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Molecular dynamics method is applied to study the structure of stable sulfuric acid—water
clusters at various compositions. Also a planar liquid—vapor interface is studied. Two dif-
ferent potential models were used. In the simpler model, sulfuric acid (H,SO,) remains in
an undissociated state. A more realistic scheme requires that in the presence of water (H,0)
H,SO, protonates to form bisulfate (HSO,") and hydronium (H,O0*) ions. This effect is
described by considering a system consisting of HSO,” and H,O* ions, and water. The main
focus is on the structure of clusters of hundred molecules at different compositions. The
results are compared with those for the planar liquid—vapor interface. In the unprotonated
system sulfuric acid lies on the cluster surface, if the total mole fraction of H,SO, is smaller
than 0.1, whereas at a planar interface such enhanced surface activity is not seen. In the
protonated system the bisulfates are at the center of the cluster and the hydronium ions on
the surface when the sulfuric acid concentration is small. The presence of ions is found to
destabilize the clusters at higher compositions and the planar interfaces at all compositions.

Introduction tion sites for heterogeneous chemical reactions
(Wayne 2000, Bianco and Hyenes 2005). Since

Several studies have shown that sulfuric acid the reaction probability is sensitive to the aerosol

is a key component in the atmospheric aero-
sol formation (Kulmala 2003, Spracklen et al.
2006). A clear correlation between the sulfuric
acid concentration and the formation events was
observed at several measurement sites (Sihto
et al. 2006). Yue et al. (1994) discovered that
sulfuric acid dominates the mass of the aerosol
increasing from about 60 mass percentages just
above the tropopause to about 86 at 35 km.

Due to its high acidity, sulfuric acid is also
a good catalyst for chemical reactions. Het-
erogeneous reactions are significant part of the
atmospheric chemistry. Atmospheric aerosol par-
ticles provide both surface and liquid phase reac-

composition, the composition is an important
parameter worth investigating. Sulfuric acid is
fully miscible in water in all compositions.
Computational studies of H,SO,~H,O clus-
ters have been performed using several compu-
tational methods. Simulations provide significant
molecular level insight that would be otherwise
unattainable, but all the methods have their own
downsides. Quantum chemistry provides accu-
rate information about the energetics of the stud-
ied system, but the method is restricted to small
clusters and it does not provide any informa-
tion about dynamics. Several groups performed
quantum chemistry calculations for sulfuric acid
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water clusters (see e.g., lanni et al. 2000, Ding et
al.2003a, 2004, Al Natsheh et al. 2004). Choe et
al. (2007) used a so-called first-principle molec-
ular dynamics method to study H,SO,-H,O
system. This method evaluates forces between
atoms from the electronic structure calculated
using density functional theory. The method is
able to treat bond breaking and forming, but it is
limited to investigation of dynamics that occur
on the time scale of the order of picoseconds
(Kusaka et al. 1998). Molecular dynamics (MD)
or Monte Carlo (MC) simulations use system-
specific interaction potentials between the atoms
and molecules. The potentials are usually opti-
mized to replicate certain properties such as
surface tension. Both methods are suitable when
simulations of systems containing hundreds or
thousands of molecules are wanted, but there is
an inherent difficulty in the treatment of bond
breaking and forming. Water—sulfuric acid clus-
ters were simulated, for example, by Kusaka et
al. (1998), Kathmann and Hale (2001) and Ding
et al. (2003b). Classical nucleation theory (CNT)
provides information about nucleating clusters,
such as the composition and radius of the criti-
cal nucleus, and nucleation rate. The nucleation
rates of H,SO,~H,O system predicted by CNT
are in most cases within experimental errors
(Noppel et al. 2002). However, the uncertain-
ties are large and CNT is unable to describe the
structure of clusters, and system-dependent ther-
modynamical data is needed.

In order to study the structure of H,SO,-H,O
system, we will use a molecular dynamics simula-
tion method. We will simulate clusters in equilib-
rium with a vapor and planar vapor-liquid inter-
faces, with H,SO, mole fraction varying from
0.01 to 0.6. We will concentrate on the structure
of the clusters in several compositions and com-
pare our results with the structure of planar inter-
faces. As mentioned above, molecular dynamics
method is not able to treat chemical reactions
(dissociation). The quantum chemical calcula-
tions show that H SO, molecules protonate easily
in small water clusters (see e.g. Ding et al. 2004).
However, the second protonation occurs only at
25% of H,SO, molecules in the bulk phase solu-
tions and the percentage is 50 in a small cluster.
We will therefore ignore the second protonation
for simplicity and simulate two kinds of sys-
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tems. Protonation environments are different if
we compare the bulk liquid, liquid surface and
cluster. The polarity at the surface is reduced as
compared with that of the bulk liquid, and in the
small cluster there is no clear difference between
the surface and the bulk phases. Bianco et al.
(2005) studied the dissociation at the surface and
concluded that acid dissociation is not at all guar-
anteed in the temperature range 190-300 K and
that undissociated, molecular H,SO, may exist at
the surface. This is not surprising if we remember
that dissociation is only slightly exothermic reac-
tion in the bulk liquid (Bianco et al. 2005). How-
ever, dissociation occurs in small clusters already
when three water molecules are present with one
sulfuric acid molecule, or two water molecules
with two sulfuric acid molecules (Re et al. 1999,
Ding et al. 2003). One water molecule acts as a
proton acceptor, while two water molecules or
(in the later case) one water molecule and one
sulfuric acid molecule stabilize the newly-formed
hydronium ion. We will first simulate a system
where we have H,SO, and H,O molecules, and
second, a system consisting of HSO,” and H,0*
ion pairs and water. The ion pairs are not coupled
to each other.

Methods
Computational details

The simulations were performed using
GROMACS (Groningen Machine for Chemi-
cal Simulations) (Berendsen 1995) molecular
dynamic program ver. 4.0.2. We used a potential
model for sulfuric acid and water molecules
constructed by Ding et al. (2003). Two atoms of
different molecules interact via the pair potential
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where A is a constant and r, is the distance
between i and j atoms. Charges ¢, and ¢, Len-
nard-Jones energy parameter €, and distance
parameter o, are the interaction parameters
obtained from the parametrization of quantum
chemistry calculations. The intramolecular
potentials are simple harmonic potentials. For a
more detailed information see Ding et al. (2003).



656

The simulations were carried out with peri-
odic boundaries, which necessitates the use of
the potential cutoff. In the GROMACS program
the cutoff length is restricted to be smaller than
half of the box length. We used a cutoff of
3.9 nm for the intermolecular potentials in the
cluster simulations and 1.9 nm in the planar
vapor-liquid interface simulations. Quite a large
cutoff length was needed for a realistic treatment
of electrostatic interactions. The GROMACS
package does offer more advanced methods for
taking long-range forces into account, for exam-
ple Ewald summation and particle-mesh meth-
ods, but they are considerably more time-con-
suming than the simple cutoff. Also, as the cutoff
length is larger than the diameter of the cluster
and the vapor density is very low, the contribu-
tions beyond the cutoff will not affect the clus-
ter structure noticeably. The smaller cutoff in
the simulations of planar interface will affect a
property like surface tension somewhat, but the
effect on the surface structure is likely to be very
small. Jungwrith and Tobias (2006) compared
the results of simulations with Ewald summation
and cut-off for aqueous Nal solution and they
found that the use of cutoff caused only subtle
differences in the density profiles of planar inter-
faces.

The temperature of the system was fixed
at 260 K throughout the present study. The
system was coupled to a Nosé-Hoover thermo-
stat (Hoover 1985). The mass-like parameter
of the thermostat was 1.65 x 10 s> K. The
simulation time step was 0.5 fs. We used Still-
inger definition to distinguish between the vapor
and the cluster atoms: a molecule is a part of
the cluster if it has another molecule inside the
Stillinger radius. The Stillinger radius we used
was 0.495 nm. This refers to the O-O distance
in interactions between H,O molecules (or H,O*
ions), S-S distance between H,SO, molecules
(or HSO, ions), and O-S distance otherwise.
Wedekind and Reguera (2007) showed for the
argon system that the Stillinger cluster definition
overestimates the number of molecules in small
clusters but the variation of the Stillinger radius
alone is not sufficient to reach a more realistic
cluster description. However, the overestima-
tion is small when the cluster is larger than a
couple of tens of molecules (Julin et al. 2008).
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Fortunately, the issue of cluster definition is of
minor importance in our study, because we base
our analysis on density profiles and the cluster
definition is only used to distinguish the moment
when the final state with a large equilibrium
cluster is achieved and to calculate the location
of the center of the cluster.

Initial configurations

First we simulated a system containing water
and unprotonated sulfuric acid molecules. The
total amount of the molecules was 100. The mole
fraction of sulfuric acid was varied from 0.01
to 0.6. At the beginning of the simulations all
the molecules were in the vapor phase. During
the equilibration period, some small clusters
were formed via nucleation. Coagulation of clus-
ters and condensation of free molecules led the
system to a state, where we had only one cluster
surrounded by a vapor phase. After the equilibra-
tion period, the cluster-vapor system was simu-
lated for data collection. Structure analysis was
done only for the equilibrium cluster.

In the planar interface simulations, 2000 mol-
ecules were initially randomly placed in a liquid
slab that covered half of the simulation box with
the end parts of the box left empty. Equilibration
time was 300 ps, during which a vapor phase
was formed on the both sides of the liquid slab.
Data were then collected from 300 ps to 1 ns. As
in the cluster simulations, the mole fraction of
sulfuric acid was varied from 0.01 to 0.6.

We simulated the protonated sulfuric acid
water system at bisulfate mole fractions 0.01-
0.10. At the beginning of simulations all the
molecules were in the vapor phase. We ran
simulations until all the nucleated clusters were
coagulated together. A structure analysis was
done for the system containing only one cluster
having bisulfate ions. We performed only some
separate simulations of the planar vapor-liquid
interface for the reasons explained below.

Structure analysis

We studied the structures of H,SO,-H,O systems
by analyzing the density profiles. The clusters
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Fig. 1. A cluster of the equilibrated system containing
H,S0, and H,0 molecules. Mole fraction of H,SO,
is 0.02 and the simulation time is 2 ns. Color coding:
white = hydrogen, red = oxygen and yellow = sulfur.
The cluster is not spherical all the time.

were sampled for the density profile every 50
fs (every 100 steps). In order to simplify the
density profile calculations, we only considered
sulfur atom in H,SO, and HSO,” molecules and
oxygen in H,O and H,O* molecules. To cal-
culate the density profiles, the systems were
divided into thin planar layers (planar interface)
of spherical shells (clusters) and data on the
number of particles in each layer were collected.
We considered the center of the cluster as a
positional average of the cluster molecules and
we assumed that the cluster is spherical when
we calculated the density profile. The density
profile of the planar liquid—vapor interface is
the average of the densities of both sides of the
liquid phase. From the density profiles we calcu-
lated the mole fraction of the interfacial surface
layer and the central (bulk) part of the condensed
phase. We defined the surface as a 0.6-nm-thick
layer located around the point where the total
density had half the value of the density in the
middle of the condensed phase. The thickness
of the surface layer is of about the diameter of a
sulfuric acid molecule. In the systems containing
protonated sulfuric acid, we also calculated the
distances between the sulfur atom in HSO," and
the oxygen atom in H,O*.
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Fig. 2. A density profile of sulfuric acid—water cluster
with unprotonated sulfuric acid molecules. The total
number of molecules is 100 and the sulfuric acid mole
fraction of the system is x, = 0.02. p,,, ps and p, , refer
to the densities of water and sulfuric acid molecules
and the total density of the system, respectively. The
gray area in the figure shows the position of the surface
layer.

Results and discussion
Sulfuric acid—water system

The binary nucleation of H,SO, and H,O mol-
ecules occurred immediately in the vapor phase
during the simulations in systems containing
unprotonated sulfuric acid. At all compositions
(the total mole fraction of H,SO, (x ) varying
from 0.01 to 0.6) the nucleated clusters coagu-
lated and formed one large cluster during the first
2 ns (Fig. 1). Data were collected for 2 to 4 ns.
We present the radial dependence of sulfuric
acid and water densities for two compositions as
examples of cluster densities. The total mole frac-
tions of sulfuric acid molecules is 0.02 (Fig. 2)
and 0.20 (Fig. 3). For the small clusters, like the
represented ones, the surface layer of the cluster
is a major part of the volume of the cluster. If the
mole fraction of the system is as small as 0.02,
the total density of the system is close to the den-
sity of water molecules. It is evident that sulfuric
acid molecules are located on the cluster surface
for x = 0.02 (Fig. 2). However, if the mole frac-
tion of sulfuric acid is increased, the sulfuric acid
molecules distribute more evenly and concen-
trate slightly in the center (Fig. 3). Note that the
sudden decrease of densities close to the center of
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Fig. 3. Same as Fig. 2 but the sulfuric acid mole frac-
tion of the system is x_, = 0.20.

tot

the cluster is an artifact: the density derived from
the count of molecules in spherical shell is under-
estimated near the origin. However, the effect on
the mole fraction is very small due to the small
volume of the centermost part.

Examples of the density profiles of the
planar-liquid interfaces are shown in Figs. 4 and
5. If the sulfuric acid mole fraction is 0.02, den-
sity of sulfuric acid peaks at 1.3 nm, indicating
slightly increased concentration of H,SO, mol-
ecules immediately beneath the topmost surface
layer, but otherwise densities are uniform in the
liquid phase and no H,SO, molecules appear in
the vapor phase (Fig. 4). If we increase the mole
fraction of sulfuric acid to 0.2, the water mol-
ecules concentrate on the surface (Fig. 5).

The above examples suggest that at low
HZSO4 mole fractions (Figs. 2 and 3), H2SO4
molecules concentrate on the cluster surface.
Also there are noticeable differences between
the cluster and planar interfaces when X, = 0.02,
whereas at x_ = 0.20 the surfaces are more alike
(compare Figs. 2 and 4, and Figs. 3 and 5). Our
simulations for the entire range of x_, (0.01-0.6)
indicate that the surface mole fraction of the
clusters is higher than the total mole fraction
if the total mole fraction is smaller than 0.1. In
other words, sulfuric acid molecules tend to be
on the surface if the total mole fraction is below
0.1. For higher mole fractions, the surface mole
fraction is lower than the total mole fraction.
For the planar vapor-liquid interface the sur-
face mole fraction is lower than the total mole
fraction at all x_ except at 0.01 and 0.02. The
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Fig. 4. Density profile of planar a vapor-liquid interface
in sulfuric acid-water system with unprotonated sulfuric
acid molecules. Total number of molecules is 2000 and
the sulfuric acid mole fraction of system is x,, = 0.02.
py and pg and p, refer to densities of water and sulfu-
ric acid molecules and the total density of the system,
respectively. The gray area in the figure shows the
position of the surface layer.
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Fig. 5. Same as Fig. 4 but the sulfuric acid mole frac-
tion of the system is x, = 0.20.

composition data is collected in Fig. 6. Note that
due to the limited number of molecules in the
clusters, and to some extent even in the liquid
layers, the mole fraction at the center (“bulk”
mole fraction) is not completely independent of
the mole fraction at the surface.

lon pair-water system

Due to the proton transfer we had three kinds
of molecules in our simulation box: H,O mol-
ecules, HSO," ions, and H,O" ions. We aimed to
simulate similar clusters and planar vapor-liquid
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Fig. 6. Sulfuric acid mole fraction of surface and bulk
liquid in clusters and planar liquid—vapor interfaces.

interfaces as in the unprotonated H,SO,-H,0
system.

First, we simulated a system of 100 mol-
ecules containing 1 to 10 ion pairs, that is the
sulfuric acid mole fraction ranged from 0.01
to 0.1. The total simulation time was 12 ns. An
extended simulation time was needed, because
it took very long before the system reached an
equilibrium state where there was only one clus-
ter and few water molecules in the vapor phase.
In fact, systems with a sulfuric acid mole frac-
tion higher than 0.03 did not reach an equilib-
rium state during 12 ns. We made a couple of test
calculations at a lower temperature. Even if the
clusters nucleated at the lower temperature and
coagulated to one large cluster, they broke down
if we increased the temperature to 260 K.

A cluster of the equilibrated system after 8 ns
of simulation time is shown in Fig. 7.

Second, we simulated a vapor-liquid inter-
face containing 2000 molecules. At all com-
positions, the molecules formed an unstable
condensed phase and the system could not be
divided into distinctive vapor and liquid phases.
The difficulties in simulating the liquid phase are
probably related to the parameters of the interac-
tion potentials. The potential model was origi-
nally developed for cluster simulations at low
concentrations (Ding et al. 2003) and it seems
to fail if we have several HSO,” ions in the con-
densed phase. Due to the electric charge of the
molecules there are strong repulsive interactions
at liquid densities, which destabilize the system.

The cluster density profile for a system with
the HSO,” mole fraction 0.02 (two HSO,—H,O*
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Fig. 7. A cluster of the equilibrated system containing
an HSO,~—H,0* ion pair and H,O molecules. The mole
fraction of HSO,™ is 0.02 and the simulation time is 8
ns. Color coding: white = hydrogen, red = oxygen and
yellow = sulfur.

ion pairs and 96 water molecules) is shown in
Fig. 8. It is evident that HSO," ions tend to be at
the center of the cluster and the water molecules
are concentrated on the surface. Hydronium ions
are distributed rather evenly. The structure is
totally different as compared with that presented
in Fig. 1: the sulfuric acid molecules tend to lie
on the surface, whereas the protonated sulfuric
acid molecules (HSO,” ions) are in the middle of
the cluster. The density profiles at x,_ = 0.01 and
0.03 are qualitatively similar to those shown in
Fig. 6.

The distance between the sulfur atom in the
HSO,” ion and oxygen atom in the H,O* ion
increase with the increasing number of ion pairs.
The average distances between the oxygen atom
in the H,O* ion and sulfur atom in the nearest
HSO, ion are 0.37 nm, 0.48 nm and 0.57 nm
for the clusters with one, two and three ion pairs,
respectively. Due to the coulombic interaction,
ion pairs are not so tightly bound in a cluster
with several ion pairs as in a cluster with one
ion pair. The average distances we calculated are
shorter than the distance reported by Ding et al.
(2003b). We used the same interaction potential
parameterization, but our system was twice the
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Fig. 8. A density profile of a cluster containing dissoci-
ated sulfuric acid molecules in water. The total number
of molecules is 100 and sulfuric acid mole fraction of
systemis x,, = 0.02. p,,, pg, p,,, and p,, refer to densities
of water, bisulfate and hydronium molecules and the
total density of the system, respectively.

size of theirs and they calculated the distance
only for a system containing one ion pair.

Conclusions

The molecular dynamics method was used to
study sulfuric acid—water clusters. Due to the
protonation of sulfuric acid molecules in presence
of water molecules, the system was modeled by
two different sets of molecules. We simplified the
effect of the protonation by simulating a system
containing unprotonated sulfuric acid and water
molecules, and a system where all the sulfuric
acid molecules were protonated to bisulfate ions
and the corresponding number of water molecules
reduced to hydronium ions. We studied the struc-
ture of clusters in a vapor phase and compared
the results with those for the planar vapor-liquid
interface.

Our calculations indicate that in the unpro-
tonated system the sulfuric acid molecules in a
water cluster lie on the surface if the sulfuric acid
mole fraction is smaller than 0.1. On the other
hand, sulfuric acid tends to avoid the immediate
surface region of a planar interface, and the sur-
face mole fraction is lower than the surface mole
fraction of cluster at all compositions. Whether
these differences are real or caused by the simple
unprotonated model is unclear. If they are real,
one can expect considerable differences between
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planar interface and clusters in strongly surface-
dependent properties, for example surface ten-
sion or evaporation rate.

The cluster structure in the systems with
protonated sulfuric acid is drastically different
from the unprotonated case: bisulfate ions are
found to reside inside the cluster and hydronium
ions lie on the surface. Unfortunately, we were
only able to simulate clusters with low sulfuric
acid content. At higher concentrations, a stable
cluster was never found and a similar instabil-
ity afflicted the simulations of planar interface,
making the comparison of the cluster and planar
surfaces impossible. These problems may be
related to the potential model, which was devel-
oped on the basis of ab initio simulation data of
small clusters. To fully resolve the issues con-
cerning the differences the between the cluster
and planar interfaces and the stability of the
liquid phase, modeling of classic potentials from
quantum chemical calculations at higher sulfuric
acid compositions and systems sizes is needed
along with a more complete investigation of the
molecular dynamic simulation methodology.

This study highlights the complications
of realistic molecular-level simulations of the
atmospherically important water—sulfuric acid
system: the conclusions are drastically differ-
ent if the protonation is neglected or taken into
account. The partial second protonation may
change the picture even further.

Acknowledgments: This work was supported by the Acad-
emy of Finland Centre of Excellence program (project nos.
211483, 211484 and 1118615). We thank the Centre for Sci-
entific Computing for computer time.

References

Al Natsheh A., Nadykto A B., Mikkelsen K.V., Fangqun Y.
& Ruuskanen J. 2004. Sulfuric acid and sulfuric acid
hydrates in the gas phase: a DFT investigation. J. Phys.
Chem. A 108: 8914-8929

Berendsen H.J.C., van der Spoel D. & van Drunen R.
1995. GROMACS — a message-passing parallel molec-
ular-dynamics implementation, Comp. Phys. Comm. 91:
43-56.

Bianco R. & Hyenes J.T. 2005. Heterogeneous reactions
important in atmospheric ozone depletion: a theoretical
perspective. Acc. Chem. Res. 39: 159-165.

Choe Y.-K., Tsuchida E. & Ikeshoji T. 2007. Frist-principles
molecular dynamics study on aqueous sulfuric acid solu-



BOREAL ENV. RES. Vol. 14 -

tions. J. Chem. Phys. 126, 154510.

Ding C.-G. & Laasonen K. 2004. Partially and fully depro-
tonated sulfuric acid in H,SO,(H,0), (n = 6-9). Chem.
Phys. Lett. 390: 307-313.

Ding C.-G., Laasonen K. & Laaksonen A. 2003. Two sulfu-
ric acids in small water clusters. J. Phys. Chem. A 107:
8648-8658.

Ding C.-G., Taskila T., Laasonen K. & Laaksonen A. 2003.
Reliable potential for small sulfuric acid-water clusters.
Chem. Phys.287: 7-19.

Hoover W.G. 1985. Canonical dynamics: equilibrium phase-
space distributions. Phys. Rev. A 31: 1695-1697.

Tanni J.C. & Bandy R.A. 2000. A theoretical study of the
hydrates of (H,SO,), and its implications for the formation
of new atmospheric particles. J. Mol. Struc. 497: 19-37.

Jungwrith P. & Tobias D.J. 2006. Specific ion at the air/water
interface. Chem. Rev. 106: 1259-1281.

Julin J., Napari I. & Vehkamiki H. 2008. Equilibrium sizes
and formation energies of small and large Lennard-Jones
clusters from molecular dynamics. A consistent compari-
son to Monte Carlo simulations and density functional
theories. J. Chem. Phys. 129: 234508.

Kathmann S.M. & Hale B.N. 2001. Monte Carlo simulations
of small sulfuric acid—water clusters. J. Phys. Chem. B
105: 11719-11728.

Kulmala M. 2003. How particles nucleate and grow. Science
302: 1000-1001.

Kusaka I., Wang Z.-G. & Seinfeld J.H. 1998. Binary nuclea-
tion of sulfuric acid—water: Monte Carlo simulation. J.

Structure of water-sulfuric acid clusters 661

Chem. Phys. 108: 6829-6848.

Noppel M., Vehkamiki H. & Kulmala M. 2002. An improved
model for hydrate formation in sulfuric acid—water
nucleation. J. Chem. Phys. 116: 218-228.

Re S., Osamura Y. & Morokuma K. 1999. Coexistence of
neutral and ion-pair clusters of hydrated sulfuric acid
H,SO,(H,0), (n = 1-5) — a molecular orbital study. J.
Chem. Phys. 103: 3535-3547.

Sihto S.-L., Kulmala M., Kerminen, V.-M., Dal Maso M.,
Petdjd T., Riipinen 1., Korhonen H., Arnold F., Janson R.,
Boy M., Laaksonen A. & Lehtinen K.E.J. 2006. Atmos-
pheric sulphuric acid and aerosol formation: implications
from atmospheric measurements for nucleation and early
growth mechanisms. Atmos. Chem. Phys. 6: 4079-4091.

Spracklen D.V., Carslaw K.S., Kulmala M., Kerminen V.-M.,
Mann G.W. & Sihto S.-L. 2006. The contribution of
boundary layer nucleation events to total particle con-
centrations on regional and global scales. Atmos. Chem.
Phys. 6: 5631-5648.

Wayne R.P. 2000. Chemistry of atmospheres: an introduction
to the chemistry of the atmospheres of earth, the planets
and their satellites. Oxford University Press, Oxford.

Wedekind J. & Reguera D. 2007. What is the best definition
of a liquid cluster at the molecular scale? J. Chem. Phys.
127, 154516.

Yue G K., Poole L.R., Wang P.-H. & Chiou E.W. 1994. Strat-
ospheric aerosol acidity, density, and refractive index
deduced from SAGE II and NMC temperature data. J.
Geophys. Res. 99: 3727-3738.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputConditionIdentifier (FOGRA27)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        8.503940
        8.503940
        8.503940
        8.503940
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.275 841.890]
>> setpagedevice


