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Self-Association of Naphthalene at the Air—Ice Interface’
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We present a molecular dynamics study of the interactions between two molecules of naphthalene present at
air—water versus air—ice interfaces. In agreement with the inference from our previous experimental work
[Kahan, T. F.; Donaldson, D. J. J. Phys. Chem. A 2007, 111, 1277], the results suggest that self-association
of the molecules is more likely to take place on the ice surface than on the water surface. A shorter average
distance between the two naphthalene molecules, in conjunction with a stronger interaction energy and free
energy of association, point to a stronger tendency to self-associate on ice than on water. The distinct behavior
at the two interfaces appears be due to more favorable interactions between naphthalene molecules on liquid

water surfaces than on ice surfaces.

Introduction

Organic pollutants such as polycyclic aromatic hydrocarbons
(PAHS) are found in snow from both urban'~® and remote>*7-10-2!
regions. In addition to being important physical sinks, snow-
packs can act as reaction substrates for these compounds. Several
laboratory studies have shown that organic pollutants undergo
photochemical and heterogeneous reactions in snow and ice.?> 3>

Physical and chemical processes occurring at the air—ice
interface are often assumed to be well described by those
occurring at a cold air—water interface. This is because at
temperatures relevant to Earth’s atmosphere, the structure of
the ice matrix breaks down near the interface, and water
molecules adopt more random orientations. This disordered
region is commonly referred to as a quasi-liquid layer (QLL).
However, this approach stems from the lack of understanding
of the physical properties of the QLL and from the lack of in
situ studies of processes occurring there. Of the few studies that
have compared reaction kinetics of organic pollutants in ice and
in water, the majority?>?>2° suggest that this assumption is not
accurate: Reactivities can differ by over an order of magnitude
in the two media.

Using glancing-angle laser-induced fluorescence (LIF), we
have measured electronic spectra of PAHs adsorbed at air—ice
and air—water interfaces.”2%3 Figure 1 shows emission spectra
of anthracene at the air—water interface and of naphthalene in
bulk water as well as emission spectra of both PAHs at the
air—ice interface. Red shifts in the emission spectra of the PAHs
on ice compared to those observed on or in aqueous solution
are evident. These red-shifted spectra closely resemble excimer
emission spectra of the two species and are thus indicative of

self-association.* 3¢ Figure 1a shows that only after close to
2 h of gas phase deposition does anthracene’s emission spectrum
at an air—water interface shift to that of the self-associated
species. By contrast, on ice this is the only emission we see,
even at very short deposition times. We have also observed
phenanthrene emission indicative of self-association on ice,?
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Figure 1. Fluorescence spectra of (a) anthracene deposited on a water
surface for 30 min (solid trace), 115 min (dashed trace), and on a —15
°C ice surface for 10 min (dotted trace); and (b) naphthalene in aqueous
solution (solid trace) and at the air—ice interface of a frozen solution
at —15 °C (dashed trace). These images are reproduced from ref 25.
Copyright 2007 American Chemical Society.

while on the liquid water surface, only monomeric emission is
observed. The enhanced self-association of PAHs on ice does
not appear to be an effect of temperature: we observe the same
evidence for self-association at —2 and —30 °C. These observa-
tions suggest that, at least in the case of adsorbed PAHs, the
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Figure 2. Glancing-angle Raman scattering of the OH-stretch of water
at a room temperature air—water interface (solid trace) and an air—ice
interface at —15 °C (dashed trace). The highlighted area indicates the
spectral region associated with strongly hydrogen-bonded water.>¢’
This image is reprinted with permission from ref 33. Copyright 2009
American Chemical Society.

QLL does not present a solvation environment similar to that
present at the surface of liquid water.

In order to explain these observations, we suggested®® that
the enhanced self-association observed on ice compared to that
on liquid water could be due to a less favorable hydrogen-
bonding environment at the air—ice interface. Figure 2 shows
glancing-angle Raman spectra acquired at air—ice and air—water
interfaces.*® The enhanced intensity at 3200 cm ™! on ice suggests
that there is enhanced water—water hydrogen-bonding at that
surface and therefore fewer available free OH-groups, compared
to those at a liquid water surface. A sum-frequency generation
(SFG) study?” also indicated different hydrogen-bonding envi-
ronments at air—ice and air—supercooled water interfaces; in
those experiments, the surfacial OH-bonds of ice showed a lesser
degree of orientational order than did those of water. Although
the structure of the water molecules at air—aqueous interfaces
has been studied extensively experimentally (readers are referred
to refs 38—41 for reviews of these studies), and the structure
of air—ice interfaces has also been investigated in recent
years,*>* we are not aware of any studies other than those
discussed above that directly compare the hydrogen-bonding
nature of the two environments.

In recent years, molecular dynamics simulations that include
the presence of a QLL have been developed.**™* A few studies
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have examined the adsorption of single molecules of acetone,’®
methanol and formaldehyde,>' acetic acid,’? and phenanthrene
to ice surfaces. These studies agree fairly well with available
experimental studies, for example they predict accurate enthal-
pies of adsorption. However, our experimental observations
suggest that solute—solute interactions could be different at
air—ice interfaces compared to those at air—water interfaces.
This implies that more than one adsorbate molecule may need
to be included in order to properly describe the fate of trace
gases adsorbed to ice. In the present study, we investigated the
binding and self-association of naphthalene at ice and liquid
water surfaces using molecular dynamics simulations of two
naphthalene molecules, with the aim of understanding whether
differences in the hydrogen-bonding nature of liquid and solid
water surfaces can explain the observed self-association of PAHs
on ice.

Computational Details

The air—water interface was modeled by a 24.6(x) x 24.4(y)
x 200.0(z) A parallelepiped solvent box water slab consisting
of 1575 water molecules. An I, ice slab of 24.0(x) x 23.8(y) x
200.0(z) A was used for the MD simulations of the air—ice
interface; it contained 1476 water molecules. On the basis of
the results from a recent study of the thickness of the QLL,>*
the simulation box for the ice interface was built with five
bilayers of free water molecules corresponding to a QLL
thickness of about 10 A, placed on two bilayers of ice. Both
the air—water and air—ice systems were equilibrated for 4 ns
in an NVT ensemble, after which a 4 ns production run was
carried out at an average temperature of 270 K, which was
maintained using the Berendsen scheme® with a coupling
constant of 0.5 ps. We used the same simulation temperature
for both model surfaces in order to avoid any effects due merely
to different temperatures of the two substrates. Periodic bound-
ary conditions were applied in all three dimensions. The z-axis
was perpendicular to the water surface and the one or two
naphthalene solute molecules were placed above the slab. All
bond lengths were constrained to their equilibrium values using
SHAKE.*® A smooth particle mesh Ewald method with an
interaction cutoff of 10 A was used to account for the long-
range Coulomb interactions.”’ Liquid water molecules were
described using the SPC/E model, which has been successfully
applied in the study of the adsorption of PAHs at the air—water
interface.’® TIP5P was used to model the water molecules of
the ice slab (both for the fixed water molecules of the two
bilayers of ice and the free molecules above which form the
QLL). This approach has been used previously by Domine et
al. to simulate the adsorption of phenanthrene to an ice surface;
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Figure 3. Different possible configurations of the naphthalene dimer in the gas phase. The distance between the center of mass of each structure
and the interaction energy at both DFT and MM (Amber) levels of theory are given.
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it gives the correct melting point for ice.'* The bond lengths,
bond angles, and dihedral parameters were obtained from the
AMBER force field.®* The atomic charges of the naphthalene
atoms were evaluated from an optimized structure with the
RESP method after an ab initio HF/6-31G* calculation by fitting
the electrostatic potential at points selected according to the
Merz—Singh—Kollman scheme.®' All MD simulations were
performed using the AMBER 10.0 program package.%?

A DFT study® using long-range corrections (LC-DFT) with
the van der Waals—Andersson—Langreth—Lundqvist functional
found four different relevant minima for the naphthalene—
naphthalene complexes; these are shown in Figure 3. The
distances between the centers of mass (CM) in each case range
from 3.6 A in complex B to 5.1 A in complex C, and the
interaction energies range from —4.2 kcal/mol (complex A) to
—6.2 kcal/mol (complex D). In order to benchmark the AMBER
force field against these sr-aromatic interactions, we compared
the geometry and energy of DFT results to those we found at
the molecular mechanics level using the AMBER force field.
We found three minima comparable to the structures B, C, and
D from the QM study. The distances between the CM of the
naphthalenes were 4.1, 3.9, and 4.2 A, respectively, and the
interaction energies were —4.6 kcal/mol for complex B;
complexes C and D were isoenergetic with an interaction energy
of —5.6 kcal/mol. With this level of agreement with the LC-
DFT calculations, we believe that AMBER is a suitable force
field for the present investigation.

The umbrella sampling procedure was used to obtain the
potential of mean force (PMF) for naphthalene—naphthalene
interactions through a biased potential of the form

U= kyr = ry)’

where ko was 5 kcal mol™! A~2. This potential constrained the
distance between the center of mass of the two naphthalene
molecules to a small range of values surrounding the central
value 1 (the sampling window). The sampling was carried out
in 33 windows, which covered a range from 3.0 to 11.0 A with
a gap distance of 0.25 A.In every window, a 500 ps sampling
was performed. The umbrella sampling histograms were unbi-
ased and combined using the weighted histogram analysis
method (WHAM)®® to generate the PMF on each surface.

Results and Discussion

The adsorption of PAHS to the air—water interface has been
studied recently by Jungwirth et al.*®>° by means of MD
simulations. For all of the compounds studied there, surface
free energy minima were found corresponding to the adsorption
of the gas-phase species to the water surface. The interaction
of the PAHs with the surface depends on the size of the
compound: the higher the molecular weight, the stronger the
interaction with the surface. For example, the adsorption free
energy reported in ref 58 for benzene is 3.7 kcal/mol; this
increases to 6 kcal/mol for naphthalene and 7.8 kcal/mol for
the three-ringed PAH phenanthrene. These simulations all
predict that the PAHs tend to lie parallel to the water surface.
A recent study>? of the adsorption of phenanthrene on ice did
not report adsorption free energies but showed similar results
in terms of the orientation of the PAH with respect to the
surface. The binding energies given in ref 53 do indicate a
stronger interaction with the liquid water surface than with the
ice surface.

We ran MD simulations of a single naphthalene molecule
on ice and liquid water substrates and evaluated the interaction
energy between the adsorbate and the surface. We took a
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Figure 4. Percentage of the production time in which each naphthalene
carbon atom interacts with a surfacial water hydrogen atom at the
air—ice interface (dotted area) and at the air—water interface (diagonal
striped area). Interactions are defined as intermolecular distances
between the C and H atoms of less than 6 A.

snapshot from the production run every 10 ps and performed a
single point calculation on a cluster formed by the naphthalene
and all of the water molecules within a radius of 10 A around
it. The average interaction energies with the ice and the water
surfaces are 9.7(0.2) kcal/mol and 10.8(0.2) kcal/mol, respec-
tively. The numbers within parentheses (here and in the
following) are the standard errors, given by [standard deviation/
(number of snapshots)"?]. The naphthalene tends to remain flat
on the surface, in agreement with the other studies mentioned
above.?>%% Consistent with the MD result for phenanthrene
on water and ice surfaces,” the binding energy is somewhat
higher on the water surface than on the ice surface.

A difference in the nature of the interaction of naphthalene
with ice and water surfaces is seen in the specific interactions
between the surfacial water hydrogens and the carbon atoms in
the naphthalene. Figure 4 shows the percentage of time of the
production run in which the different carbon atoms of the
naphthalene are interacting with one of the hydrogens of the
surfacial water molecules. On average, each carbon atom
interacts for 8.3% of the production run with a surface hydrogen
on liquid water, but only for 3.0% with a surface hydrogen on
ice. In a typical interaction with the surface, the average
distances between one water hydrogen on the surface and the
center of one of the naphthalene rings are 2.8(0.2) and 4.8(0.3)
A on water and on ice, respectively. This finding implies
different degrees of hydrogen bonding at the two substrates and
is consistent with our hypothesis that the enhanced self-
association of PAHs at ice surfaces compared to water surfaces
could be due to differences in the hydrogen-bonding natures of
the two substrates.

According to our experimental observations, PAHs exhibit
self-association on ice surfaces, whereas this is only observed
after significant loading of these adsorbates onto water surfaces.
We followed the distance between the center of mass of two
naphthalenes on a water surface and on an ice surface at a
simulation temperature of 270 K for a total of 4 ns. As displayed
in Figures S5a (water) and 6a (ice), in both cases the
naphthalene—naphthalene distance ranges between a minimum
value of 4 A and a maximum of 16 A. However, there is a
marked difference in the average values extracted from the
trajectories of the systems: 9.3(0.2) A on the water surface and
7.5(0.1) A on the ice surface. The significantly smaller average
separation indicates stronger average interactions between the
two naphthalenes on ice than on water. The fluctuations in
the distance between the two naphthalenes are also larger at
the water surface than at the ice surface, as evidenced by the



7356 J. Phys. Chem. A, Vol. 113, No. 26, 2009

18
16
14

-
]

-
o

|

Distance (A)

o N B O

Ardura et al.

(a)

0.0

2.0

3.0

Time (ns)

-0.5
-1
-1.5
-2
-2.5

AE(kcal/mol)

-3.5

-4.5

(b)

0.0

20

Time (ns)

200

3.0

180
160

3

120
100

3]
o

Dihedral Angle (°)
3

B
o

]
o

=]

(c)

0.0 1.0

2.0

3.0

Time (ns)

Figure 5. (a) Distances between the centers of mass of the two naphthalenes; (b) stabilization energy of the naphthalene complex; and (c) dihedral
angle between the two naphthalenes at the air—water interface. The average value is indicated by a dashed line.

larger standard deviation about the average interadsorbate
distance found for the water interface (3.2 A) than the ice surface
(2.2 A).

To further explore the nature of any complex formed on the
surface, we also followed trajectories on both surfaces in terms
of the naphthalene—naphthalene interaction energy. For this
purpose, we extracted the relative positions of the two naph-
thalenes every 10 ps and performed a single point calculation
at the same level of theory as the MD in order to calculate the
energy of the self-associated species; this was compared to two
times the energy of one naphthalene molecule. Consistent with
the average distances obtained on the two substrates, stronger
interactions are observed on the ice surface. Figures 5b and 6b
illustrate the interaction energies on the water and ice surfaces,
respectively, calculated along the production runs. The average

values, over the 4.0 ns trajectories, are 1.36(0.08) kcal/mol on
ice and 0.48(0.05) kcal/mol on the water surface. The strongest
interaction, approximately 3 kcal/mol, is obtained on ice during
the time of closest approach, between 1.2 and 2.5 ns of the
trajectory shown in Figure 6.

To compare the free energy profiles at the air—water and
air—ice interfaces, we computed the PMF by choosing the dis-
tance between the center of mass of each naphthalene as the
reaction coordinate. As displayed in Figure 7, the PMF curve
corresponding to the association of the two naphthalene
molecules on the ice surface presents a minimum located at an
intermolecular distance of approximately 5 A. From this point,
the energy increases monotonically with distance until the
complex fully dissociates. The free energy of formation of the
complex on ice is —2.00 kcal/mol. In the case of the water
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Figure 6. (a) Distances between the centers of mass of the two naphthalenes; (b) stabilization energy of the naphthalene complex; and (c) dihedral
angle between the two naphthalenes at the air—ice interface. The average value is indicated by a dashed line.

surface, the dissociation curve displays a flat area between 5
and 6 A when the complex is formed. Unlike that for the ice
surface, the curve presents a ~1 kcal/mol barrier to association
of the two naphthalenes at a distance of ~8 A. The presence of
this free energy barrier may well act to inhibit complex
formation on the water surface. The overall free energy of
association is smaller on this surface than on ice: only —1.08
kcal/mol. By comparing the free energies of association of
naphthalene—naphthalene complexes on the two surfaces, we
can conclude that, in agreement with the binding energies on
both surfaces, the complex is more likely to form on the ice
surface than on the water surface.

As discussed above, previous high level ab initio% and DFT®
calculations found four different configurations for the naph-
thalene dimer in the gas phase (see Figure 3). The most stable
arrangement corresponds to the parallel displaced structure, (type
D in Figure 3) with an interaction energy of 6.2 kcal/mol. To

describe the geometry of the complex on the ice surface, we
evaluated the dihedral angles between the two naphthalenes
along trajectories on water and ice. Figures 5c and 6¢ display
the results on the respective substrates. During the longest period
of interaction on the ice surface (i.e., between 1.2 and 2.5 ns),
the average dihedral angle is 43.5(0.6)°, and the average distance
between the center of mass of each naphthalene is 6.2(0.1) A.
These geometric data reveal that both the parallel configuration
through the ;t—u stacking interactions and the T-shape arrange-
ment by means of CH— interaction between the hydrogen of
one of the naphthalenes and the 7 cloud of the other are
important in describing the structure of the complex on the ice
surface. In Figure 8, we show a snapshot of the complex,
extracted during the longest period of interaction. In this
snapshot, the distance between the center of mass of each
naphthalene is 5.6 A, the dihedral angle between them is 46.2°,
and the interaction energy of the complex is 4.1 kcal/mol.
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Figure 7. Potential of mean force as a function of the distance between
the centers of mass of the naphthalene molecules at the air—water
interface (—) and at the air—ice interface (---).

Figure 8. Snapshot of the naphthalene complex on the ice surface
extracted from the MD simulation.

As displayed in Figure Sc, on water the naphthalene molecules
do not exhibit a preferred relative orientation as they do on ice.
Rather, the dihedral angle fluctuates randomly about the mean
of close to 90°. Inspection of Figure 5 as a whole indicates that
at the water surface, the two naphthalenes act independently of
one another, in spite of stronger individual binding to the
surface. By contrast, Figure 6 shows that on ice there is an
important internaphthalene interaction possible when the two
molecules are close enough, adapting a favorable relative
configuration.

The closer approach and favorable geometry that may occur
on ice also appears to strengthen the naphthalene pair’s binding
to the ice surface. The total average interaction energy of the
complexed naphthalenes (extracted during the interval between
1.2 and 2.5 ns of the simulation) with the ice surface is 25.7(0.3)
kcal/mol, compared to an energy of 19.4 kcal/mol for two
isolated naphthalene molecules on the same surface. This
enhancement in surface binding energy for the complex could
mean that partitioning models based on properties of the
monomer may not always be accurate on ice or on other
substrates where self-association occurs.

Ardura et al.

Conclusions

An analysis of the energetics of clusters extracted from MD
simulations with one molecule of naphthalene reveals that the
energy of adsorption is somewhat stronger on liquid water than
on ice, consistent with previous MD results for phenanthrene
adsorption to these substrates.’ Clear differences in the behavior
of two naphthalene molecules on ice versus on water surfaces
were observed in MD simulations: the formation of a complex
between the two naphthalene molecules is more likely to occur
on ice than on water, and the interadsorbate interactions are
stronger on ice, consistent with experimental observations. Since
both simulations were carried out at the same temperature (270
K), we confirm that the self-association of PAHs on ice is not
a temperature effect. Rather, the results suggest that the distinct
behavior of PAHs at air—water and air—ice interfaces is due to
the different hydrogen-bonding natures of the two substrates.

These observations have implications for our understanding
of the QLL’s role as a reaction substrate and for the conclusions
we extract from MD simulations. Self-associated PAHs often
absorb at longer wavelengths than the monomeric species. We
have previously suggested the importance of this in terms of
the photolysis of naphthalene on ice:® its photolysis kinetics
are enhanced by an order of magnitude on ice compared to in
liquid water. The present results reinforce our suggestion that
this may be due to an increased fraction of absorption in the
actinic region by the strongly interacting species.

In terms of understanding the fate of molecules in the QLL
compared to their fate in liquid water, our results suggest that
including more than one molecule in theoretical studies may
be necessary. We see qualitatively similar behavior for a single
naphthalene molecule on the water and ice surfaces, but clear
differences are observed when two molecules are present. The
most important conclusion that we draw from this investigation
is that the QLL is not always well represented by liquid water
and that caution should be used when drawing comparisons
between the two media in the absence of experimental evidence.
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