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Abstract

Sulphuric acid is a key component in atmospheric new particle formation. However,
sulphuric acid alone does not form stable enough clusters to initiate particle forma-
tion in atmospheric conditions. Strong bases, such as amines, have been suggested
to stabilize sulphuric acid clusters and thus participate in particle formation. We mod-5

elled the formation rate of clusters with two sulphuric acid and two amine molecules
(JA2B2) at varying atmospherically relevant conditions with respect to concentrations
of sulphuric acid ([H2SO4]), dimethylamine ([DMA]) and trimethylamine ([TMA]), tem-
perature and relative humidity (RH). The modelled formation rates JA2B2 were func-
tions of sulphuric acid concentration with close to quadratic dependence, which is in10

good agreement with atmospheric observations of the connection between the parti-
cle formation rate and sulphuric acid concentration. The coefficients KA2B2 connecting
the cluster formation rate and sulphuric acid concentrations as JA2B2 = KA2B2[H2SO4]2

turned out to depend also on amine concentrations, temperature and relative humidity.
We tested how the model results change if the clusters with two sulphuric acid and15

two amine molecules are assumed to act as seeds for heterogeneous nucleation of
organic vapours (other than amines) with higher atmospheric concentrations than sul-
phuric acid. We also compared the modelled coefficients KA2B2 with the corresponding
coefficients calculated from the atmospheric observations (Kobs) from environments
with varying temperatures and levels of anthropogenic influence. By taking into ac-20

count the modelled behaviour of JA2B2 as a function of [H2SO4], temperature and RH,
the atmospheric particle formation rate was reproduced more closely than with the
traditional semi-empirical formulae based on sulphuric acid concentration only. The
formation rates of clusters with two sulphuric acid and two amine molecules with dif-
ferent amine compositions (DMA or TMA or one of both) had different responses to25

varying meteorological conditions and concentrations of vapours participating to parti-
cle formation. The observed inverse proportionality of the coefficient Kobs with RH and
temperature agreed best with the modelled coefficient KA2B2 related to formation of
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a cluster with two H2SO4 and one or two TMA molecules, assuming that these clusters
can grow in collisions with abundant organic vapour molecules. In case this assump-
tion is valid, our results suggest that the formation rate of clusters with at least two
of both sulphuric acid and amine molecules might be the rate-limiting step for atmo-
spheric particle formation. More generally, our analysis elucidates the sensitivity of the5

atmospheric particle formation rate to meteorological variables and concentrations of
vapours participating in particle formation (also other than H2SO4).

1 Introduction

Formation of new aerosol particles and their growth has been observed to take place
in a wide variety of environments (Kulmala et al., 2004; Kulmala and Kerminen, 2008;10

Mirme et al., 2010; Zhang et al., 2012). In terms of the total particle number concen-
tration in the global atmosphere, particle formation is very likely to dominate over the
primary aerosol particle sources (Spracklen et al., 2006; Yu et al., 2010). Atmospheric
particle formation has been estimated to give a significant contribution the global cloud
condensation nuclei budget (Spracklen et al., 2008; Merikanto et al., 2009; Pierce and15

Adams, 2009; Yu and Luo, 2009), and to cause significant uncertainties in estimates of
both current and future indirect climate forcing by aerosols (Wang and Penner, 2009;
Kazil et al., 2010; Makkonen et al., 2012).

The most important vapour for atmospheric new particle formation is thought to be
sulphuric acid, yet significant uncertainties related to the actual formation mechanism20

and role of other vapours in this process remain (Kerminen et al., 2010; Sipilä et al.,
2010; Kirkby et al., 2011; Zhang et al., 2012). Field measurements indicate that the
formation rate of new aerosol particles tend to be proportional to the ambient sulphuric
acid concentration ([H2SO4]) to the power of 1–2 (Weber et al., 1996; Sihto et al., 2006;
Riipinen et al., 2007; Kuang et al., 2008; Paasonen et al., 2010), but larger power25

values have also been presented (e.g., Wang et al., 2011). Theoretically, the power
of one could be explained by an activation-type process (Kulmala et al., 2006) and the
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power of two by a kinetic process (McMurry and Friedlander, 1979). The corresponding
semi-empirical expressions for the particle formation rate, J , may be written as:

J = A [H2SO4], (1)

J = K [H2SO4]2, (2)
5

where A and K are empirically determined coefficients (e.g., Riipinen et al., 2007). It
should be noted that the power of two can be explained also by other than kinetically
limited processes (Vehkamäki et al., 2012).

At present, there is no general consensus on whether Eq. (1) or (2) describes better
the atmospheric particle formation, or should some more detailed parameterisation be10

used. This unfortunate situation stems from (i) the scarcity of atmospheric measure-
ment data suitable for this purpose, (ii) challenges in analysing atmospheric particle
formation events (Korhonen et al., 2011), (iii) the possibility of having more than one
formation mechanism operating either simultaneously or under different atmospheric
conditions, and (iv) the large variability of the empirically determined values of the co-15

efficients A and K between different particle formation events and from site to site.
In most of the previous studies the particle formation rate is compared only with the
sulphuric acid concentration. The detailed role of other constituents and the impact
of meteorological conditions are not known so far, even though the roles of organic
vapours (e.g., Metzger et al., 2010) and relative humidity (Hamed et al., 2011) have20

been studied. In this manuscript we will investigate the variability of the coefficient K
and the factors possibly responsible for this variability. We will focus on the kinetic-type
process (Eq. 2), since this mechanism is tractable with the modelling framework that
we will use as our main analysis tool. Furthermore, Paasonen et al. (2010) showed that
even though the coupling between particle formation rate and sulphuric acid concentra-25

tion was roughly linear (as in Eq. 1) when the data from several sites were investigated
together, the analysis of single-site data sets revealed closer to quadratic couplings at
each site (as in Eq. 2).
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In order to approach the problem, we need to specify the vapours participating in
particle formation. Petäjä et al. (2011) showed that under atmospherically relevant
conditions, the formation rate of sulphuric acid dimers is close to the collision rate
of sulphuric acid molecules. In order to explain this finding, a stabilizing agent (most
probably a basic molecule) is required in a sulphuric acid-containing cluster. Several5

laboratory experiments have pointed out that amines, which are probably the strongest
bases present in atmospheric with significant concentrations, have a marked enhanc-
ing impact on particle formation (Murphy et al., 2007; Berndt et al., 2010; Erupe et al.,
2011; Bzdek et al., 2011; Zhao et al.,2011; Yu et al., 2012). These observations agree
with quantum chemical calculations, e.g., Kurtén et al. (2008), Loukonen et al. (2010)10

and Ortega et al. (2012) concluded that amines are far more efficient than ammonia in
stabilizing small H2SO4-clusters in the atmosphere. However, Nadykto et al. (2011) es-
timated that the difference between amines and ammonia in their capacity for stabiliz-
ing H2SO4-clusters is evened out by typically orders of magnitude higher atmospheric
ammonia concentrations. The formation of stable H2SO4 dimers is the first step in acid-15

base cluster formation, and thereby gives the maximum particle formation rate in the
kinetic-type process. Hypothetically, it might be that a cluster of two H2SO4 and amine
molecules could be both large and (relatively) basic enough to grow further via colli-
sions with acids other than H2SO4 as well – for example organic acids, which have
much higher atmospheric concentrations than sulphuric acid. In this case, the forma-20

tion rate of the clusters would be directly comparable to the observed particle formation
rate.

Even though some atmospheric concentration measurements have been made dur-
ing the last decades (Ge et al., 2011; Hanson et al., 2011), the knowledge of the con-
centrations of gas phase amine molecules in ambient air is still far from being complete.25

Even less is known about the spatial and temporal variation of their concentrations. In
addition, the insufficient understanding of the role of other organic vapours in parti-
cle formation or in their initial growth increases the uncertainties in determining the
mechanism behind atmospheric particle formation
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The particle formation rate is expected to be affected by the ambient temperature and
humidity. The evaporation rate of molecules from a cluster increases exponentially with
the temperature, so the stability of clusters decreases with an increasing temperature
and a smaller fraction of the clusters will be able to grow into larger sizes. On the other
hand, the presence of water molecules increases the stability of some sulphuric acid-5

amine-clusters (Loukonen et al., 2010), and thus the particle formation rate can also
depend on relative humidity (RH).

The coefficient K has been observed to vary by roughly four orders of magnitude,
from about 10−15 to 10−11 cm3 s−1 under different atmospheric conditions (Kuang et al.,
2008; Paasonen et al., 2010). Our main goal in this paper is to shed light on the factors10

explaining this variability. More specifically, we aim to address the following questions:
(i) how the formation rate of (H2SO4)2-amine clusters (i.e. stabilized sulphuric acid
dimers) is limited by the concentrations of H2SO4 and amines, (ii) how sensitive this
process is to the properties of different amines, (iii) what the roles of ambient tempera-
ture and humidity are, and (iv) how our results compare with atmospheric observations.15

We model the concentrations of clusters formed from sulphuric acid and two amines, di-
and trimethylamine, in atmospherically relevant concentration and temperature ranges.
The model results are presented in the way that they are comparable to atmospheric
measurements. In addition to the model results, we compare the modelled formation
rate of stable dimers to a variety of atmospheric data of particle formation rate and20

sulphuric acid concentration measured in very different atmospheric environments.

2 Materials and methods

In the following sections the abbreviations A, D, and T refer to sulphuric acid (H2SO4),
dimethylamine ((CH3)2NH, DMA), and trimethylamine ((CH3)3N, TMA), respectively.
The abbreviation B refers to base, here meaning either DMA or TMA. The number25

of molecules in a cluster is marked with a subscript and the concentration is marked
with square brackets, e.g. [A2D1T1] stands for the concentration of clusters with two
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sulphuric acid molecules, one DMA and one TMA molecule. Additionally we use [A1,tot]
for the total sulphuric acid monomer concentration, i.e. the sum of concentrations [A],
[A1D1] and [A1T1]. In the comparison between the model results and atmospheric ob-
servations we denote with Kobs the values of the coefficient K calculated from the
measured particle formation rate and sulphuric acid concentration using Eq. (2).5

2.1 Model system

The modelled cluster size space includes clusters consisting of 1–3 molecules of sul-
phuric acid and 0–2 amine molecules. However, the clusters A3T2 and A3D1T1 were
not included in the model, because the corresponding quantum chemical formation
energies have not been calculated so far. Ortega et al. (2012) determined the cluster10

energies for clusters up to A4D4, but we did not include these clusters into our system
in order to keep the model system similar for both DMA and TMA. Including the larger
clusters would also require an assumption that e.g. the organic vapours do not adhere
to these clusters (due to their too high acidity/low basicity), which would complicate the
system further. The effect of water molecules bound to A2, A1D1 and A1T1-clusters on15

the concentration distribution was studied, but the hydrated clusters were not directly
included in the dynamic model (see Sect. 2.1.3. for how hydration was implicitly ac-
counted for). The model runs were performed in temperature range from 260 to 320 K
and RH range from 0 to 100 %.

The amine concentrations were kept constant during the model runs. We made the20

calculations with [DMA] to [TMA] ratios of 1 : 1, 1 : 10 and 10 : 1. In order to make
the comparison to measured sulphuric acid concentration possible (see Sect 2.1.1),
we also kept the total sulphuric acid monomer concentration [A1,tot] constant by fixing
the changes in [A] to be inverse to changes in [A1B1], i.e. d[A]/dt = −d[A1D1]/dt−
d[A1T1]/dt.25
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2.1.1 Kinetic model and rate coefficients

We used a kinetic model (DACM, Kulmala, 2010) for calculating the concentrations
of sulphuric acid-amine-clusters. The steady state concentrations were determined by
dynamical equations for each cluster. The time derivatives of the concentration of each
cluster type included source terms from the collisions and evaporations resulting in5

that cluster. The sink terms originated from the evaporation rates from the cluster, its
collisions with the other clusters within the model and losses due to the coagulation
sink, which was set equal to 10−3 s−1, a typical sink for molecular sized clusters in
continental background areas (Dal Maso et al., 2007). We repeated all the model runs
under the assumption that the A2B2-clusters also grow out of the system by collisions10

with organic vapour molecules having concentration of 109 cm−3. These collisions were
included in the model by adding an additional loss term for the A2B2-clusters.

The collision rates ki j between clusters i and j were calculated as (Seinfeld and
Pandis, 2006)

ki j = βi jcicj , (3)15

where ci stands for the concentration of cluster i , and βi j is the collision coefficient
between clusters i and j , obtained from kinetic gas theory as

βi j = π(ri + rj )
2

√
8kBT
πµ

, (4)

where kB is the Boltzmann constant, T is the temperature, ri is the radius of cluster i
and µ =mimj/(mi +mj ) is the reduced mass.20

The evaporation ei+j→i ,j rates were calculated as

ei+j→i ,j = γi+j→i ,jci+j , (5)

where γi+j→i ,j is the evaporation coefficient of cluster i + j evaporating into clusters i
and j , and ci+j is the concentration of cluster i + j . The evaporation coefficients were
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acquired from the quantum chemical calculations described by Ortega et al. (2012).
Assuming detailed balance, the evaporation coefficient can be calculated from the cor-
responding collision coefficient and the Gibbs free energies of formation of the evapo-
rating cluster i + j and the product clusters i and j :

γi+j→i ,j = βi j
pref

kBT
exp

(
∆Gi+j −∆Gi −∆Gj

kBT

)
, (6)5

where βi j is the collision coefficient, ∆Gi is the Gibbs free energy of formation from
monomers of cluster i and pref is the reference pressure where the formation free en-
ergies have been calculated (which cancels because the values of ∆Gi are calculated
in the same pressure).

The formation free energies of all the clusters were originally calculated at 298.15 K10

using a quantum chemical multi-step method that combines B3LYP/CBSB7 optimized
geometry and frequency calculations with RI-CC2/aug-cc-pV(T+d)Z single point en-
ergy calculations (Ortega et al., 2012). The Gibbs free energy of formation in other
temperatures was calculated as

∆G = ∆H + T∆S, (7)15

where ∆H and ∆S are the formation enthalpy and entropy of formation of the cluster,
respectively, obtained using harmonic oscillator and rigid rotor approximations for the
clusters. The values of ∆H and ∆S were assumed to be constant over the studied
temperature range.

Some assumptions of the evaporation rates were necessary to be made because20

quantum chemical free energies for all the relevant larger clusters have not been avail-
able. The rate coefficients for the following collisions were set to zero, because the
corresponding evaporation from the resulting cluster occurs presumably very rapidly
(Ortega et al., 2012): all collisions of the type A1B2 +B; A3 +An; A3B1 +An; A2T2 +T
(as the computed evaporation rate of DMA from A2D3 is very fast, see Sect. 3.1). How-25

ever, the collisions leading to clusters A2D2T1 and A2D1T2 were allowed. We have
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not computed the free energies for these clusters, but as it is obvious that they are
very unstable, they were set to evaporate one amine molecule instantaneously when
formed. Whether A2D2T1 and A2D1T2-clusters evaporate a DMA or TMA molecule is
determined by the relative stabilities of the resulting A2D2, A2D1T1 and A2T2 clusters,
as can be seen by using Eq. (6) to calculate the ratio of two evaporation rates from the5

same initial cluster (i.e. with same ∆Gi+j , the differences between the collision rates
β2A2B+B for different amines B are negligible, and the monomer energies ∆GDMA and
∆GTMA are equal to zero, by definition). With these boundary conditions, all the routes
along which the clusters grow out of the system are included in the formation rate of
clusters with two or more molecules of both A and B, JA2B2 (see Sect. 2.1.3).10

2.1.2 Effect of cluster formation on sulphuric acid concentration

The atmospheric sulphuric acid concentration is typically measured with Chemical
Ionization Mass Spectrometers (CIMS; Berresheim et al., 2000; Petäjä et al., 2009;
Sjöstedt et al., 2007). The measurement with the CIMS is based on selective ionization,
during which the reagent nitrate ions (and/or its clusters with nitric acid) accept a pro-15

ton from sulphuric acid molecule, converting it to a bisulphate ion. The signal of these
bisulphate ions in the mass spectrometer is then converted to concentration via the
calibration method described by Mauldin III et al. (1999). However, Kurten et al. (2011)
estimated that the majority of the H2SO4 ·ammonia- and H2SO4 ·DMA-clusters gets
charged in the CIMS charger. This charging leads to an immediate evaporation of the20

base molecule, and thus these clusters are detected as pure H2SO4. In order to take
this into account, we modelled the H2SO4 concentration measurement with the to-
tal concentration of sulphuric acid monomers, i.e. the sum of the pure sulphuric acid
monomer concentration and the concentration of A1B1-clusters

[A1,tot] = [A]+ [A1T1]+ [A1D1]. (8)25
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We ran the model with [A1,tot] in range of 105 to 3.16×108 cm−3, covering the typical
observed ambient sulphuric acid concentrations (Petäjä et al., 2009; Mikkonen et al.,
2011; Zheng et al., 2011).

2.1.3 Effect of water on the collision and evaporation rates

The concentration of water in the atmosphere is approximately ten orders of magnitude5

higher than those of sulphuric acid, ammonia and amines, and solving the birth-death
equations for the full (three-dimensional) water-containing system is, therefore, com-
putationally very challenging. To overcome this problem, we first solved the hydrate
distributions for clusters with no more than two molecules (other than water) at differ-
ent temperatures and relative humidities, and then calculated effective collision and10

evaporation rates of the other compounds as a weighted average over these hydrate
distributions. We performed test calculations to justify this approach, and found that in-
deed the hydrate distributions stay in equilibrium during all the collision and evaporation
processes relevant to this study.

2.1.4 Modelled cluster formation rate15

The minimum requirement for a cluster to participate in particle formation is that it
holds together long enough to collide with another cluster or molecule of nucleating
vapour. We modelled the formation rate of a cluster as the difference between the sum
of collision rates forming the cluster and the sum of evaporation rates from the cluster,
i.e.20

Jab =
∑

βaibi
[aibi ][ajbj ]−

∑
γab[ab], (9)

where the first term describes the formation of clusters with at least a acid molecules
and b base molecules from the collisions of all the clusters aibi and ajbj in which
ai+aj ≥ a and bi+bj ≥ b, and the second term describes the evaporation rate as a sum
of the rates at which an acid or base molecule or an acid-base-cluster is evaporated25

11496

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11485/2012/acpd-12-11485-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11485/2012/acpd-12-11485-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11485–11537, 2012

Sulphuric acid-amine
clusters in varying

atmospheric
conditions

P. Paasonen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

from cluster ab. This approach is analogous to the measured particle formation rates
(e.g., Kulmala et al., 2007; Manninen et al., 2009), in which the external loss terms for
a particle, coagulation and growth, are also taken into account.

In this study, we examine in detail JA2B2, the formation rate of clusters including two
or more sulphuric acid molecules and two or more amine molecules (for clarification,5

here are listed some of the collisions that are counted in JA2B2: A2B1 +B; A1B1 +A1B1;
A1B2 +A2; A2B1 +A2B1, but e.g. A2B2 +A is not, because the formation of A2B2 is
already counted in JA2B2). The conversions of A2T2, A2D1T1 and A2D2 due to their
collisions with amine molecules, described in Sect. 2.1.1, were taken into account when
calculating formation rates JA2B2. Thus, we subtracted e.g. from the formation rate JA2T210

calculated with Eq. (9) the proportion of collisions A2T2 +D which results in A2D1T1,
and consistently added this proportion to JA2D1T1. The evaporations reckoned in the
calculation of JA2B2 are those from A2B2-clusters only, because the evaporation rates
of A≥1B≥1 from most of the A>2B≥2-clusters were not available (following consequences
are discussed in Sect. 5.1). The reason for not analysing separately the formation rate15

of A2B1 clusters (JA2B1) will be explained later.
The formation rate JA2B2 is, as shown in the results, coupled with [A1,tot] to the power

close to two. In order to study the effects of varying temperature, RH and concentrations
of H2SO4 and amines on JA2B2, we inspect the behaviour of the “observable” coefficient
KA2B2 in20

JA2B2 = KA2B2[A1,tot]
2. (10)

2.2 Atmospheric measurements

We reanalysed nine sets of measurements from around the Northern Hemisphere,
all including data for aerosol particle number size distribution, sulphuric acid concen-
tration, temperature and RH. The sulphuric acid concentrations at all the sites were25

measured with CIMS instruments. The measurements were conducted at the SMEAR
II station in Hyytiälä (Finland) during QUEST II- and QUEST IV-campaigns in March–
April 2003 and April–May 2005, respectively (Sihto et al., 2006; Riipinen et al., 2007),
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and during the EUCAARI-campaign in April–May 2007 (Kulmala et al., 2011). The mea-
surements at the German stations, Melpitz in May 2008 and Hohenpeissenberg from
June 2007 to December 2008, were also conducted as a part of the EUCAARI cam-
paign, as well as the measurements at San Pietro Capofiume (Italy) during June–July
2009. The data at Tecamác (municipality 40 km north from Mexico City, Mexico) were5

gathered in May 2006 (Iida et al., 2008), at Atlanta (US) (McMurry and Eisele 2005;
Kuang et al., 2008) in August 2002 and at Beijing (China) between July and September
2008 (Wang et al., 2011).

The particle number size distribution measurements during the EUCAARI campaigns
(Hyytiälä 2007, Melpitz, Hohenpeissenberg and S. P. Capofiume) were measured with10

a Neutral and Air Ion Spectrometer (NAIS, Kulmala et al., 2007). From these data the
formation rate of particles with diameter of 2 nm was calculated directly as described in
Paasonen et al. (2010). At the other sites the particle number size distribution was mea-
sured with a Differential Mobility Particle Sizer (DMPS). From these data we calculated
first the formation rate of 4 nm particles using a similar procedure as with the NAIS15

data, and then back calculated the formation rate of 2 nm particles with the formula
given by Kerminen and Kulmala (2002). From the QUEST campaigns in Hyytiälä we
applied the data for the formation rate of 1.5 nm particles calculated with the methods
described by Sihto et al. (2006) and Riipinen et al. (2007).

3 Results: simulated behaviour of the system20

3.1 Cluster formation free energies and evaporation rates

The quantum chemical enthalpies ∆H , entropies ∆S and the related Gibbs free ener-
gies ∆G at T = 280 K of the clusters included in this study are presented in Table 1.
The resulting evaporation rates are presented in Table 2, and those of A1B1, A2B2
and A2B1-clusters are depicted in Fig. 1. Electronic cluster formation energies calcu-25

lated in this study (at the B3LYP/CBSB7//RI-CC2/aug-cc-pV(T+d)Z level) as well as the
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coordinates of the most stable structure of each cluster (at the B3LYP/CBSB7 level) are
presented in Supplement. The same information for the other clusters is presented by
Ortega et al. (2012).

Evaporation from A3B1-clusters was found to be very fast in comparison to A2B1-
clusters (see Table 2), and adding more acids while keeping the number of bases5

constant would increase the evaporation rate even more (Ortega et al., 2012). This
implies that in order to form a stable cluster consisting of at least two H2SO4 molecules
that is capable of growing further, the addition of a second base molecule is required.
Thus, we focus on the formation of clusters consisting of at least two molecules of both
sulphuric acid and amine molecules.10

Trimethylamine is a stronger base than dimethylamine, making the A1T1-cluster
slightly more stable than the A1D1-cluster. However, the nitrogen atom in the TMA
molecule, already bound to three carbon atoms, is capable of forming only one hy-
drogen bond, whereas that in dimethylamine can form two. Thus, the A2T2-cluster is
much less stable than A2D2 cluster. Accordingly, the only crucial point in the forma-15

tion of A2D2 is whether the A1D1-cluster will hold together until it collides with another
cluster or a sulphuric acid molecule. In the formation of A2T2-clusters, also the compe-
tition between the evaporation of TMA from A2T2 cluster and the collision of A2T2 with
the next condensing molecule is important. It should be noted that the evaporation of
a TMA molecule from a A2T2-cluster results in a very stable A2T1-cluster which can20

then grow back by colliding either with an amine molecule or H2SO4 clustered with an
amine molecule.

The relative stabilities of A1T1- and A1D1-clusters change when water molecules are
introduced to the system. In typical atmospheric conditions (T = 280 K, RH=40%) the
water molecule concentration is around 1017 cm−3, leading to a collision frequency with25

water of about 5×107 s−1 for all molecules and clusters. As the evaporation rate of wa-
ter from the A1D1W1-cluster is of the same order of magnitude (see right hand side in
Table 2), a large fraction of A1D1Wn-clusters is hydrated, decreasing the effective evap-
oration rate of DMA from A1D1Wn-clusters. The evaporation rate of a water molecule
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from A1T1W1 clusters is two orders of magnitude higher, implying that roughly 1 % of all
A1T1Wn clusters are hydrated. However, even this minor fraction increases the effec-
tive evaporation rate of TMA from A1T1Wn-clusters, because the evaporation of a TMA
molecule is 100 times faster from the A1T1W1-cluster compared to that from A1T1.
As a result, the effective evaporation rate of a TMA molecule from A1T1Wn-clusters is5

higher than that of a DMA molecule from A1D1Wn-clusters at RH of 20 % or higher.
Due to the large computational costs, we did not calculate the quantum chemical free

energies of clusters consisting of water and more than two other molecules. For these
clusters we assumed that they would evaporate water molecules so effectively that the
proportion of hydrated clusters is negligible, and does not affect the effective evapora-10

tion rate of a sulphuric acid or amine molecule. This has been shown to be a relevant
assumption for the sulphuric acid A2D1-clusters (Loukonen et al., 2010). Because the
TMA molecule is capable of forming only one hydrogen bond, a A>1T≥1-cluster (where
water can make bonds only with the acid molecules) should bind with water even less
strongly than a A>1D≥1-cluster. This is consistent with the far higher evaporation rates15

of water from the A1T1W1-cluster than from the A1D1W1-cluster (see Table 2). Thus,
the presence of water molecules should not significantly affect the evaporation rates
calculated for clusters with more than two sulphuric acid or amine molecules.

3.2 Sulphuric acid monomer distribution

We present first the results acquired with a [DMA] to [TMA] ratio of one, and describe20

in Sect. 3.3.4 how the results change if either concentration is higher.
As our goal in this study is to model the formation rate of H2SO4-amine-clusters

with respect to the sulphuric acid concentration measured with CIMS (approximated
to equal the total sulphuric acid monomer concentration [A1,tot]), we first inspect the
proportions of pure and clustered sulphuric acid monomers. In Fig. 2a we depict the25

fractions of pure H2SO4 molecules (solid lines with circles), A1T1-clusters (solid lines)
and A1D1-clusters (dashed lines) of the total monomer concentration [A1,tot] under vary-
ing amine concentrations as a function of [A1,tot] at T = 280 K and in absence of water.
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When [A1,tot] is below 106 cm−3 (and the meteorological conditions are as above), the
fraction of sulphuric acid monomers being clustered with an amine molecule depends
only on the amine concentration, but when [A1,tot] surpasses 106 cm−3 the clustered

fraction starts decreasing. If the amine concentration is 108 cm−3 or higher and an or-
der of magnitude higher than [A1,tot], almost all of the monomers are clustered with5

amines, > 30 % with DMA and > 60 % with TMA.
The monomer concentration distribution is strongly dependent on the temperature

(Fig. 2b). The fraction of H2SO4 clustered with amines starts decreasing at temper-
atures > 270 K, as the evaporation rate from A1B1-clusters exceeds the coagulation
sink. However, when the amine concentration increases and exceeds [A1,tot], the tem-10

perature at which this decrease becomes visible is elevated, because the increasing
collision frequency between sulphuric acid and amine molecules fastens the reforma-
tion of the evaporated clusters. In addition to the prevailing concentrations and tem-
perature, the monomer concentration distribution is affected by the relative humidity
(RH, Fig. 2c). At temperatures below 270 K (or at high [A1,tot]), the effect of RH is in-15

significant as evaporation is not the main sink for the clustered monomers. At higher
temperatures, the ratio between [A1T1] and [A1D1] decreases from values larger than
one to values below one at RH∼20%. Above this RH, the proportion of A1T1 clusters
continues decreasing with RH while the proportion of (hydrated) pure acid molecules
increases.20

At amine concentrations > 107 cm−3, the fraction of A1D1-clusters is lower than that
of A1T1-clusters also at temperatures at which the evaporation rates of both are be-
low the coagulation sink, and thus the loss rates are equal. This feature arises from
the slight stability difference between the A1T1W0- and A1D1W0-clusters: under high
amine concentrations the A1D1(Wn)-clusters collide frequently with TMA-molecules,25

and due to the higher stability of the A1T1W0-cluster in comparison with A1D1W0, the
formed, very unstable A1D1T1-cluster evaporates more often DMA than TMA. Via this
mechanism, a significant fraction of A1D1-clusters are continuously converted to A1T1-
clusters.
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3.3 Modelled formation rates JA2B2 and the corresponding coefficients KA2B2

In the following we will consider only the formation rate of A≥2B≥2-clusters, JA2B2, cal-
culated with Eq. (10). The formation rate JA2B1 is not presented separately, because the
high evaporation rate of A from A3B1 (see Table 2) does not allow the A2B1-clusters
to grow further before the addition of the second amine. The collisions of A2B1 with5

amine containing clusters are, instead, counted in JA2B2. The modelled formation rates
of clusters with at least two H2SO4 and amine molecules are presented in Fig. 3 as
a function of the modelled total sulphuric acid monomer concentration [A1,tot] under
varying amine concentration with the [DMA] : [TMA] ratio equal to unity.

As an overall result, it is notable that all the modelled formation rates are coupled10

with the concentration [A1,tot] to the power close to two, as can be seen by comparing

them with the A1,tot collision rate, 4.5×10−10 × [A1,tot]
2, indicated in Fig. 1 with a dashed

black line. However, the power of [A1,tot] with which the formation rates JA2B2 are con-
nected varies slightly from two: e.g. JA2T2 is steeper than the collision rate at low amine
concentrations and gets shallower at high values of [A1,tot]. A detailed analysis explain-15

ing the deviation of the powers from two and the decreasing formation rates JA2T2 with
increasing amine concentrations are given in the following sections.

3.3.1 Effect of temperature

The ambient temperature has an obvious impact on the fraction of sulphuric acid
monomers being clustered with amines (Fig. 2b). The formation rate of A2B2-clusters20

is strongly dependent on this fraction, because pure sulphuric acid molecules do not
form stable dimers. Since the information of the clusterization of the sulphuric acid
monomers is lost when the sulphuric acid concentration is measured with the CIMS
(see Sect. 2.1.2), the formation rate of A2B2-clusters can be expected to be affected
by the varying temperature at a given value of [A1,tot], comparable to the measured25

concentrations. We studied this temperature effect by inspecting the temperature de-
pendence of the coefficient KA2B2, calculated from Eq. (10) as KA2B2 = JA2B2/[A1,tot]

2.
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To get an impression of the temperature and monomer concentration dependences
of the coefficients KA2T2 and KA2D2, we first depict them as functions of temperature in
the presence of only one amine (Fig. 4). The crucial factors affecting the value of KA2B2
are the amine concentration and the values of the different sink terms, i.e. the evapo-
ration rate, coagulational sink rate and collision rate of the A2B2-cluster with sulphuric5

acid monomers and dimers (either clustered with amine or not), the latter determining
the further growth of the A2B2-clusters.

In principle KA2T2 and KA2D2 behave similarly. If we first inspect the lowest temper-
atures in Fig. 4, we can see that the collision rate of A1,tot (∼4.5×10−10 cm3 s−1) is
achieved when the amine concentration is roughly an order of magnitude higher than10

[A1,tot]. The other main feature is the decrease of KA2B2 as a function of temperature
due to the decreasing proportion of clustered sulphuric acid monomers (see Fig. 2b).
A third similarity between KA2T2 and KA2D2 is that at the lowest temperatures the values
of both coefficients decrease with increasing [A1,tot]. Consequently, at low temperatures

JA2B2 ∼ [A1,tot]
<2.15

Despite the qualitatively similar behaviour of KA2T2 and KA2D2 in varying concen-
tration and temperature space, there are some notable differences between Fig. 4a
and b. First of all, the exponential decrease of KA2B2 as a function of temperature is
much steeper for TMA than for DMA: for a temperature increase of 30 K the coefficient
KA2T2 decreases roughly four orders of magnitude, but KA2D2 only about two orders20

of magnitude. The steep decrease of KA2T2 as a function of temperature results from
the reversed temperature dependencies of the source and the sink of A2T2-clusters:
the source decreases with temperature, due to increased evaporation of A1T1-clusters,
whereas the main sink, the evaporation of TMA from A2T2-clusters, increases. In case
of A2D2-clusters, the decrease in the source rate is similar, but the evaporation from25

A2D2 is smaller than the other sink terms over the whole studied temperature range,
and the total sink does not change significantly with temperature.

Another difference between Fig. 4a and b is that KA2T2 is strongly dependent on
[A1,tot] also at high temperatures (lines corresponding to same [TMA] but different
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[A1,tot] are separated also at T > 300 K), whereas the values of KA2D2 corresponding
to the same [DMA] are not significantly different at high temperatures. This difference
originates from different outcome of the competition between the growth and evapora-
tion for different A2B2-clusters. Due to the high stability of A2D2, practically all of the
formed A2D2-clusters collide with [A1,tot] before evaporating even at [A1,tot] = 106 cm−3.5

On the contrary, a TMA molecule is evaporated from most of the A2T2 clusters before
collision growth at temperatures above 290 K at all studied concentrations [A1,tot]. Con-
sequently, an increase in [A1,tot] increases the probability of A2T2-cluster growth before
the evaporation of TMA, leading to over an order of magnitude increase in KA2T2 due to
an order of magnitude increase in [A1,tot]. Thus, at high temperatures JA2T2 ∼ [A1,tot]

>3.10

The values of KA2D2 are for the most part independent of [A1,tot] at high temperatures,
but when [A1,tot] reaches values over two orders of magnitude higher than [DMA] (as
in the blue solid lines with circles in Fig. 4b) the coefficient KA2D2 starts increasing.
With such a large difference in monomer concentrations, [A2D1] becomes higher than
[DMA] and thus the collisions between two A2D1 clusters become a significant source15

term for JA2D2. The same occurs in the case of TMA cluster formation as well (blue
lines in Fig. 4a). This feature and its significance should be considered with caution,
due to the opposite, presumably rapid, evaporations of A2B1-clusters from the resulting
A4B2-cluster, which are not included in our model (Ortega et al., 2012; more detailed
discussion in Sect. 5.1).20

3.3.2 Effect of amine competition

The modelled coefficients KA2B2 related to different A2B2-clusters, when both the
amines are present with a concentration ratio of 1 : 1, are depicted as a function of
temperature in Fig. 5, corresponding to [A1,tot] equal to 106 (Fig. 5a), 107 (Fig. 5b) and

108 cm−3 (Fig. 5c).25

Even though the concentration of A1T1-clusters is larger than that of A1D1-clusters
at RH=0 (see Sect. 3.2), the formation rates JA2B2 are dominated by the formation rate
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of clusters with two DMAs, JA2D2. The values of KA2D2 at an amine concentration ratio
1 : 1 are practically the same as those obtained in the absence of TMA (see Fig. 4b).
At amine concentrations below or equal to [A1,tot], the formation rate JA2T2 is also very
similar to that computed in the absence of DMA, but when the amine concentrations
exceed the sulphuric acid monomer concentration by over an order of magnitude the5

value of KA2T2 starts to decrease with increasing amine concentrations at temperatures
below∼300 K. This feature is caused by a similar conversion mechanism to that of
converting A1D1-clusters to more stable A1T1-clusters via A1D1T1. The cluster A2D2

is ∼7 kcalmol−1 more stable than A2T2, whereas the A2D1T1-cluster is less than one
kcal/mol more stable than A2T2 (see Table 1). Because the evaporation rate depends10

on the stability difference between the initial and final cluster(s), the evaporated amine
from A2D1T2-clusters is DMA in ∼22 % of evaporations, but from A2D2T1-clusters DMA
is evaporated in only ∼0.002 % of evaporations. With this mechanism A2T2 clusters are
converted to A2D1T1 and then to A2D2 by collisions with DMA. The higher the amine
concentrations is, the more efficient the conversion.15

The values and the temperature dependence of the coefficient KA2D1T1 are very sim-
ilar to those of KA2T2, the difference between the values of these two coefficients never
exceeding a factor of two.

3.3.3 Effect of relative humidity

The effect of RH on the values of the modelled coefficients KA2B2 at total sulphuric acid20

monomer concentration of 107 cm−3 and 300 K is presented in Fig. 6. The effect of RH
arises from the changes in the effective evaporation rate from the smallest clusters.
Thus, as stated in Sect. 3.2, the effect of RH is negligible at low temperatures or high
[A1,tot], when evaporation is not the main sink for these clusters.

The differences between the formation rates of A2D2, A2D1T1 and A2T2-clusters25

become more pronounced with an increasing RH, as the effective evaporation rate
of A1T1 clusters increases and that of A1D1 clusters decreases.
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3.3.4 Effect of varying DMA to TMA ratios

In order to inspect the effect of varying the [DMA] to [TMA] ratio we repeated the anal-
ysis by setting [DMA] an order of magnitude higher or lower than [TMA].

The behaviour of the modelled coefficient KA2D2 in varying temperature and concen-
tration space is affected only slightly by changes in the [DMA] to [TMA] ratio. Even if5

the concentration of DMA is an order of magnitude lower than the TMA concentration,
the values of the coefficient KA2D2 remain almost equal to those in the case of one-to-
one amine concentration ratio at [A1,tot] = 106 cm−3, and decrease only by a factor up

to four when [A1,tot] increases to 108 cm−3. If instead [TMA] is an order of magnitude
lower than [DMA], the values of KA2D2 remain the same as in the absence of TMA at all10

conditions. On the contrary, the formation rate of A2T2 clusters is strongly dependent
on the amine concentration ratio. Similarly to the one-to-one amine concentration ratio,
the coefficient KA2T2 is practically equal to that in absence of DMA, as long as the DMA
concentration is smaller than or equal to [A1,tot]. However, when [DMA] exceeds [A1,tot],
the increase of the value of KA2T2 with increasing amine concentrations first stalls and15

then starts decreasing as [DMA] increases. This decrease at high DMA concentrations
is caused by the higher probability of a A2T2 cluster to collide with a DMA molecule than
with a sulphuric acid monomer, leading to a conversion chain A2T2 → A2D1T1 → A2D2,
as explained in Sect. 3.3.2. Thus, in comparison to a [DMA] to [TMA] ratio of one-to-
one (Fig. 5a–c), the stalling of KA2T2 occurs at an order of magnitude higher [TMA] for20

a ratio 1 : 10, and with the opposite concentration ratio at an order of magnitude smaller
[TMA]. Consequently, at a 10 : 1 ratio the values of KA2T2 are below 2×10−12 cm−3 at
all the amine concentrations and temperatures. With this amine concentration ratio the
value of the coefficient KA2D1T1 is a factor from 3 to 15 larger than the value of KA2T2
at all conditions. With a [DMA] to [TMA] ratio of 1 : 10 KA2D1T1 is a factor from 4 to25

12 smaller than KA2T2. With both ratios the smallest values of KA2D1T1 correspond to
the highest amine concentrations. The exponential decrease of KA2D1T1 with increasing
temperature is still similar to that of KA2T2 and thus clearly steeper than that of KA2D2.
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3.3.5 Assuming organic vapours can adhere to A2B2-clusters

As shown in Sect. 3.3.1 the formation rates JA2T2, JA2D1T1 and JA2D2 are coupled with
sulphuric acid concentration to power between below two and slightly over three, de-
pending on the temperature and the ratio of [A1,tot] to amine concentration. With the
DACM model we can also investigate the outcomes of the assumption that two sul-5

phuric acid molecules would be enough to form a cluster capable of growing by col-
lisions with organic vapour molecules. If the concentration of this organic vapour is
clearly higher than [A1,tot], the growth of the A2B2-clusters is no longer strongly depen-
dent on [A1,tot], but rather on the organic vapour concentration. We studied the changes
in the behaviour of the coefficients KA2B2 in case where A2B2-clusters grow further (and10

do not evaporate back) via collisions with an organic vapour of concentration 109 cm−3,
which is well in the range of the typical total atmospheric organic acid concentrations
(Chebbi and Carlier, 1996).

The organic vapour concentration has a negligible influence on the values of KA2D2,
because even without organic vapours the evaporation of A2D2-clusters does not signif-15

icantly decrease the formation rate JA2D2. However, the behaviour of KA2T2 and KA2D1T1
changes if the growth of the related A2B2-clusters can also occur by collisions with
abundant organic vapour molecules. In Fig. 7 we have depicted the values of KA2T2 at
1 : 1 amine concentration ratio resulting from the assumption that the organic vapour
can attach to the A2T2 clusters and to promote further growth.20

The high concentration of an organic vapour attaching to the A2B2-clusters increases
the values of the coefficients KA2T2 and KA2D1T1 by two mechanisms. First, in Fig. 7 the
value of KA2T2 does not change when [A1,tot] increases from 106 to 107 cm−3, whereas
in the absence of the organic vapour a similar change in [A1,tot] increased the value
of KA2T2 by over an order of magnitude (blue solid lines in Fig. 5a–c). As explained25

in Sect. 3.3.1, the reason for the increase in the values of KA2T2 with [A1,tot] was the
increasing probability of A2B2-clusters to grow before evaporation. In the case where
abundant organic vapour is mainly responsible for the growth of the A2B2-clusters, this

11507

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11485/2012/acpd-12-11485-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11485/2012/acpd-12-11485-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 11485–11537, 2012

Sulphuric acid-amine
clusters in varying

atmospheric
conditions

P. Paasonen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

probability and thus also the values of the related coefficients KA2T2 become indepen-
dent of [A1,tot] (elevated values of KA2T2 at high temperatures and [A1,tot]=108 cm−3

seem to result, at least partly, from the limitations of our model, see Sects. 3.3.1
and 5.1) A second mechanism affecting the values of KA2T2 and KA2D1T1 is the di-
minished impact of the conversion of A2T2-clusters to A2D1T1- and further to A2D2-5

clusters. This effect becomes less significant as the A2T2- and A2D1T1-clusters collide
more often with an organic vapour molecule than with a DMA molecule. At amine con-
centrations equal to the applied organic vapour concentration, 109 cm−3, this effect
decreases the value of KA2T2. The impact of organic vapour collisions on the values of
the coefficient KA2D1T1 is similar to the above described effect on KA2T2.10

4 Comparison of model results with atmospheric observations

When interpreting the comparison of model results and ambient data, it should be
kept in mind that the formation rate of 2 nm particles (or 1.5 nm particles in case of
Hyytiälä 2003 and 2005 data) is somewhat lower than the initial particle formation rate.
This is due to the coagulational losses during the growth of particles up to 2 nm (e.g.,15

Kerminen and Kulmala, 2002). The diameter of the A2B2-clusters comparable to the
electrical mobility diameters applied in the ambient data would be roughly 1.2 nm (Ehn
et al., 2011).

The measured atmospheric formation rate of 2 nm particles (J2nm) is depicted in
Fig. 8a as a function of the sulphuric acid monomer collision rate. In Fig. 8b we show20

the values of Kobs as a function of temperature. In addition to the observed values of
the coefficient Kobs, we show in Fig. 8b the values of the modelled coefficients KA2D2
and KA2T2 at low amine concentrations for comparison. We do not present separately
the comparison between Kobs and the sum of all coefficients KA2B2, because this sum
differs from KA2D2 only in case of 1 : 10 ratio of [DMA] and [TMA], in which case it is25

practically equal to KA2T2.
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The particle formation rate J2nm is in line with the squared sulphuric acid con-
centration especially when the data sets are examined separately, but the values of
the coefficient Kobs (see Eq. 2) vary substantially between the sites and are much
lower than the actual collision rate of two H2SO4 monomers, with a median value of
Kobs = 1.4×10−13 cm3 s−1. The atmospheric data set as a whole shows a quite mild5

decrease of Kobs with increasing temperature, qualitatively similar to that of the mod-
elled coefficient KA2D2. However, steeper decreases of Kobs, closer to that of KA2T2 and
KA2D1T1, can be seen quite clearly in the Melpitz and SPC data sets, but also in the
Beijing and Hyytiälä 2005 data sets.

Due to the large number of atmospheric data points, we did not make separate model10

runs matching the atmospheric conditions of each data point. Instead, we ran the model
within ranges that cover all the ambient measurements with representative intervals for
each quantity – at temperatures from 260 to 310 K in 5 K intervals, at RHs from 0 to
85 % in 5 % intervals and at total sulphuric acid monomer concentrations from 105 to
3.2×108 cm−3 with intervals of a factor 3.16 (i.e. 105, 3.16×105, 106, . . . cm−3). The15

model runs were conducted with [DMA] to [TMA] ratios 1 : 1, 1 : 10 and 10 : 1, both
in absence and presence of an organic vapour with concentration 109 cm−3 adhering
to A2B2-clusters. From these values of modelled coefficients KA2B2 we interpolated
coefficients KA2B2 (T , RH, [A1,tot]) for the conditions of each ambient measurement. The
interpolation was made separately for the values of KA2D2, KA2T2 and KA2D1T1 resulting20

from the different model runs, with amine concentrations set to a constant value of
106 cm−3.

We first compared the variability of the data point –specific ratio Kobs/KA2B2 (T , RH,
[A1,tot]) between the different model runs. The corresponding variability in Fig. 8a, deter-

mined as the ratio of the 95th to 5th percentile of Kobs/Kcoll, is 4.3×10−12/6.6×10−15 =25

650. This variation decreased when any of the modelled coefficients KA2B2 was applied
instead of constant Kcoll, except when the values of KA2T2 or KA2D1T1 from the model
runs without organic vapours were used. In the latter cases the variation factor in-
creased because the formation rates JA2T2 and JA2D1T1 related to these model runs
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are associated with a cubed sulphuric acid concentration at T > 290 K, which is not
observed in the atmospheric data. The smallest value for the variability, 130, resulted
from the modelled KA2D2 with a [DMA] to [TMA] ratio 1 : 10 in the absence of organic
vapours. The smallest variabilities related to the modelled coefficients KA2T2 or KA2D1T1
(360 and 280, respectively) were obtained with a [DMA] to [TMA]-ratio of 10 : 1 in the5

presence of organic vapours growing the A2B2-clusters. The smaller variabilities be-
tween the observed and modelled formation rates being related to KA2D2 than those
related to coefficients KA2T2 or KA2D1T1 in presence of organic vapours may result from
the assumed constant amine concentration: as the overall temperature dependence of
Kobs is closer to that of KA2D2 (Fig. 8b), the smallest overall variability is also achieved10

with this coefficient. However, this analysis shows that the formation rates of A2T2-
or A2D1T1-clusters fail to reproduce the measured particle formation rates if organic
vapours are not let to adhere to these clusters.

Even though the strongest impact on the modelled coefficients KA2B2 is that of tem-
perature, the different RH dependencies of KA2D2, KA2T2 and KA2D1T1 (see Fig. 6) can15

provide a clue to which mechanism is closest to the atmospheric observations. To study
the RH dependence of the observed coefficient Kobs, we first need to take into account
the marked impact of the temperature on both Kobs and RH. This was made by scaling
the values of the coefficient Kobs to the same temperature with the temperature de-
pendence of the modelled coefficients KA2B2. This scaling is functionally equivalent to20

moving all the data points in Fig. 8b to the same temperature by following the model
lines, but now including the impact of varying concentrations [A1,tot] on the tempera-
ture dependencies of KA2B2 (see Fig. 4). The numerical comparison of the correlations
between RH and the values of the observed coefficients Kobs at the measured temper-
ature, as well as those with the temperature scaled to 300 K (K300) are presented in25

Table 3 for all the sites separately. The logarithmic value of K300 correlates negatively
with RH at all the measurement sites except Hohenpeissenberg and Atlanta. However,
at Atlanta, as well as at Melpitz, the correlation is not significant (p-value�10−5). The
values of β in K300 = α×exp(β×RH) from the linear regression fits to the K300 values
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interpolated with KA2T2 with organic vapours were in the range of −12 to −2.7 at all
sites with a significant correlation except for Hohenpeissenberg. Similar values were
achieved with other KA2B2-coefficients used for interpolation, as well. The linear regres-
sion fits to the RH-dependencies of KA2D2, KA2T2 and K2A1T1T (see Fig. 6) result in
β-values of 0.033, −1.6 and −0.68, respectively. Thus, the observed RH dependence5

suggests that the atmospheric particle formation rate is better associated with the for-
mation rate of A2T2-clusters than with the formation rate of A2D2-clusters.

5 Discussion

5.1 On the stability of clusters with three or more acids

We investigated the formation rate of A2B2-clusters with the assumption that the A2B2-10

clusters with DMA or/and TMA are capable of growing further when colliding with sul-
phuric acid monomers. Ortega et al. (2012) have presented theoretical evidence that
this is the case concerning the DMA-clusters, but the growth ability of A2T2-clusters is
not self-evident. This doubt arises from the fact that the three methyl groups in the TMA-
molecule leave room for the nitrogen atom to make only one hydrogen bond, whereas15

the nitrogen in DMA can make two hydrogen bonds. Thus, the TMA molecules them-
selves are not capable of binding the third sulphuric acid (or other vapour molecule)
to the A2T2-cluster, but it could attach to the cluster by bonding to the sulphuric acid
molecules. However, the high stability of the A2T1-cluster, in which one other sulphuric
acid molecule is not bound directly to the TMA, shows that also the bond between two20

sulphuric acids in a base-stabilized cluster can be very strong. In addition, some ex-
perimental studies have shown that increasing [TMA] increases the particle formation
rate (Erupe et al., 2011; Yu et al., 2012).

In the discussion related to Figs. 4 and 7 we pointed out that the values of all coef-
ficients KA2B2 increase with the total sulphuric acid monomer concentration, [A1,tot],25

at high temperatures when [A1,tot] is orders of magnitude larger than the amine
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concentration. This feature originates from the increasing concentrations of A2B1-
clusters, which under the given conditions exceeds the concentrations of gas phase
amines, and thus the collisions between two A2B1-clusters contributes significantly to
the positive terms in JA2B2 (see Eq. 9). Since the applied cluster energy calculations do
not cover the resulting A4B2-cluster, the negative terms describing the reverse evapo-5

ration are not affected. Ortega et al. (2012) showed that A4D2-clusters evaporate A2D1-
cluster (thus forming two A2D1-clusters) at relatively high rate (3 s−1 at 298.16 K). Thus,
it seems that the above discussed increase in the values of KA2B2 would be less pro-
nounced than that seen in Figs. 4, 5 and 7, if the evaporation rates for larger clusters
were taken into account. The evaporations of other A≤4D≤4 clusters resulting in clus-10

ters smaller than A2D2 are slow (< 5×10−3 s−1 at 298.16 K, Ortega et al., 2012). Since
A4B2-clusters are formed efficiently only when [A1,tot] is orders of magnitude higher
than [B], we may assume that at other conditions the evaporations of the A>2D≥2-
clusters do not have marked effect on the formation rate JA2D2. However, the effects of
the corresponding evaporations on JA2T2 and JA2D1T1 remain to be evaluated by further15

studies.

5.2 On the comparison to ambient data

We showed that the formation rates JA2B2 are not always coupled with the sulphuric
acid concentration to the power of exactly two, but the exponent varies from below
two to greater than three. Values below two are related to the situation in which the20

amine and sulphuric acid monomer concentrations are of the same order of magni-
tude. In this case e.g. increasing the sulphuric acid concentration with constant amine
concentration decreases the proportion of sulphuric acid monomers being clustered
with amines, and consequently the formation rate of A2B2-clusters per sulphuric acid
monomer collisions decreases. The exponent values below two were found only for25

temperatures below 300 K. Exponent values larger than two are possible for the for-
mation rate JA2D2 only when [A1,tot] exceeds the amine concentration by more than
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two orders of magnitude and the temperature is over 290 K. The formation rates JA2T2
and JA2D1T1, instead, are associated with close to cubed sulphuric acid concentrations
when A1,tot are the most abundant or only vapours/clusters able to promote further
growth of A2T2- and A2D1T1-clusters. If an organic vapour is present in equal or higher
concentrations than that of sulphuric acid and can attach to the A2B2-clusters, the5

exponent values of three are not encountered. Intriguingly, the range in which the ex-
ponent varies agrees with the atmospheric observations of the association between
particle formation rate and sulphuric acid concentration, as the exponents basing on
observations are typically from one to two, and in some cases even three. However,
the exponents of the initial and observed particle formation rates are not necessarily10

the same, but they may change during the growth to the size of the observed particles
(Korhonen et al., 2011).

Our model runs were made with three different [DMA] to [TMA] ratios, 1 : 1, 10 : 1
and 1 : 10. These ratios cover mostly the measured ratios at sites varying from rural
to agricultural and urban areas (Ge et al., 2011). However, it should be noted that the15

measured DMA and TMA concentrations do not necessarily describe the concentra-
tions of the free molecular concentrations, but perhaps also e.g. the amine molecules
clustered with acids might be detected. This is a similar problem to the considera-
tion of whether the CIMS detects the A1B1-clusters or not, discussed in Sect. 2.1.2.
Furthermore, in the atmosphere a wide variety of different amines exists, and other20

amines can also play a role in the cluster formation process. In particular, monomethy-
lamine and some ethylamines have been reported to have concentrations comparable
to those of DMA and TMA (Ge et al., 2011). They could have a significant effect on
particle formation – those with more alkyl-groups due to their strong basicity, and e.g.
monomethylamine due to its ability to form up to three hydrogen bonds and thus pos-25

sibly facilitate the formation of larger sulphuric acid-amine-clusters together with other
more basic amines.

The steepness of the decreasing values of KA2T2 and KA2D1T1 with temperature re-
sults from two cluster types, A1B1 and A2B2, with evaporation rates that strongly affect
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the formation rate of A2T2- and A2D1T1-clusters. The apparent similarity in the de-
crease of the observed coefficient Kobs may suggest that on the way from gas phase
molecules to a growing particle the number of clusters with evaporation rates that ef-
fectively decrease the particle formation rate is precisely two, regardless of the nature
of the actual particle formation mechanism. If there were only one cluster whose con-5

centration was remarkably affected by the evaporation, the decrease would be milder,
similar to that of JA2D2, and if there were three or more clusters whose concentra-
tion decreased exponentially with temperature, the decrease in particle formation rate
would be steeper. Furthermore, it seems that the larger of the two clusters, which are
strongly affected by the evaporation rate, needs to be able to grow in collisions with10

other and more abundant vapours than sulphuric acid: otherwise the observed particle
formation rate would be associated with the sulphuric acid concentration to the power
three rather than two.

With the observed temperature and RH dependencies, the atmospheric particle for-
mation rate J seems to be better associated with the modelled formation rates JA2T215

and JA2D1T1 than with JA2D2. However, in order to obtain similar behaviour for coef-
ficients KA2T2 and KA2D1T1 to that of Kobs, it is required that the organic vapours are
capable of condensing on these A2B2-clusters. It is possible that the bonding of or-
ganic molecules to clusters of sulfuric acid with TMA (or other tertiary amines) could
be slightly enhanced by interactions between nonpolar alkyl groups of the amines and20

the condensing organics. This could at least partially compensate for the smaller num-
ber of hydrogen bonds formed per amine.

Regardless the similar trends in the temperature and RH dependencies of the ob-
served coefficient Kobs and the modelled coefficients KA2T2 and KA2D1T1, the atmo-
spheric observations as whole showed milder temperature dependence. This kind of25

behaviour could arise, among other reasons, from a positive correlation between tem-
perature and amine emissions. Because amines are efficiently emitted from soil and
oceans (Ge et al., 2011), most probably in relation to biological processes, this type
of temperature dependence can be expected. This possible association reflects the
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complexity of determining the impact of temperature on atmospheric particle forma-
tion. There are several processes which may elevate the observed particle forma-
tion rate when temperature increases: in addition to decreasing humidity and presum-
ably increasing amine concentration, increasing temperature elevates exponentially the
emissions of volatile organic compounds (Gunther et al., 1995) which after oxidation5

grow the freshly formed particles (e.g., Riipinen et al., 2011). Thus, even if the parti-
cle formation rate did not increase with temperature, at least the proportion of formed
particles surviving to to 2 nm size should. With all these factors potentially increasing
the observed particle formation rate at higher temperatures, the suppressing effect of
temperature itself must be quite strong to result in negative correlation between the10

temperature and the coefficient Kobs.

6 Summary and conclusions

We modelled the formation rate of clusters consisting of two sulphuric acid and two
amine molecules with a kinetic cluster model (DACM, Kulmala, 2010). These clusters
are necessary intermediates in the formation of larger sulphuric acid-amine-clusters.15

If atmospheric particle formation is a phenomenon related to formation of acid-base-
clusters, it seems evident that the atmospheric particle formation rate should not ex-
ceed the formation rate of these clusters. We applied quantum chemical calculations
for determining the evaporation rates for the clusters of sulphuric acid (A), trimethy-
lamine (T) and dimethylamine (D) in a temperature range from 260 K to 320 K, and20

studied the formation rates JA2B2 of A2T2-, A2D2- and A2D1T1-clusters.
Our purpose was to perform the modelling with input parameters as close to atmo-

spheric experimental circumstances as possible. As recent experimental (Petäjä et al.,
2011) and theoretical (Kurtén et al., 2011) studies have suggested, the state-of-art in-
strument for measuring sulphuric acid concentration, Chemical Ionization Mass Spec-25

trometer (CIMS), detects the main fraction of A1D1-clusters as pure sulphuric acid. We
assumed that the same holds for A1T1-clusters, and thus compared the formation rates
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JA2B2 with the total concentration of the sulphuric acid monomers, [A1,tot], calculated
as a sum of the concentrations of A, A1D1 and A1T1. We ran the model with A1,tot and

amine concentrations from 105 to 109 cm−3, which likely covers the typical atmospheric
conditions, even though direct measurements of the gas phase amine concentrations
are currently not available. The effect of meteorological conditions and vapours par-5

ticipating to particle formation was studied by examining the behaviour of coefficients
KA2B2 in JA2B2 = KA2B2 × [A1,tot]

2 as functions of temperature, RH and vapour concen-
trations.

We found that the coefficients KA2B2 are dependent on the amine and sulphuric acid
concentration, on the ratios between these concentrations and of the amine concentra-10

tions with each other, as well as on temperature and RH. In the case where the amine
concentration is an order of magnitude higher than [A1,tot] and the temperature is below
270 K, a large enough fraction of sulphuric acid molecules is clustered with the amines
to result in a formation rate close to the collision rate of A1,tot. Close to collision rate
values for JA2B2 were also found at higher temperatures, up to 300 K, under high amine15

concentrations (> 108 cm−3).
The temperature dependence of the coefficients KA2B2 arising from the exponential

increase of the cluster evaporation rates as functions of temperature, was found out
to be very strong. The value of the coefficient KA2D2 decreased roughly by an order of
magnitude for an increase of 15 K in temperature, because of the increasing evapo-20

ration rate from the A1D1-cluster. A similar temperature change decreased the values
of the coefficients KA2T2 and KA2D1T1 by two orders of magnitude, because in addition
to evaporation of A1D1- or A1T1-clusters the evaporation rates from A2T2 and A2D1T1-
clusters limited the formation rate. The exponential decrease of the coefficients KA2B2
started in temperatures between 260 and 310 K. The lowest on-set temperatures for the25

decrease were related to low atmospheric sulphuric acid concentrations (∼106 cm−3)
together with similar or lower amine concentrations, and the on-set temperature in-
creased with increasing [A1,tot] and when the amine concentration was orders of mag-
nitude higher than [A1,tot]. In addition to temperature, the relative humidity had an im-
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pact on the formation rates JA2B2. The values of the coefficients KA2T2 and KA2D1T1
decreased with an increasing RH, whereas KA2D2 was not significantly affected by RH.
This effect was less pronounced than that of temperature: the steepest decrease was
obtained for KA2T2 which decreased roughly by a factor two when RH increased by
20 %-units.5

In addition to the influence of meteorological parameters and amine concentration
(or the proportion of amine concentration to sulphuric acid concentration), we found
that the values of KA2B2 are affected directly by the concentration of sulphuric acid.
Thus the formation rates JA2B2 are not always associated with sulphuric acid concen-
tration to power of two exactly, but at low atmospherically relevant temperatures the10

value of the exponent decreases from two. On the other hand, at high atmospherically
relevant temperatures the formation rates JA2T2 and JA2D1T1 turned out to be associ-
ated with sulphuric acid to the power of three, if the sulphuric acid is the only or the
main compound growing the A2B2-clusters further. Such power law dependencies with
exponents higher than two have been reported, e.g. during the hot season in Beijing15

(Wang et al., 2012).
Finally we made a comparison between the modelled coefficients KA2B2 and the

coefficients Kobs determined from the measurements of particle formation rates and
sulphuric acid concentrations conducted in diverse atmospheric conditions. When Kobs
is plotted against temperature, the overall figure has a similar decreasing trend with20

temperature than that of KA2D2. However, at several sites the coefficient Kobs exerted
steeper decrease with increasing temperature, similar to those of the modelled co-
efficients KA2T2 and KA2D1T1. Furthermore, the coefficient Kobs showed a similar de-
creasing trend with increasing RH to the coefficient KA2T2. Even if the amines mainly
determining the atmospheric particle formation rates were different than those studied25

here, our results give some indications of the process. The similarities between at-
mospheric particle formation rates and the modelled formation rates JA2T2 and JA2D1T1
suggest that atmospheric particle formation from gas phase acids and bases occurs via
exactly two cluster sizes for which evaporation is the main sink. Because the inverse
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proportionality between coefficients KA2B2 related to TMA and RH arises eventually
from the complete surrounding of the nitrogen atom in TMA by alkyl groups (thus leav-
ing no room for hydrogen bonds with water), the observed decrease in particle forma-
tion rates with increasing RH suggest that atmospheric particle formation is related, if
not particularly to TMA, then to some other tertiary amines.5

The results of our study show that both evolvement of measurement techniques for
determining the atmospheric amine concentrations and further quantum chemical cal-
culations on the sulphuric acid-amine-clusters are necessary for determining the main
pathways of the atmospheric particle formation. Elucidating the stabilities of clusters
with other amines in the size range studied here would substantially increase our un-10

derstanding of the distribution of atmospheric sulphuric acid clusters and their capabil-
ity to grow. Furthermore, the stability of clusters consisting of TMA and more than two
sulphuric acid molecules, as well as the possibility of some oxidized organic vapours to
adhere to the A2B2-clusters, are of much interest. From the experimental point of view,
the effects of temperature and the prevailing sulphuric acid concentration on the power15

of sulphuric acid concentration associated with the observed particle formation rates
should be investigated in more detail, both within and between particle formation event
days.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/11485/2012/20

acpd-12-11485-2012-supplement.pdf.
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Kerminen, V.-M., Petäjä, T., Manninen, H. E., Paasonen, P., Nieminen, T., Sipilä, M., Junni-
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mala, M.: Atmospheric nucleation: highlights of the EUCAARI project and future directions,
Atmos. Chem. Phys., 10, 10829–10848, doi:10.5194/acp-10-10829-2010, 2010.

Kirkby, J., Curtius, J., Almeida, J., Dunne, E., Duplissy, J., Ehrhart, S., Franchin, A., Gagné, S.,
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Table 1. Formation enthalpies ∆H and entropies ∆S, calculated at 298 K, and the correspond-
ing Gibbs free energies ∆G at T = 280 K. The values of ∆H and ∆G are given in [kcalmol−1],
and ∆S in [calmol−1 K−1].

Cluster ∆H ∆S ∆G Cluster ∆H ∆S ∆G

A2 −17.85 −33.42 −8.49 A1W1 −11.34 −29.70 −3.02
A3 −35.82 −72.19 −15.61 A1W2 −22.49 −60.69 −5.50
A1D1 −24.65 −31.01 −15.97 A1W3 −33.89 −100.19 −5.84
A2D1 −57.06 −74.40 −36.23 A1W4 −45.97 −131.91 −9.04
A3D1 −81.46 −112.90 −49.85 A1W5 −54.74 −160.16 −9.89
A1D2 −40.08 −66.37 −21.5 A2W1 −31.64 −68.74 −12.39
A2D2 −87.52 −105.16 −58.08 A2W2 −45.67 −106.43 −15.87
A3D2 −113.58 −155.37 −70.08 A2W3 −57.35 −136.68 −19.08
A2D3 −108.24 −152.75 −65.47 A2W4 −68.27 −168.62 −21.06
A1T1 −26.04 −34.54 −16.37 A2W5 −82.95 −208.44 −24.59
A2T1 −57.16 −75.30 −36.08 D1W1 −6.65 −28.43 1.31
A3T1 −75.32 −112.92 −43.70 D1W2 −15.80 −66.40 2.79
A1T2 −42.23 −71.66 −22.17 A1D1W1 −37.89 −65.76 −19.48
A2T2 −84.48 −118.41 −51.33 A1D1W2 −48.79 −99.37 −20.97
A1D1T1 −41.01 −68.15 −21.93 A1D1W3 −58.81 −134.40 −21.18
A2D1T1 −83.86 −113.64 −52.04 A1D1W4 −69.46 −164.94 −23.28

A1D1W5 −80.10 −199.35 −24.28
A1T1W1 −35.52 −66.46 −16.91
A1T1W2 −45.20 −95.26 −18.53
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Table 2. Evaporation rates from the modelled clusters at T = 280 K in units [s−1]. The fastest
evaporation rate from each cluster type is highlighted with bold font.

Initial Evaporated molecule/cluster Initial Evaporated molecule
cluster cluster

A D A1D1 T A1T1 W A1Wn D T

A2 2×103 – – – – A1W1 5×107 5×107 – –
A3 3×104 – – – – A1W2 2×108 2×108 – –
A1D1 4×10−3 4×10−3 – – – A2 – 2×103 – –
A2D1 2×10−6 3×10−12 2×10−6 – – A2W1 1×107 5×102 – –
A3D1 3×10−1 3×10−17 2×10−10 – – A2W2 3×107 2×102 – –
A1D2 7×10−10 7×105 7×105 – – A2W3 5×107 6×101 – –
A2D2 3×10−19 1×10−7 5×10−11 – – A2W4 5×108 2×102 – –
A3D2 5×100 3×10−6 1×10−4 – – A1D1 – 4×10−3 4×10−3 –
A2D3 1×10−20 3×104 2×10−12 – – A1D1W1 3×107 2×10−3 2×10−3 –
A1T1 2×10−3 – – 2×10−3 – A1D1W2 1×109 1×10−2 1×10−2 –
A2T1 4×10−6 – – 4×10−12 4×10−6 A1T1 – 2×10−3 – 2×10−3

A3T1 1×104 – – 2×10−12 2×10−5 A1T1W1 6×109 2×10−1 – 2×10−1

A1T2 – – – 4×105 4×105 A1T1W2 9×108 1×100 – 1×100

A2T2 2×10−13 – – 2×10−2 4×10−5

A1D1T1 – 7×105 3×105 3×105 7×105

A2D1T1 4×10−14 6×10−3 5×10−6 7×10−3 5×10−6
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Table 3. Numerical comparison of the RH dependencies of the observed coefficients K at the
measured temperature (K = Kobs) and when Kobs is scaled to T = 300 K (K = K300). Presented
values are the correlation coefficient R, the p-value describing the probability of coincidental
correlation of this strength, and the value of β in K = α×exp(β×RH) from linear regression
fits. The compared values of K300 are scaled to 300 K with the temperature dependence of
coefficient KA2T2 from the model run with organic vapours, but the correlations were similar
when scaling was done with the temperature dependence of any of the coefficients KA2D2,
KA2T2 or KA2D1T1.

Site/Campaign K = Kobs K = K300
R(RH, p(RH, Fitted β in R(RH, p(RH, Fitted β in

log(K )) log(K )) K ∼ eβ×RH/100 log(K )) log(K )) K ∼ eβ×RH/100

Hyytiälä 2003 −0.16 3×10−2 −1.4 −0.31 2×10−5 −2.7
Hyytiälä 2005 −0.24 3×10−3 −3.2 −0.36 3×10−6 −4.7
Hyytiälä 2007 −0.53 3×10−21 −6.7 −0.74 6×10−48 −12
Melpitz 0.27 1×10−4 4.3 −0.04 6×10−1 −0.44
Hohenpeissenberg 0.49 2×10−18 5.8 0.40 9×10−13 4.5
S. P. Capofiume −0.14 3×10−1 −1.2 −0.49 5×10−5 −4.4
Mexico City −0.42 1×10−5 −1.7 −0.69 1×10−15 −4.1
Atlanta 0.34 2×10−2 6.8 0.20 2×10−1 4.0
Beijing 0.03 7×10−1 0.15 −0.39 5×10−7 −3.3

ALL SITES −0.16 2×10−10 −2.5 −0.30 1×10−31 −4.4
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Fig. 1. Evaporation rates from A1B1, A2B2 and A2B1-clusters as a function of temperature. The
presented evaporation rates are the highest rates corresponding to each cluster (see Table 2).
The coagulation rate used in the model is depicted for comparison.
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Fig. 2. Contributions of pure A (solid lines with circles), A1T1-cluster (solid lines) and A1D1-
cluster (dashed lines) to the total H2SO4 monomer concentration [A1,tot] at varying amine con-
centrations (a) as a function of the total H2SO4 monomer concentration, (b) as a function of
temperature and (c) as a function of relative humidity (RH). Temperatures, RHs and total sul-
phuric acid monomer concentrations in the model runs are shown in the panels.
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Fig. 3. The modelled formation rates JA2T2 (solid lines), JA2D2 (dashed lines) and JA2D1T1 (solid
lines with circles) as a function of the modelled total sulphuric acid monomer concentration
[A1,tot] at T = 280 K under varying amine concentration with a 1 : 1 [DMA] : [TMA]-ratio. The

solid black line represents the collision rate 4.5×10−10 cm3 s−1 × [A1,tot]
2 calculated for all the

H2SO4 monomers.
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Fig. 4. The modelled coefficients K22, the ratio of J22 and squared total sulphuric acid monomer
concentration, as a function of temperature for (a) A2T2-clusters and (b) A2D2-clusters in cases
when only one amine is present. The solid lines correspond to total H2SO4 monomer concen-
tration [A1,tot] = 106 cm−3, the dashed to [A1,tot] = 107 cm−3 and the solid lines with circles to

[A1,tot] = 108 cm−3.
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Fig. 5. Modelled coefficients K22, the ratio of J22 and squared total sulphuric acid monomer
concentration, as a function of temperature under DMA to TMA ratio 1 : 1 (concentrations
shown in the legend), when the total sulphuric acid monomer concentration [A1,tot] equals to

(a) 106 cm−3 s−1, (b) 107 cm−3 s−1 and (c) 108 cm−3 s−1. Solid lines correspond to KA2T2, the
dashed lines to KA2D2 and the solid lines with circles to KA2D1T1. The black line shows the colli-
sion rate of all H2SO4 monomers.
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Fig. 6. The modelled coefficients K22 as functions of relative humidity (RH). Solid lines corre-
spond to KA2T2, the dashed lines to KA2D2 and the solid lines with circles to KA2D1T1.
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Fig. 7. The modelled coefficient KA2T2 as a function of temperature assuming that the A2T2 and
A2D1T1-clusters are grown out of the model when colliding with organic vapour molecules at
concentration of 109 cm−3. The solid lines correspond to total H2SO4 monomer concentration
[A1,tot] = 106 cm−3, the dashed to [A1,tot] = 107 cm−3 and the solid lines with circles to [A1,tot] =
108 cm−3.
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Fig. 8. (a) The measured formation rate of 2 nm particles (J2nm) as a function of sulphuric acid
monomer collision rate. The solid and dashed lines correspond to the 95th and 5th percentile of
the data point specific values of J/(Kcoll×[H2SO4]2), respectively, leaving 90 % of the data points
between the lines. The collision rate between sulphuric acid monomers is depicted with a dotted
line. Panel (b) shows the observed coefficient Kobs as a function of temperature. The solid and
dashed lines correspond to the values of the modelled coefficients KA2D2 and KA2T2, respec-
tively, at amine concentrations of 105 cm−3 (blue lines) and 106 cm−3 (green lines), RH=50 %
and [A1,tot] = 107 cm−3.
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