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The Rayleigh and hyper Rayleigh scattering properties of the binary (H,SO,)(H,0), and ternary (H,SO,)(NH;)(H,0), clus-
ters are investigated using a quantum mechanical response theory approach. The molecular Rayleigh scattering intensities are
expressed from the dipole polarizability @ and hyperpolarizability B tensors. Using density functional theory, we elucidate the
effect of cluster morphology on the scattering properties from a combinatorial sampling approach. We find that the Rayleigh
scattering intensity depends quadratically on the number of water molecules in the cluster and that a single ammonia molecule
is able to induce a high anisotropy, which further increases the scattering intensity. The hyper Rayleigh scattering activities are
found to be extremely low. This study presents a first attempt to map the scattering of atmospheric molecular clusters using a

bottom-up approach.

1 - Introduction

Atmospheric aerosols are unambiguously regarded as the
largest uncertainty regarding climate estimation. Through the
indirect effect, aerosols can affect the formation and proper-
ties of clouds!. Via the direct effect, aerosols influence the
climate either by acting as scatterers or absorbers of incident
solar radiation®. Aerosol particles are emitted directly into
the atmosphere from various sources including combustion
processes and wave breaking3. They are also formed in the
atmosphere via nucleation and growth*. The exact mecha-
nism of nucleation remains unclear, but is believed to occur
through formation of H,SO,-H,O-X clusters. Suggestions for
the nature of the stabilizer molecule X includes ammonia®~?,
amines %16, oxidized organics*!”=37 or ions3¥#®. The light
scattering properties of molecules, clusters and particles in the
atmosphere is determined by their size and the wavelength of
the incoming light. The scattering of light by particles with
the same size as the wavelength of the incoming light is de-
scribed by Mie theory*’. For individual molecules, clusters
and particles with diameter much lower that the wave length
of the incoming radiation Rayleigh scattering is the dominant

1 Electronic Supplementary Information (ESI) available: All identified
lowest Gibb’s free energy minimum structures and polarizabilities for the
(H,S0,)(H,0), and (H,SO,)(NH;)(H,0), clusters for n up to 10 are avail-
able as supporting information. See DOI: 10.1039/b000000x/
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mechanism#8-51,

It has recently become evident that the atmosphere contains
a large pool of neutral molecular clusters3>~>> with sizes be-
low 2 nm. While some of these clusters grow to larger sizes
and nucleate, a large fraction remain in the cluster pool. Con-
centrations reported are in the range 100-100.000 cm 33333,
Understanding of the climate impact of this pool of clusters is
lacking. The focus of this work is therefore the optical proper-
ties of atmospheric pre-nucleation clusters. For these clusters
Rayleigh scattering is the dominant scattering mechanism.

The average size of clusters formed in molecular beams has
previously been probed via Rayleigh scattering®®. Rayleigh
scattering has also been used to analyse hydrogen-bonded sys-
tems by means of ab initio calculcations®’-%" as well as to
analyse the difference in o-helix and B-sheets®! in proteins.
To our knowledge this is however the first study targeted at
elucidating the Rayleigh scattering properties of a series of
clusters of relevance for the pool of pre-nucleation clusters in
the atmosphere of Earth.

In a bottom-up approach we use quantum mechanical re-
sponse theory to investigate cluster optical properties. This
approach is not limited to spherical particles. As model sys-
tems we study pre-nucleation molecular clusters consisting of
H,0, NH; and H,SO, molecules.

2 - Theory

2.1 - Polarizabilities and Scattering Intensities

The charge distribution of a chemical system will be influ-
enced by an external electric field leading to polarization.
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The field dependent induced dipole moment ;(&’) can be ex-
panded in a Taylor series in the electric field:

1 1
wi(&) =) +Y o8+ EZﬁijkéoj@((;c“" EZ%jkléaj&é?---
J Jk

jkl

ey
Here o;;, fBijx and ¥;jx are the dipole polarizability, first hy-
perpolarizability and second hyperpolarizability, respectively.
These quantities are represented by second-, third- and fourth-
rank tensors with the Cartesian components ij, ijk and ijkl.
Due to the dependence on the electric field, the polarizabili-
ties are referred to as linear, quadratic and cubic responses to
the electric field. For randomly oriented molecules in the gas
phase, isotropic variants can be defined. For the polarizability
o the isotropic mean (&) and anisotropic (Aa) polarizabili-
ties are defined as:

Y P— 1 .o
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Similarly two isotropic averages (82,,) and (82,,) can be de-
fined for the first hyperpolarizability®?>. The Rayleigh scat-
tering activities of the R, R, components of the linearly
polarized light and R, of natural light are given by:

R, = 45(@)’+13(Aa)? )
R, = 45(a)*+7(Aa)? 5)
Ry = 6(da)’ 6)

Hyper Rayleigh scattering corresponds to the elastic scatter-
ing of two incident photons into one with twice the frequency.
The hyper Rayleigh scattering intensity of a plane polarized
incident light wave and observation made perpendicular to the
propagation is given by:

(BZ72) + (Bfz2) @)

The so-called depolarization ratio (p) is an important parame-
ter in measurements of scattered light. It is defined as the ratio
between the parallel and perpendicular intensities to the scat-
tering plane. For Rayleigh scattering, the depolarization ratio
of natural light p,,, plane-polarized light p,, and circularly po-
larized light p. are given by:

Rurs =
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The largest depolarization ratio corresponds to the most
anisotropic case. Due to the non-zero value of & the maxi-
mum value of p, is % while the maximum value of p, is %
For p. the maximum obtainable value is 1. Analogously, the
hyper-Rayleigh depolarization ratio (pgrs) which depends on
the first hyperpolarizability can be defined as the ratio between
the isotropic (B2,,) and (B2,,) components:

(BZzz)

PIS = Be0) (“)
The hyper Rayleigh depolarization ratio can take values
from ~1.5 in octopolar molecules to ~5.0 in pure dipolar
molecules. From these equations, it is possible to evaluate
the Rayleigh and hyper Rayleigh scattering intensities and po-
larization ratios of atmospheric pre-nucleation clusters. For
analyzing the scattering properties, the binding mean isotropic
and anisotropic polarizabilities are defined as the following:

aBinding =  OCluster — Z aMonomer,i (12)
i

AOtCluster - Z AaMonomer,i ( 1 3)

1
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2.2 - Response Theory

The frequency dependent polarizability and hyperpolarizabil-
ity can be calculated from linear and quadratic response theory
methods. The linear response function is given by %3
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Here A is our observable of interest and V€ is the perturbation
operator. From the linear response function the property of in-
terest can be obtained. In the case of the frequency dependent
polarizability: Qgp(—©;®) = —((Ua;g))e. Similarly, the
quadratic response function is given by:
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The quadratic response function can be used to gain insight
into two-photon absorption transitions with the corresponding
first hyper polarizability as the residue: Bygy(—0s; 01, 02) =

<<#a9#[5a.uy>>w1,wz-
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3 - Computational Methodology

3.1 - Cluster Sampling

All calculations have been performed using the Gaussian09
program package®. On the basis of recent benchmarks ®-8
the M06-2X% functional was chosen for calculating the
molecular geometries and harmonic frequencies of the
pre-nucleation clusters.

Two types of clusters consisting of H,SO,, NH; and
H, O are investigated: The binary (H,SO,)(H,0), and ternary
(H,SO,)(NH;)(H,0),, systems. We wish to investigate the
dependence of the optical properties on cluster morphology
and use a combinatorial approach to sample the structures.
This is performed by defining a rigid cluster core (H,SO,
or (H,SO,)(NH;)) and add the H,O molecules at different
sites around the cluster core. Using this approach results
in two indistinguishable sites around a rigid C,-symmetric
H,SO, cluster core and two distinguishable sites around the
C-symmetric (H,SO,)(NH;) core.

The different cluster conformations will be denoted as [Site
1 - Site 2], where clusters with ammonia always will have
ammonia attached to Site 2. For instance a cluster contain-
ing (H,SO,)(H,0)3 would imply two combinations: a [0-3]
combination with all water at one site and a [1-2] combina-
tion with one water at one site and two water at the other,
as demonstrated in Figure 1. A (H,SO,)(NH;)(H,0)3 cluster
would imply four combinations ([0-3], [1-2], [2-1] and [3-0]),
since the core is no longer C,-symmetric due to the attached
ammonia molecule, as seen in Figure 1.
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Fig. 1 Examples of the combinatorial sampled structures for
(H,S0,)(H,0)3 and (H,SO,)(NH;)(H,0);3 clusters.

Each combinatorial conformation is initially sampled using a
Born Oppenheimer molecular dynamics (BOMD) approach
using simulated annealing with the MO06-2X/6-31+G(d,p)
level of theory. In the molecular dynamics simulation the sys-
tem is heated by an initial energy of ~ 5 kcal/mol for each wa-
ter molecule which is uniformly removed over a time period
of up to 5 ps. In all cases the energy was fully dissipated over
the course of 0.5 - 1.0 ps, and equilibrated until termination
of the run. Using this approach it is possible to migrate from
minima to minima which is essential when dealing with a large
number of water molecules in the clusters due to a shallow po-
tential energy surface. After a terminated simulated annealing
run, several snapshots of the structures are further geometry
optimized using the M06-2X/6-311++G(3df,3pd) level of the-
ory to yield the final structures, and the identified lowest en-
ergy conformation for each morphology is then subsequently
used to calculate the optical properties. The purpose of our
sampling procedure is thus not to locate the global minimum,
which would be very time consuming when including large
clusters and would involve countless local minima conforma-
tions. The applied methodology allows us to find a local (and
perhaps a good guess for the global) minimum corresponding
to each cluster morphology

Structures with more than 10 water molecules are handled
differently. The clusters are only sampled in intervals of 5 wa-
ter up to a maximum of 50 water molecules. The clusters are
minimized with a molecular mechanics force field (UFF) us-
ing a steepest descent algorithm while attempting to keep the
cluster as spherical as possible in order to represent a forming
droplet. This approach does not yield accurate structures since
the molecular mechanics force field is unable to handle bond
breaking, but is a good compromise for investigating larger
clusters without using expensive Born Oppenheimer molecu-
lar dynamics or extensive sampling.

3.2 - Optical Properties

To find a suitable methodology for calculating the optical
properties of pre-nucleation clusters, a DFT functional and
basis set analysis was performed for the smallest cluster sub-
units H,SO,, NH; and H,0. The performance of calculat-
ing the mean isotropic polarizability was tested using CC2,
CCSD, CCSD(T), CAM-B3LYP, B3LYP, M06-2X and PW91
using various correlation consistent basis sets. On the basis
of this analysis, we find that CAM-B3LYP/aug-cc-pVDZ is a
good compromise between efficiency and accuracy yielding
good agreement with both experimental and CCSD(T) val-
ues of the polarizability. The complete basis set and func-
tional analysis is available in the supplementary information.
Furthermore the CAM-B3LYP functional has been success-
fully employed in the calculation of various response proper-

ties such as polarizabilities 7%, absorption properties’>, van
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der Waals Cg-coefficients 70 natural-7? and magnetic circular
dichroism7*7>. Very recently CAM-B3LYP showed an ade-
quate performance in calculating the hyper Rayleigh scatter-
ing of large chromophores ’®. All presented calculated proper-
ties are given in atomic units (a.u.).

4 - Results and Discussion

4.1 - Cluster Structures and Relative Stabilities

The structure of the identified pre-nucleation molecular clus-
ters are all given in the supporting information. The sampled
morphologies yield very varying relative Gibb’s free energies,
which implies that a single morphology most likely dominates
within each cluster. In Figure 2, the identified lowest Gibb’s
free energy molecular clusters are shown for each morphology
of the (H,S0,)(H,0), clusters with n=2 - 10. It is generally
seen that the water molecules are distributed evenly in order to
participate in more hydrogen binding sites to the polar sulfuric
acid molecule. When there are 4 or more water molecules at a
single site in the sampled cluster conformations, sulfuric acid
is found to partially (clusters with 3,4,6 and 9 water) or fully
(clusters 5,7,8,10) dissociate its proton.

2 é
2 Jf"’ L 2 @ .99° “J?J ?
9 y
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Fig. 2 The identified lowest Gibb’s free energy structures of
(H,50,)(H,0), clusters with n between 2 and 10.

It is seen that the lowest identified structures yield a bridging
between the different sites in the case of the (H,SO,)(H,0)s
and (H,SO,)(H,0) g clusters resulting in more spherical mor-
phologies.

In Figure 3, the identified lowest Gibb’s free energy molec-
ular clusters are shown for each morphology in the case of the
(H,SO,)(NH;)(H,0), clusters with n= 2 - 10. Similarly to
the (H,SO,)(H,0), clusters, the water molecules are observed
to locate relatively evenly around the sulfuric acid molecule.
When ammonia is present at a site with two or more water

molecules, a proton transfer is observed as seen in Figure
3, forming the ammonium ion, which indicates that there is
more direct ionic structure in the (H,SO,)(NH;)(H,0), clus-
ters compared to the clusters without ammonia where in most
cases only a partial proton transfer is found.
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Fig. 3 The identified lowest Gibb’s free energy structures of
(H,SO,)(NH;)(H,0),, clusters with n between 2 and 10.

The larger clusters were handled using a molecular me-
chanics approach and the structure of the largest investi-
gated (H,SO,)(H,0)s0 and (H,SO,)(NH;)(H,0)s0 clusters
obtained from the simulated annealing calculation can be seen

in Figure 4.

(1sa)(50w)

(1sa)(1a)(50w)

Fig. 4 Molecular structure of the largest investigated clusters: The
(H,S0,)(H,0)sq cluster (Left) and the (H,SO,)(NH;)(H,0)s0

cluster (Right)
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4.2 - Rayleigh Light Scattering Activities
4.2.1 - (H,S0,)(H,0), Clusters

Using the above identified molecular structures, it is possible
to calculate the Boltzmann weighted (298K) static scattering
properties of the clusters. A complete list of all the individual
scattering intensities for each cluster conformation is given in
the supporting information. It is observed that all the different
conformations within each cluster yield very similar (within
2 a.u.) isotropic mean polarizabilities &t. For the small clus-
ters with up to 10 water molecules the &-values are found to
be close to additively dependent on the cluster constituents,
with only a slight cluster binding isotropic mean polarizabil-
ity of at the most ~3%. This is consistent with the study of
(H,0), clusters by Ghanty and Ghosh, who found a near ad-
ditive dependence of the polarizability on the number of water
molecules””.

The larger clusters yield significantly higher binding
polarizabilities of up to 240 a.u. corresponding to ~10% in
the case of the largest (H,SO,)(H,0)s0 cluster. This is due
to the larger hydrogen bonding network as the water content
increases. The anisotropic polarizability Ao is contrarily
found to be very dependent on the different conformations
within each cluster and vary up to 12 a.u.. This corresponds
to a binding anisotropic polarizability increase of up to
65% for the clusters with up to 10 water molecules. The
highest anisotropic polarizabilities are found for clusters
where the water is evenly residing around the sulfuric
acid molecule. For the larger systems, where the clusters
attain a spherical shape, the binding anisotropy decrease
drastically between 13-24 a.u., corresponding to a drop
of up to 293%. This implies that the Rayleigh scattering
intensities will be very dependent on the morphology and
water content of the cluster. In Figure 5, the Rayleigh light
scattering intensity of natural light R, and the depolarization
ratios p, of the (H,SO,)(H,0), clusters can be seen as a
function of the number of water molecules in the cluster.

)
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No. water molecules No. water molecules

Fig. 5 Left: Rayleigh scattering intensities (R,,) from
(H,S0,)(H,0), clusters as a function of water molecules. The red
dotted line correspond to a quadratic fit to the calculated data points
(e). Right: Depolarization ratio p, as a function of the number of
water molecules.

It is observed that the R,, scattering intensities are gradually
increasing with the number of water molecules. This non-
linear dependence is observed to closely follow the trend of
a second order polynomial (red dotted line in Figure 5). This
increasing trend can be attributed to the gradually increasing
binding polarizability of the clusters, such that the (&)? term
in equation 4 will dominate in the Rayleigh scattering of larger
particles.

The calculated depolarization ratios p, are observed to
rapidly decay as the cluster grows. This is due to increase
in the mean isotropic polarizability with number of molecules
in combination with the anisotropic polarizability being rela-
tively constant in the range of 5-27 a.u. This is consistent with
what is to be expected as the cluster change from a molecular
cluster into a spherical isotropic particle. The depolarization
ratios for clusters with 1-10 water molecules is seen to fluctu-
ate from 0.004 to 0.009 and then plummet to ~ 10~ for the
larger clusters.

The calculated scattering properties are dependent on the
wavelength of the incident light. The frequency dependences
on the R, scattering intensities and p, depolarization ratios
were investigated for the clusters containing up to 10 water
molecules in the frequency range from 200 to 800 nm. At
ground level almost almost all incident light below 250 nm is
absorbed by the atmosphere, with the highest solar intensity
being in the visible range of 400-700 nm. The behaviour of all
the clusters were found to depend similarly on the frequency.
At 800 nm the R, scattering intensities are found to increase
2% compared to the static limit. This gradually increases with
higher frequency leading to 16-18% increase at 300nm and
a 48-56% increase at 200 nm. The depolarization ratios p,
also show a slight dependence on the wavelength. At 800 nm
only a 1-2% increase is observed. Similar to the scattering,
this gradually increase with increased frequency, witha 1-13%
increase at 300 nm and up to a 41% increase at 200 nm.

4.2.1 - (H,SO,)(NH;)(H,0), Clusters

For the (H,SO,)(NH;)(H,0), with n < 10 clusters, it is
observed that the different conformations within each cluster
morphology yield isotropic mean binding polarizabilities
a within 2 a.u. corresponding to up to 2% increase. For
the larger clusters with n up to 50 the binding polarizability
reaches up to 65 a.u. corresponding to a maximum of 14%.
The binding anisotropic polarizabilities are found to vary
up to 16 a.u. in the clusters with 1-10 water molecules,
corresponding to up to a 68% increase. In the larger clusters,
the binding anisotropies are found to decrease up to 30
a.u. which corresponds up to a 444% decrease in bind-
ing anisotropy in the case of the (H,SO,)(NH;)(H,0)30
cluster. In Figure 6, the Rayleigh light scattering R, and
pn for the (H,SO,)(NH;)(H,0), clusters are plotted as a

This journal is © The Royal Society of Chemistry [year]
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function of the number of water molecules in the cluster.
The scattering intensities for these clusters are similar to
the case without ammonia seen to follow a quadratic fit (red
dotted line). It is observed that the scattering activities of
the (H,SO,)(NH;)(H,0), clusters are larger than for the
(H,S0O,)(H,0), clusters on a per molecule basis. This differ-
ence is partly due to the higher polarizability of an ammonia
molecule compared to a water molecule with & equal to 9.27
a.u. and 13.91 a.u., respectively. The main difference can
however be attributed to the induced anisotropy in the cluster
containing ammonia. In the case of the larger clusters the
anisotropic polarizability goes from a maximum of 19.54
a.u. up to 41.91 a.u. when an ammonia molecule is present.
This could indicate that complex clusters could potentially
show high Rayleigh scattering intensities. The depolarization
ratios for the (H,SO,)(NH;)(H,0), clusters are in the same
range (10~* — 102) as the clusters without ammonia present.

1616
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12116
1ab

8116

Depolarization Ratio

61

Rayleigh Scattering Intensity (a.u.)

aab 0.00p
206 o
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0 10 20 5

30 40 E 0 10
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Fig. 6 Left: Rayleigh scattering intensities (R,,) from
(H,S0,)(NH;)(H,O), clusters as a function of the number of water
molecules. The red dotted line represents a quadratic fit to the
calculated data points (e). Right: Depolarization ratio p, as a
function of the number of water molecules.

The frequency dependence was also investigated for a sub-
set of the (H,SO,)(NH;)H,0), clusters with up to 10 water
molecules. The (H,SO,)(NH;)(H,0), clusters show a simi-
lar dependence on the frequency as the (H,SO,)(H,0), clus-
ters. At 800 nm the R, scattering intensities are, in all cases,
observed to increase 2% compared to the static limit. This
gradually increases with the frequency, leading to 18-19% in-
crease at 300 nm and a 56-64% increase at 200 nm. The
depolarization ratios p, also show a similar dependence on
the wavelength. At 800 nm only a 2% increase is observed
which gradually increase with increased frequency, with a 3-
22% increase at 300 nm and up to a 94% increase at 200 nm.
Thereby, it is seen that the wavelength dependence for the
(H,SO,)(NH3)H,0),, clusters is slightly higher than for the
(H,S0,)(H,0), clusters.

4.3 - Hyper-Rayleigh Light Scattering Activities

4.3.1 - (H,S0,)(H,0), Clusters

The Boltzmann weighted (298 K) static hyper Rayleigh
scattering activities (Ryrs) have been calculated for the same

clusters as above. A complete list of the scattering activities
for each cluster conformation is given in the supporting
information. It is observed that the different conformations
within each cluster yield varying hyper Rayleigh scattering
values. This indicates that the Ryrs-value is very dependent
on the cluster morphology. In Figure 7, the calculated
hyper Rayleigh scattering activities of the (H,SO,)(H,0),
clusters can be seen as a function of water molecules.

Hyper-Rayleigh Scattering Intensity (a.u.)
Depolarization Ratio
®

o002
.

0 10 5 0 10 20 30 40 5

20 30 40
No. water molecules No. water molecules

Fig. 7 Lefr: Hyper Rayleigh scattering intensities (Rygs) from
(H,S0,)(H,0), clusters as a function of water molecules. The red
dotted line corresponds to a quadratic fit to the calculated data points
(e). Right: Hyper depolarization ratio pygg as a function of water
molecules.

For the clusters containing 10 water molecules or less, the
Ryrs-value varies between 15-50 a.u.. The hyper Rayleigh
scattering activity is observed to grow with increasing water
content similarly to what is observed for the ordinary Rayleigh
scattering. Due to the sensitivity of the Rygrs-value to the
molecular structure, it is difficult to determine whether the
growth is linear or quadratic. In Figure 7 the red dotted line
correspond to a quadratic fit to the calculated data points.
The depolarization ratio is seen to increase from a value ~3-
4 to ~8 with higher water content. Thereby, as the cluster
grows, it changes from partial octopolar character to purely
dipolar character as the water content gets around 35-50 water
molecules.

4.3.2 - (H,S0,)(NH;)(H,0), Clusters

The Boltzmann weighted (298 K) static hyper Rayleigh
scattering activities (Ryrs) have similarly been calculated
for the (H,SO,)(NH;)(H,0), with n up to 40. A complete
list of the scattering activities for each cluster conformation
is given in the supporting information. Similarly to the
(H,50,)(H,0), clusters, the different cluster morphologies
yield varying hyper Rayleigh scattering values. In Figure
8, the calculated hyper Rayleigh scattering activities of the
(H,SO,)(NH;)(H,0), clusters can be seen as a function of
the number of water molecules.
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Fig. 8 Left: Hyper Rayleigh scattering intensities (Rygg) from
(H,SO,)(NH;)(H,0),, clusters as a function of water molecules.
The red dotted line correspond to a quadratic fit to the calculated
data points (e). Right: Hyper depolarization ratio pygs as a function
of water molecules.

The different cluster conformations were found to show hy-
per Rayleigh scattering activities that vary up 30 a.u. within
each cluster type. Similarly to the (H,SO,)(H,0), clusters,
the scattering is observed to grow as a function of the wa-
ter content. The red dotted line in Figure 8 correspond to a
quadratic fit to the data points. The (H,SO,)(NH;)(H,0),
clusters with n up to 10 generally show slightly higher
hyper depolarization ratios in the range 3 to 6 than the
(H,SO,)(H,0), clusters with values around 2 to 4. Similarly
to the (H,SO,)(H,0), clusters the hyper deploarization ratio
changes from a slight octopolar character for the small clusters
to purely asymmetrically dipolar for the clusters with more
then 25 water molecules.

5 - Conclusion

We have investigated the scattering properties of atmospheric
pre-nucleation clusters using a quantum mechanical response
theory framework. As model systems we have investigated the
(H,SO,)(H,0), and (H,SO,)(NH;)(H,0), clusters. While
these clusters are most likely short-lived in the atmosphere
and prone to rapid evaporation our study serves as the first
scattering investigation of relevance to the Earth’s atmosphere
of pre-nucleation clusters from a bottom up approach using
classical Rayleigh scattering theory.

We find that the linear Rayleigh scattering activity depends
quadratically on the water content. It is dependent on the clus-
ter constituents where a single ammonia molecule is able to in-
duce a high anisotropy in the particle, which on a per molecule
basis yield an increased scattering. The hyper Rayleigh scat-
tering activities are in all cases found to be relatively low and
hence the frequency doubled hyper Rayleigh scattering is neg-
ligible from these particles.

We have made an elaborate study of the structural depen-
dence of the molecular cluster morphologies on the scattering
properties. Since the ordinary Rayleigh scattering is found to
only depend slightly on cluster morphology, identified mini-

mum cluster structures will dominate the scattering properties.
From our investigation it is clear that in order to get insight
into the Rayleigh scattering properties of a given molecular
cluster it is possible to perform a CAM-B3LYP/aug-cc-pvdz
calculation on top of an identified lowest energy cluster.

As a single ammonia molecule is able to induce a high
anisotropy in relatively isotropic particles, it could indicate
that clusters consisting of complex mixtures of compounds
could show high scattering activities. This could be particu-
larly relevant for pre-nucleation clusters containing a mixture
of organics, sulfuric acid, ammonia and water.
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