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Abstract
A suspension of fine solid particles and liquid droplets in the air is called an aerosol. Atmospheric aerosols play an important role in climate and also affect human health. Some
of these aerosols are formed in the atmosphere by collisions of gas molecules with favorable
interactions. The agglomerations of molecules formed in this process are referred to as molecular clusters. Unstable molecular clusters usually break apart quickly. In contrast, stable
molecular clusters may become the nuclei of subsequent growth by condensation of other
vapor molecules, and eventually form new atmospheric fine particles (this process is called
new particle formation = NPF). This process is typically accompanied by a nucleation barrier, which has to be surmounted to form the new particle. It is essential to understand and
accurately describe the molecular mechanism behind this process as our current understanding of NPF is incomplete, leading to significant uncertainties when it comes to forecasting
NPF-related phenomena (e.g., mists, clouds).
I utilize computational quantum chemistry (QC) to evaluate the stability of molecular clusters, which determines their decomposition rates. The surmounting of the (free) energy
nucleation barrier is about a probabilistic competition between cluster evaporation and cluster growth due to the collision with other condensable molecules in the air. The collision
rate can be approximately calculated from kinetic gas theory. The evaporation rate can then
be calculated using the detailed balance equation, which, however, requires thermodynamic
calculations using computationally demanding QC methods. Moreover, to calculate thermodynamic properties of a molecular cluster, the cluster structure has to be known beforehand.
The main focus of this thesis is studying molecular cluster structures/configurations, and
searching for those configurations that can be most probably found in the atmospheric air.
The process of searching for various configurations is known as configurational sampling.
I discuss methods of configurational sampling, and suggest an approach for configurational
sampling of atmospherically relevant molecular clusters.
The core of the research results shown in this work are applications of the configurational
sampling protocol, and the Jammy Key for Configurational Sampling (JKCS) program, which
was developed over the course of my Ph.D. studies.
Keywords: configurational sampling, computational chemistry, quantum chemistry, molecular clusters, nucleation, new particle formation, atmosphere, atmospheric aerosol, cluster
stability, statistical thermodynamics
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XV Dingilian, K. K., Lippe, M., Kubečka, J., Krohn, J., Li, C., Reischl, B., Halonen,
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[Head-Gordon et al., 1988]

PBE
PM7
ωB97X-D

Perdew–Burke–Ernzerhof DFT functional [Perdew et al., 1996]
semi-empirical parametric method number 7 [Stewart, 2013]
DFT functional with Grimme’s disspersion model [Chai and Head-Gordon, 2008]

BASIS SET FUNCTIONS:
aug-cc-pVTZ
cc-pVTZ augmented with additional set of diffuse functions
cc-pVTZ
correlation-consistent polarized valence double-triple basis sets [Dunning, 1989]
def2-TZVP
Karlsruhe based valence triple-zeta polarization basis set [Weigend and Ahlrichs, 2005]
6-31G
Pople basis set with specific number of primitive Gaussian functions for core and
valence atomic orbitals [Ditchfield et al., 1971]
6-31G**
6-31G basis set with additional set of polarization functions
6-31++G**
6-31G** basis set with additional set of diffuse functions

viii

1

Introduction

1.1

Towards a better understanding of the atmosphere
“I know: If you’re looking down at Earth, you’re looking through an atmosphere that has a bit of haze in many places and not just occasional clouds.”
– Buzz Aldrin

[Aldrin, 2020]

The atmosphere is a mixture of gases that surrounds Earth and creates sustainable conditions
for life on it. Without the atmosphere, Earth
would be a lifeless rock. Understanding atmosphere is important for humans because the atmospheric air is the ‘fluid’ we breathe and our
lives are affected by various weather phenomena
caused by atmospheric processes. Utilizing Earth
science disciplines such as climatology and meteorology which involves comprehension of fluid dynamics, chemical analysis, statistics, etc., one can
understand atmospheric phenomena such as circulation patterns, cloud formations, atmospheric
gas or radiative transfer. With all available observations, theories, and models, we
can forecast weather and reduce health problems related to bad air quality. Air pollution (e.g., in the form of ultrafine aerosol particles) and human exposure to them
is responsible for various respiratory problems, cardiovascular diseases, and lung
cancer.[Falcon-Rodriguez et al., 2016, Gan et al., 2013, Mei et al., 2018] The World Health Organization
(WHO) has reported that approximately 7 million premature deaths per year are
caused by air pollution.[World Health Organization (WHO), 2014]
Physical and chemical properties of the atmosphere (e.g., temperature, gas concentrations, and pressures) are often difficult to predict/control because the atmosphere can
be affected, for instance, by exchange of molecules or heat emerging from interactions
of the atmosphere with other environments:
• biosphere: For instance, forests or plants emit to the atmosphere various organic
molecules (e.g., terpenes, isoprenes) which give rise to the nice scent of nature.
15

Pollen is an example of small particles emitted by vegetation that affects air
quality.
• cryosphere: Frozen waters such as glaciers, hill snowcaps, or generally, any ice
which can reflect light and inhibit exchange of vapors with underlying surface.
Global warming reduces the extent of cryosphere, releasing to the atmosphere all
the gases bound to it.
• hydrosphere: Water is known for its large heat capacity, and therefore, oceans,
lakes, wetlands, etc. play an important role in the temperature regulation of the
whole Earth. Besides heat and water, the hydrosphere also evaporates and dissolves various atmospheric trace molecules.
• lithosphere: Mountains can, for instance, form valleys, ‘beakers’ filled with air
which can keep smog pollution trapped above valley’s city for a long time as
the mountains prevent the wind from carrying the pollution out of the valley.
Wind can uptake dust particles from deserts and carry them thousands of kilometers away. Last but not least, volcanoes emit various compounds and particles
to the atmosphere, and they are, for instance, one of the main non-anthropogenic
sources of sulfur dioxide (SO2 ).
• ‘anthroposphere’: This environment encompasses all human activities such as
factory and traffic pollution, including new compounds introduced to the atmosphere (freons, etc.).[Dellasala, 2018, Kónya and Nagy, 2018, Schoof, 2013]
Many of the above interactions are difficult to quantify. When predicting weather
or modeling atmospheric processes based on underlying physical and chemical mechanisms, the results are often connected with large uncertainties and accurate predictions cannot be made far into the future. Some of the most significant uncertainties are related to anthropogenic and natural aerosols.[Fletcher et al., 2018, Bond et al., 2013]
[Ban-Weiss et al., 2011, Samset and Myhre, 2015, Myhre et al., 2013]
Thus, aerosols and their formation
in the atmosphere require intense studies.
An aerosol∗ is by definition a small particle dispersed in the air. Atmospheric aerosols
can have various compositions (e.g., black carbon, sulfates, organic molecules, water), different sizes (2 nm–1 µm), atmospheric lifetimes (day–weeks), or even physical
phases (solid or liquid).[Putaud et al., 2010] Aerosols are responsible for atmospheric phenomena such as fog, mist, smoke, air pollution, or mountain/forest haze. Primary and
∗

Aerosol is an abbreviation of aero-solution.
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Figure 1: Scheme of atmospheric new particle formation (NPF).
secondary aerosols are distinguished based on the origin of particles.[Myhre et al., 2013] Primary aerosols are particles directly emitted to the atmosphere from natural processes
(e.g., volcano smoke, sea sprays, and pollen) or from human activities (e.g., cooking,
coal combustion, and traffic or factory pollution).[Pósfai et al., 1999] Secondary aerosol particles are formed in the atmosphere by condensation of precursors, gaseous molecules,
on pre-existing sub-nanoparticles or by new particle particle formation (NPF) from
the colliding gas molecules which can stick together into group of molecules, molecular
clusters, and sequentially grow by condensation of other molecules. The NPF scheme
is illustrated in figure 1.[Kulmala et al., 2014] On one hand, NPF increases concentration of
aerosol particles in the atmosphere, and specially the smallest formed particles have
particularly profound health effects as they are small and penetrate deep into our lungs
and cardiovascular system.[Poschl, 2005, Heal et al., 2012, Zhang et al., 2012] On the other hand,
some formed aerosol particles play a role as cloud condensation nuclei (CCN), i.e. all
cloud drops form around nucleation seeds which can grow by condensation of water
molecules into large water droplets forming clouds. The atmospheric gas-to-particle
formation is responsible for the formation of up to 50 % of all CCN.[Merikanto et al., 2009]
Therefore, understanding NPF is of utmost importance, as it helps us evaluate the
impact of secondary aerosol particles on climate and human health.
The general motivation of this thesis is to improve the understanding of atmospheric
NPF. The reader may wonder how the structure or stability of a ‘molecular cluster’
impacts NPF. To answer this question, we first have to look at the atmospheric gas
molecules responsible for NPF.
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1.2

New particle formation precursors

Colliding molecules can stick together and form group of molecules, named molecular
clusters. If these clusters are stable enough they can grow further and form new particles in the atmosphere (i.e. aerosols). At atmospheric condition, when NPF happens,
1 cm3 of air typically contains ∼102 –105 molecular clusters or sub-2nm particles, and
∼1019 gas molecules.[Kulmala et al., 2014, Kulmala et al., 2013, Yu et al., 2010] The question is, however, which of the molecules can form stable clusters and grow further through NPF?
Not all types of molecules can simply form a molecular cluster or a new particle as some
molecules form clusters that are unstable and evaporate immediately. The commonly
present molecules N2 , O2 , or CO2 are not NPF precursors as their interactions are not
strong enough for them to bind in atmospheric conditions. Water plays a part in many
weather phenomena (e.g., mist and clouds).[Kulmala et al., 2014] Nevertheless, typical water
air concentrations of 1016 molecules/cm3 are not enough to initiate spontaneous growth
of pure water clusters/droplets. As mentioned before, cloud condensation nuclei (CCN)
are essential for water condensation. Lord Kelvin∗ showed that the curvature of droplet
increases the equilibrium vapor pressure of the condensing molecules above the droplet
surface.[Thomson, 1871] Consequently, small particles evaporate easier than large particles
with an almost flat surface. This phenomenon leads to an energy barrier, which when
it is overcome, leads to a process called nucleation. For instance, the nucleation of
water molecules is not spontaneous due to the presence of a high energy barrier accompanying nucleation. But other types of molecules only need to overcome a low energy
barrier to nucleate, and thus, the NPF can occur in the atmosphere due to thermal
fluctuations. Additionally, there may be even molecules with stable clusters that their
nucleation is barrierless, and such NPF process is driven only by the rate of collisions
between the relevant molecules. The thermodynamics of molecular cluster formation,
NPF and nucleation is discussed in detail in chapter 2. But first, let me present the
molecules that historically appeared to be most likely responsible for the initial steps
of atmospheric NPF.
The importance of NPF in the atmosphere has been revealed only recently. However, already in the 1990s, scientists pointed out the possible relevance of NPF
and speculated that the primary atmospheric vapor responsible for it is sulfuric
acid.[Aitken, 1897, Weber et al., 1996, Weber et al., 1997, Weber et al., 2001, Kuang et al., 2008, Sipila et al., 2010]
∗

Lord Kelvin = Sir William Thomson, F. R. S.
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This molecule (see figure 2) forms in the atmosphere through oxidation of the SO2 molecule
with subsequent hydration of the formed SO3
molecule. All these molecules are volatile, i.e. easily vaporize and form in the gas phase, but, this is
not the case for sulfuric acid molecule which has
very low volatility. This dramatic jump in volatility between SO2 and H2 SO4 explains why sulfuric
acid is a key molecule in NPF. When significant
Figure 2: Sulfuric acid molecule.
NPF occurs in the troposphere (i.e., at least 1 new
particle·cm−3 s−1 ), the typical sulfuric acid concentration is around 106 –107 cm−3 and
it often correlates with the NPF rates indicating that sulfuric acid is involved in the
process.[Kulmala et al., 2014] The sulfuric acid concentration depends on location, time of
day, wind, and human activities related to the sources of SO2 molecules which can be
anthropogenic such as coal burning in power stations, petroleum processing, or mining, or natural such as volcano eruptions.[Kerminen et al., 2010] Homogeneous nucleation of
two component mixture of sulfuric acid and water was for a long time believed to be
the main source of atmospheric NPF.[Arstila et al., 1998, Noppel et al., 2002, Hanson and Lovejoy, 2006]
However, models and experiments showed that these two compounds alone could not
reproduce the nucleation rates observed in field measurements.
Clearly, there has to be other molecules that help
sulfuric acid to form stable cluster leading to NPF.
Base molecules were prime candidates for that as
their chemical properties let them form strong bonds
with the sulfuric acid molecules. Therefore, several
studies accounted for ammonia (see figure 3) which
has typically atmospheric mixing ratios of 100 pptV ∗
Figure 3: Ammonia molecule.
(read as parts per trillion by volume).[Chen et al., 2012]
Ammonia addition was experimentally confirmed to increase the nucleation rate
100–1000 times.[Kirkby et al., 2011] Additionally, sulfuric acid and/or ammonia may col+
lide with an atmospheric ion (e.g., O−
In2 , or H3 O ) and become charged.
clusion of ions into models increase the sulfuric acid—base—water nucleation
rate. Primary source of atmospheric ions are galactic cosmic rays (GCR) which
∗

Assuming that there are ∼1019 molecules/cm3 in the atmosphere and 100 molecules out of 1012
are ammonia molecules, then 100 pptV = 100·1019 /1012 = 109 cm−3 . (100 pptV = 10−5 Pa)
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on average result in ionization of 4 molecules·cm−3 s−1 . Though the ionization
rate depends significantly on location, cloudiness, and air pollution, the ioninduced nucleation was shown to have only weak dependence on ion concentration and the formation rates were only 2–10 times greater than in the neutral
case.Paper II & [Svensmark and Friis-Christensen, 1997, Kirkby, 2007, Kirkby et al., 2011]
Including the effect of ammonia molecules and ions is not enough to model the
NPF rates observed in the atmosphere apart from very clean[Sipila et al., 2010] or very
polluted[Yao et al., 2018] conditions.[Kirkby et al., 2011] Therefore, not only ammonia but also
some other molecules have to be taken into account.

Figure 4: Typical precursors of atmospheric molecular cluster formation and subsequent new particle formation (NPF).
Further studies showed that various amines enhance nucleation even more than
ammonia.[Kurtén et al., 2008, Almeida et al., 2013] For instance, strongly basic dimethylamine
(DMA) or guanidine (GD) could explain a significant part of the atmospheric
NPF.Papers I and III & [Loukonen et al., 2010] The chemical interaction of these molecules with
sulfuric acid is so strong that it results in significantly higher NPF rates; however,
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both these molecules likely have too low atmospheric concentrations to properly explain the missing piece of NPF. The structure of these molecules are shown in figure 4 together with other NPF-relevant base compounds methylamine (MA) and urea.
In areas with low SO2 pollution, other acids such as nitric acid or methanesulfonic acid
(MSA)[Wen et al., 2019] can be significant in the acid—base—water NPF. In coastal areas
where waves and tides exposes sea bottom, NPF is dominated by iodine containing
molecules.Papers VI and XIII & [Yibei et al., 2020] Finally, various organic molecules can take
part in the atmospheric NPF. For instance, at high temperatures, some plants (e.g.,
trees) produce isoprene in order to combat heat or other types of abiotic stress. Subsequently, isoprene can be emitted from the plant leafs to the atmosphere. With increased
temperature and sun light, vegetation also emits organic molecules called terpenes (oil
essences). Conceptually, terpenes are derived/constructed from isoprene (C5 = fivecarbon) molecules, and thus, we distinguish monoterpenes (C10), sesqiuterpenes (C15),
diterpenes (C20) etc.. Especially monoterpenes together with isoprene are volatile organic compounds (VOC), and thus, they can be easily emitted by the plants to the
atmosphere where they mostly undergo full oxidation until they are broken down into
simple molecules such as CO2 or H2 O. However, some of the oxidation reactions lead
to oxidized organic molecules as illustrated below for the most common monoterepene,
α-pinene
oxidation

α-pinene −−−−−−−→ pinic acid, pinonic acid, pinalic acid, etc.
O3 ,·NO3,·OH

These oxidized organic compounds usually posses lower volatility, and therefore, tend
to condense on other particles or even take part in NPF.[Kavouras et al., 1999, Mäkelä et al., 2001]
Additionally, two oxidized monoterpenes (C10) can undergo auto-oxidation and form
larger oxidized organic molecules (∼C20) which often have extremely low volatilities
due to their large mass/size.Papers VIII and XII As oxidation of organic molecules mostly
leads to lower volatility which is important for NPF, the most oxidized, or so-called
highly oxygenated organic molecules (HOMs∗ ), are strong candidates for participation
in NPF.Papers IV

∗

Large group of HOMs are low volatile organic compounds (LVOC, or even ELVOC = extremeLVOC); however, many exceptions exist.
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1.3

Thesis flow according to its motivation

This work describes molecular cluster structure, stability, and formation process in order to improve understanding of NPF in the atmosphere. The previous section introduced various types of molecular clusters which can be stable enough to overcome
the nucleation barrier and may appear in the atmosphere. The next chapter discusses
nucleation theory, particle formation kinetics, and possible approaches to model it with
highlighting the importance of molecular cluster stability during the NPF.
Stability of molecular clusters can be studied using physico-chemical models, especially quantum chemistry. Therefore, the following chapters discuss binding energy
of molecular clusters modeled using quantum mechanics and statistical thermodynamics. The quantum chemistry equations describing molecules or molecular clusters cannot be solved by hand, and even the calculation via computer is often time-consuming.
Computer (or even programming) skills are essential components required for scientists
to study molecular clusters. Thus, a separate chapter is dedicated to computational
chemistry methods for evaluating molecular system properties.
Molecular structure refers to a single configuration of all atoms in space. Molecular
clusters can, however, have many configurations, as there are many ways how to arrange
the molecules into cluster. Evaluation of the energy (stability) of a specific molecular
cluster structure is explained in the theory and computational chemistry chapters.
Finally, the last methodology chapter focuses on configurational sampling, which is
the search of energetically favorable structures, i.e., most probable structures that
these molecular clusters have in the atmosphere.
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2

First steps of nucleation

2.1

Classical nucleation theory

Vapor/gas molecules are constantly in motion, they can collide, stochastically (randomly) self-assemble, and form a new phase in the air: a solid/liquid cluster (or a particle). Natural processes are, generally, driven by decrease of system free energy. Thus,
we should examine the free energy change related to the cluster formation processes.
Classical nucleation theory (CNT) uses a liquid drop model to describe the cluster
properties.[Volmer and Weber, 1926, Becker and Döring, 1935, Frenkel, 1939, Vehkamäki, 2006] The simplest
example to analyze is homogeneous nucleation of a spherical liquid drop. Standard free
energy choice for atmospheric conditions (pressure and temperature) is the Gibbs free
energy G. The free energy change ∆f G in a formation of a drop with radius r from
a vapor molecules takes the form
4
∆f G = πr3 ∆gV + 4πr2 σ,
3

(1)

where σ is surface tension (σ > 0), and ∆gV is the free energy difference (per unit
of volume) for the transition between the two thermodynamic phases (i.e., from bulk
vapor/gas to bulk liquid). Nucleation can only occur when the vapor is supersaturated,
i.e. there is more vapor molecules than in the case of equilibrium,∗ i.e. the saturation
ratio S > 1. As ∆gV ∼ − ln S, we then have ∆gV < 0.[Vehkamäki, 2006]
Figure 5 shows ∆f G as a function of the cluster/particle size (radius). The first steps
of nucleation (small cluster/particle, i.e. small r) are dominated with the formation
of a new surface separating the cluster/particle from the surrounding gas. For small r,
the surface formation costs more energy compared to the gain from formation of the
small volume of the more favorable† phase. However, with increasing nucleus size r, the
favorable volume term (∼ −r3 ) becomes more significant than the unfavorable interface
term (∼ r2 ). Consequently, the vapor molecules are separated from the energetically
favorable bulk phase by a nucleation energy barrier. The cluster/particle size at the
∗

Saturation vapor pressure peq is the equilibrium pressure of vapor reached by evaporation of
a liquid phase at given temperature. Saturation ratio S represents the extent of saturation of the gas
S = p/peq , where p is the actual vapor pressure.
†
The solid/liquid phase is more favorable than gas phase because of the supersaturation (S > 1).
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Figure 5: The Gibbs free energy change as a function of cluster/particle size (radius)
during homogeneous (black) and heterogeneous (red) nucleation. The homogeneous
free energy surface term (dashed) and volume term (dotted) are also plotted. Note that
the critical cluster size r∗ is the same for both nucleation processes, but the nucleation
barrier ∆f G∗ differs.
highest point of nucleation barrier ∆f G∗ is called the critical cluster/particle size r∗
!
3
16πσ
2σ
, and ∆f G∗ =
.
(2)
r∗ =
|∆gV |
3|∆gV |2
The first steps of nucleation are reversible (i.e., the formed clusters can easily break
up), and the uphill growth is reached only by thermal fluctuations. Therefore, if the
energy barrier is too large, the nucleation has a low probability of occurring. However, once the critical cluster size is reached, cluster growth becomes more likely than
break up. Homogeneous nucleation is energetically less favorable than heterogeneous
nucleation,[Pruppacher and Klett, 1997] where vapor molecules form a cluster on top of a preexisting particle. Heterogeneous nucleation rates are orders of magnitude greater than
the homogeneous nucleation because the surface area required to be formed between
the gas and liquid phase is significantly reduced. Traditionally, classical nucleation theory (CNT) based on liquid drop model is used for calculating how fast new particles
are formed. However, CNT fails by several orders of magnitude compared to nucleation
experiments for even simple systems such as argon.[Fladerer and Strey, 2006] To understand
the reasons for this, suppose the critical cluster radius is small. The variables describing the cluster size are not continuous as the cluster size increases with discrete
step of molecule addition. Most importantly, classical bulk thermodynamics fails to
describe the smallest clusters well. As ∆f G is defined by the nature of interactions at
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the molecular level, the nucleation barrier may not be smooth, but the process can, for
instance, involve two barriers separated by a meta-stable cluster size, and only after
overcoming these two barriers, the cluster is free to grow. Further, CNT only considers
cluster/particle growth or evaporation by one molecule at a time. Additionally, CNT
does not account for any additional loss effects of clusters arising, for instance, from
wall losses on experimental setups, coagulation to larger background particles, or vapor
sinks due to reactions.[Kupiainen-Määttä et al., 2014] Therefore, CNT cannot be used for the
accurate modeling of nucleation processes in the atmospherically relevant experiments
or field studies.

2.2

Modeling nucleation

Figure 6: Scheme of two component nucleation where clusters are formed of single
molecules A and B. The growth out of the explicitly simulated system is restricted by
boundaries as these processes would lead to the formation of unstable clusters, which
would immediately evaporate back to the system. Only clusters in the ‘outgrowing
cluster’ area are assumed to grow further. Note that the studied system size and the
‘outgrowing cluster’ area may look different depending on the simulated system (i.e.,
participating molecules, their concentrations, and temperature). The critical cluster
must be inside the explicitly simulated system.
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In a simple example, we can examine the nucleation related to the arbitrary molecule
A (e.g. some acid) and molecule B (e.g. some base). Their atmospheric number concentrations are CA and CB , or we can express their concentrations also as partial pressures pA and pB .∗ Figure 6 shows all molecular clusters Ai Bj , where i, j ∈ {0, 1, 2, 3}
(A1 B0 represents the A monomer and A0 B0 is no cluster). Though the concentrations
of molecular clusters CAi Bj in the atmosphere is usually significantly smaller than the
monomer concentrations† , to understand their role in nucleation we must study all processes where the clusters participate, i.e. all collisions (characterized by collision rate
coefficient β), evaporations (characterized by evaporation rate coefficient γ), chemical
reactions etc.
The Ai Bj cluster concentration can increase through the following processes:
• monomer–monomer, cluster–monomer, or cluster–cluster collisions:
β[i−k,j−l][k,l]

Ai−k Bj−l + Ak Bl −−−−−−−→ Ai Bj
• evaporation of larger clusters:
γ[i,j][k,l]

Ai+k Bj+l −−−−−→ Ai Bj + Ak Bl
• external sources (usually relevant only for monomers)
• chemical reactions in the cluster (e.g., if B can transform into A, or vice versa)
Ai−1 Bj+1 or Ai+1 Bj−1 → Ai Bj
The Ai Bj cluster concentration can decrease by
• collisions with any other monomer or cluster:
β[i,j][k,l]

Ai Bj + Ak Bl −−−−−→ Ai+k Bj+l
∗

Number concentration C represents the number of particles per volume (N/V ), do not confuse
with molar concentration c = n/V . The partial pressures can be calculated using ideal gas equation
as p = CkB T , where kB is Boltzmann constant, and T is temperature.
†
There are clusters with relatively high concentrations such as ion-containing clusters, and strongly
bound clusters (e.g., sulfuric acid—guanidine and sulfuric acid—dimethylamine clusters).
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• monomer or cluster evaporation:
γ[i−k,j−l][k,l]

Ai Bj −−−−−−−→ Ai−k Bj−l + Ak Bl
• external losses
coagulation to bigger particles
losses to surface or wall (especially in experimental studies of nucleation)
dilution (mixing with a clean air)
• chemical reactions in the cluster (e.g., if B can transform into A, or vice versa)
Ai Bj → Ai−1 Bj+1 or Ai+1 Bj−1
The time evolution of the cluster population can be modeled by taking into account
all the above processes:[McGrath et al., 2012]
X
X
dCAi Bj (t)
γ[i−k,j−l][k,l] · CAi Bj
β[i−k,j−l][k,l] · CAi−k Bj−l CAk Bl −
=+
dt
k,l
k,l
X
X
(3)
γ[i,j][k,l] · CAi+k Bj+l
β[i,j][k,l] · CAi Bj CAk Bl +
−
k,l

k,l

− LOSSESi,j + SOURCESi,j ± REACTIONSi,j
Equation (3) for all clusters form a set of ordinary differential equations (ODE), and
solving that yields the time evolution of concentrations for all the monomers and clusters. To solve this set of differential equations, we must know the initial concentrations
of all monomers and clusters C, all collision rate constants β, all evaporation rate
constants γ, and all loss, source, and reaction terms. Figure 5 shows the so-called
nucleation barrier for one-component system. However, the system shown in figure 6
has a 2-dimensional discrete free energy surface. The lowest barrier (often close to the
scheme diagonal) represents the critical cluster size, which would correspond to r∗ in
figure 5. The outgrowing clusters are defined as a set of clusters (greater in size than
the critical cluster size) that have a small or negligible probability of evaporating back
into smaller clusters and that will instead grow into larger clusters and eventually to
particles. These clusters must collide with monomers or smaller clusters at least 1–2
orders of magnitude faster than they evaporate back into smaller clusters. The number
of clusters that have reached the outgrowing area per time defines the nucleation rate J
X
dCAi Bj (t)
J =+
.
(4)
dt
outgrowing
i,j ∈

area
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To make the picture complete, once monomers/clusters collide and form cluster outside
of the explicitly studied system but not amongst the outgrowing clusters, we assume
that the cluster is unstable and immediately evaporates back into the simulated system (see the area of unstable clusters in figure 6). Note that the area definition of the
scheme shown in figure 6 can look different depending on the studied system. Additionally, when more components or ionized molecules (e.g., A− or Ai Bj B+ ) are present,
the scheme becomes N -dimensional, and the number of possible clusters in the scheme
grows approximately exponentially with N .
As an example of defining the boundary conditions of the ODE, one can calculate the
nucleation rate of ammonia—sulfuric acid clusters assuming atmospheric concentrations of the monomers to be constant and not changed by the nucleation. Another
option would be studying system with some initial monomer concentrations (and/or
monomer source rates) and observe the time evolution of nucleation as the monomer
concentrations change. The initial concentrations of all clusters can be set to zero and
all external losses, sources, and reactions should be also defined. The Atmospheric
Cluster Dynamic Code (ACDC),[Olenius et al., 2013a, Roldin et al., 2019, McGrath et al., 2012] can be
used to write all birth-death equations∗ which can be solved by an ODE solver† , and
these solutions can then be used to calculate the time evolution of cluster concentrations
and the nucleation rate J. The steady-state is such a state where the cluster concentrations do not change anymore with time and there is a constant flux from monomers
towards outgrowing clusters. Here, it is worth noting that the solution of the birthdeath equations (and the nucleation rate J) converges to the same results as given
by CNT at specific conditions: 1) only monomer additions are assumed, 2) monomer
concentration is set constant, 3) no additional sinks/sources, 4) the critical cluster size
is large enough leading to the possibility of approximating the Gibbs free energy profile
by a continuous line, and 5) there is only single barrier and single dominating cluster
growth path over the barrier.
The nucleation rate is a function of the vapor concentrations, but it also depends
on temperature as the collision and evaporation rate coefficients β and γ depend on it.
∗

The birth-death processes are special case of continuous-time Markov processes. During these
processes, when a system state is changed (state transition), the state variable decreases/increases
by one (e.g., number of particles changes by one). The terms ‘birth’ and ‘death’ suit the process
description as it refers to change in population of all states.
†
An ordinary differential equation (ODE) solver can be found in libraries of any mathematical
software (Mathematica, Matlab), or many programming languages (Python, R, C, Fortran).
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The collision coefficients can be in principle obtained from experiments for monomers
but since the clusters have usually low concentrations, this is very challenging. Additionally, experiments can provide rates for evaporation of molecules from bulk liquid
(though even this is difficult, for instance, for sulfuric acid). However, it is yet impossible to experimentally obtain evaporation coefficients of molecules/clusters from
a cluster. As both coefficients are difficult or impossible to deduce from experiments,
they must be assessed theoretically. Approximations for the collision rate coefficients
can be easily calculated from kinetic gas theory assuming they do not interact until
they come into contact with each other.[McGrath et al., 2012] On the other hand, the evaporation rate coefficients are more difficult to calculate directly, and thus, they are usually
deduced from the collision rates and equilibrium constant based on detailed balance.

2.3

Detailed balance of evaporations and collisions

Figure 7: The scheme of single molecule evaporation from N -molecular cluster. The reverse process is referred to as a collision reaction. The overall process is characterized
by an equilibrium constant K eq representing a state when rates of both forward and
reverse processes are in balance.
In this section, we examine the evaporation and collision processes of molecular clusters.
Figure 7 shows an evaporation of a single molecule from N -molecule cluster [N ]. Each
participant of this process can be characterized by a Gibbs free energy G. The Gibbs
free energy required/released when a given cluster is formed from monomers is called
the Gibbs free energy of formationPaper VII
∆f G[N ] = G[N ] − N · G[1] .

(5)

Here, ∆f G[1] = 0 since the monomers are taken as the reference point. Equation (5)
corresponds to equation (1) in the CNT section. Formation free energy ∆f G is the variable defining cluster stability. The lower it is compared to its free cluster constituents,
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the more stable the cluster. Gibbs free energy change for the process shown in figure 7
can be expressed as
∆p G[N ]→[N −1]+[1] = ∆f G[N −1] − ∆f G[N ] .

(6)

Thermochemistry of free energies are related to some reference condition such as often
used standard system conditions, i.e. pressure of p◦ = 1 atm (used as the pressure of each process participant) and temperature of T ◦ = 25 ◦ C (= 298.15 K),
where the standard condition is denoted by ◦ symbol. The Gibbs free energy dependence on temperature can be calculated from the Gibbs–Helmholtz equation
[Atkins and De, 2006, Tien and Lienhard, 1971, Hill, 1960]
; but we neglect the temperature depen∗
dence for now. The dependence of Gibbs free energy on pressure can be expressed as
Y  p[i] ξi
◦
,
(7)
∆p G(p[1] , p[N ] , p[N −1] , T ) = ∆p G(p , T ) + kB T ln
p◦
i
where kB is Boltzmann constant and ξ stands for process coefficients.† ∆p G at given
temperature T and actual partial pressures p of all process participants (typically called
actual Gibbs free energy change) define the course of the studied process.[Vehkamäki, 2006]
The system tends to reach an equilibrium state where the actual ∆p G = 0. Thus, when
the actual ∆p G is positive, the cluster concentration tends to decrease as these clusters
tend to evaporate faster than form. Vice versa, if actual ∆p G is lower than zero,
evaporation is less probable than the collision forming the cluster. The evaporation
(→) and collision (←) rates k of the studied process can be calculated as
Evaporation rate: k→ = γ · p[N ]
Collision rate: k← = β · p[N −1] · p[1] ,

(8)

where γ represents the evaporation rate constant, and β represents the collision rate
constant.‡
If the partial pressures (or concentrations) of clusters and monomers are no longer
changing, the system has reached the equilibrium state. As shown in figure 8, the
∗

For practical reasons, if we need Gibbs free energies at a different temperature, we simply recalculate them from quantum chemistry results (see chapter 3).
†
ξ represents process coefficients. Here, all the participants on the right side of the process have
coefficients of 1 and the left one has the coefficient of −1.
‡
Typical units for evaporation coefficient γ are mol−1 cm3 s−1 or molecules−1 cm3 s−1 ; however,
using this notation (which leads to the Pa−1 s−1 unit for γ) is convenient for the subsequent derivations.
The same unit conversion applies analogically for collision coefficient β.
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Figure 8: An illustrated difference between equilibrium state and steady-state.
difference of an equilibrium state from a steady-state is that in the case of a steadystate, even though concentrations of participants are not changing, the evaporation
and collision rates differ as there is a constant flux through the system.
The equilibrium state fulfils the detailed balance conditions k→ = k← which leads to
γ Y ξi
=
p[i]
(9)
β
i
which can be expressed in terms of equilibrium constant K eq
K

eq

=

Y  p[i] ξi
i

p◦

P
γ  1  i ξi
γ 1
= · ◦
= · ◦
β
p
β p

(10)

The equilibrium state has been reached by minimization of free energy, and therefore
∆p G(~p, T ) = 0. Thus, one can use equation (7) to express the evaporation rate constant
γ as a function of the process Gibbs free energy change
γ = β · p◦ · K eq = β · p◦ · e−∆p G(~p

◦ ,T )/k

BT

.

(11)

This equation shows that the evaporation rate coefficient is not dependent on monomer
or cluster concentrations or partial pressures, and cluster stability is exponentially
dependent on the difference in Gibbs free energies. It is important to calculate the
Gibbs free energies accurately as an error of 1.36 · x kcal/mol∗ at 298.15 K in ∆p G
causes an error of x orders of magnitude in the evaporation rate constant γ. Since
the evaporation is only linearly dependent on collision rate constant β, such a high
∗

1.36 kcal/mol = 5.69 kJ/mol
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accuracy is not required for calculation of β and we can often simply use kinetic gas
theory[McGrath et al., 2012]
 3 1/6 6k T
6kB T
B
β=
+
4π
m[N −1]
m[1]

!1/2



1/3
V[N −1]

+

1/3
V[1]

2

,

(12)

where m and V are mass and volume of the colliding monomer/cluster. The cluster
volume can be either calculated using the cluster geometry from quantum chemistry
calculations or by using pure liquid density (V = m/ρ). Halonen et al. [Halonen et al., 2019]
performed the modeling of sulfuric acid molecule collisions in order to calculate collision rate enhancement due to long-range interactions. Even though these calculations showed that the enhancement factor for neutral molecules is quite small (factor
of 2), large dipole moments of acid—base clusters probably lead to more significant
enhancement factors. Also, the accuracy of quantum chemistry calculation has been
significantly improved in recent years and more accurate collision rates should be taken
into account in the future.Paper VII In the presence of ions, ACDC uses the empirical
parametrization by Su and Chesnavich [Su and Chesnavich, 1982] for the charge—charge or
charge—dipole enhancement factor when ion—neutral or ion—ion molecules/clusters
are colliding.[McGrath et al., 2012] Next, we focus on calculation of the Gibbs free energies,
and in order to utilize quantum chemistry calculations, we have to first discuss the
concepts of statistical thermodynamics.
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3

Theory

3.1

Statitistical Thermodynamics
“With thermodynamics, one can calculate almost everything crudely; with kinetic theory, one can calculate fewer things, but more accurately; and with
statistical mechanics, one can calculate almost nothing exactly.”
– Eugene Paul Wigner

[Stuart et al., 1970]

The atmosphere is a vast system containing ∼1044 of molecules. The complete description of this macroscopic system involving each molecule is impossible. Statistical thermodynamics is a discipline that provides thermodynamic (i.e., heat and work
related) properties of equilibrated macroscopic systems from microscopic description
of molecules.[Hill, 1960, Tien and Lienhard, 1971] Any macroscopic system can be described by
(both classical and quantum) mechanical properties such as volume V , pressure p,
temperature T , number of particle N , and internal energy E ∗ , or by non-mechanical
thermodynamic properties of the system such as entropy S, enthalpy H, or Helmholtz
free energy A. On the other hand, the microscopic systems are characterized by its
quantum state, which should be understood as one single energy state E. It is impossible to say what the overall quantum state of the N -particle system is because there
exists too many possible configurations (thermodynamically equal replications) of the
system that have different quantum states. The virtual collection/set of all possible
replications of a given system (all quantum states that the system can be found in) is
called the system ensemble. Statistical analysis of the ensemble (e.g., ensemble average)
provides a connection between quantum states and the macroscopic system properties.
Furthermore, measurement or simulation of thermodynamically equilibrated system
properties over (long) time is equivalent to averaging of the property over all thermodynamic replications of the system, i.e. the ensemble.[Tien and Lienhard, 1971]
Depending on the thermodynamic environment, in practice on which system variables
are kept constant, several standard types of ensembles are defined. The commonly
used ensembles are:
• Canonical ensemble: Q(N, V, T )
∗

The internal energy is often assigned with symbol U ≡ E.
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• Grandcanonical ensemble: Ξ(µ, V, T )
• Microcanonical ensemble: Ω(N, V, E)
• Isothermal-isobaric: ∆(N, p, T )
where µ represents the chemical potential, which represents the energy change of
a molecule addition to a system. The Q, Ω, Ξ, and ∆ symbols represent different
partition functions. The variables define the properties of the system which are kept
constant. For instance, the canonical ensemble is closed (no exchange of molecules),
isochoric (the system volume remains unchanged), and isothermal (the system temperature does not change), while the grandcanonical ensemble is open (the number of
molecules can change) but it is in thermal and chemical equilibrium while keeping the
same volume. For practical reasons, I further focus only on the partition function of
the canonical ensemble and examine its connection to system quantum states; however,
the approach for other ensembles is similar.
Any arbitrary canonical ensemble has a constant number of particles N , volume V ,
and temperature T . The system can, however, be in many different energy or quantum
states (E). The probability Pi that a canonical ensemble is in quantum state i with
energy Ei follows the Maxwell–Boltzmann distribution [Hill, 1960]
e−Ei (N,V )/kB T
e−Ej (N,V )/kB T
j∈(quantum
states )

Pi (N, V, T ) = P

(13)

Any mechanical property of the system can then be expressed as an ensemble average.
For instance, the average energy is
E ≡ E = E(N, V, T ) =

X

Pi (N, V, T ) · Ei (N, V ).

(14)

i

In equation (13), the denominator is called the canonical (ensemble) partition function Q
X
X
Q(N, V, T ) =
e−Ej (N,V )/kB T =
ωj · e−Ej (N,V )/kB T ,
(15)
j∈(energy
states )

j∈(quantum
states )

where ω stands for the degeneracy of energy states (i.e., the number of different quantum states with the same energy). Q(N, V, T ) is the most fundamental statistical
thermodynamic function; if Q is known, any other thermodynamic variable can be
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derived from it. For instance, the internal energy E can be expressed in terms of the
differential of Q with respect to temperature
E = kB T 2

 ∂ ln Q 
∂T

(16)
N,V .

Similarly, the entropy S can be expressed as
S = kB

X
i

 ∂ ln Q 
E
+ kB ln Q,
Pi ln Pi = + kB ln Q = kB T
T
∂T N,V

(17)

and the Helmholtz free energy A can be expressed as
A = E − T S = −kB T ln Q.

(18)

It is difficult and often even impossible to calculate the partition function Q of a macroscopic system, since all interactions of this many-body system (e.g., ∼1040 atom–atom
interactions in 1 cm3 of air) have to be taken into account. For a sufficiently diluted
gas (ideal gas), we can neglect the interactions between different gas molecules and
calculate partition function Q. In this case, the overall partition function Q of the
system/ensemble can be expressed as a product of partition functions for each single
Q
(non-interacting) gas molecule Qmolecule (i.e., Q = i Qmolecule i ). Since the same gas
particles are in principle indistinguishable (identical), the multiple counting of the same
quantum states has to be corrected by N !, where N represents the number of particles in the system (or the number of all ensemble possibilities). Utilizing the Stirling
approximation (ln x! ≈ x ln x − x), the Helmholtz free energy (equation (18)) becomes
A = −kB T ln

QN
Qmolecule
molecule
= −N kB T ln
− N kB T
N!
N

(19)

or molar Helmholtz free energy is
Am =

A
Qmolecule
= −RT ln
− RT,
n
N

(20)

where n is number of particles in moles (n = N/NA , where NA is Avogadro constant),
and R is the universal gas constant (R = kB NA ).

Gibbs free energy In the previous chapter, the cluster stability in the atmospheric
conditions (characterized by pressure p and temperature T ) is defined by Gibbs free
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energy G, which is related to Helmholtz free energy A as
G = E + pV − T S
= H − TS

(21)

= A + pV,
where H stands for enthalpy. Molar Gibbs free energy Gm can be expressed by combining above equation (21), ideal gas law (pV = nRT ), and molar Helmholtz free energy
(equation (20)) to yield
G(N, p, T )
Qmolecule
= −RT ln
.
(22)
n
N
Gm is an intensive (system size independent) variable and should thus not depend on
particle number N . It is convenient to express system properties with respect to those
in some reference case, which is usually in thermochemistry the same system at 0 K.
Therefore,
Gm (N, p, T ) =

G(ref)
m (p, T ) ≡ Gm (N, p, T ) − Gm (N, p, T = 0) = −RT ln Qmolecule ,

(23)

(ref)

because Gm (N, p, T = 0) ≈ RT ln N . Thus, Gm (p, T ) defined in this way is an
intensive variable independent of particle number N . Typically, symbol G is also used
(ref)
instead of the molar symbol Gm , where the molar property is recognized by variable
units, i.e. variable is molar if the unit is, for instance, kcal/mol, but not if the units are
J or kcal. Henceforth, throughout the whole thesis, when I use Gibbs free energy G,
I refer to equation (23) where the reference state is the ground state (lowest energy
state) of the system at 0 K.
Gibbs free energy change ∆p G can be connected to any process, for instance, phase
transition, system reorganization, and chemical reaction. Therefore, ∆p G shown in the
previous chapter can be expressed as Paper VII
X
∆p G = Gproducts − Greactants =
ξi Gi
= ∆p Eref

i
Q

Qproducts
= ∆p Eref − RT ln
− RT ln Q
Qreactants

Y


i
Qξmolecule
i ,

(24)

process
i∈(molecules
)

where ξ stands for process coefficients of reactant and product molecules, and ∆p Eref
stands for the energy change between reference states (e.g., change in ground electronic
energy; see the subsequent sections). Equation (24) can be used in equation (11) to
calculate evaporation rates. Considering all possible evaporation processes yields the
cluster stability. Thus, the main task for quantum chemistry is calculation of the
molecular partition function Qmolecule , i.e. the evaluation of all molecular energy levels.
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3.2

The principles of quantum chemistry

Computational quantum chemistry methods evaluate and describe molecular structures and properties based on ab initio (first principle theory) calculations.
Some of the methods use experimental,
empirical or semi-empirical data in order to enhance computation speed, or to
increase accuracy, or both. All quan- Figure 9: ”Ladder, pitchfork, rake, pitchtum chemistry methods are based on solv- fork.” representing Schrödinger equation
ing the Schrödinger (or for relativistic (ĤΨ = EΨ) as a free translation into
methods, Dirac) equation for a system of peasant slang.[LLionTV, 2016]
atoms, molecules, and eventually molecular
clusters.[Schrödinger, 1926, Griffiths, 2017, Tien and Lienhard, 1971] Solving the Schrödinger equation
exactly is only feasible for very small systems (e.g., hydrogen-like atoms, and H+
2 ).
In the case of molecules, which involves several interacting electrons and nuclei, approximations have to be included. This gives rise to many computational chemistry
methods that are elaborated in the next chapter. For systems studied in this thesis,
three approximations are inevitably applied:
1) the Born–Oppenheimer approximation [Born and Oppenheimer, 1927] assuming that
due to low electron (el) mass relative to atomic nuclei (nucl) mass, electrons move
significantly faster than atomic nuclei (vel  vnucl ),
2) ignoring relativity,∗ , and
3) time independence (i.e. stationary solutions).†
Therefore, any atom nuclei configuration ~r ≡ (~r1 , ~r2 , ...) is in this work treated with
respect to their electronic ground state. The electronic ground state energy E and
electronic ground state wavefunction Ψ(~r el |~r) (‘distribution’ of electron cloud at given
atom nuclei configuration) of a system can be obtained through solving the stationary
Schrödinger equation
ĤΨ(~r el |~r) = EΨ(~r el |~r),
(25)
∗

If necessary, relativistic effects could be added by using pseudopotential basis sets.
Time-dependent (TD) cases can be approached by using methods such as TD-DFT (TD-density
functional theory).
†
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where Ĥ represents the Hamiltonian. The Hamiltonian is an operator of total energy,
i.e. both kinetic energy T̂ and potential energy Û [Griffiths, 2017]
Ĥ = T̂ + Û = −

~2 2
∇
+ Û .
2m x,y,z

(26)

The quantum chemistry calculations usually proceed by first solving the (electronic)
Schrödinger equation assuming stationary nuclei (obtaining electronic energy, i.e. kinetic and potential energy of electrons around the nuclei configuration). The nuclei
configuration is typically optimized to reach the lowest ground state energy (energy
minimum configuration). Subsequently, the nuclear motion is treated separately including translational degree of freedom (movement of the whole molecules in space), rotational degree of freedom (rotation of the whole molecule around its center of mass), and
vibrational degree of freedom (harmonic vibration around the energy minimum configuration). This treatment allows us to evaluate all possible energy/quantum states of
an atom, or a molecule, or eventually a molecular cluster, and thus, to calculate the
molecular partition function.

3.3

Molecular partition function

The molecular partition function, Qmolecule , first presented in equation (19), can be calculated accounting for all possible energy levels (states) of a studied molecule (compare
to equation (15))
X
Qmolecule (V, T ) =
ωi · e−Ei (V )/kB T
(27)
i∈(energy
states )

As the first approximation, the many-body Hamiltonian of a poly-atomic molecule can
be written as a sum of separate Hamiltonian contributions for each degree of freedom
(i.e., translational, rotational, vibrational, electronic, and nuclear) [McQuarrie, 1975]
Ĥ = Ĥtransl + Ĥrot + Ĥvib + Ĥel + Ĥnucl .

(28)

Even though equation (28) is often a good approximation for atom and molecule systems, interaction terms between the contributions might be required for systems such
as molecular clusters and will be discussed later (see section 3.3.6). Assuming equation (28) is valid, the total partition function of molecule Qmolecule can be written as
the product of partition functions related to the individual degrees of freedom
Qmolecule = Qtransl Qrot Qvib Qel Qnucl .
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(29)

Depending on the type of studied system, equation (29) takes the form
3
atom : Q = qtransl
Qel Qnucl ,
3N −5
2
3
qvib
qrot
Qel Qnucl ,
linear molecule : Q = qtransl

(30)

3N −6
3
3
nonlinear molecule : Q = qtransl
qrot
qvib
Qel Qnucl .

The partition function corresponding to some degree of freedom (DF) can be expressed
analogous to equation (15) as
X

qDF =

DF /k

ωi,DF · e−εi

BT

,

(31)

i∈(energy
states )

where εDF are energy states with degeneracy ωDF for a given degree of freedom.
Throughout this chapter, typical systems for which energies and partition functions are
calculated range from a small
molecule (e.g., ammonia = 4
atoms) up to a molecular cluster of few molecules (e.g., two
sulfuric acid + two ammonia
cluster = 22 atoms). The range
of molecular system sizes is ilFigure 10: The range of molecular system sizes used
lustrated in figure 10.
in this chapter to present typical system properties.
3.3.1

Translational partition function

The translational partition function arises from movement of center of masses of molecules in space.
At a given volume V , the translational energy states
are identified by solving the simple textbook example
of a particle in potential well/box.[Griffiths, 2017] The energy states of a particle with mass m in a symmetric
box with side length L (where V = L3 ) are
εtransl
=
n

~2 π 2 n2
, n = 0, 1, 2 · · · .
2mL2
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(32)

These energy levels have no degeneracy, and therefore ωtransl = 1. Inserting these
energy states into equation (31) and performing the summation gives the translational
partition function [McQuarrie, 1975]
!3/2
V
2πmk
T
B
3
V = 3,
(33)
Qtransl (V, T ) = qtransl
=
2
h
Λ
where Λ = h/(2πmkB T )1/2 is the thermal de Broglie wavelength (typically ∼ 1–100 pm
at 298.15 K).
In the case of ideal gas, the volume V corresponding to the motion of one gas molecule
can be calculated from ideal gas law as V = kB T /p, where p represents the system
pressure. Therefore, the only necessary variables to calculate the translational partition
function Qtransl are the molecular mass m and systems conditions (e.g., pressure p and
temperature T ). The energy states of translation are very close to each other with the
smallest difference ∼ 10−5 –10−6 kcal/mol∗ (smaller for larger systems), and thus, the
translational partition function is quite large (∼ 106 –108 ).

3.3.2

Rotational partition function

Rotation is another molecular degree of freedom. Assuming
that molecules are rigid (rigid rotor (RR) approximation
[McQuarrie, 1975]
), we can easily solve the Schrödinger equation for a linear rigid molecule and obtain energy states
~2
, J = 0, 1, 2 · · · ,
(34)
2I
where I represents the moment of inertia. In the case of a linear molecule, the energy
states are 2J + 1 times degenerated (i.e., ωJrot-lin = 2J + 1). Solution for nonlinear
molecules is complex, and details of the calculation can be found in any statistical mechanics book.[Huang, 1987, Penrose and Salem, 1969, D.Landau and Lifshitz, 1938] The rotational partition function Qrot at room temperature can be expressed as [McQuarrie, 1975]
!
2
1
8π
k
T
B
2
=
I,
linear molecule : Qrot (T ) = qrot
σ
h2
(35)
!1/2
√
2
p
π
8π
k
T
B
3
nonlinear molecule : Qrot (T ) = qrot
=
IA IB IC ,
σ
h2
εrot
J = J(J + 1)

∗

1 kcal/mol ≈ 4.18 kJ/mol
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where IA ,IB , and IC are the moments of inertia along the principal axes. The symbol
σ stands for the rotational symmetry number, which corrects for overcounting quantum states appearing from the interaction of rotation and nuclear partition functions
(see subsection 3.3.6). Since rotational states are degenerate and close to each other
(∼10−5 –10−2 kcal/mol∗ ; smaller for larger systems), the rotatitonal partition function
Qrot has typical values between 102 –106 . In order to calculate Qrot (T ), system symmetry and mass distribution have to be known.

3.3.3

Vibrational partition function

A convenient description of internuclear interaction of a bonded diatomic molecule is via quantum
harmonic oscillator. The potential energy of a harmonic oscillator
U HO can be expressed as
2
1
U HO (r) = k r − re ,
(36)
2
where r is the distance between nuclei, re is their equilibrium distance, and k is the
bond stiffness. Such an oscillator would vibrate with frequency ν0 which is dependent
on the bond stiffness k and reduced molecular mass µ
s
1
k
ν0 =
.
(37)
2π µ
Solution of the Schrödinger equation for harmonic oscillator leads to vibrational energy
levels

1
vib-HO
εn
= hν0 n +
, n = 0, 1, 2...
(38)
2
For a poly-atomic molecule, the Hess matrix H (or Hessian, or force matrix) is defined
to describe the shape of potential energy surface (PES). The matrix components are
second-order partial derivatives of the molecule’s electronic ground state energy
Hij =

∂ 2 E(~r)
.
∂~ri ∂~rj

∗

(39)

(1 kcal/mol ≈ 4.18 kJ/mol) Pure rotational spectra would have values between ∼108 –1011 Hz
(or ∼10−3 –100 cm−1 ); however, rovibration (rotational–vibrational) spectra are typically studied.
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The PES is thus approximated as
1
E(~r) = E(~re ) + ∇~r E(~r) · (~r − ~re ) + H(~r − ~re ) · (~r − ~re )2 .
2

(40)

The coordinates ~r ≡ (~r1 , ~r2 , ...) are conventionally chosen to be the vibrational eigenmodes (normal modes) of the diagonalized Hessian matrix. The Hessian matrix can
be evaluated only at stationary points (minima, saddle points = transition states, and
higher-order saddle points) where the gradient of electronic ground state energy is
zero ∇~r E(~r) = 0. Analysis of non-minimum structures results in one or several imaginary frequencies∗ , and therefore, when using the HO approximation, the vibrational
partition functions can be only evaluated at energy minimum structures.
The difference between vibrational energy levels typically ranges between 10−2 –
101 kcal/mol.† Only the few lowest vibrational levels are occupied at room temperature‡ . Each vibration has energy levels with no degeneracy, and therefore ωvib = 1.
However, two different vibrations can have the same energy (e.g., vibrations in the
CO2 molecule). By choosing the bottom of the harmonic potential well as the reference point (U (re ) = 0) for all vibrations, the overall vibrational partition function
becomes
3N −5 for lin. mol.
3N −6

Qvib (T ) = qvib

3N −5 for lin. mol.
3N −6

=

Y

X

i=1

i

3N −5 for lin. mol.
3N −6

Y

=

i=1

vib-HO /k

e−εn,i

BT

(41)
−hν0,i /2kB T

e
.
1 − e−hν0,i /kB T

The vibrational partition function typically has values between 10−15 –10−100 .§
∗

Some QC programs print out some vibrational frequencies with a negative sign. These outputs
correspond to imaginary vibrational frequencies, i.e. to non-minimum configuration. Such configurations are sometimes searched to identify transition states or higher-order saddle points on PES.
†
(1 kcal/mol ≈ 4.18 kJ/mol.) Vibrational spectra have typically values between 10–4000 cm−1 .
‡
Thermal energy fluctuations at 298.15 K are 1 kB T ≈ 2.5 kJ/mol ≈ 0.6 kcal/mol.
§
In the case that we would choose the first energy state as the reference point, i.e. εvib-HO
= 0,
0
7
the typical vibrational partition function would have values of 1–10 .

42

3.3.4

Electronic partition function

The electronic partition function takes into account electron excitations. Expressed
directly by equation (31), the partition function Qel gives
X
el
el
el
Qel (T ) =
ωi e−εi /kB T = ω0 e−ε0 /kB T + ω1 e−ε1 /kB T + · · ·
i
el

el

el

= ω0 e−ε0 /kB T + ω1 e−(ε0 +∆ε0,1 )/kB T + · · ·


−εel
/kB T
−∆εel
/kB T
0
0,1
=e
ω0 + ω1 e
+ ··· ,

(42)

where ∆εel
0,n stands for the energy difference between the n-th state and the ground
∗
(0-th) state. ∆εel
0,1 has typically value of the order of electronvolts . Consequently,
in atmospheric conditions, the electron excitations are almost unreachable by thermal
fluctuations. However, there are some notable exceptions with very low-lying excited
states (e.g., some radicals) which are not discussed here further. If we choose the
ground state as the reference energy (εel
0 = 0), the partition function simplifies into
Qel = ω0el .

(43)

The degeneracy ω0 usually depends on the spin multiplicity M of the system: ω0 = 1
for singlet, ω0 = 2 for doublet, etc. The multiplicity is related to the total spin of the
molecule S as M = 2S − 1. Free atoms can have various multiplicities, but molecules
are practically always either singlets M = 1, triplets M = 3 (e.g., O2 or some very rare
species such as excited state of colored organic matter), or doublets M = 2 in the case
of radical molecules.

3.3.5

Nuclear partition function
The nuclear partition function takes into account quantum energy states of nuclear spin. In order to excite atomic nuclei,
an energy of ∼106 eV∗ is required.[McQuarrie, 1975] Therefore, the
nuclear partition function can be assumed to only occupy the
ground level since excitation by thermal fluctuations would require enormous temperatures (∼1030 K). The nuclear partition

∗

1 eV =
˙ 23.1 kcal/mol =
˙ 96.5 kJ/mol
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function is processed in the same way as the electronic partition function and the
result is
Qnucl = ω0nucl .
(44)
Even though degeneracy ω0nucl has usually various values, it only affects system entropy
(and functions derived from entropy such as free energies) by a constant which does
not change during chemical processes. Since it does not affect reaction or process
variables, the degeneracy of atomic nuclei is omitted, and consequently, the nuclear
partition function can be set to unity
Qnucl = 1.

3.3.6

(45)

Corrections to partition function

Indistinguishability Atoms of the same type are in principle indistinguishable. For
instance, if an observer looks at a methane molecule, closes their eyes, and after a
short moment looks again, the observer cannot say if any two hydrogen atoms have
been exchanged because the methane molecule could rotate while the eyes were closed.
Therefore, we have to apply a correction for rotational symmetry.
Molecular symmetry is treated using irreducible representation theory (a specific part of
group theory). All elements of symmetry operations such as rotation or reflection have
to be evaluated to determine the symmetry point group of molecules.[Zeldin, 1966] The
total number of unique symmetry operations is called the order of point group. Each
point group is also represented by a rotational symmetry number σ, which represents
the number of unique rotational symmetry operations. For instance, the water molecule
belongs to the C2v point group with symmetry number σ = 2 as there are two identical
configurations connected by a 180◦ rotation.
The original rotational partition function Qrot does not account for any symmetry
corrections, i.e. it assumes that molecules belong to the point group C1 (no symmetry).
The resulting overcounting can be corrected as
1
Qrot (T ) = QC
rot (T )/σ.

(46)

Note that σ has been introduced already in equation (35).
Although quantum chemistry programs are often able to find the symmetry of small
molecules, they might fail for large molecules or clusters due to the numerical precision
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of the symmetry evaluation. The SYMMOL program [Pilati and Forni, 1998] can be used to
assign a point group to molecules or molecular clusters by adjusting the symmetry evaluation threshold. The system thermodynamic properties can be then post-corrected as
S = S C1 − kB ln σ,

(47)

G = GC1 + kB T ln σ.

(48)

or
Besel et al. Paper II showed that in studies of molecular cluster formation, especially
the symmetry of monomers must be calculated carefully, as the error would be reflected
in all cluster formation free energies.
Besides rotational symmetry, also the total symmetry number accounts for the possible
exchange of two identical molecules within the same molecular cluster. The total symmetry number is not used in this thesis as only one energy minimum (or geometrically
distinct energy minima, see section 3.3.6 - Multiminima problem in the end of this
chapter) are accounted for.

Vibrational anharmonicity As discussed before, when a molecule is optimized to
its potential energy minimum, the vibrational modes must be non-imaginary (i.e.,
real and positive). The potential function of the harmonic oscillator (HO) is a good
approximation for the vibrational ground state, but does not precisely describe all
excited vibrational levels (see figure 11). A better description of internuclear interaction
of a diatomic molecule would be via the Morse potential (MP) [Morse, 1929, McQuarrie, 1975]
√

MP
− k/(2De )(r−re ) 2
U (r) = De 1 − e
,
(49)
where r is the distance between nuclei, re is their equilibrium distance, k is the bond
stiffness, and De is the depth of the potential well (equilibrium energy depth). Solving Schrödinger equation (see equation (25)) for the Morse potential (MP) gives the
vibrational energy states

2
1


hν
n
+
0
2
1
−
, n = 0, 1, 2...,
(50)
εvib-MP
= hν0 n +
n
2
4De
where ν0 is the vibrational frequency of the harmonic oscillator. Truncation of Taylor
expansion for Morse vibrational potential around the potential energy minimum leads
to the harmonic osccilator (HO) approximation. Figure 11 illustrates that even the
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Morse potential is not an exact description of molecular vibrations compared to experimental values, but the difference compared to the experiment is acceptably small for
evaluation of vibrational partition function.[McQuarrie, 1975]

Figure 11: Graph of internuclear potentials. Horizontal lines show the vibrational
energy levels of given potentials. The experimental data are schematic mimicking the
behavior of, for example, iodine (I2 ) molecule.[McQuarrie, 1975]
Anharmonicity can be accounted for by using, for instance, the Morse potential, however, such calculations would be computationally demanding, especially for large molecular clusters. Therefore, a vibrational scaling factor is often used. The anharmonicity
scaling factors vary for each quantum chemistry method, and computational chemists
can find them, for instance, in the CCCBDB database.[R. D. Johnson III, 2019] However,
Myllys et al. [Myllys et al., 2016b] showed that the scaling factor for hydrogen-bonded molecular clusters (typical atmospheric cluster type) is close to 1.∗ Even though the scaling
factor is close to unity, it affects formation free energies as the anharmonicity effects
are different for monomers and the cluster itself (this causes an error of ∼1 kcal/mol
in free energies). Therefore, it is wise to account for anharmonicity when accurate calculations are required, especially since this step is computationally cheap (practically
free).
∗

Scaling factor is between 0.940–1 for most DFT methods, it is 0.996 for the high level of theory
(ωB97X-D/6-31++G(d,p)), see the next chapter for greater details.
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Quasi-harmonic approximation In addition to the anharmonicity, the harmonic
approximation (HA) is too simple model to accurately describe the nature of lowfrequency vibrations, and thus, this model often underestimates the frequency value
of these vibrations. Due to this, together with machine (numerical) noise, vibrational
frequencies close to zero lead to arbitrarily large vibrational partition functions, since
limν0 →0 qvib (ν0 ) = ∞ (see equation (41)). Consequently, the entropy can become too
large and the free energy too low. The simplest approach is to take all the low-frequency
vibrations below a predefined cut-off frequency ν0cut-off (e.g., 100 cm−1 at 298.15 K),
and replace them with the cut-off frequency itself.[Zhao and Truhlar, 2008, Ribeiro et al., 2011]
Since these misbehaved vibrations mostly originate in internal rotations or so-called
pseudo-rotations,[Ayala and Schlegel, 1998, Wiegand et al., 2012, Chon et al., 2014] one could also represent this type of vibrations by rotations. Grimme et al. [Grimme, 2012] have suggested
a black-box treatment of the shallow potential energy minima by so-called quasiharmonic approximation (QHA), where the low-frequency vibrations are treated as
free rotors. The low-vibrational frequencies do not significantly affect the system energy or enthalpy (see equation (21)). Therefore, the QHA treatment is only applied to
the entropy. First, the vibrational entropy Svib for one vibrational normal mode can
be expressed using equations (17) and (41) as
!


hν0
 − ln 1 − e−hν0 /kB T
.
(51)
Svib = kB
hν
/k
T
0
B
kB e
−1
Figure 12 shows the vibrational entropy as a function of the vibrational frequency,
demonstrating that limν0 →0 Svib (ν0 ) = ∞. Therefore, the low-frequency calculations
have to be replaced by rotational entropy
Srot = kB

8π 2 µ0 T 
+ ln
.
2
h2

1

(52)

The moment of inertia for a free rotation can, in principle, be computed for any
vibration as µ = h/(8π 2 ν0 ). However, since also limν0 →0 µ(ν0 ) = ∞, some meaningful
effective moment of inertia has to be introduced. For instance, the reduced moment of
inertia µ0
µhIi
(53)
µ0 =
µ + hIi
can be used, where hIi represents the average moment of inertia of the whole
molecule/cluster. Figure 12 also shows the rotational entropy as a function of the
frequency. The transition between Svib and Srot can be modeled, for instance, by the
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Figure 12: The vibrational entropy as a function of vibrational frequency for harmonic
bond vibration (HA, blue line), pseudo-rotation (green line), and the quasi-harmonic
approximation (QHA, red dashed line).
Head-Gordon damping function
w(ν0 ) =

1
1+

(ν0cut-off /ν0 )4

,

(54)

where the damping location is usually chosen to be ν0cut-off = 100 cm−1 (or, for simulations at different temperatures, 12 kB T ). For the largest clusters studied here, the
errors in the free energies at 298 K caused by low-frequency vibrations are approximately 3–4 kcal/mol. Therefore, it is strongly recommended to correct entropies and
free energies for low-frequency vibrations. One can use, for instance, the GoodVibes
program [Funes-Ardois and Paton, 2016, Luchini et al., 2020] for treating these vibrations.

Multiminima problem The potential energy surface (PES) of some molecules and
especially molecular clusters contain many local minima. These represent different
molecule/cluster conformers. As an example, figure 13 shows a system with three
different energy minimum configurations, i.e. three conformers. The search for different
local energy minimum configurations will be discussed in chapter 5 (Configurational
sampling). According to statistical thermodynamics, the energy levels of any conformer
are occupied based on Boltzmann distribution.
Here, it is worth mentioning that in the case of statistical thermodynamic, it is not
important how large the energy barriers separating the conformers are as the Boltz48

Figure 13: Illustrative cut through potential energy surface showing three distinct
minima configurations/conformers. Gibbs free energy G is assign to each minimum.
mann distribution covers the whole accessible system ensemble. This means that all
accessible configurations are assumed to be in equilibrium. Accessible processes in atmospheric conditions are those processes which within atmospheric molecule/cluster
life-time (nanoseconds–seconds) can surmount the energy barrier by thermal fluctuations, or in the case of clusters, also by the excess energy gained from the adsorption of a
new vapor molecule. These processes are typically rotation of functional groups, movement and orientation change of molecules within cluster (if not strongly bound), and
proton transfers, i.e. all process with energy barrier lower than 10 kcal/mol (in some
cases even 15 kcal/mol). Therefore, also the molecular partition function should account for all energy states of all relevant conformers
Qmolecule =

X
i∈conf.

i-th conf. (ref#0)

Qmolecule

=

X

i-th conf. (ref#0)

Qtransl

i-th conf. (ref#0)

· Qrot

...

(55)

i∈conf.

Above equation (55) is only valid if the reference energy is the same for all partition
functions (e.g., the ground electronic energy level of the #0-th conformer). Even
though the average enthalpy over several conformers can be calculated using Boltzmann
distribution
P
i-th conf. /k T
i-th conf.
B
· e−H
i∈conf. H
P
H = hHiconf =
,
(56)
−H i-th conf. /kB T
i∈conf. e
the entropy dependent properties such as Gibbs free energy have to be recalculated from
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the partition function that accounts for the conformers (equation (55)) [Partanen et al., 2016]
X i-th conf. (ref#0)
G = hGiconf = −kB T ln Qmolecule = −kB T ln
Qmolecule
i∈conf.

= −kB T ln

#0−#i
(∆Eref
+Gi-th conf. (ref#0) )/kB T

X

e

i∈conf.

= −kB T ln

X

eG

i-th conf. (ref#i) /k

(57)

BT

i∈conf.



0

= G − kB T ln

i-th conf. −G0 )/(k T )
B

X

e(G



,

i∈conf.

where G0 can be any reference Gibbs free energy (it is usually convenient to use the
#0−#i
Gibbs free energy of the lowest-lying conformer). ∆Eref
stand for the energy difference between reference energies for i-th and 0-th conformer (e.g., difference in electronic
ground state energies). Note that at a given pressure and temperature, i.e. when using
conformers’ Gibbs free energy G (and not correctly all the conformers’ energy levels ε), the conformers are not distributed according to Boltzmann distribution (based
on Gibbs free energy) as it would not account for the conformational entropy
−kB T ln

X

Gi-th

e

conf. /k

BT

P
6=

i∈conf.

i-th conf. /k T
B

Gi-th conf. · e−G
P
−Gi-th conf. /kB T
i∈conf. e

i∈conf.

.

(58)

Thus, the appearance of other conformers on the PES lowers the total Gibbs free
energy, making the cluster overall more stable. In the case of acid—base clusters,
this error is relatively small (0–0.5 kcal/mol) compared to all other possible error
sources.Papers I and II However, in the case of weakly bonded clusters, one should also
account for other low-lying free energy conformers.Papers VII,XI, and XV
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4

Computational chemistry
“A chemist who does not know mathematics is seriously handicapped.”
– Irving Langmuir

[Langmuir, 1962]

Computational chemistry describes atomic and molecular
structures using quantum mechanics (QM) and/or (classical)
molecular mechanics (MM). First, I discuss quantum chemistry
calculations, where atomic and molecular systems are treated
by solving the Schrödinger equation (see equation (25)), or a set
of related equations. Next, I discuss how molecules can also be
treated from a purely classical point of view using MM based on empirical force-fields.
The quantum and classical methods mainly differ in the required computational time
(and memory disk, etc.) and in the quality (accuracy) of the energy evaluations,
which are essential aspects for configurational sampling of molecular clusters discussed
in the next chapter.

4.1
4.1.1

Quantum chemistry calculations
Basis set for wave functions

The many-electron wave function Ψ(~r el |~r) is a mathematical description of the quantum state of the electrons of a system at a given configuration of the atomic nuclei.
The distribution of electrons in a molecule, the electron density ρ, can be computed
directly from the many-electron wave function;
ρ(~r el |~r) = |Ψ(~r el |~r)|2 .

(59)

Although the motion of electrons is correlated in reality, the N -electron wave function Ψ
is usually at least initially approximated as a combination of independent one-electron
functions ψ. Each one-electron function ψ describes one electron within the N -electron
system (again at a given configuration of the atomic nuclei). Based on the Pauli exclusion principle,[Pauli, 1925] the wave function must be anti-symmetric with respect to the
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exchange of two electrons (i.e., Ψ((..~riel ..~rjel ..)|~r) = −Ψ((..~rjel ..~riel ..)|~r)). The N -electron
and one-electron functions are typically related by Slater determinant [Slater, 1929]
1
Ψ(~r el |~r) =
N

ψ1 (~r1el |~r) · · · ψN (~r1el |~r)
..
..
...
,
.
.

(60)

ψ1 (~rNel |~r) · · · ψN (~rNel |~r)

which is perhaps the simplest way to fulfil the Pauli exclusion principle. For practical computer implementations, the one-electron functions ψ are further expressed as
linear combination of a predefined set of functions (basis functions) called a basis set.
The basis functions, from which the one-electron functions ψ are built, are usually
collections of atom-centered functions (θ) resembling the hydrogen-atom orbitals:
ψi =

X

cj θj .

(61)

j

The above approximations reduces solving of the Schrödinger equation into solving
the values for coefficients c (in a set of N differential equations). This linear combination of atomic orbitals (LCAO) allows constructing the whole molecular orbital
(MO). The electrons themselves have also two ‘internal’ forms of angular momentum: the alpha (↑) and the beta (↓) spin. The spin representation is not important in this work, as we do not deal with unpaired electrons (open-shell orbitals).
See other sources for greater details on the electron spin and its role in quantum
chemistry.[Griffiths, 2017, Slater, 1930, Fleetwood et al., 1930]
The exact solution to the Schrödinger equation for one-electron atoms are known as
Slater-type orbitals (STOs). STOs are therefore a logical choice for basis functions
also for many-electron atoms, as well as molecules. A minimal basis set corresponds
to including only the necessary orbitals for each atom. For instance, carbon atoms
(and other 2nd row/period elements) require at least 1s, 2s, 2px , 2py , and 2pz atomic
orbitals. However, due to computational efficiency, the radial part of these orbitals
(RSTO ∝ rl e−ζr ) is often approximated by several Gaussian primitive functions (i.e.,
P
2
RGTO ∝ rl i e−ζi r )∗ , where ‘zeta’ ζ is a constant determining the shape of orbitals,
and l stands for the (orbital) angular momentum. The accuracy can be increased by
using, for instance, twice as many basis set functions, with different ζ. This is referred
as a ‘double-zeta’ (DZ) basis set (the same holds for triple-zeta, etc.). For instance,
∗

Evaluation of integrals of the product of two GTOs is much easier and several orders of magnitude
faster than in the case of STOs.
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the DZ basis set for carbon would contain ten basis functions (where each function is
a linear combination of several Gaussian primitive functions). As the valence orbitals
are typically much more important for bond formation and atomic interactions than
the core orbitals, the number of basis functions is often doubled (or tripled, etc.) only
for valence orbitals. Such basis sets are denoted as ‘split-valence (SV) double-zeta’, or
just ‘valence double-zeta’ (or ‘valence triple-zeta’, etc.) basis (e.g., SV-DZ basis set
for carbon would contain only 9 basis functions). Using these basis sets can accurately
describe electron distributions around free atoms. However, they are not sufficient
for describing molecules (and eventually molecular clusters), as they do not allow for
electron distribution changes due to bond formation and/or charge polarization. One
way how to account for orbital polarization is shown in figure 14, where a p-orbital is
polarized by a d-polarization function. Analogically, d-orbitals would be polarized by
f -polarization functions, etc. Basis sets are more flexible after addition of polarization functions, as this allows electrons to redistribute between atoms, and thus better
describe chemical bonds. Additionally, to describe molecular systems with long-range
(e.g., ion–ion) interactions or weak interactions, one should also add diffuse functions,
usually Gaussian primitive functions with small zeta parameter, i.e. more flat functions
which extend further from the atomic nuclei.

Figure 14: Illustration of polarization function construction by using p and d atomic
orbitals θ. Red colored points represent atomic nuclei.
In the context of basis sets, two important phenomena have to be briefly mentioned: basis set superposition error (BSSE),[Boys and Bernardi, 1970, Simon et al., 1996, Foresman and Frisch, 2015]
and the complete basis set (CBS) limit.[Truhlar, 1998, Helgaker et al., 1997] The former is related
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to the formation energy of clusters when a small basis set is used. The error is caused by
a different number of basis functions used for the cluster fragments (components) and
the cluster itself. There are methods which account for BSSE such as chemical Hamiltonian approach (CHA),[Mayer, 1998] and counter-poise correction (CP),[Boys and Bernardi, 1970]
Nevertheless, BSSE disappears for large enough basis sets. Generally, increasing basis
set size (going from double-zeta to triple-zeta, etc.) leads to more accurate results (e.g.,
energies) which eventually converge to a certain limit; the CBS limit. Therefore, one
should optimize the size of basis set to find a good compromise between accuracy and
computational cost. Recent studies (e.g.,[Myllys et al., 2016b] ) showed that in the case of
formation of hydrogen-bonded molecular clusters, the CP correction for BSSE is not
required since, for the combination of methods and basis sets they used, the error (compared to the CBS limit) is actually smaller when BSSE is not applied. Nevertheless,
both CP-corrected and uncorrected approaches converge to the same CBS limit.
Basis set databases [Pritchard et al., 2019, Schuchardt et al., 2007] list some commonly used basis
sets with names based on the set type, size, and inclusion of polarization and diffuse
functions.[Jensen, 2006] In this work, we used the following basis sets:
6-31++G** is a valence double-zeta basis set from Pople’s family of basis
sets.[Ditchfield et al., 1971] The core atomic orbitals are described by 6 primitive Gaussian
functions (G). The valence orbitals are described by two sets of functions, one with
3 and another with 1 primitive Gaussian functions (G). Additionally, all atoms are
described by one set of polarization (**) and diffuse (++) functions. Such a basis set
is therefore suitable for description of molecular bonds, but also inter-molecular interactions within a cluster. This basis set is not close to the CBS limit even for most of
the cheap quantum chemistry methods that generally approach the CBS limit fast.∗
aug-cc-pVTZ is a valence triple-zeta basis set from Dunning’s family of basis sets.[Dunning, 1989] It contains multiple polarization functions (‘cc-p’ stands for
‘correlation-consistent polarized’) and multiple diffuse (‘aug’ = augmented) functions
for each atom. Similarly to the 6-31++G** basis set, aug-cc-pVTZ is suitable for
treating molecular clusters. As it contains many more functions than the former basis
set, it allows for more accurate calculations. For instance, many DFT† method results
computed with this basis set are fairly close to the CBS limit.
∗
†

Note that ‘6-31++G**’ = ‘6-31++G(d,p)’.
Density function theory (DFT) methods are described later in this chapter
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def2-TZVP is a valence triple-zeta basis set from Karlsruhe’s family of basis
sets.[Weigend and Ahlrichs, 2005] It contains one set of polarization functions but no diffuse
functions. This basis set has been used only in Paper V because it has shown to be
suitable choice to balance accuracy and computational speed.

4.1.2

The Hartree–Fock method

At the early stage of quantum mechanics, Hartree and Fock (HF) [Hartree, 1928]
[Hartree and Hartree, 1935, Roothaan, 1951]
developed an iterative approach for solving the
Schrödinger equation (see equation (25)), once the wave function is expressed in terms
of a Slater determinant. The system energy is minimized (see [Jensen, 2006] for variational
principle) by optimizing the molecular orbitals Ψ, i.e. the coefficient c in equation (61).
In the HF method, each electron experiences only the ‘mean field’ from the charges
of other electrons, but does not interact with the individual electrons. Consequently,
this mean field approximation using the Slater determinant does not properly describe
electron–electron correlation: It does describes the electron exchange interaction (Fermi
correlation), which comes from the anti-symmetric properties of Ψ, but the ordinary
electron–electron Coulomb correlation is not captured by the ‘mean field’ description.
For instance, dispersion interactions∗ , often present in molecular clusters, are not captured by HF at all. The HF wavefunction is iteratively improved by optimizing the
coefficients c in equation (61) until they no longer change, and HF is therefore also
referred to as a ‘self-consistent field’ (SCF) method. The HF (ground state electronic)
energy together with nucleus–nucleus repulsion energy comprises the total energy† .
The HF method will always predict a higher total energy than the exact energy. The
difference between the HF energy limit and the exact energy is referred to as the correlation energy. The correlation energy is typically small compared to the total energy;
however, it is important to correct for it as most chemistry involve only small changes
in the total energy.
∗

Dispersion interactions arise from electron distribution fluctuations due to the rapid motion of
electrons. The distribution of electrons (within atom or molecules) may be uneven and can create a temporary dipole moment which could enhance interaction with other polar and/or charged
molecules.
†
Total energy thus correspond to the reference state where all nuclei and electrons are separated
apart and no longer interact.
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4.1.3

Post-Hartree–Fock (wavefunction-based) methods

Post-HF wavefunction-based methods seek to recover the missing correlation energy.
These methods improve the results by enlarging the wave function through exciting
electrons from occupied to virtual orbitals. Single, double, triple, etc., electron excitations refer to the number of orbitals that are replaced by virtual orbitals in the
Slater determinant. The wavefunction is then described by multiple Slater determinants. (In modern approaches, the related concept of configuration state functions
are usually used instead.) The methods differ by the approach used to generate
the additional determinants: configuration interaction (CI) methods use simple linear combinations,[Jensen, 2006] coupled cluster (CC) methods use power series involving
an excitation operator, and Møller–Plesset (MPx) methods use x-th order perturbation
theory. In particular, the CCSD(T) method (coupled cluster method with single, double, and perturbative triple excitations) is often called the ‘gold standard’ of quantum
chemistry methods due to its accuracy.
Advances in methods for computational chemistry have significantly reduced the memory and disk requirements for calculations at a certain level of accuracy for a given
system size.[Ng, 2016, National Research Council, 2003] However, the computational cost is more
problematic as quantum chemistry calculations generally parallelize worse than most
other computational tasks. The implementation of some required operations (e.g.,
Cholesky decomposition of matrices) does not scale linearly, i.e. the speedup from one
to two cores is only ∼1.9 and not 2. Therefore, it is more convenient to, for instance,
simultaneously run 5 jobs each using 4 cores than to sequentially run 5 jobs each
using 20 cores. The overall computational cost depends on the system size N (e.g.,
the number of basis functions) and the algorithmic complexity O of quantum chemistry methods. For instance, traditional implementations of the HF method scale as
∼ O(N 4 ). The computational complexity is even more significant for post-HF methods: MP2 scales as ∼ O(N 4 –N 5 ), MP3 scales as ∼ O(N 6 ), CCSD scales as ∼ O(N 6 ),
CCSD(T) scales as ∼ O(N 6 –N 7 ).∗[Wimmer, 1996, Zen et al., 2012, Ratcliff et al., 2017] For instance,
if it takes 1 hour to compute the CCSD energy of a 2-molecule cluster, the corresponding 4-molecule cluster will require approximately 26 · 1 hour = 64 hours ≈ 2.5 days.
However, there are various algorithmic tricks which accelerate the computation, and
especially improve the scaling. One of them is the domain-based local pair natural
∗

The presented computational complexity for each method is presented as a range as it also
depends on implementation.
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orbital (DLPNO) implementation, which is based on evaluating only the interactions
between orbitals close to each other using high-level methods. For instance, in the
DLPNO-CCSD(T) method, a local MP2 method is initially used to estimate electron
pair correlation energies. Further, using an energy threshold, only the strongly interacting electron pairs (pair natural orbitals (PNOs)) are treated using the CC approach.
[Neese et al., 2009a, Neese et al., 2009b, Riplinger and Neese, 2013, Riplinger et al., 2013, Riplinger et al., 2016]
Due
to this algorithmic trick, the DLPNO-CCSD(T) method scales almost linearly, and
therefore, it is used in this work with a large basis set as the highest level of theory:
DLPNO-CCSD(T) in combination with the aug-cc-pVTZ basis set is able to recover
99.8–99.9 % of the traditional CCSD(T) correlation energy.∗[Schmitz and Elm, 2020] These
calculations are expensive in terms of both memory and computational time, but they
do not become impossible for large systems as in the case of regular CCSD(T). The
memory requirement scales approximately as ∼N 2 , where N is the number of basis
functions.† Due to the computational complexity and lack of analytical gradients‡
for DLPNO methods, this method is used only for single-point (SP, meaning fixed
atomic geometry) calculations of the ground state energy. Many studies have used
this method/basis set for accurate calculations of molecular cluster electronic binding energies.[Li et al., 2020a, Chen et al., 2020a, Kildgaard et al., 2018, Myllys et al., 2016a, Myllys et al., 2016b]
[Myllys et al., 2018, Myllys et al., 2019a, Myllys et al., 2019c]

4.1.4

Density functional theory

Despite recent advances in algorithms, the wavefunction (WF) methods described
above are still computationally cumbersome. Density functional theory (DFT) methods, developed in the 1970s, often provide a much more cost-effective alternative. DFT
methods are formally a completely different approach compared to the methods discussed so far, as they are based on solving for the electron density (see equation (59))
instead of the wavefunction. In practice, the mathematical treatment is fairly similar,
and the electron density is expressed in terms of one-electron functions analogous to
equation (61). The same Gaussian basis sets are also typically used in DFT. Although
the Hohenberg–Kohn theorems prove that the charge (electron) density determines
∗

Implemented, for instance, in the Orca program.[Neese, 2012, Neese, 2018]
Using more memory than necessary does not speed up the calculations, but a lower amount of
memory can make them slower or even impossible to proceed.
‡
Gradients are necessary when it comes to geometry optimization.
†
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all ground state system properties, it is arguable if DFT classifies as a true ‘ab initio
method’. DFT methods are indeed derived from the first principles but most of the
practically useful density functionals use some approximations and empirical parameterizations. Kohn and Sham suggested to express the ground state electronic energy
EelDFT as a functional of the electron density ρ
EelDFT [ρ] = Te [ρ] + VeN [ρ] + Vee [ρ] + EXC [ρ],

(62)

where Te stands for the kinetic energy of non-interacting electrons, VeN stands for
potential energy between electrons and atom nuclei, and Vee stands for the Coulomb
part of the electron–electron repulsive interaction. Formulae for these three functionals
are all well known. Unfortunately, the last functional EXC in equation (62), which
stands for exchange-correlation (XC) energy of electrons, is unknown, and can only
be approximated and/or empirically parameterized. The accuracy of DFT methods is,
therefore, determined by the accuracy of the exchange-correlation functional.
Various exchange-correlation energy functionals have been developed to describe the
correlated dynamic motion of electrons. These methods uses approximations based
purely on the electron density function (local density approximations - LDA), its gradient (generalized gradient approximation - GGA), its higher order derivatives (metaGGA), and even combination of these with exact HF exchange or post-HF correlation
energies (hybrid functionals), or both (double-hybrid functionals). The WF methods
used in the hybrid functionals scale as ∼ O(N 4 –N 5 ), and therefore, DFT scales the
same. However, the combination of WF and DFT approaches improves the accuracy
of electron correlation at moderate computational cost. The accuracy of hybrid functionals is comparable to some precise WF methods such as, for instance, CC methods
scaling as O(N 6 ) or higher.[Stein et al., 2020] In this work, we have used the following
hybrid functionals:
ωB97X-D has been developed by Head-Gordon research group.∗[Chai and Head-Gordon, 2008]
ωB97X is a long-range corrected† functional. When it is combined with empirically
added dispersion interactions (the ‘-D’ symbol), it can describe the intermolecular
interactions of weakly (and also strongly) interacting non-covalently bound molecular clusters. Due to the long-range terms, ωB97X-D requires a fairly large ba∗

Implemented, for instance, in the Gaussian program.[Frisch et al., 2016]
Long-range corrections for DFT methods correct for the electron–electron long-range exchange
energy. These functionals can thus capture nature of van der Waals interactions.[Tsuneda and Hirao, 2014]
†
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sis set to reach the CBS limit for interaction energies. However, several studies tested and showed that using the 6-31++G** basis set already provides sufficiently accurate geometries and vibrational frequencies for atmospheric molecular clusters.[Elm et al., 2017, Myllys et al., 2018, Myllys et al., 2019a, Myllys et al., 2019b] The ωB97XD/6-31++G** level, used in this work, is computationally feasible, but for accurate
formation energies, the system (electronic) energy has to be corrected at a higher level
of theory (e.g., using the DLPNO-CCSD(T)/aug-cc-pVTZ method).
LC-ωPBE is a long-range corrected density functional.∗ It utilizes the traditional
Perdew–Burke–Ernzerhof (PBE) correlation energy.[Perdew et al., 1996] The exchange energy is divided into short-range (calculated with PBE) and long-range (calculated with
HF) interelectron distances with the separation threshold defined by parameter ω.
Overall, the exchange-correlation functional correctly decays asymptotically as −1/r
along with the electron density. This correction improves the description of properties
such as polarizabilities and the repulsive part of van der Waals interactions. Even
though this method uses only one parametrization variable (ω), it has been shown
to provide accurate equilibrium thermochemistry results.[Vydrov and Scuseria, 2006] We used
this level of theory combined with the def2-TZVP basis set only in Paper V as it
showed to provide more experimentally reliable interaction properties within the studied cluster compared to the ωB97X-D method.

4.2

Semi-empirical methods

The computational complexity of the HF method (and many DFT methods) is
∼ O(N 4 ) due to two-electron integrals which are necessary to compute the Coulomb
and exchange corrections. Traditionally, semi-empirical quantum mechanical (SQM)
methods are based on the HF formalism, while parameterizing (or even neglecting)
the two-electron integrals (∼ O(N 4 )) and parameterizing the one-electron integrals
(∼ O(N 2 )). Moreover, only minimal basis sets are used (i.e., one basis function
per orbital). Other approximation and parameterizations are often introduced in
order to find a good balance between the computational cost and the accuracy of
aimed objectives (e.g., predicting geometry, vibrations, and experimental heats of
formation).[Christensen et al., 2016] In Paper IV, we used the following method:
∗

Implemented, for instance, in the Gaussian program.[Frisch et al., 2016]
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PM7 (parametric method 7,[Stewart, 2013] ) is the most recent method of the PMx semiempirical family.∗ These methods use various approximations to simplify the calculation of one- and two-electron integrals (based on the neglect of differential diatomic
overlap (NDDO) integral approach). The first of these methods, PM3, uses only two
Gaussian functions to describe the element-specific short-range repulsive core-core interactions. The next published method from this family, PM6, redefines the core-core
interaction using mostly a pairwise parametrization instead of the element-specific
parametrization. The parameters are fitted to a much larger reference set consisting
of most s, p, and d elements. The newest PM7 method adds corrections for hydrogen
bonds and includes dispersion interactions. Thus, the PM7 method can provide preliminary evaluation or be used for pre-optimization of atmospheric molecular clusters.
Other SQM methods expand the Kohn–Sham DFT expression for energy in terms
of density fluctuations relative to the densities of isolated atoms. For example, the
tight binding model is often used to approximate core electron orbitals (which do not
appreciably change between different chemical environments). Most of the density
functional tight-binding (DFTB) methods solve charges self-consistently with respect
to the charge density fluctuations. One of the extensions of DFTB method has been
used also in this work:
GFN2-x TB† is a tight-binding (TB) semi-empirical program package extended (x ) for
almost all atoms in the periodic table. This method has been optimized to provide good
geometries (G), vibrational frequencies (F), and non-covalent interaction energies (N)
of supramolecular systems (e.g., molecular clusters). This version (2) differs from
its forerunners by way of implementation and its element-specific parameter strategy.
Single-geometry calculations and geometry optimizations of molecular clusters used
in this work (i.e., up to 100 atoms) take only seconds or a few minutes, but can
still well capture the essential binding interaction (including dispersion interaction,
and electrostatic interactions) for most atmospheric molecular clusters. However, the
optimized geometries and formation energies are not accurate enough for the purposes
of this thesis. Therefore, in this work, this method is only used for pre-optimization.

∗

Implemented, for instance, in the Gaussian program.[Frisch et al., 2016]
†
Implemented mainly in the XTB program.[Bannwarth et al., 2020, Grimme et al., 2017, Bannwarth et al., 2019]

[Pracht et al., 2019]
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4.3

Classical molecular mechanics

In classical molecular mechanics (MM), molecules are treated as point-like atoms connected by (usually harmonic) bond springs, which further interact via (relatively simple) non-bonded interaction terms. Therefore, when using MM, electrons are not
treated explicitly. The classical Hamiltonian H represents the system energy E as
a sum of kinetic (T ) and potential (U ) energies [Jensen, 2006]
E =H=T +U =

p2i
+ U,
2m
i
i∈atoms
X

(63)

where pi is the momentum of an atom and mi is its mass. Force-field (FF) methods
are used to calculate the potential energy of the system configuration. The interaction
between atoms is usually split into several types of terms:[Jensen, 2006]
U=

Uatoms
| {z }

one-body term

+ Unon-bonded
+ Ubonds + Uangles + Udihedral
| interactions{z
} |
{z angles}
two-body terms

(64)

many-body terms

The potentials in the equation above describe energy stored in atoms∗ , atomic interactions (both bonded and non-bonded), and sterical barriers of functional group rotations
around bond and dihedral angles. All N -body terms are defined by the position, properties, and/or interaction potentials of N atoms.
Short-range non-bonded interactions are often† expressed via pair-wise (n,m)–LennardLJ
Jones (LJ) potential Un,m
for two atoms separated by a distance r
LJ
Un,m
(r)

  
 r m 

re n
e
m
−n
with n > m,
=
n−m
r
r

(65)

where re is the equilibrium distance between the atoms and  represents the energy-well
depth. The parameters n and m are often chosen to be n = 2m due to computational
reasons. Since the attractive forces of van der Waals interactions decreases as r−6 , van
der Waals interactions are commonly described via the (12,6)–Lennard-Jones potential.
Numerical values for force-field parameters can be retrieved from quantum chemistry
calculations or, for instance, from the CHARMM force-field database (Chemistry at
Harvard - molecular mechanics [Vanommeslaeghe et al., 2010, Yu et al., 2012] ).
∗
†

These can be often neglected unless processes that would affect atoms occur (e.g., oxidation).
For other than LJ potential see, for instance, [Zhang, 2016, Allen and Tildesley, 1989, Jensen, 2006] .
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Note that at the limit of m → ∞ (still assuming that n = 2m), the potential devolves
into a step potential with no attractive force. Such particles would interact only when
they are in contact. Such a step-wise potential is used for description of sticky-hardsphere (SHS) particles.∗[Hoy et al., 2012, Hoy, 2015, Holmes-Cerfon, 2016]
When electrical charges are present, the interaction between two charged particles i, j
is described via the long-range non-bonded Coulomb potential
U Coulomb (r) = ke

qi qj
,
r

(66)

where ke is the Coulomb constant,† and q stands for the (partial) charge. In the case of
a polar molecule, the charge within the molecule is distributed so that partial charges
are formed on each atom of the molecule. Although the molecule is overall electrically
neutral, the Coulomb interaction of partial charges between two molecules is important,
as it often determines the configuration of molecular clusters. Note that standard MM
methods are not able to describe charge relocalisation within molecule, which is in
reality happening to adapt to the electric environment of the molecule. The partial
charges of molecules in the studied systems can be calculated, for instance, using
quantum chemistry methods.‡
In molecules, covalent-bond stretching is often approximated by quadratic/harmonic
potential Ubonds = U HO (r) (see equation (36)). For a more accurate description
of bonded interactions, one can use, for instance, the Morse potential presented in section 3.3.6. Bond angle oscillations and torsional rotations can be treated in a similar manner (though cosine series are usually used for the latter). Nevertheless, none
of these bonded interactions are used in this work.
Force-field methods are, in this work, used only for systems with fixed molecule
geometry and without any chemical reactions. Therefore, only the non-bonded (i.e.,
LJ + Coulomb) potentials Unon-bonded
are required for calculating the energy of interinteractions
molecular interactions, as the (internal) energies of the fixed molecule remain constant.
Since force-field methods are computationally very fast (and memory-cheap), they can
∗

In this thesis, SHSs are not used for description of molecular clusters, but this term appears once
more in chapter 5 - Configurational sampling.
†
ke = 1/(4πε0 ) = 8.988 · 109 N·m2 C−2 (where ε0 stands for permittivity of vacuum)
‡
In this work, atomic partial charges are typically calculated for molecules optimized at the MP2/631++G** level of theory followed by charge population analysis at the same level of theory (e.g.,
Mulliken, or natural bond orbital (NBO) analysis [Glendening et al., 2018] ).
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be used for exploring very many molecular arrangements in a short time. Note that
using these methods, the energy of a cluster of fixed molecules cannot be compared
with another cluster of different fixed molecules, as the internal energy (e.g., bond
energy) of molecules is not calculated. This FF method cannot describe chemical processes involving molecular geometry change (due to the fixed molecule geometries),
charge relocalization (no response of molecule charge distributions on its environment
is a disadvantage of most FF methods), hydrogen bonds (advanced FF potentials are
required), and accurate dispersion interactions (LJ potential captures van der Waals
interactions only within some accuracy as it is a pair potential with a limited flexibility relying on two parameters). However, it describes the partial charge interactions
and the atomic volumes, which are enough to reasonably describe interaction patterns
within the studied atmospheric molecular clusters.
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5

Configurational sampling

5.1

Configurational space
“Similarly, another famous little quantum fluctuation that programs you is the
exact configuration of your DNA.”
– Seth Lloyd

[Lloyd, 2020]

The configurational space of a N -point-particle system is defined by all possible position arrangements of the N particles.[Anderson, 2016] Each point of the 3N -dimensional
configurational space then corresponds to a specific position of all N particles, and vice
versa each system geometry corresponds to a configurational space point. However, if
the N particles are indistinguishable (identical), each geometry can be found N !-times
within the configurational space. Therefore, when evaluating properties (e.g., partition
functions) of such a system by integration over the whole configurational space, the
possible overcounting of identical geometries has to be accounted for. This problem is
discussed in greater detail in the section 3.3.6 - Multiminima problem.
A variety of similar spaces (hyperspaces) are also often used to describe system
properties:[Cohen-Tannoudji et al., 1977, Griffiths, 2017]
• Configurational space: 3N -dimensional space describing all N -particle arrangements in space. Typically, x, y, z coordinates are used to define particle/atom positions.
• Phase space:∗ 6N -dimensional space where each particle is described by 3
position variables, and additionally 3 momentum variables. Phase space is thus
configurational space enlarged by the momentum/velocity space.
• State space: represents all possible (quantum) states.† If particles have no
internal degrees of freedom (e.g., spin), the state space is identical to the phase
space.
∗

A different definition of the term ’phase space’ is used in thermodynamics to identify material
phases such as gas, liquid, and solid. Using macroscopic state properties (e.g., pressure p, and temperature T ), one can plot a p-T phase diagram consisting of several phase spaces. This definition does
not apply to this chapter.
†
A quantum state is unique, but an energy state may represent several quantum states which have
the same energy.
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The dimensionality of the configurational space can be reduced to 3N − 6 (or 3N − 5
for a two particle system) as the position and orientation in space of the system as a
whole is not important.
In computational chemistry studies of atomic, molecular, and cluster systems, several assumptions are typically made to simplify the treatment of configurational
spaces: [Maranas and Floudas, 1994]
• The system configuration is defined by the positions of atomic nuclei (while the
lighter electrons are instantaneously adapting to the nuclei configuration = Born–
Oppenheimer approximation[Born and Oppenheimer, 1927] , see section 3.2).
• System energy is in this work only considered as additive and two-body pairwise potential interaction function of Euclidian distances between atomic nuclei
(however, there certainly exists other assumptions where this treatment could be
extended (e.g., many-body potential interaction)).
• Only energetically feasible configurations (in reasonable timescale) are allowed,∗
i.e. in the atmospheric conditions, covalent bond lengths (and bond angles) are
typically assumed to stay close to their equilibrium values (unless reactive space
is studied, e.g. when proton transfer is allowed).
In both classical and quantum mechanics, any configurational space point (corresponding to atomic nuclei configuration ~r) can be assigned a potential energy E (see previous
chapters). Thus, configurational space of any set of atoms can be additionally described
by the potential energy surface (PES). Visualization of the PES is challenging as the
PES is a surface mapped onto a multi-dimensional (configurational) space and people are used to viewing at most 3-dimensional objects. Therefore, for more than two
atoms, the PES can only be visualized by cutting through the PES along some internal
coordinates of the system. In section 3.3.3, the whole PES is shown for a diatomic
system where the distance between atoms represents the whole configurational space
(1 degree of freedom because 3N − 5 = 1 for two atoms). Clearly, searching for the
∗

The words ‘geometry’, ‘arrangement’, ‘structure’, and ‘configuration’ are used synonymously in
this context. ‘Isomers’ are two different structure minima with the same atoms. ‘Conformational
isomers’ a.k.a. ’conformers’ differ only by rotation along single bonds and any other energetically
feasible processes (e.g., proton transfers, rearrangement of molecules within molecular cluster). Temperature (i.e., thermal fluctuations) determines which energy barriers are surmountable, and thus,
defines which isomers are also conformers. The term ‘conformers’ is also used in the case of different
energy minimum structures of the same molecular cluster.[Maranas and Floudas, 1994]
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energy minimum configuration of a diatomic system is equivalent to solving the single
differential equation
dE(r)
= 0,
(67)
dr r=rmin
where rmin is the distance r at which E(r) has a local minimum (= global minimum
for diatomic system). One should confirm that the extreme found is a minimum
(e.g., by studying the sign of the second derivative) as this equality would be fulfilled
also for any maximum or inflection point. However, for a larger system of identical
atoms (N atoms > 2, where N atoms is the number of atoms), one has to solve a set
of (3N atoms −6)∗ partial differential equations
dE(~r1 ≡ (x1 , y1 , z1 ), ..., ~rN atoms )
dx1
dE(~r1 ≡ (x1 , y1 , z1 ), ..., ~rN atoms )
dy1

=0
x1 =x1,min

=0

(68)

y1 =y1,min

..
.
Unfortunately, energy minimum configurations can only be analytically solved for small
systems. For instance, for a non-bonded atomic (or Lennard-Jones) cluster, it is a
’dumbbell-shape’ for N atoms = 2, an equilateral triangle for N atoms = 3, and a triangular pyramid (tetrahedron) for N atoms = 4.[Collins, 2002] As the number of atom-pair
atoms 
distances (interactions) increases as N 2
= N atoms (N atoms − 1)/2, one has to solve
the set of 3N atoms − 6 equations with N atoms (N atoms − 1)/2 unknown variables, where
N atoms (N atoms − 1)/2 > 3N atoms − 6 for more than 4 atoms.[Collins, 2002] Moreover, the
atoms of the system are not necessarily identical, which again increases the number of
distinct energy minimum configurations. Therefore, other means for congfigurational
space exploration have to be considered.
The most problematic feature of configurational sampling is the vastness of the PES.
With an increasing number of atoms (N atoms ) the number of atom–atom interactions
increases as ∼(N atoms )2 . However, Stillinger [Stillinger, 1999] showed that the number
of energy minima nmin for a large number of atoms and under specific conditions
approaches an exponential growth
N

lim
atoms

→∞

nmin (N atoms ) ∼ eαN

∗

atoms

,

(69)

The number of equations is 3N atoms −6 rather than 3N atoms because the PES is also invariant
to the overall position (3 degrees of freedom) and orientation (3 degrees of freedom) of the system in
space (this can be proven using the group theory of functions).[Collins, 2002]
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where α is an exponential scaling factor, which depends on the potential energy description in the studied system. Figure 15 shows the number of energy minima nmin as
a function of number of atoms N atoms for two types of atomic clusters and one molecular cluster. The two atomic clusters types are based on hard-core-like repulsive and
short-range-attractive (HCR–SRA) potentials (see section 4.3):[Baxter, 1968]
- sticky–hard–spheres (SHSs) [Hoy et al., 2012, Hoy, 2015, Holmes-Cerfon, 2016] , and
- Lennard-Jones (LJ) atoms [Trombach et al., 2018] .
Clearly, the number of energy minima nmin is greater for the SHS-clusters than for
the LJ-clusters. The number of interactions in SHS-clusters is only restricted by the
number of possible contact points between two spheres. In contrast, attraction in
the LJ potential affects not only the neighboring atoms, but also more distant atoms,
which significantly reduces the number of possible energy minima nmin . Choosing different descriptions for non-bonded potential interactions (e.g., the Morse potential,
and the Buckingham potential) would also affect the exponential factor α in equation (69).[Trombach et al., 2018, Wales and Doye, 1997, Doye and Wales, 1999]

Figure 15: The number of minima scaling with the system size (the number of atoms).
This graph illustrates how the scaling is affected by different strength of interaction
within atomic and molecular clusters. Note that the molecular clusters shown in this
graph are small compared to the clusters studied in this work which can have up to
one hundred atoms.
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In the case of molecular clusters, the overall number of effective degrees of freedom (DF) is smaller due to the presence of chemical bonds, and steric restrictions [Maranas and Floudas, 1994]
DF = (3N atoms − 6) − N bonds − N angles ,

(70)

where N bonds and N angles are the total number of covalent bonds and the rigid (bond
and dihedral) angles∗ which fix the shape of molecules.[Maranas and Floudas, 1994] Additionally, due to partial charges inside a polar molecule, molecular clusters require description of the intermolecular electrostatic interactions (via the Coulomb potential).
Consequently, the number of minima is smaller for molecular clusters than for the
atomic clusters discussed above. Figure 15 shows also the number of energy minima nmin for ammonia (NH3 )—sulfuric acid (H2 SO4 ) clusters.† Note that only two
clusters are shown: (NH3 )1 (H2 SO4 )1 (with N atoms = 11) and (NH3 )2 (H2 SO4 )2 (with
N atoms = 22). The uncertainty shown for molecular clusters arises from the ambiguities in defining which structures are unique (see section 5.3). The main conclusion here is that the number of molecular cluster configurations (nmin ) also increases
exponentially with the number of molecules in a cluster. The typical size of clusters studied in this work is larger than a few molecules, i.e. up to 100 or sometimes
even more atoms (e.g., larger ammonia-sulfuric acid cluster: (NH3 )5 (H2 SO4 )5 ,Paper II
and a clusters formed by a mixed butanol—water vapor condensing on a salt seed:
(Na10 Cl10 )(C2 H5 OH)5 (H2 O)5 Paper V ). Therefore, a configurational space exploration
process typically cannot reveal the whole PES and find all existing minima on it, but
it should rather utilize some approach aiming to find only the low-lying energy minima
at a computationally affordable cost.

5.2

Configuration space exploration

In early studies of atmospheric cluster formation, the exploration of configurational
space for small clusters was performed solely on chemical intuition, i.e. the molecules in
∗

Some bond and dihedral angles can rotate freely at a given temperature, and thus, they should
not be considered as rigid as they do not fix the shape of molecules. Therefore, the number of degrees
of freedom (and also the number of accessible minima nmin ) is from this point of view temperature
dependent.
†
These data were calculated with configurational exploration using the ABCluster program
[Zhang and Dolg, 2015, Zhang and Dolg, 2016]
, and with subsequent optimizations using the XTB program
[Bannwarth et al., 2020, Grimme et al., 2017, Bannwarth et al., 2019, Pracht et al., 2019]
.
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the cluster were shifted and oriented with molecule visualisation programs to construct
bonding/interaction patterns appealing to a chemist.[Ortega et al., 2008, Loukonen et al., 2010]
[Herb et al., 2014, Nadykto et al., 2011, Nadykto et al., 2014]
This approach, however, does not provide
systematic sampling, and is not possible for larger clusters. A systematic approach
could, for instance, place all molecules on a predefined grid in different orientations,
and subsequently optimize the structures. However, even when using a sparse grid
of 10×10 for a 5-point-particle cluster, this would lead to too many (∼108 ) possible
initial configurations. In the case of molecular clusters, we would need to additionally
account for the molecule orientation. Therefore, brute-force exploration fails due to
combinatorial reasons.[Collins, 2002]
One solution could be offered by thermodynamic simulations using molecular dynamics (MD) or Monte Carlo (MC) methods.[Shields et al., 2010, Husar et al., 2012] These methods let molecules in a molecular cluster move and reorient, and thus, the cluster
can travel on its PES and visit different energy minima. Infinitely long simulations would guarantee that the cluster visits all points of the configurational space.
In a finite time, only thermodynamically accessible minima would be reached. Additionally, simulations may be stuck for a long time in one minimum configuration due to energy barriers between two configuration minima. Increasing temperature of the simulated system for a short time and then lowering it (simulated annealing [Loukonen et al., 2010] ) increases the amplitude of the thermal fluctuations, and thus the configurational space is explored faster. Other methods introduce probabilistic tricks to overcome energy barriers easier (umbrella sampling
[Loukonen et al., 2010, Xie et al., 2019]
) or to increase the probability of visiting unexplored min[Zhou et al., 2019, Chen et al., 2017, Peng et al., 2015, Miao et al., 2015, Jiang et al., 2014]
ima (basin hopping
[Wales and Doye, 1997]
). However, as the number of minima grows exponentially, these thermodynamic methods are not able to explore distant minima for larger clusters (more
than 3–4 molecules). As some minima could be overlooked, these thermodynamic simulations are not currently used for configurational sampling of atmospheric clusters.
An efficient configurational sampling approach thus needs to incorporate some trick allowing jumps on the PES. Some approaches try to utilize thermodynamic simulations
with random initial configurations. For instance, Elm et al. [Elm et al., 2013a, Elm et al., 2013b]
used existing structures of N -molecule cluster and randomly placed (e.g., using Fibonacci spheres [González, 2009] ) a new molecule around these structures to obtain initial
guesses for (N + 1)-molecule cluster structures. A combination of this approach with
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MD simulations,[Kildgaard et al., 2018] however, cannot handle the enormous number of possible configurations. An additional problem is that to construct a cluster of N molecules
with this approach, configurational samplings of all smaller clusters (i.e. N − 1, N − 2,
etc.) has to be performed first, or the structures of these clusters have to be taken
from literature. This approach, however, shows that search for the free energy global
minimum requires a great number of initial guesses.

Figure 16: A scheme illustrating three natural features most often used in genetic
algorithms (GA). In biology, genes are the basic units of hereditary information. In
GA, genes are replaced by vector/matrix of interest (e.g., cluster configuration).

Another approach performs simulations based on genetic algorithms (GAs).[Johnston, 2003]
GAs are optimization techniques to locate extremes of multi-dimensional parameter
spaces, and are a subgroup of evolutionary algorithms (EAs) which are inspired by processes in nature. These simulations usually allow a cross-over (exchange of information)
between different configurations, which allows the important jumps on the PES. Other
features such as ‘natural’ selection or mutations allow for a more complex exploration
than the previous methods (see figure 16). Several configurational sampling methods
have already been implemented based on a GA: OGOLEM [Dieterich and Hartke, 2010] , ABCluster [Zhang and Dolg, 2015, Zhang and Dolg, 2016] , or cluster [Kanters and Donald, 2014] . These
methods, generally, simulate the time evolution of a population (of molecular clusters
in our case). Sequential generations of the population are constructed based on sharing
genetic information (molecular cluster properties, e.g. coordinates) within the population. Examining all generations can then provide the unit (molecular cluster) with
the best fitness (in this case energy, i.e. the global energy minimum). However, other
good units (energetically low-lying molecular clusters) can also be saved and used for
further analysis.
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In our research group, we use the ABCluster program which is based on the artificial
bee colony (ABC) algorithm.[Karaboga and Basturk, 2008] We chose this program because
it is well documented and user friendly. Many studies by both us and others have
already utilized this program for configurational sampling of atmospherically relevant
molecular clusters.[Liu et al., 2018, Hou et al., 2017, Malloum et al., 2019, Chen et al., 2020b, Wang et al., 2019]
[Myllys et al., 2019a, Myllys et al., 2019c]

5.2.1

The artificial bee colony algorithm

Honey bee swarm behavior, as proposed by [Karaboga and Basturk, 2008] can be used for solving an optimization problem. In this section, the artificial bee colony (ABC) algorithm
is further discussed in the context of searching for the global minimum on the potential
energy surface (PES) of molecular clusters. The following text also provides the clarification on the connection between ABC and implementation of the ABC algorithm in
the ABCluster program.[Zhang and Dolg, 2015, Zhang and Dolg, 2016]
Flower and its nectar
An artificial bee hive is surrounded by a vast meadow full of flowers. However, the significance of each flower is different for the bee
colony living in the hive, as each flower has a different amount of
nectar. Additionally, the distance from the bee hive is important
too. Therefore, these two aspects are a quality measure for each
nectar source.
In this analogy, the meadow represents the configurational space of a studied molecular
cluster. Each nectar source corresponds to an energy minimum configuration of the
molecular cluster. The energy of the minimum then corresponds to the nectar source
quality.∗ Note that the energy of a cluster can be evaluated with different methods,
i.e. at different levels of theory. Each method might lead to a slightly different PES.
However, as molecular clusters have typically a vast configurational space full of various
energy minima (see figure 15), we prefer to use fast methods for the PES exploration,
∗

The nectar source quality is defined by its nectar amount together with the distance from bee
hive. The amount of nectar and the distance do not have any other analogies between molecular
clusters and theirs energies. Also, the bee hive does not have any other analogical meanings but can
be understood as a reference point as its location defines the fitness of nectar sources.
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and explore it more thoroughly (as opposed to using slower methods to explore a more
limited region of a more accurate PES).
Bee colony population
Bee colony members can be categorized into three groups: employers, onlookers, and
scouts. The most important are the employed bees because they can remember where
the nectar sources are located. Thus, the number of employed bees determines the bee
population size. The larger the population (number of employed bees), the more diverse
the choice of nectar sources.
At the beginning of the configurational exploration, SN random molecular clusters are
generated. The initial geometry guesses are optimized to their nearest energy minima
providing the first set of trial solutions
X ≡ [X1 , ..., XSN ],

(71)

where Xi describes the i-th minimum conformer at the current simulation step. For
instance, in the case of molecular clusters constructed from N rigid molecules, each
molecule is described by its position r = (x, y, z) and orientation o = (α, β, γ)
Xi ≡ [(~r1 , ~o1 ), ..., (~rN , ~oN )]
≡ [(x1 , y1 , z1 , α1 , β1 , γ1 ), ..., (xN , yN , zN , αN , βN , γN )].

(72)

The trial cluster minima themselves change or sequentially evolve over a set of generations (simulation steps/loops). However, their number remains constant. In each
generation, all minima (nectar sources) may evolve in three different ways corresponding to: 1) employed bee tasks, 2) onlooker bee tasks, and 3) scout bee tasks. The
number of configurations SN equals the number of employed bee tasks. The population size parameter SN often determines overall number of bees (3×SN ), and thus, it
is an important characteristic of the overall sampling. If a large size is chosen, the diversity of the colony (or rather the diversity of configurations) is guaranteed. However,
too large colony size would lead to an overpowered optimization, and thus, a waste
of computational resources. The same reasoning applies to the maximal number of
generations gmax .
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Employed bee tasks
Each employed bee flies back to the flower (nectar source) that
they kept in their memory. If they on the way find another new
flower, they quantify its quality (amount of nectar + distance
from bee hive). If the new found flower is quantitatively better
than the one kept in memory until now, they forget the old,
memorize the new one, collect the nectar from it and carry it
home. Otherwise, they only collect nectar from the old flower
and carry it home, while keeping in memory the old flower. When they come home,
they unload nectar, and ‘waggle’ (dance) in front of onlooker bees.
In the ABCluster program, in each generation gen (simulation step/loop), each molecular cluster kept in memory is examined for a possible replacement (evolution) by a new
configuration. New trial configuration Xi-trial can be generated as a linear combination
of two (or more) other random minima kept in memory (e.g., [Xj , Xk , Xl ], where
i 6= j 6= k 6= l). The resultant trial structure has thus each parameter (e.g., ~r1 ) combined from its parent configurations. However, each minimum is assigned a different
weight as clusters with the lower energy E are preferred
Xi-trial :=

|Em |
· Xm ,
|E
j | + |Ek | + |El |
m∈j,k,l
X

(73)

The trial solution is again optimized to the nearest minimum with energy Ei-trial . This
process corresponds to the employed bees that found a new minimum configuration
(nectar source). In the GA terminology, this approach of new configuration construction actually corresponds to a crossover, where information from 2 (or more) parents
(employed bees) is combined into new off-spring. As equation (73) represents information sharing between three parents, the mutation of old configuration Xi into Xi-trial
is therefore often called ’trigonometric mutation’.[Zhang and Dolg, 2015]
Nevertheless, the trial solution is only accepted in a ‘greedy’ way, i.e. if it is better
than the previous solution
(
Xi-trial if Ei-trial < Ei ,
Xi :=
(74)
Xi
otherwise
The ‘greedy’ approach guarantees natural selection, i.e. only good or even better
configurations can appear in the next generation. In each generation (simulation loop),
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this procedure (the employed bee step) is repeated for each cluster configuration Xi
(i.e., SN -times). In the employed bee step, parents were chosen randomly. But now,
as the employed bee dances in front of onlookers, the onlookers can already make their
choices for new parents based on energy (nectar source quality).
Onlooker bee tasks
The onlooker bees choose their target flower based on the employed
bees currently dancing in the bee hive. By the length of the dance,
the employed bees inform onlookers about the quantified quality of
the nectar source they currently keep in their head. The longer
the dance, the better the nectar source. Choosing the best one, the
group of onlookers follow the chosen employed bee to collect more
nectar source from the quantitatively better area. When they reach the area, they explore
the surrounding to check if an even a better nectar source exists.
Onlooker bee step is a process of choosing the best candidates as parents for another
subsequent crossover (information sharing). There are several selection methods to
choose the parents such as the roulette wheel and the tournament selection.[Johnston, 2003]
In the roulette wheel method, a configuration Xi is chosen from the whole population
with a probability proportional to its energy (nectar source quality). However this
approach would be strongly biased by the currently best structure Xbest in the whole
population. In the tournament selection, which is used in the ABCluster program, five
players are randomly chosen: [Xi , Xj , Xk , Xl , Xm ], where i 6= j 6= k 6= l 6= m. The one
with the lowest energy (here Xi ) is then tested for a possible replacement (evolution).
The trial structure is created by improving either (50%:50%) best structure in the
population Xbest or the current structure Xi . In both cases, the differential evolution
(addition of two vectors) is utilized:[Das and Suganthan, 2011]
(
Xi + F (Xj + Xk − Xl − Xm )
if η < 0.5,
Xi-trial :=
,
(75)
Xbest + F (Xj + Xk − Xl − Xm ) otherwise
where F and η are random numbers in the range h0, 1i. In each generation, the onlooker
bee task is repeated SN times (i.e., there is an equal number of employed and onlooker
bees). In both cases, a new trial solution is generated, optimized, and accepted using
the ‘greedy’ approach (selection) shown in equation (74). Thus, also onlookers only
have a positive feedback on the population, i.e. this step only keeps or improves current
energy minimum configurations (in the whole population).
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Scout bee tasks
After some time, each flower becomes exhausted and abandoned as flowers cannot serve as an infinite source of food.
The employed bees which had the abandoned flower memorized change their type into scout bee. And then, as scouts,
they search for a new nectar source. When they find a new
flower, they switch back to employed bees, evaluate the quality of the flower, remember it, collect nectar, and fly back home to dance in front of
onlookers.
The scout limit glimit defines the maximal lifetime (maximal number of generations) of
a cluster. glimit is typically significantly shorter than gmax . If any cluster remains in
the population for longer than glimit generations, it is automatically replaced by a new
random configuration. The recommended values for glimit are between 2 and 10. In
each generation, the scout bee task is repeated for each configuration (i.e., SN times).
The scout bee tasks have mostly a negative feedback on the population as the good
structures are replaced by a new random structures, however, they guarantee that the
simulation does not get stuck only in one low-lying minimum.

5.2.2

Simulation parameters

Figure 17 shows a scheme of the ABC algorithm, where the parameters are:
SN - population size (i.e., SN employed bees and ∼3×SN all bees)
gmax - maximum number of generations
glimit - scout limit
L - simulation box size (typically 1.5–3 times of the cluster diameter)
LM - number of the energetically lowest-lying local minima to be saved
The product SN ×gmax (the population size × the length of simulation) is the main
factor determining the quality of the configurational exploration. A value of a few
hundreds (e.g., SN = 20 and gmax = 20) is sufficient for small and simple molecular
clusters (e.g., (H2 O)5 ), however, a value of 105 or even more is required for larger
clusters (e.g., (H2 SO4 )4 (NH3 )4 ). The choice of SN ×gmax also determines the computational time required by ABCluster simulations. These values should be chosen so that
the configuration of global energy minimum is found and the whole configurational
space is sufficiently explored.
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Figure 17: A scheme of the ABC algorithm for configurational space exploration of
molecular clusters using simplified programming language (i = 0 stand for value assignment, i++ means increment of i). After initialization, the algorithm loops over
each bee tasks, and then, the lowest configurations are saved. Simulation variable are
highlighted by purple color. Red colored text refers to equation in the above text.
The typical value for the scout limit in most of our simulations is glimit = 4. Large
molecular clusters (containing more than ten molecules) or molecular clusters with
complex patterns (e.g., clusters containing large molecules) may require a higher value
of the scout limit (e.g., glimit = 10).∗
∗

If a studied system is too large or a ‘quick and dirty’ configurational exploration is utilized (e.g.,
SN ×gmax is too small), it is better to use a small scout limit parameter. For instance, in the case of
glimit = 1, the energetically low-lying structures that are found propagate the good properties to new
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The assumption that the clustering molecules are completely rigid makes the configurational space exploration faster. This assumption is appropriate for non-flexible and
non-reactive clusters of, for instance, methane (CH4 )x or carbon dioxide (CO2 )x . However, most atmospheric molecules have some degrees of flexibility (e.g., the rotation
of a functional group around a single bond) or are reactive in the sense that they can
easily transfer protons (e.g., acid—base clusters). Therefore, we Paper I proposed to
perform separate simulations for all possible combinations of conformations and protonation states (see example in figure 18) of all monomers forming a studied molecular
cluster. The minimum structures found by all simulations can be combined, and afterward analyzed at a higher level of theory. In the end, such an approach can indeed
lead to finding the same energy minimum configurations through different simulations,
but on the other hand, it guarantees a more thorough configurational space exploration
at a low computational cost. In the case of clusters of flexible molecules such as the
organic oxidation products (see figure 4), many conformers, and thus also conformer
combinations, exist. To reduce the computational cost, one can use only a representative set of the monomer conformers, or reduce the simulation lengths but take into
account all combinations.

Figure 18: The isomer and protonation states of sulfuric acid molecules.
Color coding: sulfur (S) = yellow, oxygen (O) = red, hydrogen (H) = white
The number of local minima to be saved (LM ) does not affect the computational cost
of the configurational space exploration. However, it determines the computational
cost of subsequent post-exploration processes. It is enough to save only a few hundreds
of minima for small molecular clusters, but at least thousands of minima have to be
saved for large clusters. The lowest-lying energy minima at the level of theory used in
trial solutions, but the original structures (parents) do not survive to the next generation, and are
replaced by a new random structure. A low number of scout bees thus allows for rough but diverse
exploration.
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the post-exploration steps (e.g., quantum chemistry geometry optimization) are also
expected to be low-lying at the MM level of theory. We have to save more (i.e. LM )
structures than only the global energy minimum due to the differences in energies at
different subsequent levels of theory, arising from relaxation of molecular structures (as
rigid molecules were used in the exploration step), and eventually also from adding an
entropy contribution to the energy evaluation when calculation the Gibbs free energy.
The process of filtering structures from a low theory and sequentially increasing the
level of theory is henceforth called the ‘bottom up’ approach.[Jensen, 2006]∗

5.3

Bottom up approach

The geometries, energies or other physical properties of energy minimum configurations
found in a configurational space exploration have to be refined, as they have been obtained at a low level of theory. Molecular mechanics energies tend to correlate within
some uncertainty with energies obtained using quantum chemical methods (though
there are cases where this is not true, e.g., heavy-atom-containing clusters, or clusters
with spin-bearing molecules).Paper I Thus, rather than all discovered minima, only a
set of the energetically lowest-lying energy minimum configurations need to be studied
at a high level of theory. As the high level methods (quantum chemistry calculations)
are computationally demanding, the process is split into several steps consisting of
pre-optimizations and filtration of structures performed between lower levels of theory
and the final high level. Figure 19 illustrates a typical generic bottom up approach
protocol carried out after the configurational exploration of the PES. The half-stepped
pyramid consists of several steps optimizing the geometry and re-evaluating the cluster
energies at increasing level of theory. The width of the step illustrates the number
of structures treated at that level. Our commonly used procedure for configurational
sampling of molecular clusters is:Paper I
1st level of theory:
fast optimization with a semi-empirical method such as GNF2-x TB (or, e.g., PM7)
(the optimization accuracy is not so important in this step)
2nd level of theory:
optimization with a quantum chemistry method (e.g., ωB97X-D) with (very) loose op∗

Jensen [Jensen, 2006] uses in his book term ‘building up’ approach, however, this term could be
confused with building N -molecule clusters by addition of a new molecule to (N –1)-molecule clusters.

78

timization criteria (and/or a small basis set: e.g., 6-31G*)
3rd level of theory:
optimization with a quantum chemistry method (e.g., ωB97X-D) with (very) tight
optimization criterion (and possibly a larger basis set, e.g., 6-31++G**) followed by
vibrational analysis using the same quantum chemistry method
Post-corrections:
Single-point energy corrections at a high level of theory (e.g., DLPNO-CCSD(T)/augcc-pVTZ), corrections for low-frequency vibrations, symmetry corrections, anharmonicity corrections, and if needed, correction for basis set superposition error (BSSE) and/or
even extrapolation to the basis set limit (BSL), etc.

Figure 19: Scheme of a general bottom up approach for sampling molecular clusters.
The typical number of structures and the typical computational times are shown on
the right side of the half-stepped pyramid (for a cluster with less than 10 molecules via
methods described in the previous chapter).
When moving up a level of theory, redundant structures should be removed to reduce
the computational cost. Here, we distinguish several types of filtration:
• Uniqueness a.k.a. duplicate removal
• Elimination of ‘failures’∗
• Low/high-pass or band-pass cutoff
• Sampling/selection (optional)
∗

My colleague named these as ‘monster structures’.
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During the exploration, an energy minimum configuration may be ‘found’ twice or even
more times, but only one structure should be passed to further steps. Additionally,
after subsequent optimization(s), two different minima from the exploration (or from
a low level optimization) may converge to the same energy minimum configuration at
a higher level of theory. In both cases, only one structure should be passed to further steps, as running the same calculation on the same structure twice is a waste of
computational resources. To determine if two structures are duplicates of each other,
one could compare the x, y, and z coordinates of the two structures (e.g., using meansquare-distance as a measure of the difference [Temelso et al., 2017] ). However, this can be
achieved only after consistent atomic ordering and orientation of the cluster in space,
which is by itself a computationally challenging problem.[Kabsch, 1976, Walker et al., 1991] Another option is to characterize structures by descriptors, which are values, functions,
or features of geometrical and/or physical properties. The molecular cluster descriptor
can be, for instance, based on geometry (e.g., distance between two atoms, functional
groups, or the most distant atoms, and Smooth Overlap of Atomic Positions (SOAP)
[Bartók et al., 2013, Caro, 2019]
), mass distribution (e.g., gyration radius, rotational constant,
and moment of inertia), bond properties (e.g., the number of hydrogen interactions,
the set of vibrational frequencies, Bag of Bonds (BoB) [Hansen et al., 2015] ), energies (e.g.,
electronic energy, and free energy), charge and electron distributions (e.g., dipole moments, polarizability, Coulomb matrix [Rupp et al., 2012, Montavon et al., 2015] ), and many-body
tensor representation (MBTR) [Huo and Rupp, 2017] ). A good descriptor enables the unique
representation of each structure, and in addition, it should be invariant with respect
to atomic order or structure orientation.[Huo and Rupp, 2017, Himanen et al., 2020] Comparing
difference between descriptor(s) of two molecular clusters allows one to identify (and
remove) duplicates. In practice, some difference threshold has to be set to account for
the computational accuracy. For instance, one could take all structures optimized at
a given level of theory, extract the clusters’ energies E, and calculate their radius of
gyration Rg ∗ .Paper I If two structures of a given subset differ by e.g. ∆E < 0.001 Eh†
and ∆Rg < 0.01 Å, then the two structures can be assumed to be identical, and one
of them can be removed. However, as energy and gyration radius do not fulfill all
properties of good descriptors (i.e., two structurally different clusters may still have
very similar E and Rg ), it is recommended to use at least one additional descriptor
(e.g., dipole moment). Figure 20 gives an example of a chain of filtering steps.
PN
mi Rg2 = i=1 mi |~ri − ~rCoM |2 , where mi and ~ri are mass and coordinates of atoms, and
~rCoM are the coordinates of the center of mass.
†
Eh (or Hartree) is unit used in computational chemistry. 0.001 Eh = 0.628 kcal/mol = 2.63 kJ/mol
∗

PN

i=1
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Figure 20: An example of all filtering processes after the low level of theory calculation
step. This approach aimed for selecting of 50 representative structures within the lowest
15 kcal/mol.
Due to the differences between PESs of different levels of theory, or due to the algorithms used in the geometry optimization, optimizations may lead to undesired chemical reactions and/or impossible bond formations. If some molecules are weakly bound
to a cluster, evaporation of the molecule may occur during the geometry optimization,
as it leads to a lower energy. Moreover, if the PES is shallow, and a too simple geometry optimization algorithm is chosen (e.g., gradient based optimization), some atoms
can jump huge distances which can bring the molecular cluster to totally different
minimum on the PES. In some cases even the molecular identities may change (e.g.,
H2 SO4 + NH3 → H2 SO3 + NH2 OH). Optimization errors may even lead to a so-called
cluster/system explosion, when an optimization step places two atoms too close to each
other, so that they are repelled and shot far away from each other in the next step
destroying the whole cluster/system. In order to reduce the number of failures, a sen81

sible geometry optimization algorithm should be chosen. In the case that an unwanted
reaction tends to happen, one could prevent the reaction by fixing some bond distances
before the optimization. Sometimes, the minimum which would be reached by fixing
the optimization might be reached from some other structures as well. Therefore, we
believe it is enough to only identify and eliminate the ‘failed’ optimizations at the low
level of theory. However, the ‘failed’ optimizations at a high level of theory should be
examined in a greater detail. Exploring failed optimizations by hand would be cumbersome, but one can instead analyze the number of bonds between some chosen atoms.
For instance, if an oxygen atom from a molecule is forming a bond with a carbon in
another molecule, then the number of C—O bonds can be checked for all clusters by
a simple script. Clusters in which the unwanted reaction occurred can then easily be
identified. The process of ‘failure’ elimination is tightly connected to cutoff filtering,
as the elimination filters out the structures whose properties do not have the desired
value(s). For example, all exploded structures can be eliminated by a low-pass cutoff
for gyration radius (e.g., Rg ≤ 10 Å, but the actual value of course depends of the
cluster type at hand). Low-pass cutoff filtering for the energy is also useful, as we
expect that the energetically low-lying structures at a higher level of theory are also
low-lying at the lower level of theory. Kubečka et al. Paper I showed comparison for
energy cutoff values between different optimization steps for the guanidine—sulfuric
acid system. The cutoff value is system size and method dependent. For instance, in
case of using XTB as pre-optimization, we recommend to only use structures which
are approximately within the lowest 2.5·N kcal/mol XTB energy relative to the global
minimum, where N is the number of molecules in the cluster. The guanidine—sulfuric
acid system is strongly bound, and the appropriate cutoff factor could therefore be
lower than 2.5 for other systems. The energy cutoff can be lowered for higher steps of
the configurational sampling pyramid.Paper I
The last filtering process, selection/sampling, is still necessary, as with increasing cluster size, the number of energy minimum configurations found by the exploration step
increases exponentially (see figure 15). Even after applying the previously described filtration procedures, too many configurations might remain to be processed at a higher
level of theory. A representative subset of structures may then need to be chosen.
For instance, the rotation of a functional group in a molecule located at the cluster surface might lead to a different minimum on PES, which still shares almost all
properties such as energies. Therefore, one can perform uniform sampling from the
remaining structures based on a set of physical descriptors, i.e., select representative
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clusters with as different descriptor values/properties as possible.Paper I Another option is to mathematically ‘cluster’ (group) configurations based on the molecular cluster
descriptors, and then take only one (or few) molecular clusters from each ‘clustered’
group.[Jääskeläinen, 2020]
The lowest energy structure found could differ from the true global energy minimum by
rotation of some functional group due to the last filtering (selection/sampling) process.
After the final (3rd ) level of theory, a manual rotation of some functional groups based
on chemical intuition (in a molecule visualisation program) can be performed for the
few lowest structures, and repeat the same configurational sampling step for the new
constructed structures. However, if a sensible filtering was used, this should not lead to
a significant improvement in free energy (e.g., Elm [Elm, 2021] reported differences lower
than 1 kcal/mol for a similar configurational sampling procedure).
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6

Results and Discussion

This chapter summarises and discusses results on configurational sampling and new
particle formation for molecular cluster systems presented in Papers I–V.

6.1

Configurational sampling scripts

To systematically perform configurational sampling of
atmospheric molecular clusters, we have developed
a program called Jammy Key for Configurational
Sampling (JKCS). In Paper I, we present the configurational sampling protocol behind this program, and
describe essential aspects of its ‘bottom up’ approach. To our knowledge, this paper
also reports the first study that uses monomer protonation states in configurational
space exploration of molecular clusters employing rigid molecule building blocks.
We gathered all used scripts into the user-friendly JKCS program. JKCS is thus automated regarding communication with 3rd-party programs such as ABCluster, XTB,
Gaussian, Orca, etc. JKCS also deals with all the file manipulations and, for instance,
searching and printing out the properties of interest (e.g., electronic energies, and
dipole moments). JKCS has become commonly used in our research group, and has
already been utilized in several molecular cluster studies.Papers I–XV & [Myllys et al., 2019c]
The current version of the program is available at:
https://github.com/kubeckaj/JKCS2.1
In Paper I, we also tested the configurational sampling protocol to study sulfuric
acid—guanidine molecular clusters. This paper aimed to find the global Gibbs free
energy (at 298.15 K) minimum cluster structures at the ωB97X-D/6-31++G** level
of theory, and with corrections for electronic ground state energy at the DLPNOCCSD(T)/aug-cc-pVTZ level. We used the quasi-harmonic approximation to correct
for the low vibrational frequencies, and also corrected for the rotational symmetry
(see section 3.3.6). Figure 21 shows these global minimum structures for all studied
(H2 SO4 )0–4 (CN3 H5 )0–4 clusters. Due to multiple proton transfers and strong hydrogen
bonds, these clusters are very strongly bound. Consequently, the Gibbs free energy
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profile for cluster formation falls very steeply downhill along the scheme diagonal.∗
The free energies of our structures were compared with those from a previous study of
the sulfuric acid—guanidine system,[Myllys et al., 2018] which used a simpler approach for
configurational sampling. We found that we discovered configurations with either equal
or lower (by up to several kcal/mol) Gibbs free energies (the differences are shown in
figure 21). There was only one configuration for which we missed the global minimum
by about 0.05 kcal/mol. In Appendix A, I present a collection of JKCS universal†
commands that found almost all global minimum structures, with the exception of three
cases for which the difference from the real global minimum was around 1 kcal/mol.
This is an acceptable error in the context of the overall accuracy of the used quantum
chemical methods. However, such an error would decrease cluster stability by increasing
the evaporation rate by about one order of magnitude.

Figure 21: Global Gibbs free energy minimum structures at 298.15 K (left) and
their standard Gibbs free energies of formation (right, in kcal/mol) for sulfuric acid—
guanidine system. The energy difference (in kcal/mol) of found global minima compared to a previous study [Myllys et al., 2018] is shown in brackets (right). This figure is
modified from Paper I.
Color coding: sulfur (S) = yellow, oxygen (O) = red, hydrogen (H) = white, nitrogen (N) = blue
∗
†

‘Scheme diagonal’ refers to the 1:1 ratio of base and acid molecules (i.e., (CN3 H5 )x (H2 SO4 )x ).
The commands are called universal because they automatically scale with the cluster size.
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In the supporting information of Paper I, we also showed the effect of other lowlying local Gibbs free energy minima (see section 3.3.6) to the average formation free
energies. As these strongly bound clusters are mainly dominated by their global Gibbs
free energy minimum configurations, it is not very important to account for other
low-lying configurations, as they lower the Gibbs free energy at most by a few tenths
of kcal/mol.

6.2

Towards atmospheric new particle formation

6.2.1

Sulfuric acid—ammonia system

As there are no experimental (field) data of atmospheric concentrations for guanidine
in the atmosphere, we studied new particle formation (NPF) in the sulfuric acid—
ammonia system, for which experimental data exists, to have direct connection to
atmospheric conditions. Configurational sampling was conducted for sulfuric acid—
ammonia clusters with three different possible electric charges: neutral, positive (+1),
and negative (−1). Based on the previous studies, we chose only the clusters relevant
for the NPF, i.e. primarily those along the scheme diagonal∗ (or the shifted diagonal
in the charged cases). Figure 22 shows the simulation schemes for all charge modes.
Papers I and II, together with our other studies,[Myllys et al., 2016a, Myllys et al., 2016b] gave
rise to the current version of JKCS procedure† with suggestion of suitable filtration
parameters and computational methods for acid—base molecular clusters. The postcorrections mostly do not affect the energy ordering of structures, but only improve the
accuracy of quantum chemistry calculations. Therefore, we realized that the main aim
of configurational sampling should be searching for a few (2–5) lowest-lying Gibbs free
energy minima (at a given temperature) at the second to final step, i.e. computed at the
high level of theory (ωB97X-D/6-31++G**). Table 5 presents thermodynamic properties of (NH3 )1 (H2 SO4 )1 and (NH3 )2 (H2 SO4 )2 clusters together with the corresponding
monomers. Thermodynamic properties related to the formation of these clusters are
shown in table 6. These two tables summarize the thermodynamic properties that
play a role in the formation of molecular clusters. For instance, the tables illustrate
the absolute and relative Gibbs free energy contributions from each degree of freedom.
∗
†

‘Scheme diagonal’ refers to the 1:1 ratio of base and acid molecules (i.e., (NH3 )x (H2 SO4 )x ).
During years 2018–2019, JKCS developed into JKCS2.1 with significant number of bugs corrected.
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Table 5: Thermodynamic contributions of all degrees of freedom for chosen set of
species. The properties are calculated for global minimum structures at the ωB97XD/6-31++G** level of theory. Note that the accuracy of some properties shown in this
table is not sufficient for most chemical calculations (e.g., Eel , and Q). Energies are in
kcal/mol and T = 298.15 K.

TOTAL

vibration

rotation

translation

el. (+nucl.)

Symbols: electronic energy (Eel ), zero point energy (ZPE), partition function (Q), internal energy (E),
enthalpy (H), entropy (S), temperature (T ), Gibbs free energy (G), Boltzmann constant (kB )

∗
†
‡

NH3

H2 SO4

(NH3 )1 (H2 SO4 )1

(NH3 )2 (H2 SO4 )2

Eel
ZPE

−3.6 · 104
21.8

−4.4 · 105
24.7

−4.7 · 105
48.5

−9.5 · 105
101.0

Q
E◦
H◦
−S ◦ · T
G◦
Q
E ◦∗
H ◦†
−S ◦ · T
G◦
Q
E ◦∗
H ◦∗
−S ◦ · T
G◦
Q‡
E◦
H◦
−S ◦ · T
G◦
Q ‡
Q
P ◦
E
P ◦
H
P ◦
− S ·T
P ◦
G

1
Eel
Eel
0
Eel
2.8 · 106
0.89
1.48
−10.3
−8.8
2.1 · 102
0.89
0.89
−4.1
−3.2
1.0 · 10−16
21.9
21.9
−0.03
21.8

1
Eel
Eel
0
Eel
3.8 · 107
0.89
1.48
−11.8
−10.3
8.1 · 104
0.89
0.89
−7.6
−6.7
2.5 · 10−18
26.2
26.2
−2.2
24.0

1
Eel
Eel
0
Eel
4.8 · 107
0.89
1.48
−12.0
−10.5
2.1 · 105
0.89
0.89
−8.2
−7.3
6.1 · 10−34
51.8
51.8
−6.5
45.3

1
Eel
Eel
0
Eel
1.4 · 108
0.89
1.48
−12.6
−11.1
2.1 · 106
0.89
0.89
−9.5
−8.6
1.4 · 10−68
109.5
109.5
−16.9
92.6

5.9 · 10−8
Eel + 23.6
Eel + 24.2
− 14.4
Eel + 9.7

7.6 · 10−6
Eel + 28.0
Eel + 28.6
− 21.6
Eel + 7.0

6.3 · 10−21
Eel + 53.6
Eel + 54.2
− 26.6
Eel + 27.6

3.9 · 10−54
Eel + 111.3
Eel + 111.8
− 39.0
Eel + 72.9

= (3/2)kB T
= (5/2)kB T
Assuming the bottom of the well for calculation of vibrational partition
function, i.e. not the first vibration level (ZPE level).
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Table 6: Thermodynamic cluster formation free energy contributions from all degrees
of freedom for species presented in the previous table. Delta ∆ stands for ‘Difference’
and Greek letter qoppa Ϙ stands for ‘Quotient’ (i.e. ratio) between product and reactant
values. Note that the accuracy of some properties shown in this table is not sufficient
for most chemical calculations (e.g., ϘQ). Energies are in kcal/mol and T = 298.15 K.
Symbols: electronic energy (Eel ), zero point energy (ZPE), partition function (Q), internal energy (E),
enthalpy (H), entropy (S), temperature (T ), Gibbs free energy (G), Boltzmann constant (kB )

TOTAL

vibration

rotation

translation

el. (+nucl.)

1 NH3 + 1 H2 SO4
→ (NH3 )1 (H2 SO4 )1

2 NH3 + 2 H2 SO4
→ (NH3 )2 (H2 SO4 )2

∆f Eel
∆f ZPE

−18.9
1.9

−72.4
7.9

Ϙf Q
∆f E ◦
∆f H ◦
−∆f S ◦ · T
∆f G◦
Ϙf Q
∆f E ◦
∆f H ◦
−∆f S ◦ · T
∆f G◦
Ϙf Q◦
∆f E ◦
∆f H ◦
−∆f S ◦ · T
∆f G◦
Ϙf Q
∆f E ◦
∆f H ◦
−∆f S ◦ · T
∆f G◦
Q
Ϙf Q
P
∆f E ◦
P
∆f H ◦
P
− ∆f S ◦ · T
P
∆f G◦

1
−18.9
−18.9
0
−18.9
4.6·10−7
−0.9
−1.5
10.1
8.6
1.2·10−2
−0.9
−0.9
3.5
2.6
2.5·100
3.7
3.7
−4.3
−0.5

1
−72.4
−72.4
0
−72.4
1.2·10−20
−2.7
−4.4
31.6
27.2
7.1·10−9
−2.7
−2.7
13.8
11.1
2.2·10−1
13.4
13.4
−12.5
0.9

1.4·10−8
−17.0
−17.5
9.4
−8.2

1.9·10−29
−64.4
−66.2
32.9
−33.2
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Figure 22: Global Gibbs free energy (at 298.15 K) minimum structures of sulfuric
acid—ammonia clusters at three charge modes: positive (left), neutral (middle), and
negative (right). The outgrowing area is highlighted by green color. This figure is
adapted from Paper II.
Color coding: sulfur (S) = yellow, oxygen (O) = red, hydrogen (H) = white, nitrogen (N) = bluish
Since the equations for the translational degree of freedom are very accurate (derived
directly from the ideal gas assumption), the potentially largest errors are related to the
electronic energies. Therefore, the electronic energy post-corrections need to be carried out at a very high level of theory (e.g., DLPNO-CCSD(T)/aug-cc-pVTZ). In Paper II, we compared our results for the sulfuric acid—ammonia clusters with previous
studies,[Ortega et al., 2012, Loukonen et al., 2010, Elm, 2019] and showed that we found structures
with equal or lower (sometimes by more than 1 kcal/mol) Gibbs free energies except
for three cases, for which our values were at most 0.67 kcal/mol higher.
In Paper II, we mainly studied how quantum chemistry post-corrections and modeling
choices affect the atmospheric new particle formation (NPF) rates. We showed that
the inclusion of several low-lying Gibbs free energy minima instead of only one (the
global minimum) has a minor effect on the formation Gibbs free energies and the nucleation rate also in the sulfuric acid—ammonia system. However, the effect is stronger
compared to the sulfuric acid—guanidine system. We highlighted that correction of
rotational symmetry for monomers is important, as this correction propagates to the
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free energies of formation of all clusters. The Gibbs free energy of formation for all
clusters is decreased when the monomer symmetry correction is taken into account, as
the correction increases monomer Gibbs free energy. Note that some quantum chemistry programs (e.g., Gaussian) can miss the rotational symmetry due to numerical
accuracy, and some other programs (e.g., Orca) do not even account for symmetry unless some additional parameters are defined beforehand. Although we have shown that
many clusters also have rotational symmetry, the symmetry correction on them has a
minor effect on NPF rates. We applied the quasi-harmonic approximation and used an
anharmonicity scaling factor to correct for low frequency and anharmonic vibrations.
The paradox of all these corrections is that they almost cancel out each other, and
thus, the overall effect on the formation Gibbs free energy of performing all the corrections is small. However, this conclusion may not be valid for molecular systems other
than the sulfuric acid—ammonia clusters investigated in Paper II. Additionally, we
showed that the maximum size of clusters included in the simulation (i.e., 4+4, 5+5,
and 6+6 acid–base molecules) might affect the nucleation rates by even three orders
of magnitude at the studied conditions. Even though the critical cluster was within
each simulated set of clusters, it proved to be important to also include a few clusters
beyond the critical cluster in the simulation, as the Gibbs free energy profile does not
decrease rapidly. Therefore, large differences were observed mainly for small simulated
cluster sets (schemes) at high temperatures and low monomer vapor pressures.
We used the ACDC program to study the evolution of cluster concentrations.
The monomer concentration and the ionization rate were kept constant through all
simulations, which were run until a steady-state was reached. In each separate simulation, we used different collection of values for the Gibbs free energies of formation to
study the effect of post-corrections, different temperatures, and monomer concentrations. Also sinks (e.g., wall losses, and coagulation to larger particles) were considered
to make the simulation comparable to (CLOUD∗ ) experiments.
Figure 23 shows one example of the results; the new particle formation rate of sulfuric
acid—ammonia at 278 K. The higher the monomer concentrations, the higher the NPF
rate. The tangential shape of the curves is caused by switching between two different
nucleation pathway regimes. To understand the reasoning behind this, we had to
analyze nucleation paths (concentration fluxes). At low monomer concentrations, the
beginning of the NPF is mainly dominated by growth via charged clusters. Figure 24
∗

The Cosmics Leaving OUtdoor Droplets (CLOUD) chamber experiments conducted in CERN.
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shows the main fluxes at these conditions. After charged clusters reach sizes of several
molecules, they sometimes recombine with an oppositely charged molecule/cluster.
Thus, the growth out of the simulated set of clusters, in the end, occurs in all three
charge modes. The first steps of NPF (first few molecules) do not occur via the neutral

Figure 23: New particle formation of sulfuric acid—ammonia system including charged
clusters. The simulations were conducted at 278 K for two ammonia concentrations as
a function of sulfuric acid concentration. The figure is adapted from Paper II.

Figure 24: The main pathways of cluster growths for sulfuric acid—ammonia clusters
at low monomer concentrations. The fluxes (higher than a predefined threshold) at
different charge modes are presented with different color. The charge recombination
is presented by double-colored arrows (arrow head vs shaft). This figure was adapted
with permission from the original version made by Vitus Besel.
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mode due to the shape of Gibbs free energy profile (i.e., instability of small neutral
clusters). The NPF rate is limited by the transition rate of neutral monomers into
charged monomers and clusters, which is governed by atmospheric concentration of
ionized molecules and defined by a constant charging rate (4 cm−3 s−1 ). Therefore, the
NPF rate is flattening as it converges to the 4 cm−3 s−1 limit. In contrast, at high
monomer concentrations, the collision between neutral molecules/clusters is frequent
enough to surmount the Gibbs free energy barrier and dominate compared to the
growth path via charged clusters. In this case, the NPF happens mainly at the neutral
mode, which explains why we observe the two regimes in figure 23.
Our findings agreed better with the CLOUD chamber experiments than the results of
our previous study.[Kürten et al., 2016] Several studies show that sulfuric acid—ammonia
plays a role in atmospheric NPF.[Li et al., 2020b, Lehtipalo et al., 2018, Kirkby et al., 2011] Apart
from very clean and very polluted conditions, without further molecules present, sulfuric acid—ammonia (or even sulfuric acid—ammonia—water) does not even come close
to explaining most atmospheric NPF events, and some additional chemical components
must be taking part in the process.

6.2.2

Sulfuric acid—base systems

Paper III investigates the role of different base molecules in stabilizing sulfuric acid
clusters. We chose ammonia, dimethylamine, and guanidine as representative for weak,
medium strong, and very strong bases. Additionally, our group conducted electrospray
ionization (ESI) atmospheric pressure interface (APi) time-of-flight (TOF) mass spectrometry (MS) measurements (i.e., ESI–APi–TOF MS) to study the stability of these
clusters.
We used the same quantum chemistry methods as in Papers I and II.∗ Our findings
show that the main differences are manifested in the binding free energies of sulfuric
acid—base heterodimers. Figure 25 shows that the heterodimer involving ammonia is
connected only by one hydrogen bond. Moreover, no proton transfer from sulfuric acid
to ammonia has taken place (but proton transfer is observed in larger clusters than the
∗

The configurational sampling protocol differed for some clusters as we used structures found in
previous studies. Additionally, the post-corrections for low vibrational frequencies were not applied,
contrary to our current recommendation.
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heterodimer). In contrast, both guanidine and dimethylamine heterodimers have ionpair structure, i.e. a proton has been transferred from the acid to the base. Additionally, they form two hydrogen bonds between the base and acid molecule. The hydrogen
bonds in the guanidine heterodimer have the N–H· · · O bond angle of 180◦ , whereas
these hydrogen bonds have less stabilising angles of 145–150◦ for dimethylamine. Consequently, the stability of guanidine heterodimers is the highest. Assuming chemical
equilibrium at given Gibbs free energies of formation, we studied the monomer concentrations required to form the same heterodimer concentrations in the atmosphere. At
a given sulfuric acid concentration, and ignoring monomer depletion, the required relative base concentrations are 1010 :105 :1 (ammonia:dimethylamine:guanidine), i.e., high
ammonia concentrations of 100 ppbV would produce the same equilibrium concentration of heterodimer as 1 pptV of dimethylamine, or even only 10−5 pptV of guanidine.∗
However, in the atmosphere, too low concentrations of base would lead to low collision
rates (i.e., the equilibrium/steady-state would be reached too slowly), and additionally,
the base would be easily depleted. Therefore, in the context of atmospheric NPF, the
combination of both, the concentration and the base strength, play a role.

Figure 25: The structures of sulfuric acid—base heterodimers with their standard
Gibbs free energies of formation.
We created a simulation scheme with all relevant molecular clusters up to (sulfuric
acid)4 (base)4 , both in neutral and charged (positive and negative) modes. The negative clusters are obtained simply by replacing a sulfuric acid molecule with a bisulfate
ion in the beginning of configurational sampling. The positive mode is similarly obtained by replacing a base molecule with its conjugate acid ion (e.g., ammonium for
ammonia). Using the ACDC program, we studied the time-evolution of new particle
formations for all sulfuric acid—base systems in two cases: 1) only neutral mode, and 2)
all three charge modes. Figure 26 shows the NPF rate as a function of the sulfuric acid
∗

1 ppbV = 1000 pptV = 10−4 Pa ≈ 1010 cm−3
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concentration at 1 pptV base concentration. The neutral sulfuric acid—ammonia clusters contain many clusters with high evaporation rates. Thus, at these low monomer
concentrations, the NPF paths go mainly via charged modes, which was already presented in Paper II. The neutral clusters of dimethylamine and guanidine are already
quite stable, and therefore, the presence of ions only has a minor effect on the NPF
rate. The cluster growth is mainly dominated by monomer additions, except for the
guanidine case, where the collisions with sulfuric acid—guanidine heterodimer clusters
also play a significant role. Overall, the stronger the base, the higher the NPF rate.

Figure 26: The NPF rates of neutral (dashed lines) and neutral+charged (solid
lines) sulfuric acid—base systems at room temperature. The bases, ammonia (NH3 ,
red), dimethylamine ((CH3 )2 NH, green), guanidine (CN3 H5 , blue) were kept constant
(1 pptV ) to show the importance of binding energies, i.e. base strength. This figure is
adapted from Paper III.
It is already known that the atmospheric concentrations of base molecules is not the
only factor dictating NPF, but also the base strength is important, as it can affect the
NPF rate by several orders of magnitude. Paper III highlights this fact and shows
that even bases with very low concentrations (e.g., 1 pptV ) can play a role in NPF.
Although some base molecules such as guanidine have not yet been (to our knowledge)
measured in the atmosphere, they can still be present at concentrations lower than
the experimental detection limit. For instance, recent unpublished measurements show
evaporation of guanidine from ground surface at a rate comparable to other important
bases such as methylamine and trimethylamine.[Hemmilä, 2020]
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6.3

Detection of clusters with highly oxygenated organic
molecules

Highly oxygenated organic molecules (HOMs)
certainly play a role in the growth of atmospheric fine particles. Furthermore, they
have recently been considered as key compounds also in atmospheric new particle
formation.[Bianchi et al., 2019] In Paper IV, we investigated one specific HOM10 (C10 H16 O8 ) comFigure 27: The HOM10 molecule.
pound containing ten carbon atoms and one
carboxy-, two keto-, and two hydroperoxy- functional groups (see figure 27). This
HOM10 compound, with structure adapted from a previous study,[Kurtén et al., 2016] was
identified as one of the most common mass peaks observed in mass spectrometric (MS) experiments of ozone-initiated oxidation products of α-pinene (one of the
most common atmospheric volatile organic compounds (VOCs)). We investigated
negatively charged clusters of sulfuric acid and this HOM10 molecule, specifically
(HOM10 )0–3 (H2 SO4 )0–2 HSO−
4 . For each cluster, we considered decomposition as the
evaporation of one HOM10 molecule
−
(HOM10 )x (H2 SO4 )y HSO−
4 → (HOM10 )x−1 (H2 SO4 )y HSO4 + (HOM10 )1 ,

where x ∈ (1, 2, 3), and y ∈ (1, 2). The evaporation of a sulfuric acid molecule is
less probable because sulfuric acid is more strongly bound (based on binding energies)
than the HOM10 molecules. The probability of decomposition depends strongly on the
decomposition (fragmentation) energy Ef , which we here define as the energy difference between fragments and the original cluster in their (electronic and rovibrational)
ground states. The lower the decomposition energy, the less stable the cluster. Some
MS experiments show discrepancy compared to theoretical modelings and conclude
that they do not observe some clusters, or observe them but with low intensity, as they
decompose (fragment) within the instrument.[Olenius et al., 2013b] On the other a hand,
only clusters with high decomposition energy potentially participate in NPF. Therefore, we questioned whether missing experimental peaks are sufficient proof that these
clusters do not participate in NPF, or is there a region of decomposition energies for
which the clusters participate in NPF but also fragment in the instrument, and thus,
not be detected? The two possible scenarios are illustrated in figure 28 as a function
of the decomposition energy Ef .
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Figure 28: The illustration of two possible scenarios: incompatible (left) and overlapping (right) regions corresponding to new particle formation (green) and decomposition/fragmentation in experimental setups (red) as a function of cluster decomposition
energy. This figure is adapted from Paper IV.
In Paper IV, we used only one fixed structure of the HOM10 molecule as a building
block for configurational exploration of the sulfuric acid—HOM10 clusters. The structures were optimized using the PM7 semi-empirical method, and vibrational analysis
was performed at the same level.∗ Note that the use of one single fixed structure,
as well as of inaccurate computational method, are no problems, as, in this work, we
treat the binding energy (actually the decomposition energy) as a free variable and
we take only the rotational and vibrational energy levels from the PM7 calculations.
Specifically, the Gibbs free energy of formation ∆f G was in this study computed from
the PM7 Gibbs free energies (GPM7 ) and electronic energies (EelPM7 ) as†
∆f G = ∆f GPM7 − ∆f EelPM7 + (−Ef ) = ∆f GPM7
therm & ZPE − Ef ,

(76)

where GPM7
therm & ZPE stands for the ‘thermal’ free energy correction to electronic energy
(at the PM7 level). In each simulation, the same decomposition energy Ef is applied
for all clusters, i.e. for evaporation of HOM10 from any cluster. These data were then
used for examining both the decomposition within instruments and the atmospheric
new particle formation modeling.
Decomposition in instrument. Atmospheric clusters are typically analyzed using
an APi–TOF mass spectrometer, as also mentioned in the previous section. We used
the model described by [Zapadinsky et al., 2019] for the CLOUD10 APi–TOF instrument
∗

PM7 provides qualitatively correct vibrational frequencies. However, rescaling according to
was applied to improve their accuracy.
†
The ‘thermal’ free energy correction to electronic energy Gtherm & ZPE (as defined by the Gaussian program: G = Eel + Gtherm & ZPE ) also counterintuitively contains the vibrational zero-point
energy (ZPE). Although not wrong and change would be small, I would nowadays use a more appropriate term:
PM7
∆f G = ∆f GPM7 − ∆f ZPEPM7 − ∆f Eel
+ (−Ef )

[Rozanska et al., 2014]
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Figure 29: The survival probability of (HOM10 )0–3 (H2 SO4 )0–3 HSO−
4 clusters in the
[Lehtipalo et al., 2018]
CLOUD10 APi–TOF instrument
as a function of the cluster decomposition energy. This figure is modified from Paper IV.
setup.[Lehtipalo et al., 2018] In this model, a charged cluster is accelerated by an electric
field and passes through several APi chambers with sequentially decreasing pressure.
The moving cluster is colliding with carrier gas molecules with a given probability
and the collision frequency is dependent on the pressure in the given chamber. The
clusters can decompose/fragment with a probability dependent on the decomposition
energy and the excess energy obtained from collisions with carrier gas molecules. The
probability of a cluster passing through a given instrument without decomposing is
called the survival probability. Figure 29 shows the survival probability of the studied
clusters in the CLOUD10 instrument setup as a function of the decomposition energy.
The transition from instrumental cluster decomposition (0%-survival probability) and
completely surviving clusters (100%-survival probability) lies between decomposition
energies 16 and 24 kcal/mol. The blue range covers the transition for all studied clusters. Consequently, we can conclude that all clusters with decomposition energy higher
than 25 kcal/mol will be successfully detected by this APi–TOF experimental setup.
Atmospheric NPF. We used the ACDC program to study particle formation involving the HOM10 compound. The cluster Gibbs free energies of formation were defined
for given decomposition energy Ef using equation (76). The bisulfate (HSO−
4 ) concen−3
tration was kept constant at 700 cm , which corresponds to a typical ion formation
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Figure 30: The decomposition energy required at given HOM10 and sulfuric acid concentrations to significantly increase the NPF rate. This figure is modified from Paper IV.
rate of 4 cm−3 s−1 .[Kirkby et al., 2016] We then performed simulations for different sulfuric acid concentrations, HOM10 concentrations, and decomposition energies Ef . First,
we calculated the steady-state NPF rate involving only sulfuric acid Jsa (i.e., without
HOM10 ). Further, we searched which HOM10 concentration would significantly enhance the NPF rate: specifically, at which HOM10 concentration would the NPF rate
increase by 1 cm−3 s−1 compared to pure sulfuric acid NPF rate
Jsa+hom = Jsa + 1 cm−3 s−1 .

(77)

Figure 30 shows the decomposition energy required at given monomer concentrations
to fulfill the above condition. The higher the decomposition energy (more stable clusters), the lower the required HOM10 monomer concentration. Estimated HOM10 and
sulfuric acid monomer concentrations in the CLOUD10 experiment [Lehtipalo et al., 2018]
never exceed 10−8 cm−3 . Therefore, in order to observe clusters substantially affecting
NPF, they would need to have decomposition energies Ef > 30 kcal/mol.
Paper IV thus shows that in the case of sulfuric acid—HOM10 clusters, the instrumental decomposition of clusters is incompatible with effective atmospheric NPF (i.e.,
the left-hand scenario in figure 28). In other words, the NPF-relevant clusters must
have high decomposition energies (Ef >30 kcal/mol) which makes them detectable by
this instrument, as the decomposition happens only for clusters with Ef < 25 kcal/mol.
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6.4

Pioneering steps to modeling heterogeneous nucleation

Atmospheric fine particles are divided into primary
and secondary aerosols. Approximately half of the
aerosols are formed from gas-to-liquid phase transition (secondary aerosols), the other half (primary
aerosols) are emitted from various sources, and further grow in the atmosphere. The principle of growing particles is also used, for instance, in condensation particle counters (CPCs), which measure the
Figure 31: Butanol molecule
number of fine particles in the atmosphere. In CPCs,
fine atmospheric particles are drawn to a chamber where the air is supersaturated with
a vapor (e.g., butanol; see figure 31). The vapor condenses on the surfaces of the fine
particles (also called seed). Thus, the particles rapidly grow into larger sizes which can
then be detected by standard optical particle counters (OPC). Consequently, CPC experiments widen the OPC range of detectable fine particles towards ultrafine particles.

Figure 32: The lowest Gibbs free energy (at T = 298.15 K) minimum structures found
(left) and their (actual) Gibbs free energies of formation (right) for the seed—butanol—
water system at the seed concentration of 10−4 cm−3 , the butanol saturation ratio
S = 1, and 10%-humidity. This figure is modified from Paper V.
Color coding: sodium (Na) = purple, chlorine (Cl) = green, oxygen (O) = red, hydrogen (H) = white, carbon (C) = gray
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In Paper V, we studied salt (NaCl) seed—butanol—water clusters to analyze the
first steps of heterogeneous nucleation. We believe that the rate of the initial nucleation steps will also be reflected in the total particle growth rate, which can differ,
for instance, after the first condensation layer is already formed. In this paper, we
used another DFT method (LC-ωPBE/def2-TZVP), which better describes the interactions within the salt and between the salt and condensed vapor molecules. All
post-corrections were applied as presented in this thesis. The configurational sampling
was only rough (i.e., massive filtration of structures was performed after the low level
of theory step). While we very probably did not find true global minima for most of
the studied clusters, we believe that the formation energies are qualitatively correct, as
the seed and vapor interaction has the largest impact on the Gibbs free energy of formation. Figure 32 shows the lowest-lying Gibbs free energy minimum structures of all
(NaCl)10 (C4 H9 OH)0–5 (H2 O)0–5 clusters (left). The Gibbs free energies of formation at
given monomer pressures (also sometimes called actual formation Gibbs free energies)
are shown on the right. The right-hand graph illustrates that the free energy surface
has only a small barrier on the butanol side. Thus, the heterogeneous growth rate is
close to its kinetic limit, i.e. it is only limited by the collision rate.

Figure 33: Relative heterogeneous nucleation rate for the seed—butanol system as
a function of temperature (left figure), and for the seed—butanol—water system at
298.15 K as a function of humidity. Both graphs are shown at two different butanol
saturation ratios (green and blue lines). The reference system is the one with butanol
saturation ratio S = 1, no humidity, and temperature of T = 298.15 K. This figure
was adapted from Paper V.
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We studied the steady-state nucleation rate relative to a reference state. Using the
typical experimental seed concentration of 10−4 cm−3 , we studied the effect of butanol∗ ,
humidity, temperature, seed charge, and seed size. This thesis contains only a small
part of these results. Figure 33 shows that, as expected, the relative nucleation rate
increases both with humidity and with the butanol saturation ratio. Moreover, the
relative nucleation rate also increases with temperature at a constant saturation ratio as
equilibrium vapor pressure is strongly temperature dependent. The relative nucleation
rate would decrease with temperature if a constant butanol concentration was used
instead.
Paper V shows that computational chemistry can be used to study even quite large
systems. Moreover, it can explain phenomena observed in condensation-based experiments as this approach provides molecular insight into the binding and interactions
between seed and vapors. These results have shown good agreement in qualitative
comparison to several experiments. Thus, there is a great potential for computational
nucleation methods in future modeler–experimentalist collaborations.

∗

Butanol saturation ratio S relates the actual vapor pressure of butanol and its equilibrium vapor
pressure S = p/peq (T ). At S > 1 refers to supersaturated conditions. For instance, the equilibrium
vapor pressure of butanol is 919.2 Pa at 298.15 K.
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7

Review of papers and the author’s contribution

Paper I presents possible approaches for the configurational sampling of atmospherically relevant molecular clusters. Typical atmospheric clusters are stabilized by proton
transfers, which leads to ion pairs. Additionally, cluster monomers may undergo conformational changes. These processes complicate the configurational sampling. We
present an approach that overcomes this problem and, at the same time, guarantees
thorough configurational space exploration. The configurational sampling is tested for
the sulfuric acid—guanidine system, and the resulting free energies are compared to a
previous study to show the improvement in configurational sampling. The first version
of the JKCS program was written along with this paper. I conducted all calculations,
programmed JKCS, analyzed results, and wrote the article.
Paper II studies the sulfuric acid—ammonia system in great detail. We analyzed
the effect of various quantum chemistry post-corrections on the Gibbs free energies of
the formation of these clusters. The resulting cluster free energies were compared to
previous studies, which demonstrated the effectiveness of the designed configurational
sampling protocol. JKCS was further tested in this work, and several improvements
were implemented to make the code running more smooth. Subsequently, we used the
Atmospheric Cluster Dynamics Code (ACDC) to investigate the new particle formation
(NPF) of this system. NPF rates were compared at different temperatures, simulated
cluster set sizes, and were successfully compared to experiments conducted in CLOUD.
I co-supervised the talented bachelor student (V. Besel) who did the calculations,
analysis, and wrote the paper. I taught him the configurational sampling process,
discussed the results of analysis, and commented on subsequent paper drafts.
Paper III investigates sulfuric acid—base systems. It compares several base molecules
(ammonia, dimethylamine, guanidine) and their role in atmospheric new particle formation (NPF). The cluster stabilities were confirmed by experimental measurements
conducted in our research group. We compared the effects of the base strength on the
NPF and showed for strong bases low concentrations (even below instrumental detection limit) can play a significant role. We also suggest that other ammonia-, amine-,
amide-, and guanidine-based derivates could play a role in the NPF. Although not investigated in the paper, synergistic effects of various base molecules on the NPF were
discussed. I performed configurational sampling and quantum chemistry calculations
of clusters which in previous studies had been omitted or found to have suspiciously
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high free energies. I wrote some parts of the supporting information for this paper.
Paper IV focuses on the experimental detection of clusters containing highly oxygenated organic molecules (HOMs) and sulfuric acid molecules. We chose one representative HOM molecule and investigated the effect of decomposition energy of the
HOM-containing clusters on the decomposition of these clusters in APi–TOF mass
spectrometers. The results show that the HOM-containing clusters relevant for NPF
have high enough decomposition energy, making them stable enough in this experimental setup. Therefore, all NPF-relevant clusters should be detectable by this experimental approach. This paper additionally analyzes all APi–TOF chambers to determine
where decomposition is most likely. I contributed by configurational sampling, quantum chemistry calculations and simulations related to NPF, and wrote the part of the
article text related to these topics.
Paper V investigates the heterogeneous nucleation of butanol—water vapor mixture
condensing on the salt (NaCl) seed. This study shows that it is possible to use computational theory for describing heterogeneous nucleation occurring in experimental
setups. Butanol is often used in condensation particle counters (CPC) to condense on
ultrafine particles and grow them up to an optically detectable size. We show how the
detection is affected by butanol concentration, humidity, temperature, seed size, and
seed charge, and our results agree with experimental findings. I co-supervised another
enthusiastic bachelor student (A. Toropainen), who performed most of the calculations, simulations, and wrote the first draft of this paper. I then performed additional
calculations and completed the paper writing.
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8

Conclusions and outlook

This thesis discusses theoretical studies of molecular clusters and their structure, formation, stability, and role in the atmospheric new particle formation (NPF). The central part of this thesis addresses the configurational sampling of clusters, i.e. exploring configurational space and searching for the lowest free energy minima at a given
temperature, as these correspond to the thermodynamically most populated configurations in atmospheric conditions. A ‘bottom up’ configurational sampling approach,
extending from low level (molecular mechanics) studies up to high-level quantum chemistry calculations, is presented. This approach allows for systematically evaluating
cluster stabilities. The research presented in this work demonstrates several applications of the approach: modeling NPF processes in the atmosphere (Papers I–III),
as well as in experimental devices (Papers IV-V). We confirm that sulfuric acid—
base clusters could explain a significant part of atmospheric NPF. However, we show
that the monomer base strength can affect the NPF rate even several (up to 10) orders of magnitude.Paper III Atmospheric NPF events can also involve other types of
molecules, such as iodine-containing species,Papers VI and XIII or highly oxygenated organic molecules (HOMs).Paper IV Since our results demonstrated that HOM clusters
playing a role in NPF should be detectable without significant decomposition in typical mass spectrometric experiments,Paper IV we encourage more field measurements
of these compounds.
The configurational sampling of clusters containing organic molecules involves another
obstacle: the flexibility of the molecules (‘monomers’). In the case of small clusters
and molecules with only few conformers, all combinations of monomer-conformers can
be used in the initial configurational sampling step.Papers V,VIII,IX, and XII However, a
modified approach is needed for the configurational sampling of large flexible organic
molecule-containing clusters, large (many-molecule) clusters, and simply for the large
quantity of all possible organic molecule-containing clusters.
There is undoubtedly a considerably larger number of molecules than studied in this
thesis that at least to some extent participate in NPF. Therefore, we believe that
machine learning (ML) techniques will be needed to describe the whole complex atmospheric system. Nowadays, we already can model some one-, two-, and sometimes
also three- and four-component NPF processes involving the most relevant atmospheric
species. In future studies, these could be used as an anchor point for extrapolating
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to other systems, and even to systems combining all these species together. However,
this involves many obstacles, such as the difficulty of predicting the synergistic effect
of two different molecules in NPF,∗ and the unpredictable free energy cluster profiles
due to the complex mechanism of bonding patterns on the molecular level.
Last but not least, improvements for modeling the dynamics involved in interconversions of cluster configurations are required. This thesis assumes that the
free energy minimum is reached immediately after each accommodating collision of
molecules/clusters. In other words, kinetic barriers between different configurations
of a cluster are not considered. Thus, the role of non-equilibrated clusters and the
equilibration timescales should be inspected in the future. For instance, molecular
dynamics (MD) simulations might be suitable for studies of molecular cluster dynamics. Even equilibrated clusters do not populate only the free energy global minimum.
Using the superposition of low-lying local energy minima is good enough for strongly
bound (crystal-like) clusters (relative to temperature). However, weakly bound clusters Papers XI and XV have rather liquid-like behavior and the clusters travel frequently
through configurational space between different local minima. Accurate calculations of
free energies of weakly bound clusters could potentially reveal that water (humidity)
plays a larger role in the stabilization of molecular clusters than we currently assume.
In conclusion, configurational sampling of molecular clusters is essential to understand
chemical and physical processes in the atmosphere. We encourage atmospheric researchers to not underestimate its impact on computational simulations of the atmosphere. Further, both theoretical and experimental studies involving acid, base,
organic, and water molecules are needed to uncover the mechanisms of atmospheric
new particle formation. Using the successes in reaching agreement between theoretical
modeling and experiments regarding NPF studies, let us aim for more accurate description of particle formation and growth processes, and advance the field of atmospheric
research.

∗

Sulfuric acid–base clusters could be in average more stable if several types of base molecules
would be present in the cluster formation instead of only one. For instance, the formation Gibbs
free energy of the SA2 AM1 MA1 cluster (SA = sulfuric acid, AM = ammonia, MA = methylamine) is lower than the average of formation Gibbs free energies of the SA2 AM2 and the SA2 MA2
clusters.[Elm, 2021, Myllys et al., 2019a] Greater cluster stability leads to greater NPF rate, and thus, the
two base molecules have a synergistic effect in NPF.
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Appendix A
Before using JKCS, I strongly recommend seeing JKCS manual. You can also get help
by adding -help or --help behind each command (e.g., JKCS0 copy --help).
Copy default input file for sulfuric acid—guanidine clusters to your working directory:
JKCS0 copy SA GD
Open and modify the input file (see JKCS manual)∗ :
vim input.txt
Prepare folders for all clusters:
JKCS1 prepare
Perform configurational space exploration using the ABCluster program:
JKCS2 explore -pop 125*M -gen 50*M -lm 250*M
Wait, and when it is finished (JKcheck† ), pre-optimize with the XTB program:
JKCS3 run
Wait, and when it is finished (JKcheck), collect the XTB results (e.g., name of files,
radius of gyration, XTB energy, and dipole moment):
JKCS4 collect -dip
Wait, and when it is finished (JKcheck), check if the collected structures looks OK:
molden movieXTB.xyz
or:
gnuplot resultsXTB.dat
> plot "resultsXTB.dat" using 2:3 t "XTB"
See JKCS manual if some clusters need to be removed.
Otherwise, perform filtering‡ (low-pass energy and sampling/selection) of 100 structures (more structures are required for clusters larger than 8 molecules):
JKCS5 filter -c3 4 -dm 2.5 -s 100
Optimize structures at a QC level with loose optimization criteria:
JKCS3 run -p G16 -rf XTB -nf DFTloose -m "# wb97xd 6-31G* opt=loose"

Wait, and when it is finished (JKcheck), collect the DFTloose results (fast§ ):
∗

Here, you define both the cluster composition (including all protonation and conformational
states, charge, molecule combinations) and the (super)computer cluster parameters (e.g., number of
CPU, name of partitions, and memory)
†
Use JKcheck to know the status of running/finished jobs.
‡
The uniqueness was already performed automatically (compare collectionXTB.txt and
resultsXTB.dat)
§
‘-loc’ stands for immediate collecting (i.e., on local computer) without submission to (su-
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JKCS4 collect DFTloose -loc
Take, for instance, the best 50 structures:
head -n 50 resultsDFTloose.dat > resultsDFTloose FILTERED.dat

Perform the high level optimization:
JKCS3 run -p G16 -rf DFTloose -nf DFTopt -m "# wb97xd 6-31++G** opt=verytight"

Wait, and when it is finished (JKcheck), collect the DFTopt results (fast):
JKCS4 collect DFTopt -loc
At this point, it is wise to check if some calculations failed. Some of them could have
failed for the very tight optimization criteria, which is not a problem only if they oscillate around a local minimum due to the numerical precision of the program (this may
happen for small clusters). See JKCS manual for more details.
Otherwise, perform the vibrational frequency (population) analysis:
JKCS3 run -p G16 -rf DFTopt -nf DFTfreq -m "# wb97xd 6-31++G** freq"

Wait, and when it is finished (JKcheck), collect the DFTfreq results. Here, I show
a command to collect respectively, file names, radii of gyration, electronic energies,
the Gibbs free energies (without using any corrections yet∗ ), and the lowest frequency
vibration (to check if minimum has been found):
JKCS4 collect DFTfreq -pXYZ -rg -el -gibbs -lf -loc
See the resultsDFTfreq.dat file. You can similarly continue with the DLPNOCCSD(T) calculations (see JKCS3 run --help). However, those can be done without using JKCS as only a few (1–3) structures are taken for the post-corrections.
You can then copy all (1–3) best structures (i.e., *.log, *.out, and *xyz files) to one
folder and calculate Gibbs free energies of formation as:(see JKCS manual for more details)
JKname *.xyz -mol C1H5N3 gd -mol H2S1O4 sa
JKgaussstat -b -v 0.996 -temp 298.15 -f 100 -GDh > data
JKformation data
This procedure renames the files, calculates Gibbs free energies at given temperature,
and includes electronic energy, anharmonicity, and low-frequency vibration corrections.† Then, it calculates the Gibbs free energy of formation for each cluster required
by the ACDC program.
per)computer cluster.
∗
Use -gibbsh to apply the correction for low frequency vibrations.
†
Here, only the global minimum (the best structure) is chosen. Use
JKformation data 298.15
if you want to check the effect of other local minima of the same cluster on its Gibbs free energy.
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Vehkamäki, H., Bäck, J., Kortelainen, A., Riipinen, I., Kurtén, T., Johnston, M. V., Smith, J. N.,
Ehn, M., Mentel, T. F., Lehtinen, K. E. J., Laaksonen, A., Kerminen, V.-M., and Worsnop, D. R.
(2013). Direct observations of atmospheric nucleation. Science, 339:943–46.
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[Partanen et al., 2016] Partanen, L., Vehkamäki, H., Hansen, K., Elm, J., Henschel, H., Kurtén, T.,
Halonen, R., and Zapadinsky, E. (2016). Effect of conformers on free energies of atmospheric
complexes. J. Phys. Chem. A, 120:8613–8624.
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