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1 Introduction

Propensity, free energy contributions and
conformation of primary n-alcohols at
a water surfacet

Victor Ekholm,? Carl Caleman, {2 Jochen S. Hub® and Malin Wohlert (2 *©
Atmospheric aerosols contain organic molecules that serve as cloud condensation nucleation sites and
affect the climate. Several experimental and simulation studies have been dedicated to investigate their
surface propensity, but the mechanisms that drive them to the water surface are still not fully
understood. In this molecular dynamics (MD) simulation study, primary alcohols are considered as a
model system representing polar organic molecules. We find that the surface affinity of n-alcohols
increases linearly with the length of the hydrophobic tail. By decomposing the adsorption free energy
into enthalpy and entropy contributions, we find that the transition from bulk to surface is entropically
driven, compatible with the fact that the hydrophobic effect of small solutes is of entropic origin.
The enthalpy of surface adsorption is nearly invariant among different n-alcohols because the loss of
solvent—alcohol interactions is balanced by a gain in solvent—solvent interactions. Structural analysis
shows that, at the surface, the linear alcohols prefer an orientation with the hydrophobic tail pointing
out from the surface, whereas the hydroxyl group remains buried in the water. This general behaviour is
likely transferable to other small molecules with similar structures but other functional groups that are
present in the atmosphere. Therefore, the present study is a step forward toward a general description
of organic molecules in aerosols.

climate.’ Apart from effects on atmospheric chemistry, organic
molecules affect the climate by serving as nucleation sites for

Water covers a majority of our planet. As wind and waves whip
the water surfaces, droplets and mist are created and carried up
into the troposphere - the layer of the atmosphere closest to the
surface of Earth. The tropospheric water has an important role
in the climate on Earth and affects all atmospheric chemistry.
Water originating from the oceans, lakes or seas carry organic
material into the atmosphere,'™® that affect the chemical pro-
cesses at the surface of the water droplets. Many important
chemical reactions take place at these water-air interfaces,”®
and their composition therefore indirectly influences the
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cloud condensation. As a consequence of its importance,
organic molecules on water aerosols and their effect on atmo-
spheric chemistry has been studied for decades.'™®

Surface-sensitive X-ray photo-electron spectroscopy (XPS)
has been widely used to study water surfaces.'®"” Many of
these studies have investigated the surface propensity of
organic molecules, such as alcohols,*'**® carboxylic acids,"”
alkyle amines'” and esters."®

As a complement to experiments, molecular dynamics (MD)
simulations have been used to study organic molecules at water
interphases,"*'*®2! providing an atomistic interpretation of
the experimental signals. For instance, Walz et al."* used MD
simulations to reveal structural arrangements of surface-
enriched pentanol that could give rise to experimental XPS
spectra. However, MD simulations may suffer from inaccurate
force fields or finite-size effects, and idealized simulations
systems may not fully reflect more complex experimental con-
ditions. Therefore, combining experimental observations with
simulations is a fruitful approach to overcome limitations of
each of the methods alone.

Here, using n-alcohols as a test case, we study how the
length of a carbon chain modulates the thermodynamics of
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surface adsorption of organic molecules. We computed free
energies, enthalpies and entropies of surface adsorption with
MD simulations, and we compared our results with previous
XPS experiments of the free energy of adsorption, AG,qs. By
decomposing the enthalpy contributions further into solute—
solvent and solvent-solvent components, we provide additional
insight into the driving forces of surface propensity of primary
linear alcohols.

In a previous study by Houriez et al.,* carboxylate ions of
increasing length were investigated at the water/vacuum inter-
face by MD simulations using a polarizable model. Their results
suggest that the hydrocarbon chain and ionic headgroup
solvate independently, and that only ions with more than 4
carbons retain propensity in large water droplets. Like carbox-
ylate ions, primary alcohols contain a polar headgroup and a
hydrocarbon tail. The difference is that the polarity of the
headgroup is not as pronounced, and the consequences of that
is here to be addressed.

2 Methods

MD simulations were used to compute the adsorption free
energy AG,qs of n-alcohols to a planar water-vapor interface.
Two sets of seven different alcohol/water systems were simu-
lated: (i) alcohols molecules in bulk water with no restraints on
the alcohol molecule, and (ii) umbrella sampling simulations
with the alcohol molecules restrained at different distances
from a water surface to obtain AG,qs.

2.1 General simulation parameters

The GROMACS 2016.4%* software was used for all simulations.
Classical non-polarizable force fields have previously been
successful in modeling experimentally observed behavior of
organic molecules on water surfaces in multiple earlier
studies.”®'®'® We thus used the well-documented OPLS-AA
force field** for the alcohols and the SPC/E water model*® for
our simulations. The combination of OPLS-AA and SPC/E water
was previously found to perform excellently in reproducing
experimental hydration enthalpies and entropies, as well as
showing good performance for the calculation of solvation-free
energies.”®

In both bulk and umbrella simulations, Newton’s second
equation of motion was solved using a leap-frog integration
scheme with a time step of 2 fs. Periodic boundary conditions
were applied in all directions. All bonds with hydrogen atoms
within the alcohol molecules were converted to constraints and
held at their equilibrium distance using the P-LINCS
algorithm.”” Water molecules were kept rigid with the
SETTLE® algorithm. Temperature was implicitly controlled by
a stochastic dynamics integrator with 7, = 1.0 ps. Electrostatic
interactions were computed with the particle-mesh Ewald
method.***° Lennard-Jones and direct-space Coulomb interac-
tions were truncated at 1.2 nm. Dispersion correction of
the energy due to long-range van der Waals interactions
was applied.
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2.2 Bulk simulations

Each alcohol molecule was centered inside a box with the shape
of a rhombic dodecahedron with a minimum distance of 1 nm
between the solute and the box edges and subsequently sol-
vated by 250-300 water molecules using the gmx solvate
module. The structure was minimized by steepest descent
followed by an NPT MD simulation of 1 ns. These simulations
were used to obtain basic structural parameters of the alcohol
molecules in water, as listed in Table 1. The solvent accessible
surface area and volume were computed with the gmx sasa
module and the end-to-end distances with gmx distance.

2.3 Umbrella simulations

The simulation with a water slab was set up as follows. A cubic
simulation box of 4 x 4 x 4 nm® was filled with SPC/E water
molecules® and equilibrated by means of an NPT simulations.
The box extended in z-direction to 12 nm while keeping the
water slab at the box center along the z direction. The adsorp-
tion free energies AG,qs were calculated with umbrella sam-
pling and potential of mean force (PMF) calculations.?" The
alcohol molecules, described in Table 1, were inserted into the
center of the box, i.e. in the center of the water slab. Steepest
descent energy minimization and a short NVT equilibration run
of 100 ps was performed to relax the system to create starting
structures for the umbrella simulations. The alcohol molecules
were position restrained in the center during equilibration.
To avoid evaporation of water molecules, a spherical flat-
bottomed quadratic position restraint acting on each water
molecule was applied with a radius rg, = 1.35 nm and force
constant kg, = 500 k] mol ™! nm™?, using the following general
potential. Here, H is the Heaviside step function and R; is a
reference position, from the initial, equilibrated structure.

Vin(r) = gholrs — Rl = o P~ R =) (1)

The reaction coordinate r, was defined as the center of mass
(COM) distance between of the water slab and the respective
alcohol molecule in z-direction, i.e. normal to the water surface.
A pictorial view of the reaction coordinate is shown in Fig. 1.

Finally, for each molecule, 50 different positions from r = 0
to r = 5 nm, with 0.1 nm separation, were chosen as reference
positions for the umbrella sampling. The position of the
alcohol molecule was restrained along r by an harmonic
umbrella potential with a force constant k = 1000 kJ mol * nm ™2

Table 1 Structural properties of alcohols in water computed from bulk
simulations

Carbons End-to- Area Volume
Molecule [number] end [nm] [nm?] [nm?]
Methanol 1 0.19 1.63 0.186
Ethanol 2 0.29 1.98 0.243
Propanol 3 0.35 2.26 0.294
Butanol 4 0.49 2.59 0.349
Pentanol 5 0.60 2.90 0.402
Hexanol 6 0.73 3.21 0.455
Heptanol 7 0.81 3.51 0.508
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Fig. 1 Pictorial view of methanol at various positions along the reaction
coordinate r.

using the umbrella pull code of GROMACS. Each windows was
simulated 100 ns, while excluding the first 2 nanoseconds from
analysis due to equilibration. From the series of umbrella simula-
tions, the PMF along the reaction coordinate, with bulk free energy
set to zero, was computed with the weighted histogram analysis
method.*” Statistical errors were estimated by bootstrapping com-
plete histograms as implemented in the gmx wham module of
GROMACS 2016.4.%

2.4 Free energy decomposition

The free energy of adsorption (AG,qs), was obtained from the
PMF minimum, located slightly below the Gibbs dividing
surface. It can be decomposed into contributions from
enthalpy (AH,q4s) and entropy (—TAS,qs), as follows:

AGags = AHags — TASaqs (2)

AH,q4s profiles were computed from the simulations by aver-
aging the total potential energy within each umbrella window
and henceforth defining AH,q4s to zero in bulk water. Then,
—TAS,qs was computed from eqn (2). The AH,qs profile was
further analyzed by decomposing it into contributions from
solvent-solvent (AHoent—solvent), SOlvent-solute (AHgolyent-solute)
and solute-solute (AH;oute-solute):

AI_Iads = AI_Isolvent—solvent + AI_Isolvent—solute + AI_Isolute—solute

(3)

3 Results and discussion

In the following, the free energy profiles (or potentials of mean
force, PMFs) of seven primary alcohols of increasing length are
presented. The contributions from enthalpy and entropy to the
PMFs are analyzed, and the enthalpy is further decomposed
into contributions from solute-solvent and solvent-solvent
interactions. Finally, the preferred orientations of the alcohol
molecules are presented.

3.1 Free energy of adsorption

The PMF along a reaction coordinate corresponding to the
COM distance between a single alcohol molecule and the water
slab was calculated from umbrella sampling simulations
(Fig. 2). Evidently, the PMF of each alcohol molecule exhibits
a pronounced free energy minimum in the vicinity of the
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Fig. 2 Potentials of mean force (PMFs) along the reaction coordinate
r defined as the COM distance between water slab and alcohol molecule.
The grey vertical line indicates the Gibbs dividing surface.

surface, where the depth AG,qs of the miniumum corresponds
to the (negative) adsorption free energy. As shown in Fig. 3,
AG,q4s decreases linearly with increasing chain length of the
alcohol by 3.4 k] mol " per carbon atom and the location of the
minimum is at 2.0 nm for methanol and gradually shifting
toward 2.1 nm for heptanol. The contribution of a CH, group to
the hydration free energy of an n-alkane chain was previously
found to increase by 0.63 k] mol ".>* The desolvation of the
alkane chain part of the alcohol can therefore only partially
explain the adsorption, and other advantageous mechanisms
must be involved.

The linear decrease in Fig. 3 is in qualitative agreement
with previous experiments,"**>*® that show a decrease by
2.3 k] mol ™" per carbon atom. This means that the force field
slightly overestimates the surface affinity of longer alcohols.
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Fig. 3 Free energy of adsorption AG.ys as a function of number of
carbons in alcohol molecule calculated from data in Fig. 2 and previous
experimental data.2**536 Both data sets fitted to linear functions.
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In a separate series of control simulations, where free energy of
hydration was calculated (see ESI,f Fig. S1), this discrepancy
between experimental and simulated results was not seen,
indicating that known drawbacks of the modelled SPC/E water
surface (e.g. a surface tension underestimated by approximately
10 m N m™~' compared to experimental values®’) are influen-
cing the results.

3.1.1 Enthalpy penalty vs. entropy gain. To explore the
thermodynamic driving forces of the observed surface propen-
sities, the respective contributions from enthalpy and entropy
were obtained from eqn (2), shown in Fig. 4. At the PMF
minima at 7 & 2 nm, the balance between enthalpy and entropy
of the different solutes is depicted as stacked bars.

The pattern is similar for all molecules; moving the alcohols
from bulk water to the surface leads to a large gain in entropy
(decrease of the —TAS term) and, for most alcohols, only to a
small increase of enthalpy AH. As the reaction coordinate
increase above the Gibbs dividing surface, the enthalpy penalty
becomes predominant, causing the PMF to increase above its
bulk level. The enthalpy contributions to the PMF minimum
are positive and seem independent of chain length above 3
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Fig. 4 Contributions to from enthalpy and entropy for the different
solutes. Top: Along the reaction coordinate r. Bottom: Contributions to
AG,gs, i.e. at the PMF minima.

18826 | Phys. Chem. Chem. Phys., 2021, 23,18823-18829

View Article Online

PCCP

carbons. Methanol, being a small molecule, is an exception and
shows both negative enthalpy and entropy contribution at its
minimum. The entropy contribution is substantially increasing
with the number of carbons. This demonstrates that for longer
alcohols (number of carbons >2), the increasing surface affi-
nity is entropy-driven.

3.1.2 Enthalpy in the interfacial region. To rationalize why
the enthalpy contributes much less to the surface affinity
compared to the entropy, we further decomposed AH into
contributions from solvent-solvent (AHoventsolvent); SOlute—
solute  (AHgote-solute) and — solute-solvent interactions
(AHsolute-solvent). TO this end, contributions from short-range
Coulomb and Lennard-Jones interaction were averaged, accord-
ing to the decomposition in eqn (3). The decomposition at the
PMF minimum is shown in Fig. 5, where another balance act
becomes evident. A negative contribution from solvent-solvent
interactions on one hand counteracts the positive contribution
from solute-solvent interactions on the other (Fig. 5, red and
blue bars). Hence, during surface solvation, the large loss of
solute-solvent interactions is nearly compensated by a gain in
solvent-solvent interactions. Both sides increase in magnitude
with increasing number of carbons in the solute, therefore the
total enthalpy term remains constant. Notably, the change in
intramolecular non-bonded energy (AHsote-solute) Was found
to be negligible upon transition from bulk to surface (Fig. 5,
yellow bars).

3.1.3 Solute orientation and conformation. In order to
investigate the orientation of the solutes, especially close to
the surface, we calculated an orientation parameter, cos(f),
where 0 is the angle between the end-to-end vector of each
alcohol, pointing towards the hydroxyl group, and the normal
vector of the water surface (the z-direction of the computational
box). In Fig. 6, orientation of some of the solutes is presented as
a distribution landscape of this orientation parameter.
Evidently, the orientation is random (cos(6) evenly distributed)

50 T T T T T T T
E=A Hsolvent-solvent
407 mA Hsolvent-solute

=A Hsolute-solute

30

20

kJ/mol
o

-20

-30

-40

1 2 3 4 5 6 7
Number of carbons

Fig. 5 Contributions to adsorption enthalpy (AH,qs) from solvent—solvent
(blue), solvent-solute (red) and solute—solute (yellow, barely visible) for the
different solutes.
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Fig. 6 Population landscape (color bar shows likelihood) of orientational
parameter cos(6), where (0 is defined as the angle between the end-to-end
vector of each solute, pointing towards the hydroxyl group, and the
normal vector of the water surface (the z-direction of the computational
box) from umbrella simulations of methanol, propanol, pentanol and
heptanol at different COM distance r between solute and water slab. The
Gibbs dividing surface of the water slab is found at r = 2.5 nm in all systems.
Here, cos(f) = —1 means that the end-to-end vector is aligned with the
z-axis (slab normal) and the hydroxyl group is pointing towards the water.

when the solutes are in the bulk (» < 1.5 nm). As the solutes
approach the surface (1.5 nm < r< 3.0 nm), their orientation
parameter is more likely to be close to —1, i.e. with the hydroxyl
group pointing toward the surface and the tail stretched away
from the slab into the vacuum. With increasing length of
hydrocarbon tail, the effect is even more pronounced. For
heptanol, it is especially clear in the direct vicinity of Gibbs
dividing surface (r = 2.5 nm). The distance from the Gibbs
dividing surface at which the molecule first becomes affected,
is increasing from approximately 0.8 nm for methanol to
approximately 1.3 nm for heptanol, indicating that longer
alcohols are immediated oriented as their hydroxyl group is
able to form contact with the water surface. Snapshots from

Fig. 7 Snapshots of methanol, propanol, pentanol and heptanol at the
surface.
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Fig. 8 Top: Distribution of the rotation about C1-C2 torsion angle in
propanol, pentanol and heptanol at different reaction coordinate
r indicated by the numbers in white corresponding to the rotation around
the carbon-carbon bond closest to the hydroxyl group. Bottom: Structure
of hexanol with atom names and the investigated torsion angle.

umbrella simulations near the PMF miniumum at r = 2 nm are
shown in Fig. 7, to provide a pictorial view of the oriented
solutes at the surface.

Furthermore, the rotational conformation around carbon-
carbon bonds in the alcohols with at least 3 carbon atoms were
investigated, some of the results are presented in Fig. 8. The
rotation around the carbon-carbon bond closest to the hydroxyl
group and characterized by the dihedral angle C3-C2-C1-O
(See Fig. 8) in all solutes showed gauche as well as trans
conformation. Moreover, their distributions were affected by
the location of the solute with respect to the surface, where
trans conformation became increasingly populated near the
surface, less pronounced for the shortest chain having this
dihedral angle, i.e. propanol. Hence, at the surface, especially

Phys. Chem. Chem. Phys., 2021, 23,18823-18829 | 18827
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Fig. 9 The alcohol average end to end distance normalized to its length
in bulk water at different reaction coordinates r. The Gibbs dividing surface
is indicated by a vertical line.

the larger alcohols preferred a more linear, elongated arrange-
ment in the vicinity of their hydroxyl groups, thereby allowing
them to remain fully solvated in water while avoiding unfavor-
able hydrophobic contacts between the hydrocarbon tail and
water. This can also be seen in Fig. 9, showing that alcohols
with 3 or more carbons increase their length as they approach
the surface and adopt a more collapsed structure above it. The
smaller alcohols, methanol and ethanol also stretch out upon
surface approach, although more modestly. Ethanol collapses
in vacuum as the larger alcohols, but methanol keeps its
stretched conformation above the surface.

Molecules with multiple carbon-carbon torsion angles
(pentanol and heptanol) showed no dependence on location
with respect to surface on their mid- and outer C-C bonds,
where the trans conformation was the most populated at all
reaction coordinates. A previous study on molecular conforma-
tion of alkane chains in water** showed an absence of solvation
effects of torsional angles of alkane chains up to 20 carbons,
and our results suggest that a similar behavior is seen in the
hydrocarbon tails of short primary alcohols, but with the
addition that the conformation close to the hydroxyl group is
affected by the presence of a water surface.

4 Conclusions

In coherence with previous experimental results, this simula-
tion study shows that the length of the carbon tail in organic
molecules strongly affects the surface propensity for smaller
linear alcohols with one to seven carbons. Both simulations
and experiments show a linear relation between AG,q45 and the
length of the hydrocarbon chain. While previous simulation
results for carboxylate ions showed propensity only when the
number of carbons exceeded 3, even the shortest primary
alcohol (methanol) is surface active, as shown in previous
experiments®**® and corroborated by the simulations in this study.
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By disentangling contributions from enthalpy and entropy it
was shown that increasing surface affinity (more negative AG,qs)
with increasing tail length is driven by a large gain in entropy,
whereas the change in enthalpy is positive and fairly constant for
medium sized chains. The enthalpy term at the PMF minima
turned out to be almost a zero sum game between a gain in
solvent-solvent interactions (due to the restored water hydrogen-
bond network) and a loss of solvent-solute interactions. Together
with structural observations, the driving force of the increasing
surface propensity is of entropic nature, nevertheless depending
on the enthalpy balance. Climate modelling is a very complex
task,*® and uncertainties in the models affects our ability to predict
the future climate. Improvement of the our understanding of the
atmospheric chemistry is important when building reliable cli-
mate models in order to predict climate changes. The general
behaviour described here - the free energy of adsorption decreases
linearly with the number of carbons in the chain - is most likely
transferable to molecules of similar size and structure but other
functional groups. Hence, the results presented here suggest the
possibility to create simple empirical models that can be used in
more general descriptions of how different organic molecules are
enriched at the surface of aerosols.
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