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We develop a model that describes a molecule interacting with an aerosol particle using a modified
heterogeneous solvation model. The particle is represented as a dielectric medium characterized by a
macroscopic dielectric constant. The dielectric constant depends on average composition and temperature.
We utilize the model to investigate the interactions between an aqueous particle and a succinic acid molecule.
We show how interaction energies and linear response properties depend on the orientation of the organic
dicarboxylic acid relative to the particle surface and on the dielectric properties of the particle. The long-term
goal of our work is the calculation of sticking coefficients.

I. Introduction

To model mass and heat transfer to and from atmospheric
particles, it is essential to know what happens to a gas molecule
when it encounters the surface of a particle.1 On a macroscopic
level the so-called sticking probabilities/mass accommodation
coefficients are used to model evaporation, condensation, and
heterogeneous chemistry in the atmosphere.

The sticking probability has proven to be an important
parameter for prediction of climate parameters such as the
concentration of cloud condensation nuclei. For example, Pandis,
Russel, and Seinfeld2 showed that changing the accommodation
coefficient for sulfuric acid from 0.02 to 0.05 in their nucleation
and growth model for aerosols in the marine boundary layer
reduced the calculated concentration of cloud condensation
nuclei by 45%.

Clement et al.3 have analyzed experimental data and proposed
a simple model that describes the interaction as a two-body
collision in which energy and momentum are exchanged. This
model generally predicts sticking probabilities close to one. In
accordance with this, Kulmala and Wagner4 have suggested
using sticking probabilities of one if no other experimentally
verified information is available.

The problems associated with the understanding and estima-
tion of the probability of adsorption and condensation of a
molecule approaching an aerosol particle have been clearly
demonstrated in refs 2, 3, and 5-10. The theoretical approaches
range from total phenomenological approaches to microscopic
molecular models.2,3,5-10 The phenomenological approaches
utilize thermodynamic arguments for evaluating the energy terms
that enter the macroscopic expression for the transition state
theory rate constant of the sticking process.9,10 Another view
within the phenomenological methods is the one based on pure
statistical models for the nucleation of aerosols. Generally, it is

clear that these models do not utilize or provide a molecular
understanding of the considered processes. A fair number of
models exist for describing the interactions of a spherical and
classical particle scattering off a plane, isotropic, homogeneous
surface. These models do not include any molecular detail and
will never be able to differentiate among different molecules,
except on the basis of size and mass.3 On the other hand, the
microscopic models cover methods where a small number of
molecules interact with the approaching molecule. These models
enable a molecular understanding of the changes in the structures
and properties of the approaching molecule. Unfortunately, the
very small number of molecules included in the models renders
these approaches insufficient with respect to an appropriate
description of the bulk properties of the aerosol particle.6-8 The
number of models that utilize a bulk description of the aerosol
particle and a quantum mechanical method for the approaching
molecule is limited. We are only aware of the method presented
in this article and the one we presented in ref 53.

The above considerations suggest that there is a need for
microscopic models to provide an understanding of the interac-
tions between gas molecules and atmospheric particles on the
molecular level. The long-term goal of our work is to provide
such an understanding. Our first step has been to use ab initio
calculations to study how an organic molecule interacts with
an atmospheric particle represented as a homogeneous dielectric
medium. For this purpose we have modified a heterogeneous
solvation model originally developed to calculate interaction
energies and time-dependent properties of a solvated molecule
in a dielectric film absorbed on a metallic surface.11-13

It is a method that enables the modeling of molecules at
macroscropic surfaces, and as shown in ref 14, it is a reliable
model for investigating surface science issues related to
molecules on metal surfaces.

The organic molecule studied in this work is succinic
acid (1,4-butanedioic acid), which has been observed as one
of the most abundant dicarboxylic acids in photochemical
smog.15-17 The average particle chemical composition is re-
presented by a macroscopic dielectric constant. Interaction
energies and linear response properties are important indicators
for particle-molecule interactions, and we show how they
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depend on the orientation of the organic dicarboxylic acid
relative to the particle surface and on the dielectric constant of
the particle.

In the following, we first (section II) describe the theoretical
background for the dielectric continuum model and then present
interaction energies and molecular properties in section III.
Finally, the performance and limitations of the aerosol model
are discussed in section IV.

II. Theory

A number of models have been developed that describe a
molecule subjected to an outer environment. The main principle
of these models is to divide the system into at least two
subsystems that are treated at different levels of theory. Whereas
quantum mechanical/molecular mechanical (QM/MM) models
keep the reference to the discrete molecules,18-22 the main part
of the existing models represents the outer environment as a
dielectric medium.11-13,23-31 The heterogeneous solvation model
developed in refs 11-13 operates with three subsystems: A
molecule is enclosed in a half-spherical cavity and the flat
surface of the cavity is absorbed on a metal surface while the
spherical surface is exposed to a solvent. The metal is
represented as a perfect conductor, and the solvent, by a
dielectric medium which is homogeneous, isotropic, polarizable,
and characterized by the scalar, static dielectric constantε. This
model has been used to investigate how heterogeneous solvation
influences the molecular properties of carbon monoxide and
benzene.11-13

To study the interactions between an atmospheric particle and
a gas-phase molecule, we have modified the heterogeneous
solvation model as follows: we neglect the dielectric film
(solvent) and replace the perfect conductor by a dielectric surface
which represents the particle. The modified model enables us
to describe a molecule which interacts with an atmospheric
particle, represented by a dielectric surface.

A. Model. The aerosol is represented by a semi-infinite
dielectric medium, and the coordinate system is defined so that
the medium is confined toz < 0 while the molecular system is
located outside the aerosol (z > 0). From the solution of the
wave function for the molecular system we represent the
molecule by its discrete molecular charge distribution where a
partial charge is assigned to each atom of the molecule. The
molecular partial charges are determined as proposed in the work
by Cioslowski.32,33 We assume that the vacuum-dielectric
medium interface is located atz) 0 and consider a point charge
qi placed atrbi ) (xi, yi, zi), wherez > 0.

The effect of the dielectric medium is then simulated by an
image charge

in the dielectric medium. The subscript s refers to an image
charge. The positions of a partial chargeqi and its corresponding
image chargeqi,s are sketched in Figure 1.

The induced potential fromN partial charges at an arbitrary
point, rb, in the vacuum region is given by

The resulting energy due to the interaction between the discrete
molecular charge distribution,Fm(rb), and the dielectric medium
is

Using this expression, the polarization interaction operator
becomes

where|φp〉 and|φq〉 represent molecular orbitals and the orbital
excitation operator,Epq, is defined as

The operatorsapσ
† and aqσ are the electron creation and

annihilation operators, respectively, and the set{|φp〉} represents
a set of orthonormal orbitals.

The wave function and energy of the molecular system in
the presence of the aerosol are determined by solving the
electronic Schro¨dinger equation for a fixed nuclear configuration

with Ĥ°M being the Hamiltonian for the molecular system in a
vacuum.

The Schro¨dinger equation is solved self-consistently using
ab initio methods.

B. Response Theory.Response theory as developed and
presented in refs 34-37 has clearly shown the possibilities of
calculating time-dependent electromagnetic properties at dif-
ferent levels of electronic structure theory. The focus of response
theory has mainly been computing static and dynamic molecular
properties of molecules in the gas phase.38-45

The heterogeneous solvation model enables the calculation
of time-dependent molecular response properties and thus
facilitates an investigation of the influence of an aerosol particle
on the properties of a molecular system. Here, we consider the
response of the molecular system to a time-dependent perturba-
tion.

The response of the molecular system to a time-dependent
perturbation,V(t), is determined by requiring the Ehrenfest
equation to be fulfilled in all powers of the perturbation46

The time-dependent Hamiltonian is given by

qi,s ) - ε - 1
ε + 1

qi (1)

at rbi,s ) (xi, yi, -zi)

Upol( rb) ) ∑
i)1

N

Upol
(i) ( rb) ) ∑

i)1

N qi,s

| rb - rbi,s|
(2)

Figure 1. Position of a partial chargeqi and its corresponding image
chargeqi,s.

Epol ) 1
2∫drb Fm( rb) Upol( rb) (3)

Ŵpol ) ∑
j
∑

k

Upol
(k) ( rbj)∑

pq

〈φp|qj|φq〉Epq (4)

Epq ) ∑
σ

apσ
† aqσ (5)

(Ĥ°M + Ŵpol)|0〉 ) E|0〉 (6)

d〈0̃|Ã|0̃〉
dt

) 〈0̃|∂Â
∂t |0̃〉 - i〈0̃|[Â, Ĥ(t)]|0̃〉 (7)

Ĥ(t) ) Ĥ°M + Ŵpol + V(t) (8)
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and a general perturbation operator,V(t), in the frequency
domain is expressed by

where ε is a positive infinitisimal number ensuring that the
perturbation is switched on adiabatically att ) -∞. The
frequency is denotedω, andVω is the Fourier transform ofV(t).
It is assumed that the time-dependent wave function|0̃〉 is an
eigenfunction|0〉 of (Ĥ°M + Ŵpol) at t ) -∞.

The time-development of an expectation value of a time-
independent operatorÂ may be expanded as46

where the linear response function〈〈A; V〉〉ω contains all
contributions that are linear in the perturbation and the quadratic
response function〈〈A; Vω1, Vω2〉〉ω1,ω2 contains all terms quadratic
in the perturbation.

The expectation values are determined from the time-
dependent Hartree-Fock wave function|0̃〉46

where |0HF〉 fulfills the generalized Brilliouin condition and
exp(iκ(t)) describes a unitary transformation in orbital space

The orbital excitation operators ck
† are defined as

The operators to be considered in the Ehrenfest equation are
the set of operators describing the time evolution

where the time-transformed operators are given by

One term arises due to the interaction with the dielectric
medium and describes the changes of the response functions
due to the presence of the induced charges in the dielectric
medium. Inserting the expression for the polarization operator,
the polarization contribution to the Ehrenfest equation may be
written as

Linear and higher order contributions may be found by
expanding|0̃〉 and T̃†.

Only terms linear inκ(t) enter in the case of the Hartree-Fock
linear response.

Considering the operator,c̃k
†, we obtain

The contribution is similar to that obtained for the operatorc̃k

except thatck
† is replaced byck.

C. Molecular Properties. The response functions contain
information about molecular properties. Evaluating expressions
for the response functions in the case of an exact reference state
enables a physical interpretation of the response functions. For
an exact reference state|0〉 and in a basis of eigenfunctions|n〉
of H0, the linear response function may be expressed as46

ReplacingÂ in eq 19 with the electric dipole operator gives an
expression for the polarizability. Knowledge of the polarizability
is important for the description of intermolecular forces, since
both the induction and dispersion contributions to the energy
depend on the polarizability. Furthermore, the polarizability is
related to molecular reactivity. We note that a qualitative
minimum polarizability principle has been formulated stating
that the natural direction of evolution of any system is toward
a state of minimum polarizability.47

III. Results and Discussion

We consider a molecule of succinic acid (1,4-butanedioic
acid) approaching an atmospheric particle. We calculate the
interaction energies and linear response properties for different
relative orientations. While the interaction energies are important
for the calculation of sticking coefficients, the static polariz-
ability influences the reactivity of the molecular system.

The gas-phase geometry of succinic acid was optimized at
the MP2/6-311G** level of theory. The optimization was
performed without symmetry constraints. The optimized struc-
ture of succinic acid is almost symmetric, and all carbon and
oxygen atoms are lying in thexy-plane. In the following we
refer to this structure as the standard conformation. The
carboxylic acid group pointing toward the dielectric medium is
denoted A, and the carboxylic acid group pointing away is
denoted B.

Figure 2 shows the four investigated orientations of the
molecular system relative to the particle surface. The x and y
orientations refer to the standard conformation approaching the
dielectric medium side-on and end-on, respectively. For the end-
on (y) orientation an extra series of calculations was performed
with the molecule aligned so that the two oxygen atoms in
carboxylic acid group A were parallel to the surface. This
orientation is denoted y2. Finally, we performed a calculation
series for another conformation of succinic acid where the two
carboxylic acid groups are pointing toward the same direction
(see Figure 2d). This molecular structure has a higher vacuum
equilibrium energy than the standard conformation. The geom-
etry of the rotated conformation is not obvious from Figure 2,
since it is not a planar molecule, but the difference between the
orientations should be clear.

We refer to the distance between succinic acid and the particle
as the distance from the molecular center of mass to the surface

G(1)(c̃k
†) ) -∑

j
∑

k

Upol
(k) ( rbj)∑

pq

〈φp|qj|φq〉〈0|[ck
†, [κ(t), Epq]] |0〉

(18)

〈〈A; Vω〉〉ω ) lim
εf0

∑
n*0

〈0|Â|n〉〈n|Vω|0〉

ω - ωn + iε
- lim

εf0
∑
n*0

〈0|Vω|n〉〈n|Â|0〉

ω + ωn + iε
(19)

V(t) ) ∫-∞

∞
dω Vω exp[(-iω + ε)t] (9)

〈0̃|Â|0̃〉 ) 〈0|Â|0〉 + ∫-∞

∞
dω exp[(-iω + ε)t]〈〈A; Vω〉〉ω +

1
2∫-∞

∞
dω1 ∫-∞

∞
dω2 exp[(-i(ω1 + ω2) +
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+ ... (10)

|0̃〉 ) exp(iκ(t))|0HF〉 (11)
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† + κ′k(t)ck] (12)

ck
† ) Epq ) apR
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† aqâ, p > q (13)
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j
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k

Upol
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of the dielectric medium. Since we refer to the center of mass
of the molecular system, it is possible to perform the calculations
for the rotated conformation at shorter distances than those for
the calculations for the standard orientations.

The optimization of the wave function and the calculation of
linear response properties were performed with a local version
of the program Dalton.48 The calculations were performed in
theC1 symmetry group at the HF/cc-pVDZ level of theory for
different molecular orientations relative to the particle. The

image charges, given by eq 1, were calculated forε ) 78.54,
which is the static dielectric constant for water at 25°C.26

Interaction energies for different particle-molecule distances
and orientations are calculated, and these are compared with
the shift of the dipole moment, static polarizability, excitation
energies, and dipole transition moments relative to the vacuum
state. We define the shift of propertyA as

whereA is calculated in the presence of the dielectric medium
andAvac is the vacuum value. The dependence on the dielectric
constant is studied for one orientation and different distances.
Atomic units are used unless otherwise stated. Conclusions are
based on trends in series of calculated numbers rather than
absolute values.

A. Interaction Energies. The interaction energies obtained
for the different orientations are presented in Figure 3. In all
cases there is a weak attractive interaction that is largest for
small distances. The interactions are similar to the ones
encountered for very weak hydrogen bonding involved in
intermolecular interactions in the gas phase. As expected, the
energy is lowered most for the rotated conformation, but its
total energy (Etotal ) Evacuum + Einteraction) is still higher than
the total energies for the standard conformations.

To interpret the interaction energies, we consider the shift of
the partial charges for the different orientations relative to the
vacuum state as a function of distance from the particle surface.
Figure 4 illustrates the shifts of the partial charges in group A
and B for the x orientation. We note that carboxylic acid group
A pointing toward the particle is affected differently from
carboxylic acid group B, which points away from the particle.

To investigate this further, the individual contributions to the
interaction energy from different parts of the molecule were
calculated separately. The four partial charges in group A give
rise to an attraction whereas group B contributes with a small
repulsive interaction. The interaction with the alkane part of
the molecule is also repulsive. The resulting interaction energy
is attractive and becomes smaller as all terms fall off when the
distance is enhanced. The large interaction energy calculated
for the rotated conformation is due to an attractive contribution
from both acidic groups.

A comparison between the obtained interaction energies for
the y and y2 orientations (Figure 3) shows that the interaction
with the medium is favored in the case of the y2 orientation.
For both orientations the shifts of the partial charges as a
function of distance vary nonuniformly, which implies that the

Figure 2. Orientation of succinic acid relative to the surface of the
particle.

Figure 3. Interaction energies in au as a function of distance. The
vacuum energy is-454.5061 au for the standard and-454.5033 au
for the rotated conformation. 1 au) 2625.50 kJ/mol.

∆A ) A - Avac (20)
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molecular charge distribution changes as a function of distance.
This also reflects a significant anisotropic component of the
interaction potential. Furthermore, the interaction energies are
smaller than the corresponding solvation energies for similar
systems;11-13,30,49,50the system is only solvated from one side.

In conclusion, the interaction energy is negative for all
orientations but its magnitude depends on the relative orientation
of the molecular system. Carboxylic acid groups pointing toward
the dielectric medium enhance the interaction energy while
carboxylic acid groups pointing away reduce the energy of
interaction.

B. Polarizability. Figure 5 presents the shift of the mean
polarizability for the three orientations of the standard confor-
mation. The mean polarizabilityRj is defined as

In all cases the mean polarizability decreases as the diacid
approaches the aerosol, that is, the diacid becomes harder to
polarize. This is consistent with the principle of minimum
polarizability.47 A decrease of the mean polarizability is also
observed for the rotated conformation.

The polarizability is related to the excitation energies and
dipole transition moments, and these are therefore considered
in the next section.

C. Excitation Energies and Dipole Transition Moments.
Table 1 shows the excitation energies and corresponding dipole
transition moments for the transitions from the ground state to
the four lowest excited states as a function of the distance to

the dielectric medium. The table also shows excitation energies
in the absence of a dielectric (vacuum). The shifts of the
excitation energies are different for the different transitions.
Whereas the three lowest excited states are blue shifted (i.e.
postitive) when the molecule is close to the surface, the fourth
is red shifted (i.e. negative) and the dielectric medium causes
an interchange of the third and fourth excited states. This
behavior reflects the fact that the presence of the dielectric
medium affects the different excited states differently because
their charge distributions and molecular properties differ from
one another.

The dipole transition moments for the transitions to the first
and third excited states are only slightly reduced in the presence
of the dielectric medium and not until the molecule gets close
to the surface. The second and fourth dipole transition moments
are very small for the vacuum case but sensitive to the presence
of the dielectric medium. They are slightly enhanced even at a
distance of 10 Å and considerably enhanced at small distances.
The effect is largest for the fourth excited state, where we also
observed the largest shift of the excitation energy.

The same behavior is observed for the y and y2 orientations,
the only difference being the magnitude of the shift. For the
rotated conformation we observe an increase of the four lowest
excitation energies.

These results clearly illustrate that the interactions between
the aerosol particle and the diacid are small compared to a
similar situation where a molecule is solvated.11-13,30,49,50

The nonequilibrium situation that arises upon excitation of
an electron may explain the general increase of the excitation
energies. The excited state is not in equilibrium with the induced
charges and is thus stabilized less by the dielectric medium,
resulting in a larger excitation energy.

The increase of the excitation energies may partly explain
the observed decrease of the mean polarizability because the
excitation energies occur in the denominator of the sum-over-

Figure 4. Shift of the partial charges in groups A and B as a function
of the distance to the aerosol surface (x orientation). In a vacuum the
partial charges are (au) (A)qC ) 1.2946, qdO ) -0.8621, qO )
-0.8180,qH ) 0.3274 and (B)qC ) 1.2945,qdO ) -0.8620,qO )
-0.8180,qH ) 0.3273.

Figure 5. Shift of the mean polarizability as a function of distance. In
a vacuumRj ) 47.6353 au. The conversion factor isR (cm3) )
(0.148 184× 10-24)R(a0

3).

TABLE 1: Excitation Energies and Dipole Transition
Moments (TM) for the x Orientation in Atomic Units

distance,
Å Eex,1 Eex,2 Eex,3 Eex,4 TM1 TM2 TM3 TM4

vacuum 0.2457 0.2462 0.3587 0.3874 0.107 0.000 1.089 0.001
10 0.2457 0.2462 0.3587 0.3580 0.107 0.003 1.088 0.013
9 0.2457 0.2462 0.3587 0.3580 0.107 0.004 1.088 0.020
8 0.2457 0.2462 0.3587 0.3580 0.107 0.006 1.088 0.031
7 0.2457 0.2463 0.3587 0.3580 0.107 0.010 1.088 0.054
6 0.2458 0.2463 0.3587 0.3580 0.106 0.019 1.084 0.103
5 0.2458 0.2465 0.3588 0.3580 0.101 0.036 1.067 0.214

Rj ) 1
3
(Rxx + Ryy + Rzz) (21)
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states expression for the polarizability, which is a linear response
property (eq 19).

D. Dielectric Constant. In this section we consider how the
interaction energy and the molecular properties are affected
when the dielectric constant is changed. For the x (side-on)
orientation, calculations were performed for the following values
of the dielectric constant,ε ) 2, 5, 10, 20, 40, and 60. For
comparison the dielectric constant for ethanol is 24.30 (25°)
and the dielectric constant for acetic acid is 6.15 at 20°. The
obtained interaction energies are presented in Figure 6 along
with those calculated for pure water,ε ) 78.54.

As expected from eq 1 the interaction energy increases when
the dielectric constant is enhanced. The difference is largest for
small particle-molecule distances and converges to zero for
large distances. Furthermore, the effect of changing the dielectric
constant is much more pronounced for small dielectric constants.
This behavior may also be explained by inspection of eq 1,
which shows that the charges are insensitive to small changes
in the dielectric constant when it has exceeded a value of around
40. Similar behavior is observed when considering the shift of
the mean polarizability (Figure 7).

IV. Conclusion

Assuming that a particle can be modeled as a homogeneous
dielectric medium, the dielectric continuum model enables the
calculation of interaction energies between an aerosol particle
and an approaching molecule. Furthermore, it provides insight
into the changes of the polarizability which is important for
the description of intermolecular interactions.

An attractive interaction was observed for all the tested
orientations of the diacid whereas the size of the interaction
energy was quite dependent on the relative orientation. For all
orientations, the presence of an aerosol particle was found to
cause a decrease of the mean static polarizability.

We found that the interaction energies are indistinguishable
for dielectric constants in the intervalε ) 40-78.54.

A disadvantage inherent in the dielectric approximation is
that the model only describes the formation of physisorbed states
and does not account for the formation of chemical bonds. This
is important in the description of growth and evaporation of
organic aerosols because polar molecules such as succinic acid
are likely to form hydrogen bonds to surface molecules in the
aerosol particle.

The aerosol model could be improved by placing a number
of water molecules on the surface of the dielectric medium and
including these in an extended molecule approach.51,52Treating
a few water molecules at the same level of theory as that for
the molecular system would enable the description of short-
range interactions important for the description of hydrogen
bonds.

In the calculation of time-dependent properties, the hetero-
geneous solvation model does not account for the nonequilib-
rium situation arising from excitation of an electron. A more
correct behavior may be introduced by dividing the polarization
vector into an optical part that is assumed to respond instanta-
neously to changes in the molecular charge distribution and an
inertial part describing the processes that are slow to relax.

This model enables investigations of molecules physisorbed
on an aerosol particle. Our next step will be to compare the
results reported here with those obtained using a QM/MM
method18-20,53and thereby include chemisorption. This approach
includes polarization as well as electrostatic interactions and a
van der Waals term.

An obvious future goal is to relate the output of our models
directly to experiments. One of the most promising methods
for studying liquid surfaces and interfaces54 is the experimental
method vibrational sum frequency spectroscopy (VSFS). It has
been used for probing the molecular structure and conformation
of molecules at aqueous vapor-liquid interfaces. The technique
is based on a second-order nonlinear optical process that directly
probes the vibrational spectrum of molecules at an interface.
The process is an allowed dipole transition in media that do
not contain an inversion center, which is the case of molecules
at an interface.54 In our future work we will address VSFS of
molecules at interfaces.

Finally, we will use a molecular reaction dynamics model to
introduce kinetic energy terms for the nuclei and energy transfer
between the aerosol particle and the molecule. This approach
will lead to a theoretical procedure for the calculation of sticking
coefficients. The dynamics of the nuclear motion will be
described by classical mechanics, and the necessary potential
energy surface will be calculated by the methods presented here
along with the ones presented in ref 53. From the trajectory
calculations, we will be able to calculate sticking coefficients
and how the temperature affects the nuclear dynamics.
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Figure 6. Dependence of the interaction energy on the dielectric
constant as a function of distance.

Figure 7. Dependence of the shift of the mean polarizability (au) on
the dielectric constant at 6 Å.
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