predictions of wetting. If the usual Lorentz-
Berthelot (L-B) combining rules®”¢8 are used for &,., G, for the
alkane-SPC/E water interactions, we find the values g,. = 0.55
kJ/mol = 0.13194 kcal/mol, and o, = 0.36 nm. As seen in Ta-
ble (1} the S values obtained using these values in our simulations
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Table 1 Comparision of spreading coefficient for alkane on water for dif-
ferent &, (0, = 0.36 nm)

Model &y (kJ/mol) T (K) S (mN/m)
octane-water

Expt. 295 -1.5ab¢
Expt. 298 -1.02bd
PYS-SPC/E 0.55 300 121
PYS-SPC/E 0.65 300 -1.2
PYS-TIP4P/2005 0.66 300 -1.9
nonane-water

Expt. 295 2. 78bc
EXpt. 298 2.9 bd
PYS-SPC/E 0.55 300 -14.9
PYS-SPC/E 0.65 300 -3.6
PYS-SPC/E 0.66 300 2.7
PYS-TIP4P/2005 0.66 300 4.7

2y, from Ref. [69], ® ¥, from Ref. [70l, © ¥, from Ref. [I1]l, ¢ 7, from Ref. [12]

deviated greatly from the values determined using experimental
interfacial tensions 126970/ near 300 K. These large discrepan-
cies were reduced by suitably parameterizing €,., keeping o,. =
0.36 nm. Unless otherwise stated, for alkane-water interactions
our simulations used &, = 0.65 kJ/mol (0.1554 kcal/mol) and
0.66 kJ/mol (0.1578 kcal/mol) for the SPC/E and TIP4P/2005
models, respectively. With these €,. and o, parameters, the cal-
culated S values near 300 K were found to be in much better
agreement with values using experimental surface tensions than
those based on the L-B combining rules.

All initial configurations were built using PACKMOLZY and
moltemplateZ2 software. Simulations over a wide range of tem-
peratures were performed with the LAMMPSZ3 molecular dynam-
ics simulation package. All the simulations were carried out in
a canonical (NVT) ensemble for pure liquids and in a constant-
NPyAT ensemble”® for the two-liquid systems, where Py and A
represent the normal pressure and the cross-sectional area, re-
spectively. The value of Py in the constant-NPyAT simulations
was chosen to be 1 atm for 7 < 400 K, and was increased for
T > 400 K to exceed the water vapor pressure in order to prevent
the vaporization of the liquids at the higher temperatures. Peri-
odic boundary conditions were applied in all directions. The time
step was set at 2 fs as explained in the ESIT. The equations of
motion were solved using the velocity Verlet integrator.> After
at least 2 ns of equilibration, the interfacial tensions were deter-
mined from 3-8, 20-40 ns long runs. To control the temperature,
the Nosé-HooverZ077 thermostat was used with a coupling time
constant of 0.2 ps. The pressure was controlled using a Parrinello-
Rahman® barostat with a coupling time of 2.0 ps. The SHAKE
algorithm'”? was used to keep the water molecule rigid. The
electrostatic interactions were handled using a particle-particle
particle-mesh (pppm) solver.&C

At each temperature, the time-averaged density profiles were
fitted to a hyperbolic tangent function®

1 1 -
p(z)=5(pa +pB)—§(pA—pB)tanh(Z dzo)., 5)
where p, and pp represent the density in the liquid phase and in
the vapor phase, far from the interface, respectively for a vapor-

liquid interface. For a liquid-liquid interface, p(z) represents the
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density profile of liquid A, with p, and pp being its densities in the
liquid A rich region and in the liquid B rich region, respectively.
In Eq. 5, zo represents the position of a Gibbs dividing surface,
at which the density becomes half of the bulk value, and d is
the interfacial thickness parameter which is related to the “10-
90" thickness ¢ as d = 1/2.1972.22 The interfacial tensions were
determined by integrating the difference of the normal (Py(z))
and tangential (Pr(z)) pressure components along the direction
normal to the interfaces as

y= % /_ Zdz[PN(z)fPT(z)]. )

Here, the factor of 1/2 accounts for the presence of two such in-
terfaces in our simulation cell. For our geometry, Py(z) = P(z)
and Pr(z) = (Pu(2) + Py(2)) /2.

The LJ interactions were truncated at » = r., and a long-range
tail correction % was added to the surface tension values as ex-
plained in the ESI'. The r. values were chosen to be 1.5 nm
for vapor-water and alkane-water simulations, and 1.75 nm for
vapor-alkane simulations. The value of y was calculated us-
ing the formula given by Chapela et al® and later modified
by Blokhius et al.’®2 Following Li et al.®3 and Lundberg and Ed-
holm,®4 the tail correction can be compactly expressed as

1= 37(App/re) g (re/d), 7

where g; is a dimensionless integral that depends on r./d,

I 1
g(re/d) :/0 ds/o dxx(3s® —s) coth(s(r./d) /x), (8)

and where the dispersion density difference App depends on the
type of interface. For a vapor-liquid interface of molecules with
only a single type of interaction site, it is given by

(App)* = 4e0°(pa — p5)°, ©
and for a liquid-liquid interface it can be written generally as
(App)* = 4(e1071P} +£205p3 —2€1207,p1p2), (10)

where g;, 0; are the LJ parameters for site type i and p; is its bulk
density obtained from the simulated density profiles. The latter
expression differs from those found in Refs. [I83] and [|84] be-
cause we explicitly avoid using the geometric mean approxima-
tion (GMA) for &; and o;;. It is generally valid irrespective of the
combining rules used for &; and o;;, but it reduces to those re-
sults when the GMA is applied. Finally, the contact angles formed
by alkane on water were calculated using Eq.

3 Results

In this work, we report the temperature dependence of the in-
terfacial tensions, and the temperature dependent wetting be-
havior of PYS alkanes (n-octane and n-nonane) on SPC/E and
TIP4P/2005 water models.

4| Journal Name, [year], [vol.], 1

3.1 TEMPERATURE DEPENDENCE OF THE INTERFACIAL
TENSIONS

We studied the effect of temperature on the surface tension of
water, alkane (octane, nonane), and on the alkane-water inter-
facial tension. To evaluate the long range tail correction ¥, the
interfacial thickness parameter d must be determined from the
simulated density profiles. In Fig. [1} density profiles for SPC/E
water and octane are plotted for 210 K, 350 K, and 400 K temper-
atures. Dashed lines and solid lines represent the fitted density
profiles of water and octane, respectively, calculated using Eq.
For better statistics, the left half of the simulation box is mirrored
and averaged with the right half during the calculation of the den-
sity profiles. It is noteworthy that at low temperatures, < 250 K
but shown here only for 210 K, both the water and octane den-
sity profiles contain an apophysis, a high density, compact surface
layer found in several recent studies for water,>"8Z and for PYS
octane®® and nonane.*I Similar density profiles for the octane-
SPC/E water system at temperatures 210 K and 400 K are shown
in Fig.[2l Here, as well, there are apophyses in the water and oc-
tane density profiles at 210 K. The apophysis in the alkane profiles
appears to be related to molecular ordering at the interface.4!
Similar results for nonane-water are shown in the ESIT.

The surface tension of water has been extensively studied both
experimentally and computationally. Hacker’s experimental data

40 :
+ 210K
e SPC/E water = 350K
£ 32 * 400K/
£
>24t
‘©
o
o 16 vapor
2
S gt
=
0 .
0 3 35 4
5 .
+ 210K
R PYS octane - 350K
cak o * 400K|
£
23F
@
c
(]
St
©
c
©
o1y
o
0 .
0 1 2 3 4 5 6

Z (nm)

Fig. 1 Number density profiles of SPC/E water (upper) and PYS oc-
tane (lower) plotted for different temperatures. Points are the densities
calculated using bin size of 0.1 nm. Dotted and solid lines represent the
profiles fitted using Eq.
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Fig. 2 Number density profiles of SPC/E water and PYS octane in
the octane-water system at 210 K (diamonds) and at 400 K (circles)
temperatures. Points are the densities calculated using bin size of 0.1
nm. The fitted profiles for water and octane are represented by the dotted
and solid lines, respectively.

from 1951 show an anomaly in the surface tension of water at
lower temperatures,®® namely, the presence of a second inflec-
tion point (SIP) on the surface tension curve (in addition to the
normal high temperature inflection point). In the supercooled re-
gion, where metastable liquid exists below the melting tempera-
ture (7,,), the surface tension was found to increase more rapidly
with decreasing temperature due to the SIP. Based upon these
data, Holten, Labetski, and van Dongen in 2005 had suggested a
fit with a SIP at 267.5 K.%2 Subsequent experiments performed
by Hruby et al.?Y and Vin$ et al. 2122/ showed no SIP in the wa-
ter surface tension data measured down to 250 K. This situation
has been dramatically altered by the very recent measurements
of Ving et al.®”Z at even lower temperatures down to 241.8 K that
provide support for the presence of the SIP in the water surface
tension curve at temperatures below 253.2 K.

A number of different water models have been used to study
the properties of water computationally. MD simulations of the
surface tension for several of these models have been compared
in Ref. [20J21]]. A few simulations, performed at sufficiently low
temperatures, have shown the presence of the SIP in the SPC/E
and TIP4P/2005 water models.®Z93 The cause of the SIP in these
models is not yet fully understood, but because the surface ten-
sion is sensitive to the local fluid density in the interfacial zone,
Wang et al. 87 have suggested that the density apophysis predicted
by these models may be a significant contributing factor.

Our simulation results for the surface tension of the SPC/E
and TIP4P/2005 water models are in close agreement with the
previous studies of these models20/21I8794°97) 55 seen in Fig.
Given the possibility of two inflection points on the surface ten-
sion curve, the computed surface tension values for the entire
temperature range were fit to quartic equations to estimate the
inflection temperatures. Based on these fits, the low temperature
inflection points were determined to be at about 275 K (SPC/E)
and 292 K (TIP4P/2005). Wang et al.®” found the SIP of both
SPC/E water and TIP4P/2005 water to lie in the temperature
range of 240-250 K. This temperature region lies well above
the melting temperature for SPC/E water (7, = 213 K) and only

Physical Chemistry Chemical Physics

_80r O Vins etal. (57)
E ——|APWS (69)
= 70 % ® Sakamaki etal. (21) |
=z B Sega & Dellago (95)
E60 ¢ This work
g (a) SPC/E water
g 50 14, ]
(0] L
40—; 4014
(&) ~
8 304 o e :
= This work
c/j) 20 -65 O Wang et al. (87) Q.
1ol.200. 225 , 250 , 275 ) ) )
200 250 300 350 400 450 500 550
T (K)
_80f O Vins etal. (57)
E —|APWS (69)
= 70 @® Sakamaki et al. (21) 4
=z B Sega & Dellago (95)
§’60 ¢ This work
g (b) TIP4P/2005
g 50 [ g5 water
(0]
— 407F
8 79 \{D\(}_%
8301 e
5 ¢ This work 'q,
N 20 '71 O Wang et al. (87) K
L2 28 20 275 ) ) .
200 250 300 350 400 450 500 550

T (K)

Fig. 3 Surface tension of (a) SPC/E water and (b) TIP4P/2005 wa-
ter plotted as a function of temperature. Our results (diamonds) are
compared with three previous studies.2H8795 The open circles and the
solid lines represent experimental results.2209 |n the inset, the dashed
line represents the fitted surface tension obtained using Eq. and the
dotted line adds Eq. to Eq. The black error bars in the inset
figures are the standard error of the mean.28l They are shown only when
they exceed the marker size. For a complete list of the standard errors,
see Table S1-S4 in the ESI.

slightly below the melting temperature for TIP4P/2005 water (7,,
= 249 K).2U Gjven that T;, of SPC/E and TIP4P/2005 water differ
greatly from the 7,, of real water (273.15 K), we note that the
SIP occurs in the stable liquid region for SPC/E water and in the
slightly supercooled region for TIP4P/2005 water unlike in real
water where it is found in the deeply supercooled region at about
20 K below the melting point.=Z

The surface tension values for temperatures above the SIP

temperature (7;) are correlated using the IAPWS functional
form, 21169187189 Eq.

in-o(- D) o(- D) an

where a, b, and T, (critical temperature) are the fitting param-
eters. Here, we assume Ty = 275 K for both SPC/E water and
TIP4P/2005 water. To accomodate the deviation of the simulated
y(T) values from the low temperature extrapolation of the high
temperature fit (Eq. , we add a function y*(T') where, follow-
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Fig. 4 Surface tension of (a) octane and (b) nonane plotted as a function
of temperature. Our results (squares) are compared with NIST surface
tension values (solid lines).””® The dashed line represents fitted surface
tension values using Eq. Our PYS octane surface tension values agree
well with a previous study performed at lower temperatures (circles).03
All of the standard error of the mean are smaller than the marker size,
and are not shown here.

ing Holten et al.,8?
Y*(T) = | tanh((Ty — T,,)/T;) —tanh((T — T,)/T;) |, T < Ty, (12)

and ¢/, T, and T, are fitting parameters. In the insets of Fig. [3]
the surface tension values are shown for T < T;. The dashed lines
were obtained using Eq. and would represent the surface ten-
sion if the SIP were not present in the surface tension curves. The
dotted lines show the sum of Eq.[11] and Eq. The simulated
surface tension values at lower temperatures deviate increasingly
from the dashed line with decreasing temperature. This behav-
ior is consistent with the previously established SIP in the surface
tension of the SPC/ESZ23 and TIP4P/20058Z water models.

In Fig. |4} the surface tension of PYS octane and PYS nonane are
plotted versus temperature and are compared with the respective
NISTZY surface tension values. The PYS octane results slightly
overestimate the NIST surface tension values for T < 450 K, but
they underestimate the NIST values for the two highest tempera-
tures studied. On the other hand, the PYS nonane surface tension
is consistently slightly larger than the NIST values. The alkane
surface tension values were fit to the following equation®?

1.26 0.5
wn=a(1-7) " [i-s(1-1) we(1-7)) a»

with a, b, ¢, and T, as fitting parameters.

The alkane-water interfacial tensions are shown in Fig. |5} Di-
amonds and circles represent simulation results, and the asterisk
and star represent experimental alkane-water interfacial tensions
from Ref. [11]] and Ref. [12]], respectively. All computed interfa-
cial tensions at 300 K are lower than the experimental interfacial
tension values, although the TIP4P/2005 results are much closer
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Fig. 5 Octane-water (a) and nonane-water (b) interfacial tension for PYS
alkane with TIP4P /2005 water (diamonds) and SPC/E water (circles).
Our results are compared with experimental alkane-water interfacial ten-
sions (asterisk - Ref. [11], star - Ref. [12]). The dashed line represents
the fitted surface tension obtained using Eq. and the dotted line adds
Eq. to Eq. The black error bars are the standard error of the
mean.?8 They are shown only when they exceed the marker size. For a
complete list of the standard errors, see Table S1-54 in the ESI.

Table 2 Parameters for the fits to the surface tension values of water

and alkane-water interfacial tensions using Eq. [L1| (top table) and Eq.
(middle table), and of the alkanes using Eq. [13| (bottom table)

Model T. (K) a(mN/m) b
SPC/E water 626.6 195.5 0.5779
TIP4P/2005 water 642.3 217.7 0.6065
SPC/E + octane 616.7 158.8 0.8132
SPC/E + nonane 617.7 166.8 0.8602
TIP4P/2005 + octane 652.2 181.2 0.8075
TIP4P/2005 + nonane 645.2 188.7 0.8350
Model ¢'(mN/m) T, (K) T, (K)
SPC/E water 24.74 100.0 82.74
TIP4P/2005 water 30.00 191.5 20.00
SPC/E + octane 1.65 201.8 20.17
SPC/E + nonane 1.07 230.5 20.00
TIP4P/2005 + octane 10.00 200.6 22.10
TIP4P/2005 + nonane 10.00 158.3 83.24
Model T.(K)Y a(mN/m) b c
Octane 548.3 96.77 0.8968 0.4795
Nonane 587.1 98.08 0.9243 0.5174

to the experimental values than are the SPC/E results. For the
same water model, the nonane-water interfacial tension is usu-
ally slightly higher than the octane-water interfacial tension. The
rate of change of interfacial tension with temperature is similar in
alkane-SPC/E water and alkane-TIP4P/2005 water at higher tem-
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peratures, but at lower temperatures (T < 7;) the interfacial ten-
sion of alkane-TIP4P/2005 water changes more rapidly than that
of alkane-SPC/E water. Moreover, each of these interfacial ten-
sion curves displays a change of curvature similar to that resulting
from the SIP for the pure water models. Hence, the alkane-water
interfacial tension values are also fitted using Eq.[11|(dashed line
in Fig.[5) and y*(T) (from Eq.[12)). These two fits are also added
for T < Ty to accurately account for the deviation of the interfa-
cial tension values due to the presence of the SIP (dotted lines in
Fig.[5). This deviation is notable below ~250 K for alkane-SPC/E
water and ~275 K for alkane-TIP4P/2005 water. It is also inter-
esting to note that while the pure alkane surface tension curves
have overall positive curvature, the alkane-water interfacial ten-
sions have generally negative curvature as do the water surface
tension curves. From this behavior, we see that water has a much
stronger influence than the alkane on the interfacial tension of
the two liquids.

The fitting parameter values from Egs. are presented
in Table

3.2 TEMPERATURE DEPENDENT WETTING

Based on the simulation results in Section we have calculated
the spreading coefficient S for PYS octane and nonane on SPC/E
water and TIP4P/2005 water and the corresponding contact an-
gles 6, for each of these four systems. The spreading coefficients
(S) are shown in Fig.[f|and are compared to experimental results
in Fig.[7} The contact angles (6.) are shown in Fig.[§] In Fig.[f]and
Fig.[8} the filled circles and diamonds are the results obtained us-
ing the simulated interfacial tensions. The spreading coefficients,
and the contact angles are found to be quite sensitive to the sim-
ulated interfacial tension values. To reduce the scatter of the sim-
ulated values, 6, and S have also been calculated using fits to the
simulated interfacial tensions, and these are represented by the
dashed lines (%, Yaw - Eq. and ¥, - Eq. and the dotted
lines (Y, Yaw - Eqs.[11] + and v, - Eq.[I3). The dashed lines
neglect the SIP effect in the vapor-water and the alkane-water in-
terfacial tension curves, whereas, the dotted lines account for the
SIP effect (Eq.[12).

First, let us note that the positive S values seen in Fig. [f] are
consequences of our simulation methodology. According to Rowl-
inson and Widom,"' initial S values may be positive for pairs of
liquids that are not mutually equilibrated. In our simulations,
because the mutual solubilities of alkanes and water are so low,
this equilibrium condition is very difficult to satisfy given the rel-
atively small system sizes and simulation times that are practical.

When an alkane perfectly wets water, we have S =0 and 6, =0,
but for partial wetting we have S < 0 and 6, > 0. The behavior of
each property, S and 6,, is similar at higher temperatures for all
four systems studied, but at lower temperatures, they differ for
the octane-water and nonane-water systems if the effect of the
SIP is neglected. Beginning at the wetting transition temperature
T,,, where S = 0 or 6,=0,19 we would have perfect wetting at
all higher temperatures up to the alkane critical temperature. In
Table [3] T7;, of each simulated alkane-water system is presented
along with estimates of the experimental 7;,. The estimated T,
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Fig. 6 Spreading coefficient (S) of (a) octane on water, and (b) nonane
on water. The circles are for SPC/E water, and the diamonds are for
TIP4P /2005 water. The dashed lines are obtained from fits to the simu-
lated interfacial tension values that exclude the effect of the SIP, (Egs.
, and the dotted lines are obtained from fits that include the SIP ef-
fect, (Egs. . The asterisk and star represent values calculated
using experimental values of the interfacial tensions from Refs[11}[12] 69
and[70l The error bars are calculated by propagating the standard errors
of the mean for the surface tensions in the usual fashion as explained in
the ESI'.

values for octane and nonane were obtained by extrapolating
Weiss's1L calculated 7;, values for pentane, hexane and heptane
as shown in the ESIT. As the temperature is reduced below T,
partial wetting ensues and S grows increasingly more negative
while 6, increases. The S values continue to become more nega-
tive as Ty is approached.

In Fig.|7| the experimental results of Takii and Mori4> and Akat-
suka et al.4® for § values of octane on water are compared with
our simulation results. The simulated S values for octane-SPC/E
water match well with the experimental values for T < 360 K,
but they disagree markedly above 360 K. The S values for octane-
TIP4P/2005 water fail to capture the trend of the experimental
slopes, although they do provide better quantitative agreement
in the range 380 - 420 K. The S curve for TIP4P/2005 water
also agrees very well with the theoretical curve of Pham and Hi-
rasaki.1%? The good agreement among these different approaches
is likely to be coincidental in part and may be partly attributed to
how we evaluate ¢,..

Above 360 K, the experimental S values increase much more
slowly as S tends toward zero at 484 K (by linear extrapolation
of the high temperature points), a value somewhat higher than
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Fig. 7 Spreading coefficient S of octane-water, shown in Fig. |§|(a), com-
pared with experimental results4®4®l (markers) and with a theoretical
calculation192 (dash-dotted line). The circles are the values determined
by Akatsuka et al.,® and the plus signs (+) are the values determined
by Takii and Mori#2l as corrected by Akatsuka et al.4% for possible bias
errors. The asterisk and star represent values calculated using experi-
mental values of the interfacial tensions from Refs. [11] [12] |69 and [70l
The dashed and dotted lines are the same as those in Fig. 6 (a).

Table 3 Wetting transition temperatures, T, for PYS alkanes on wa-
ter from MD simulations, theoretical calculations and experimental esti-
mates.

Alkane Model / Theory / Experiment T,, (K)
Octane SPC/E water 370+4
Nonane SPC/E water 509+5
Octane TIP4P/2005 water 423+6
Nonane TIP4P/2005 water 54543
Octane Water-Experiment 484"
Octane Hamaker-Lifshitz theory 433°
Nonane Hamaker-Lifshitz theory 469°
Octane Water-Estimated 457"
Nonane Water-Estimated 500

T by linearly extrapolating the high T data shown in Fig. 7.

 Ref. [102].

* by extrapolating results from Ref. [I01]. See Fig. S9 in the ESI'.

the other estimated values in Table 3. A likely reason for the
high temperature discrepancies is our method of determining the
surface tension of the liquids. As mentioned earlier, unlike in
a real system, our simulations are for pure liquids that are not
mutually equilibrated, so our S values are likely to be initial, and
not equilibrium values.

The obvious reason for the discrepancy between the two sets of
simulation results is the difference in the quantity &,y = %y — Yuw
for the two water models. Considering that TIP4P/2005 water
gives better results for both %, and ,, than does SPC/E water
(c.f. Fig. 3 and Fig. [5), it surprised us to see that the SPC/E
model produced better results for S. In the ESIT, we compare the
values of d,, for each water model for both alkanes. What we see
is that &, is consistently slightly smaller for TIP4P/2005 so that
when 7, is subtracted from each §,,, value, we obtain the observed
trend in S values. It is worth noting that values of S are consis-
tently much smaller than the individual interfacial tension values,
and we are thus in the notoriously difficult situation of trying to
precisely determine a small number by taking the difference of
two large numbers, ¥, and (¥,,+7.). Nevertheless, despite the
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Fig. 8 The contact angle formed by octane on water (a) and nonane on
water (b). The diamonds are for TIP4P /2005 water, and the circles are
for SPC/E water. The dashed lines are obtained from fits to the simulated
interfacial tension values that exclude the effect of the SIP, (Egs. ,
and the dotted lines are obtained from fits that include the SIP effect,
(Egs. . The asterisk and star represent values calculated using
experimental values of the interfacial tensions from Refs. [11] [12} [69] and
70. The error bars are calculated by propagating the standard errors of
the mean for the surface tensions in the usual fashion as explained in the
ESI™.

poorer predicted slope of § versus T for TIP4P/2005, the S values
for this model generally differ by less than 0.6 mN/m from the
experimental values, and the simulated wetting transition tem-
perature is much more realistic than that for SPC/E water.

Below Ty, when the effect of the SIP is excluded in the inter-
facial tensions, S continues to decrease as T decreases except for
nonane-SPC/E water as seen by the low T portion of the dashed
line in Fig. |§| (b). However, the SPC/E and TIP4P/2005 water
models do exhibit the SIP in the surface tension curve, and this
is also reflected in the alkane-water interfacial tension curves.
When the SIP effect is taken into account, S deviates generally
towards less negative values with decreasing temperatures, al-
though for nonane-TIP4P/2005 water the increase of S is first
preceded by a further decrease. This increasing behavior of §
begins at T for alkane-SPC/E water, and below 7,,, of TIP4P/2005
water for alkane-TIP4P/2005 water.

In Figure |8} we see that the temperature dependence of 6, for
octane on water differs from that of nonane on water. Just be-
low T;,, the contact angle in all systems initially shows a normal
increasing trend with decreasing temperature. For octane-SPC/E

Page 8 of 12
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water, this normal trend continues down to 7;. Below Ty, the low
temperature extrapolation of the high temperature (7 > Tj) fit
to the interfacial tension predicts this normal trend (see dashed
line for T < Ty in Fig. 8(a)). In contrast, the contact angle cal-
culated using the simulated interfacial tension values (circles) as
well as the fits to the interfacial tension values for the full tem-
perature range (dotted line) shows a trend reversal: 6, begins to
decrease, as if the system were approaching a low temperature
transition to perfect wetting. For octane-TIP4P/2005 water, such
a reversal might also occur near 230 K, although given the rela-
tively large uncertainties for the two lowest temperature points
one could equally argue for no trend reversal.

For nonane-water, the reversal trend of contact angle occurs at
comparatively high temperatures (roughly 375 K for SPC/E water
and 450 K for TIP4P/2005 water). Unlike in the octane-water
system, the SIP has no significant effect on the contact angle in
the nonane-water systems. Although, the contact angle decreases
with decreasing temperature in the nonane-water system at lower
temperatures, the perfect wetting at lower temperature could not
be realized because surface freezing occured in the liquid-vapor
simulation of PYS nonane at 215 K.

The decreasing trend of contact angle with decreasing temper-
ature observed in Fig. (8] is highly unusual. To the best of our
knowledge, such behavior has not yet been reported for a bulk
system of two liquids with limited miscibility and no lower con-
solute temperature. On the other hand, this unusual low tem-
perature wetting behavior is consistent with behavior seen in the
previous study of wetting on nanodroplets.24

In the nonane-water systems, S and 6, are not correlated in the
partial wetting state although they are correlated in the octane-
water systems. In the octane-water systems, starting from the
lowest temperature, as T increases, the decreasing S values (see
dotted line in Fig. E] (a)) correspond to increasing 6, values (see
dotted line in Fig. 8] (a)). Above Ty, as S increases, 6, decreases
until the systems approach the perfect wetting state where both S
and 6. equal zero. However, such a correlation is not observed in
nonane-water systems for partial wetting states, except near the
wetting transition at higher temperatures. Instead S is seen to be
a double valued function of .. For example, for nonane-SPC/E
water, at 6, = 39.2°, two different S values are found: -3.8 mN/m
and -1.8 mN/m at temperatures 275 K and 448 K, respectively.

Next, we briefly examine the sensitivity of the results to the
value of the LJ cross interaction parameter &,.. As we see in Fig. @
because the liquid-liquid interfacial tension is quite sensitive to
this value, the contact angle shows a similar sensitivity. For PYS
nonane-SPC/E water, the interfacial tension and the contact angle
are found to be decreased by ~2% and ~13%, respectively, at
300 K by increasing &, from 0.65 kJ/mol to 0.66 kJ/mol, while
keeping o, constant. With g,.=0.66 kJ/mol, the contact angle
formed by nonane on the water is found to match nearly perfectly
with that calculated using experimental interfacial tension values.

We also see in Fig. [9] the importance of the tail correction ¥
on the wetting behavior. The contact angles formed by nonane
on SPC/E water are represented by open squares when the tail
correction ¥ is not included in the interfacial tension and by filled
squares when it is. For T < 250 K, when ¥ is excluded from
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bars are calculated by propagating the standard errors of the mean for
the surface tensions in the usual fashion as explained in the ESI'.

the interfacial tensions, the contact angle decreases rapidly, and
can be extrapolated to a wetting transition at a lower 7 (< 210
K). The tail-corrected values also decrease, but they extrapolate
to a wetting transition at an even lower 7. These hypothetical
transition temperatures are lower than the melting temperature
for either SPC/E water or nonane.

4  Conclusions

Using molecular dynamics simulations, we have studied the sur-
face tension of SPC/E and TIP4P/2005 water, PYS alkanes (oc-
tane, nonane), and the corresponding alkane-water interfacial
tensions to explore the temperature dependent wetting behavior
of these alkanes on water.

In the low temperature region (7 < 275 K), the surface tensions
of the SPC/E and TIP4P/2005 water models are found to increase
more rapidly with decreasing temperature, thereby showing the
presence of the SIP, as found by others,8723 in the surface ten-
sion curves. We also simulated the temperature dependent be-
havior of the interfacial tensions for PYS alkane (octane, nonane)
and SPC/E or TIP4P/2005 water by choosing values for the LJ
cross-interaction parameters &, and o,. between unlike atoms
that would yield values for the spreading coefficient S relatively
close to the values determined from experimental surface tension
values near 300 K. The presence of the SIP is also reflected in the
alkane-water interfacial tension (},,). There is a change in curva-
ture in the y,,, curves at lower temperatures for both water mod-
els, such that the interfacial tension increases more rapidly with
decreasing temperature below ~250 K for SPC/E water and ~275
K for TIP4P/2005 water. The overall behavior of these curves is
dominated by the water model behavior.

Using the simulated interfacial tension values, PYS octane was
found to perfectly wet both SPC/E water and TIP4P/2005 water
at high temperature (370 K for SPC/E and 423 K for TIP4P/2005
based on either S=0 or 6.=0). The simulated transition temper-
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atures are somewhat lower than our estimates of 457 K or 484
K for the experimental value, although the value for TIP4P/2005
water is close to the Hamaker-Lifshitz theory prediction of 433 K
by Pham and Hirasaki.l%4 PYS nonane behaved similarly to oc-
tane on both water models, yielding appropriately larger wetting
transition temperatures. These values are 509 K for SPC/E wa-
ter and 545 K for TIP4P/2005 water in comparision to 500 K
estimated for the real nonane-water system and 469 K based on
Hamaker-Lifshitz theory.19%

Below T,,, S and 6, for the octane-water system are strongly
correlated: 6, increases as S decreases and vice versa. Such a
correlation holds only near 7,, for the nonane-water system. At
lower temperatures, S is instead a doubled valued function of ..
The nonane-water systems also exhibit an unusual temperature
dependence of 6. at lower temperatures, in which the contact
angle decreases with a decrease in temperature. The wetting be-
havior of the nonane-water system is not affected significantly by
the presence of the SIP in the interfacial tension curves.

In contrast, for octane-water the wetting behavior is strongly
influenced by the SIP, particularly for SPC/E water. The role of
the SIP is to enhance the just described unusual temperature de-
pendence of the contact angle. This unusual behavior starts to
occur at Ty for octane-SPC/E water, but for octane-TIP4P/2005
water it is delayed until well into the supercooled water region
(< 249 K). This unusual temperature dependent behavior for oc-
tane would not occur if there were no SIP in the interfacial tension
curves. If carried to sufficiently low temperatures, this behavior
might lead to a transition to perfect wetting at a very low temper-
ature in the octane-SPC/E water system. The wetting behavior
depends on the competing rates of change of the water surface
tension and the alkane-water interfacial tension with tempera-
ture. When %, is dominant, &, (=%, — Y,) increases, S increases
and 6, decreases; when Y,,, is dominant, the reverse occurs and
normal behavior is observed.

The occurrence of low temperature perfect wetting of alkanes
on water might occur if ¥, were to increase faster than 7, with
decreasing temperature below the SIP. While a low temperature
wetting transition might be inferred from the octane-SPC/E water
simulation results that include the SIP effect, our simulations did
not go to low enough temperatures to confirm this. Previously,
the unusual positive correlation of the contact angle with tem-
perature formed by nonane on SPC/E water was also observed in
nanodroplet simulations in which the geometric mean approach
was used to determine the LJ energy parameter between unlike
atoms.># So this unusual feature has now been found twice for
two different combining rules to determine the strength of the
cross interaction paramenter, g,.. While the idea of a low tem-
perature transition to perfect wetting in alkane-water systems is
intriguing, our simulations did not extend to low enough temper-
atures to confirm this for our model systems.

The degree to which we can trust the low temperature wetting
behavior predicted by these simulations remains an open ques-
tion. Given that the SIP may significantly affect the wetting be-
havior, it is encouraging that both water models predict the SIP.
On the other hand, neither water model predicts very well the
location of the SIP, which lies in the deeply supercooled region
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for real water. The SIP of SPC/E water lies in its stable liquid
region while that of TIP4P/2005 is in its slightly supercooled re-
gion. Based on our results, we feel that the low temperature wet-
ting behavior of organic liquids on water is deserving of much
further theoretical and experimental study.
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