Free energy barrier in the growth of sulfuric acid clusters
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Formation of secondary atmospheric particles begins
with the clustering of gas phase molecules into small
molecular clusters, which can grow by colliding with gas
molecules and each other. As experimental observation
of the smallest clusters is extremely difficult, theoretical
methods provide necessary tools to study the properties
of these clusters.

We have used first principles quantum chemistry
combined with a dynamic model to study the kinetics of
sets of small clusters containing either sulfuric acid
(H,SO,) and ammonia (NHs) or sulfuric acid and dime-
thylamine (DMA, (CHs),NH) molecules. The model
(Atmospheric Cluster Dynamics Code; McGrath et al,
2012) solves the steady-state of the system considering
all possible collision and evaporation processes. Colli-
sion rates are calculated as in the kinetic gas theory, and
evaporation rates are derived from quantum chemical
Gibbs free energy of formation of the clusters (Ortega et
al, 2012). We included in the simulations clusters con-
taining in principle up to four acid and four base mole-
cules for DMA,; for ammonia, the behavior of the system
was not as straightforward as for DMA and therefore the
set was extended to include clusters with up to five acids
and five bases in order to better understand the system.
Both sets were studied with and without electrically
charged clusters.

We performed the simulations in atmospherically
relevant conditions. The base concentration was fixed by
setting a constant base monomer concentration, whereas
the acid concentration was set by fixing the sum of all
neutral clusters containing one acid and any number of
base molecules, as the instrument for measuring the acid
concentration (CIMS; Chemical lonization Mass Spec-
trometer) is likely to detect also these clusters as acid
monomers. We tracked the main clustering pathways in
each system and converted the quantum chemical Gibbs
free energies of formation of the growing clusters to the
acid and base concentrations used in the simulations.

Figure 1 shows the Gibbs free energy of for-
mation of the growing clusters as a function of growth
step in the studied systems. In the system with sulfuric
acid and ammonia, there are energy barriers in the main
growth pathways both in the electrically neutral and ion-
ic systems. Charged clusters dominate the clustering
routes in the ionic system by growing out as negative or
positive cluster ions and forming neutral clusters by re-
combination. In the acid-DMA system the growth along
the most significant pathways is barrierless and occurs
via electrically neutral clusters also when ions are pre-
sent.
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Figure 1. Gibbs free energy of formation as a function of
growth step along the most significant growth routes in
the sulfuric acid-ammonia and sulfuric acid-DMA sys-
tems at T=5 °C, [H,S0,]=10° cm™ and [NH;]=100 ppt or
[DMA]=1 ppt. For ammonia, both electrically neutral
and charged growth routes are shown; for DMA, only
the neutral route is shown as the contribution of ions is
insignificant. Acid, ammonia and DMA molecules are
denoted with A, N, and D, respectively.
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